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   Preface 

 This   book is about how chloride ions are regulated 
and how they cross the plasma membrane of neurons, 
glial and epithelial cells. It spans from the molecu-
lar structure and function of carriers and channels 
involved in chloride transport to their role in vari-
ous neurological diseases. The importance of chloride 
ions in cell physiology has not been fully recognized 
until recently. This is in spite of the fact that chloride, 
in addition to bicarbonate, is the most abundant free 
anion in animal cells, and performs or determines 
fundamental biological functions in all tissues. For 
many years it was thought that chloride was distrib-
uted in thermodynamic equilibrium across the plasma 
membrane of most cells. It took several decades to 
eradicate this erroneous view that had become a text-
book dogma. This is probably one of the reasons why 
it has taken such a long time to begin to recognize 
the importance of chloride ions in neuronal function 
and dysfunction, compared with the weight given to 
the cations sodium, calcium and potassium. Research 
carried out during the last couple of decades has 
led to a dramatic change in this simplistic view. We 
now know that most animal cells, neurons included, 
exhibit a non-equilibrium distribution of chloride 
across their plasma membranes. Thus, far from being 
passively distributed across the plasma membrane in 
accordance with the membrane potential, chloride is 
actively transported and tightly regulated in virtu-
ally all animal cells. The level of intracellular chloride 
results from a delicate functional balance between 
chloride channels and carriers present in the plasma 
membrane. Alterations in this balance underlie vari-
ous nervous system dysfunctions. 

 Over   the last 10 to 15 years, with the spectacu-
lar growth of molecular biology and the advent of 
new optical and electrophysiological methods, an 
enormous amount of exciting new information has 
become available on the molecular structure and 
function of chloride channels and carriers and their 
involvement in various diseases. In nerve cells, chlo-
ride channels and carriers play key functional roles in 
GABA- and glycine-mediated synaptic signaling in 
the de- and hyperpolarizing directions, including pre- 
and postsynaptic inhibition. They also play a central 
role in neuronal growth and development, extracel-
lular potassium scavenging, regulation of intracellu-
lar pH, sensory-transduction including nociception, 

neurotransmitter uptake, and cell volume control. 
Disruption of chloride homeostasis in neurons, glial 
and epithelial cells underlies diverse pathological 
conditions such as epilepsy, deafness, imbalance, 
brain edema, and neurogenic inflammation. Further, 
primary brain tumor cells (e.g. glioma cells) migrate 
within the brain utilizing chloride channels and 
transporters expressed in their plasma membrane. 
Accordingly, drugs that target chloride channels (e.g. 
chlorotoxin) are being studied as possible therapeutic 
agents in primary brain tumor growth and invasion. 
Further, drugs that block cation-coupled-chloride 
cotransporters, such as 5-sulfamoyl benzoic acid 
derivatives (e.g. bumetanide), that have been used for 
many years as diuretics, are now being investigated 
as potential neuroprotective compounds in brain 
ischemic damage, as therapeutic agents in neonatal 
epileptic seizures, and as possible analgesic and anti-
inflammatory agents in acute tissue injury. 

 This   book brings together most of the primary 
research information about the molecular physiol-
ogy and pathology of chloride carriers and channels 
scattered throughout the scientific literature. The 
forerunner of the present book,  “ Chloride Channels 
and Carriers in Nerve and Muscle, and Glial Cells ”  
(Alvarez-Leefmans, F.J. and Russell, J.M. Eds., Plenum, 
New York, 1990), appeared prior to the molecular 
biology era. Since its publication a virtual explosion 
in our understanding of these transport protein mol-
ecules has occurred. However, until now no book or 
monograph has effectively integrated the emerging 
concepts in a way that is useful to both general and 
specialized neuroscience communities. To address this 
shortcoming the present book has been assembled 
with contributions by world leaders in the field. Our 
goal has been to create a book that makes available 
to both specialists and non-specialists detailed infor-
mation and fundamental concepts being developed 
in this exponentially expanding field. The contribu-
tors present their topics of study not just by review-
ing their own findings but also by putting them in 
perspective so that others wishing to enter this excit-
ing field of neuroscience may quickly see the obvious 
areas where more work is needed. 

 The   book is divided into five parts and thirty chap-
ters. Many chapters discuss their topics from a histori-
cal perspective. This interesting exercise shows that 
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many current concepts were proposed or discovered 
long ago. These basic concepts were the result of con-
siderable solid work and insights into cellular physi-
ology without which current molecular data would 
be meaningless. Extensive introductory sections cover 
basic thermodynamic and kinetics aspects of chloride 
transport, as well as current methods for studying 
chloride regulation, from fluorescent dyes in single 
cells to knock-out models. 

All chapters have been carefully edited and cross-
referenced to avoid unnecessary repetition and to 
provide the reader with easy referencing to sections 
of the book where related information can be found. 
We have strived to attain continuity between the 
chapters and have emphasized the use of a unified 
nomenclature. Nevertheless, as editors, not censors, 

we have respected the views expressed by the authors 
although they do not always reflect our own. 

 Needless   to say, this volume is the result of a col-
lective effort. The editors are particularly grateful to 
the contributing authors, and to Dr. Johannes Menzel, 
Ms. Clare Caruana, Ms. Deena Burgess and  Ms. Kim 
Lander at Elsevier for their support throughout the 
editing and production process. We would also like 
to express our thanks to our respective institutions, 
Wright State University Boonshoft School of Medicine, 
and Vanderbilt University School of Medicine, for 
their continual support of the work dedicated to put-
ting together the present volume. 

 Francisco   Javier Alvarez-Leefmans 
 Eric   Delpire       
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O U T L I N E

    I.       INTRODUCTION 

 One   reason I became a scientist was that other disci-
plines, such as history, frightened me because their reali-
ties seemed variable, dictated by perception rather than 
by hard data. Although I have learned that science, too, 
is encumbered by perceptual distortions, it was never-
theless unsettling for me to accept an invitation to write 
a chapter with  ‘  ‘ history ’  ’  in the title. I simply do not trust 
my historical perceptions. So, at the outset, I apologize 
deeply to those I have misrepresented or forgotten. This 
chapter is not meant to be a comprehensive history of 
Cl  �   channels, but rather is meant to present my personal 
view of how Cl  �   channels have finally begun to attract 
the attention they deserve. For more comprehensive, 

scholarly, and balanced approaches, the reader should 
consult a number of reviews on Cl  �   channels ( Nilius 
et al., 1997 ;  Hume et al., 2000 ;  Nilius and Droogmans, 
2001 ;  Welsch et al., 2001 ;  Eggermont et al., 2001 ;  Jentsch 
et al., 2002 ;  Nilius and Droogmans, 2003 ;  Faundez and 
Hartzell, 2004 ;  Hartzell et al., 2005 ;  Sile et al., 2006 ; 
 Okada et al., 2006 ;  Puljak and Kilic, 2006 ;  Gadsby 
et al., 2006 ;  Zifarelli and Pusch, 2007 ;  Hartzell et al., 2008 ; 
 Jentsch, 2008 ) as well as Chapters 12 – 15 in this book.  

    II.       CHLORIDE  ‘  ‘ PASSIVITY ”  

 Most   ion channel specialists will agree, I think, that 
our understanding of how anion channels work still 

  1   1 
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lags significantly behind our understanding of cation 
channels. In Bertil Hille’s first edition of the  ‘  ‘ bible ’  ’  
on ion channels published in 1984 ( Hille, 1984 ), fewer 
than three pages were devoted to Cl  �   channels. Why 
was this? Certainly, there is a natural tendency to 
embrace positivity over negativity, but the reason is 
certainly deeper. As a graduate student in the late 
1960s, I  remember  learning that Cl  �   channels did not 
exist. Actually, it is highly unlikely that such a state-
ment was ever made by my professors, but it is how 
my na ï ve mind heard it. Probably I was told that Cl  �   
moved through membranes by a purely electro-diffu-
sive mechanism and that Cl  �   was distributed passively 
across the plasma membrane. To me, the statement that 
Cl  �   was both  ‘  ‘ passive ’  ’  and  ‘  ‘ negative ’  ’  had the same 
effect as the kiss of death. If Cl  �   was passively distrib-
uted, it seemed useless: it could not provide energy for 
transport of other substances and its passive distribu-
tion precluded a signaling function. But clearly, I was 
way off-base in thinking that Cl  �   channels did not exist 
just because Cl  �   seemed to be distributed passively. It 
was well known that muscle, neurons, and other cell 
types exhibited Cl  �   conductances. And Hodgkin and 
Horowicz ( Hodgkin and Horowicz, 1959 ) referred to 
the Cl  �   permeation pathway they studied in skeletal 
muscle as  ‘  ‘ the Cl  �   channel ’  ’ , which we now know is 
ClC-1 (see Chapter 12, this volume). 

 This   view of Cl  �    ‘  ‘ passivity ’  ’  came about because, 
at the time, ideas about Cl  �   were dominated by work 
on skeletal muscle and erythrocytes. In resting skel-
etal muscle, Cl  �   permeability is extremely high: P Cl  is 
more than twice that of P K . Because of this high per-
meability, Cl  �   distributes passively according to the 
membrane potential ( Hodgkin and Horowicz, 1959 ; 
 Hutter and Noble, 1960 ;        Adrian, 1960, 1961 ) and any 
active transport of Cl  �   would need to work very hard 
to counteract this high permeability. In erythrocytes 
the intracellular Cl  �   concentration is also close to 
electrochemical equilibrium due to a large Cl  �   con-
ductance and to Cl  �  /HCO  �   3  exchange. The prevalent 
perception, at least in textbooks (e.g.  Ruch and Patton, 
1965 ;  Hille, 1984 ), that Cl  �   was distributed passively 
in most cells was also bolstered by earlier experiments 
supporting this idea in squid axon ( Steinbach, 1941 ). It 
is important to note, however, that the apparent pas-
sive distribution of Cl  �   did not rule out active trans-
port of Cl  �  , it only meant that the passive leak was 
much greater than any active transport that might 
occur. It now is clear that although Cl  �   may appear 
to be in electrochemical equilibrium, Cl  �   is actively 
transported in muscle as well as other cells. For exam-
ple, blocking muscle Cl  �   channels with 9AC reveals 
the presence of active Cl  �   transport ( Aickin, 1990 ; 
 Alvarez-Leefmans, 2001 ;  Gosmanov et al., 2003 ). 

 Nevertheless  , at the time, with skeletal muscle, 
erythrocytes, and squid axon all weighing in on the 
side of Cl  �   being in electrochemical equilibrium, 
other data to the contrary seemed not to receive much 
attention. Results from a number of tissues did not fit 
into the equilibrium model. Contradicting the data of 
Steinbach, Richard D. Keynes ( Keynes, 1963 ) showed 
clearly that intracellular Cl  �   concentration in squid 
axon was 2 – 3 times higher than equilibrium and that 
active Cl  �   uptake must occur to explain this. But, to 
the public, perhaps a two-fold gradient seemed unim-
portant compared to the 10- to 1000-fold gradients 
that cations normally exhibited. Strong evidence also 
existed that Cl  �   was actively transported in gastric 
and intestinal epithelia ( Hogben, 1959 ), but the idea 
that the stomach secreted 1-N HCl may have seemed 
bizarre enough in itself to bar Cl  �   from entering the 
mainstream by this route. 

 The   discovery that GABA hyperpolarized neurons 
by opening ligand-gated Cl  �   channels ( Kuffler and 
Edwards, 1958 ;  Boistel and Fatt, 1958 ) showed that 
E Cl  was not equal to resting E m  in neurons. However, 
the measured reversal potentials of GABA-produced 
i.p.s.p.’s were so close to the resting potential that is 
was concluded that  ‘  ‘ normally Cl  �   ions are in electro-
chemical equilibrium across the membrane ’  ’  ( Coombs 
et al., 1955 ). Later, it was recognized that GABA pro-
duced depolarizing responses in some neurons, like 
dorsal root ganglion ( De Groat et al., 1972 ), and it 
became clear that intracellular Cl  �   concentration could 
change, and therefore Cl  �   must be actively trans-
ported, at least under certain conditions, as discussed 
throughout this book and specifically in Chapters 2, 5, 
17 and 22.  

    III.       ACTIVE CHLORIDE TRANSPORT 

 Along   with the realization that the electrochemical 
equilibrium of Cl  �   (E Cl   �  E m ) in skeletal muscle and 
erythrocytes was due to their high Cl  �   permeability 
came the discovery that in cells with low resting Cl  �   
permeability, active Cl  �   transport mechanisms were 
present and often generated electrochemical Cl  �   gradi-
ents (E Cl   �  E m  or E Cl   �  E m ), as illustrated in  Fig. 1.1   . 
Some cells, notably epithelial cells, immature neurons, 
and mature sensory neurons, express transporters 
such as the Na  �  -K  �  -2Cl  �   cotransporter (NKCC), the 
Cl  �  /HCO  �   3  exchangers, or the Na  �  -Cl  �   cotransporter 
(NCC) that typically accumulate Cl  �   at concentra-
tions above electrochemical equilibrium inside the cell. 
Indeed, the accumulation of intracellular Cl  �   above 
electrochemical equilibrium is the basis for Cl  �  -driven 
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fluid secretion by epithelial cells. In secretory epithe-
lial cells, basolateral NKCC accumulates Cl  �   in the cell 
above electrochemical equilibrium. Then, opening of 
Cl  �   channels in the apical membrane results in efflux of 
Cl  �   down its electrochemical gradient into the lumen, 
followed by paracellular fluxes of Na  �   and water. 
Other cell types, such as many mature neurons, express 
transporters that tend to extrude Cl  �  , like the K  �  -Cl  �   
cotransporters (KCCs) discussed in Chapter 17 and the 
Na  �  -dependent anion exchangers (NDAE) discussed 
in Chapter 4. The resulting lower than electrochemi-
cal equilibrium intracellular Cl  �   concentration is the 
basis for the typical hyperpolarizing action of GABA 
in mature neurons, for example. Indeed, in immature 
neurons that express Cl  �   loaders, and mature primary 
sensory neurons, GABA produces depolarizing post-
synaptic potentials, rather than hyperpolarizing ones. 
The depolarizing responses may be important in sta-
bilizing synapses during development ( Ben-Ari et al., 
2007 ) in CNS neurons, and in presynaptic inhibition in 
the central terminals of mature primary sensory neu-
rons, as discussed in Chapter 22 in this volume. 

 The   recognition that Cl  �   concentration differs in 
different cell types depending on the complement of 
expressed Cl  �   transporters has placed Cl  �   in what may 
be a special position among biological ions. Although 
the concentrations of Na  �  , K  �  , Ca 2 �   and Mg 2 �   can 
change with cellular activity, the concentrations of 
these cations under  ‘  ‘ resting ’  ’  conditions are very simi-
lar in different cell types. In contrast, the intracellular 

concentrations of Cl  �   in different cell types can vary 
over nearly an order of magnitude (see Fig. 13.3 in 
Chapter 13). Also, although the concentration of cat-
ions, most notably Ca 2 �  , can change transiently, these 
changes are generally fast and local. It seems, however, 
that changes in [Cl  �  ] i  occur over a slower time scale. 
Incidentally, this may be another reason why Cl  �   has 
been neglected: if one is looking for changes on the 
time scale of seconds, things that take hours to hap-
pen will be missed. It has already been mentioned that 
Cl  �   concentration in neurons varies during develop-
ment (see also Chapters 7 and 19 in this volume), but 
it also may change dramatically in response to synap-
tic activity ( Kuner and Augustine, 2000 ;  Isomura et al., 
2003 ;        Berglund et al., 2006 and 2008 ), as discussed in 
Chapter 7 in this volume.  

    IV.       TECHNICAL HURDLES TO 
STUDYING Cl  �   CHANNELS 

 There   are also technical reasons why the study and 
understanding of Cl  �   channels and transporters have 
lagged behind that of cation channels. One reason is 
that the pharmacology of Cl  �   channels was, and still 
is, distressingly inadequate. Unlike many cation chan-
nels that have very specific drugs that can be used to 
block them (like TTX for voltage-gated Na  �   channels, 
charybdotoxin for large-conductance K  �   channels and 
conotoxins for voltage-gated Ca 2 �   channels), Cl  �   chan-
nel blockers are notorious for their low affinity and low 
specificity. Until recently, the Cl  �   channel pharmaco-
peia has consisted of a selection of relatively low-affin-
ity dirty molecules, including the stilbene disulfonate 
derivatives such as the amino reactive agents DIDS and 
SITS, the diphenylamine-2-carboxylate (DPC) deriva-
tives such as 5-nitro-2-(3-phenylpropylamino) benzoic 
acid (NPPB) and anthracene-9-carboxylate (9-AC); 
fenamic acids like niflumic acid (NFA) and flufenamic 
acid FFA; and indanyloxyacetic acid 94 (IAA-94). But 
these drugs have neither high affinity nor high selectiv-
ity. Very recently, there has been progress in identifying 
extremely high affinity (nanomolar) drugs for some Cl  �   
channels, notably CFTR and calcium-activated chloride 
channels (CaCCs) ( Yang et al., 2003 ;  Muanprasat et al., 
2004 ;  Verkman et al., 2006 ;  Muanprasat et al., 2007 ;  De 
La Fuente et al., 2008 ). Also, peptide toxins for CFTR 
and ClC-2 have recently been found ( Thompson et al., 
2005 ;  Fuller et al., 2007 ). Experience with these toxins is 
presently limited, but it is likely that these toxins will be 
extremely useful in studying these channels and opens 
the door to searching for other native toxins directed at 
Cl  �   channels (see Chapter 26 in this volume). 

skeletal muscle
red blood cells

Cl is in equilibrium
ECl = Vm

Cl flows outward
ECl > Vm

Cl flows inward
ECl < Vm

High [Cl−] Low [Cl− ]Cl−

epithelial cells
immature neurons
sensory neurons

mature neurons

Cl loaders
NKCC,NCC,AE1

Cl extruders
KCC,NDAE

 FIGURE 1.1          Control of cytosolic Cl  �   in different cell types. In 
skeletal muscle and erythrocytes, Cl  �   appears to be in electrochemi-
cal equilibrium because there is a large resting Cl  �   conductance 
that masks active Cl  �   transport. In epithelial cells, immature neu-
rons, and adult sensory neurons, Cl  �   loaders establish a higher than 
electrochemical equilibrium intracellular Cl  �   concentration. In most 
mature central neurons, Cl  �   extruders establish a lower than elec-
trochemical equilibrium intracellular Cl  �   concentration.    
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 The   lack of good pharmacological agents, coupled 
with limitations of techniques available to measure 
Cl  �   concentration and flux, conspired to suppress the 
acknowledgement of Cl  �   as an important biological 
ion. Cl  �   fluxes were laborious and difficult to measure 
because the principal radioisotope of chlorine ( 36 Cl) 
has a low specific activity and is expensive. Cl  �  -sen-
sitive electrodes were not developed until the 1970s 
( Alvarez-Leefmans et al., 1990 ). Although they are a 
very accurate method to measure [Cl  �  ] i , they are inva-
sive and their use is restricted to large and robust cells 
( Alvarez-Leefmans et al., 1990 ;  Coles, 1995 ). 

 Progress   in studying Cl  �   fluxes has been aided sig-
nificantly by development of small fluorescent mol-
ecules and yellow fluorescent protein mutants that 
change their fluorescence in response to different anion 
concentrations ( Biwersi and Verkman, 1991 ;        Biwersi 
et al., 1992, 1994 ;  Mansoura et al., 1999 ;  Kuner and 
Augustine, 2000 ;  Galietta et al., 2001 ) as discussed in 
Chapters 6 and 7 in this volume. Some of the small mol-
ecule Cl  �   sensors are membrane permeant and can be 
loaded into cells for non-invasive measurement of Cl  �   
concentrations and fluxes in living cells (e.g. Chapter 
22). The Cl  �  -sensitive yellow fluorescent protein sen-
sors are genetically encoded and can be transfected into 
cells. Transgenic animals have been created that express 
the Cl  �  -sensitive indicator Clomeleon ( Berglund et al., 
2008 ), as discussed in detail in Chapter 7. 

 The   availability of these fluorescent probes for Cl  �   
has now made it possible to develop high-through-
put screens for Cl  �   channel drugs. These screens have 
already been productive in finding higher affinity Cl  �   
channel agonists and antagonists, especially for CFTR 
and CaCCs ( Yang et al., 2003 ;  Muanprasat et al., 2004 ; 
 Verkman et al., 2006 ;  Muanprasat et al., 2007 ;  De La 
Fuente et al., 2008 ).  

    V.       THE CHLORIDE AWAKENING 

 Even   into the 1990s, Cl  �   channels continued to 
receive less press than cation channels. In the second 
edition of his book, Bertil Hille ( Hille, 1992 ) relegates 
Cl  �   channels to the back of the bus by saying that they 
have  ‘  ‘ uncertain physiological significance in many 
cell types ’  ’ . However, by the 3rd edition ( Hille, 2001 ), 
the tide was beginning to turn: the book has a section 
en titled  ‘  ‘ Cl  �   Channels Have Multiple Functions ’  ’ . What 
happened between 1992 and 2001? Cl  �   channel respect-
ability received a boost from three major arenas: the 
biophysical characterization of single Cl  �   channels, rela-
tionship of Cl  �   channels to human disease, and the clon-
ing of two important sets of Cl  �   channels, CFTR and the 
ClC family (see Chapters 12 and 13, this volume). 

    A.       Single Channel Properties of ClC-0 

 The   rigorous biophysical characterization by Chris 
Miller in the mid-1980s of the gating of  Torpedo  electro-
plax Cl  �   channels (now known as ClC-0) incorporated 
into lipid bilayers, raised interest because these chan-
nels had the peculiar property, unlike cation channels, 
of being double-barreled ( Miller and White, 1984 ). 
This finding raised considerable interest because it 
suggested that Cl  �   channels were genuinely different, 
and weirder, than cation channels. Also, the demon-
stration that Cl  �   transport actually could be visual-
ized at the single channel level forced people like me, 
having misinterpreted my professors, to realize that 
Cl  �   channels actually existed!  

    B.       Myotonia Congenita 

 But  , more than the single channel measurements, 
the Cl  �   channel field received a strong boost from the 
understanding that Cl  �   channel dysfunction could be 
associated with disease. Studies in the 1960s and 1970s 
by Shirley Bryant established that inherited myotonia 
was related to a defect in the Cl  �   conductance of skel-
etal muscle ( Lipicky and Bryant, 1966 ;  Bryant, 1969 ; 
 Lipicky et al., 1971 ). His first studies had shown that 
the muscle fibers of the famous  ‘  ‘ fainting ’  ’  myotonic 
goats of Tennessee (amusing movies can be found on 
 www.youtube.com ) had an increased membrane resis-
tance and that normal muscle fibers bathed in low Cl  �   
medium behaved like myotonic fibers; that is, they 
were hyperexcitable (had a reduced firing threshold) 
and tended to fire action potentials spontaneously. 
Later studies showed directly that Cl  �   conductance was 
reduced in muscle fibers from both myotonic goats and 
humans. Thomas Jentsch’s expression cloning in 1990 
of the double-barreled  Torpedo  ClC-0 channel (       Jentsch 
et al., 1990, 2002 ) then paved the way for showing that 
myotonia congenita is caused by mutations in the ClC-1 
channel which is the major Cl  �   conductance in skel-
etal muscle ( Steinmeyer et al., 1991 ;  Koch et al., 1992 ) 
as discussed in Chapter 12 in this book. Some of the 
myotonia-causing ClC-1 mutations alter voltage sensi-
tivity ( Pusch et al., 1995 ), whereas others alter relative 
cation/anion permeability ( Fahlke et al., 1997 ). 

 The   mechanism of myotonia illustrates well the sub-
tlety of Cl  �   channel function. In muscle, the Na  �  -K  �   
ATPase sets up the K  �   gradients, and inwardly rectify-
ing K  �   channels establish the resting membrane poten-
tial ( E  m   �   E  K ). Because active Cl  �   transport is relatively 
small and the resting Cl  �   conductance is high, Cl  �   then 
distributes passively across the plasma membrane and 
 E  Cl       �       E  m   �   E  K . But this passive distribution of Cl  �   
does not mean that it is useless, as I na ï vely thought 
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long ago. Because the Cl  �   conductance is several times 
larger than the K  �   conductance, the Cl  �   battery is actu-
ally a very strong buffer of membrane potential when 
 E  K  changes transiently, as it does during muscle electri-
cal activity when K  �   accumulates extracellularly in the 
lumen of the transverse tubules. In myotonic muscle, 
this accumulated K  �   depolarizes the muscle fiber in 
accordance with the Nernst equation, whereas in nor-
mal muscle the Cl  �   battery keeps the membrane near 
 E  Cl  ( Adrian and Bryant, 1974 ). It turns out that being 
passive and negative is not such a bad thing, after all!  

    C.       Cystic Fibrosis 

 At   roughly the same time, developments in the field 
of cystic fibrosis (CF) revealed that this disease was also 
a Cl  �   channelopathy ( Quinton, 1999 ). The first indi-
cation that cystic fibrosis was related to an electrolyte 
disturbance was the discovery in 1953 that the sweat of 
CF patients was unusually salty ( Di Sant’Agnese et al., 
1953 ). It took about five years for this finding to become 
accepted as a fundamental part of the disease, but it 
took even longer (30 years) before it was proposed 
that the disease was caused by a defect in Cl  �   trans-
port ( Quinton, 1983 ) when it was found that the sweat 
duct and airways exhibited very low Cl  �   permeabilities 
( Quinton, 1983 ;        Knowles et al., 1983a, b ). In 1989, the 
gene ( CFTR ) responsible for CF was positionally cloned 
( Riordan et al., 1989 ;  Kerem et al., 1989 ;  Rommens 
et al., 1989 ), but it was two years later before a defini-
tive demonstration that the  CFTR  gene product func-
tioned as a Cl  �   channel when expressed heterologously 
( Anderson et al., 1991 ). These authors showed that 
mutation of K95 and K335 altered the relative anionic 
selectivity of the channel. Even though this was a more 
rigorous demonstration that CFTR was a channel than 
was previously required for acceptance of any cloned 
cation channel (e.g. the nicotinic acetylcholine recep-
tor ( Noda et al., 1982 ), the voltage-gated Na  �   channel 
( Noda et al., 1986 ), the Shaker K  �   channel ( Papazian 
et al., 1987 ), some investigators were still not convinced 
(e.g.  Hipper et al., 1995 ). Skepticism remained partly 
because CFTR was a member of the ABC transporter 
family and did not  ‘  ‘ look ’  ’  like a  ‘  ‘ respectable ’  ’  ion 
channel. It was not until it was incorporated into artifi-
cial lipid bilayers that it was finally generally conceded 
that it was a Cl  �   channel ( Bear et al., 1992 ). But, even 
though it is clear that CFTR is a Cl  �   channel, its evolu-
tionary roots suggest that it evolved from a transporter 
( Gadsby et al., 2006 ;  Jordan et al., 2008 ) (see below). 

 We   now know that CFTR is the intestinal channel 
that is responsible for secretory diarrheas, like that of 
cholera. Cholera toxin and other enterotoxins activate 

the cAMP cascade that results in phosphorylation 
of CFTR and activation of Cl  �   (and HCO  �   3 ) secre-
tion. Given the long history of cholera ( Field, 2003 ), 
one might expect that the importance of transepi-
thelial Cl  �   fluxes would have been recognized early. 
Although electrolyte replacement therapy was used 
as early as 1832 to treat cholera ( Field, 2003 ), the ratio-
nale for its use was mechanistically primitive ( Awad 
et al., 2008 ). It was not until the 1970s that it was 
shown that cholera toxin increased Cl  �   flux across the 
intestinal mucosa ( Field et al., 1972 ), but it remained 
unclear for some time whether the increased Cl  �   flux 
was mediated by increased secretion or decreased 
absorption and whether the fluxes were active or pas-
sive ( Naftalin and Simmons, 1979 ).   

    VI.       Cl  �   CHANNEL GENES 

 Although   hundreds of mammalian Na  �  , Ca  �   and 
K  �   channel subtypes have been cloned, Cl  �   chan-
nel genes are limited to nine ClCs, one CFTR, four 
bestrophins and 25 ligand-gated anion channels. The 
recently described TMEM16A/anoctamin family 
may add as many as 10 genes to this list ( Yang et al., 
2008 ;  Caputo et al., 2008 ;  Hartzell, 2008 ;  Schroeder et 
al., 2008 ). In addition, it appears that some members 
of the SLC26 family of anion transporters may be Cl  �   
channels. Specifically, SLC26A7 may be a pH-sensitive 
Cl  �   channel ( Kim et al., 2005 ) and SLC26A9 may be 
an HCO  �   3  sensitive Cl  �   channel ( Dorwart et al., 2007 ; 
 Loriol et al., 2008 ). But, still, the number of Cl  �   channel 
genes falls short of the number of cation channel genes 
that have been found. Is this because there are fewer 
kinds of Cl  �   channels? It seems more likely that there 
are still Cl  �   channel genes waiting to be identified. For 
example, although bestrophins and CLCAs have been 
proposed as Ca 2 �  -activated Cl  �   channels, neither of 
these seem to fit the bill precisely (       Hartzell et al., 2005, 
2008 ). Recent reports suggest that the TMEM16 family 
is likely to contain the molecular correlates of Ca 2 �  -
activated Cl  �   channels ( Yang et al., 2008 ;  Caputo et 
al., 2008 ;  Hartzell, 2008 ;  Schroeder et al., 2008 ). Single 
channel data suggests that there are at least four dif-
ferent classes of Ca 2 �  -activated Cl  �   channels ( Hartzell 
et al., 2005 ), and as of this writing, it remains unclear 
whether the TMEM16 family explains all of these and, 
if so, which TMEM16 family members or splice vari-
ants correspond to which channel phenotypes (for 
further discussion see Chapter 13 in this volume). The 
volume regulated anion channel (VRAC) also has no 
clear molecular counterpart. VRACs have different 
properties in different cell types ( Nilius et al., 1997 ), 
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so there may also be multiple families of these as well. 
Further, there is the 40-pS outwardly rectifying Cl  �   
channel (ORCC) of CFTR fame ( Egan et al., 1992 ) and 
the large-conductance Cl  �   channel ( Franciolini and 
Nonner, 1994 ;  Suzuki, 2006 ) that so far have no proven 
molecular identity. There are also cAMP-activated Cl  �   
currents that have been described in choroid plexus of 
mice lacking functional CFTR expression, suggesting 
that there are additional kinds of cAMP-activated Cl  �   
channels ( Kibble et al., 1997 ).  Table 1.1    lists the kinds 
of Cl  �   channels that have been identified biophysically 
and their molecular counterparts.  

    VII.       STRUCTURE AND FUNCTION 

 Considerable   excitement was generated in 2002 
when the crystal structure of a ClC homolog from the 
bacterium  Salmonella typhimurium  was solved ( Dutzler 
et al., 2002 ;  Dutzler, 2006 ). But, quite surprisingly, 
this structure has turned out not to be a Cl  �   chan-
nel, but rather a Cl  �  /H  �   exchanger! Although at the 
time this protein was crystallized, it was thought to 
be a Cl  �   channel, it was recently discovered that it is 
a Cl  �  /H  �   exchanger with a stoichiometry of two Cl  �   
ions exchanged for one H  �   ( Accardi et al., 2004 ). This 
means that, to date, there are no  bona fide  Cl  �   channels 
whose crystal structure has been solved, although the 
3D structure of the cytosolic C-terminal fragments of 
some vertebrate ClCs are known ( Meyer and Dutzler, 

2006 ). Disappointingly, even 20 years after cloning 
CFTR, we have little 3D structural information about 
the pore of this channel. Parts of CFTR have been 
crystallized and an homology model has been devel-
oped based on ABC transporter structure ( Mendoza 
and Thomas, 2007 ). Just by comparison, of the 2047 
 ‘  ‘ ion channel ’  ’  structure hits in RSCB Protein Data 
Bank ( http://www.rcsb.org ) (December 26, 2008), only 
20 are  ‘  ‘ chloride channels ’  ’ . 

 The   Cl  �   channel community has still not fully 
recovered from the shock elicited by the discovery that 
the canonical member of the ClC family was not a Cl  �   
channel but rather a Cl  �  /H  �   antiporter ( Accardi and 
Miller, 2004 ) and that ClC-4 and ClC-5 are also Cl  �  /H  �   
antiporters ( Scheel et al., 2005 ;  Picollo and Pusch, 2005 ). 
Although it was first believed that ClCs with intracel-
lular functions (ClC-3 to ClC-7) are transporters and 
the others (ClC-0, ClC-1, ClC-2, ClC-Ka and ClC-Kb) 
are Cl  �   channels, recent findings have blurred this dis-
tinction. ClC-1 also exhibits a small proton flux ( Picollo 
and Pusch, 2005 ) and the asymmetric gating of ClC-0 
is dependent on a real, but immeasurably small, pro-
ton flux through the channel ( Lisal and Maduke, 2008 ). 
These findings are very intriguing, because tradition-
ally it was thought that transporters and ion channels 
operated by completely distinct mechanisms: chan-
nels behave as an aqueous tunnel open to both sides of 
the membrane at the same time, whereas transporters 
function by an  ‘  ‘ alternating access ”  mechanism where 
the transported ions bind to a site on one side of the 
membrane and are then shuttled by a conformational 

 TABLE 1.1          Correspondence between Cl  �   Channels and Genes  

   Cl  �   channel type  Known genes  Potential genes  Rejected 

   Ligand-gated 
    

    

    

 GABA A  
 Glycine 
 5 HT 
 Glutamate 

  

  

  

  

  

  

  

  

   Ca-activated 
    

 TMEM16A [ANO1] 
 TMEM16B [ANO2] 

 CLCA, bestrophins 
  

  

  

   PKA-activated  CFTR  unknown   

   Volume-regulated    CLC-2, ClC-3, 
bestrophins 

 pICln, mdr 

   Voltage-gated  ClC-1, ClC-2     

   Acid-activated    ClC-2, ClC-3, 
SLC26A7 

  

   Large-conductance    Tweety   

   Intracellular  VDAC, ClC-3,4,5,6,7  CLICs   

   Ca- and cGMP-
activated 

   Bestrophin-3   

   ORCC    Unknown   
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change to the other side. But it seems that ClC-0, and 
probably ClC-1, have properties that combine those of 
channels and transporters. These findings have led to 
the proposal that ClC chloride channels are  ‘  ‘ broken 
transporters ’  ’  and probably evolved from transport-
ers ( Chen and Hwang, 2008 ;  Lisal and Maduke, 2008 ). 
Similarly, CFTR is a member of the large ABC super-
family of transporters ( Gadsby et al., 2006 ) and thus 
is likely to have evolved from an ancestral transporter 
( Jordan et al., 2008 ). If ClC Cl  �   channels and CFTR 
both evolved from a transporter, it suggests that these 
Cl  �   channels may be relatively recent additions to the 
genome. Consistent with this expectation, it is interest-
ing that although ClC Cl  �  /H  �   antiporters and numer-
ous cation channels have been found in prokaryotes, 
no bona fide Cl  �   channels have been unambiguously 
identified outside the eukaryotic kingdom. 

 One   might expect that, if Cl  �   channels evolved from 
transporters, their mechanisms might be more compli-
cated than those of typical channels. This is certainly 
true of the gating of CFTR and ClCs: CFTR gating is 
dependent on both phosphorylation and ATP bind-
ing and hydrolysis at two nucleotide binding domains 
( Gadsby et al., 2006 ) and gating of at least some ClC 
channels depends in a complex way on permeating 
Cl  �   and H  �  . But, the permeation and selectivity mech-
anisms of anion channels are relatively primitive. Most 
anion channels are rather non-selective for anions and 
it appears that the mechanisms of ion discrimination 
are rather simple. The permeation path of CFTR, for 
example, appears to be simply a polarizable tunnel 
that can stabilize a partially dehydrated ion as it passes 
through ( Dawson et al., 1999 ;  Smith et al., 1999 ). This 
contrasts with the bacterial K  �   channel that selects for 
K  �   by means of a well-defined structure consisting 
of a tetrahedral array of oxygen ligands ( Zhou et al., 
2001 ). In the K  �   channel, the channel is structurally 
specialized to recognize the ion, but in CFTR and prob-
ably other anion channels as well, selectivity is based 
simply on the physics of hydration and the dielectric 
properties of the pore of the channel. In this regard, 
then, anion channels are more simple, and perhaps 
more primitive, than K  �   or Ca 2 �   channels for their 
respective cations. Certainly, this primitive mechanism 
may have occurred because the predominant anions 
in biological systems are Cl  �  , HCO  �   3  and large organic 
anions. Because these ions differ greatly in their size, 
selective pressure to evolve a complicated and specific 
selectivity filter may have been absent. 

 The   functions that Cl  �   channels do, compared to 
cation channels, can also be viewed as relatively primi-
tive. Cation channels that readily spring to mind are 
involved in highly evolved functions like action poten-
tial conduction and synaptic transmission. In contrast, 

Cl  �   channels have more  ‘  ‘ basic ’  ’  cellular functions like 
cell-volume regulation, secretion and proliferation. This 
difference may explain Hille’s statement in 1992 ( Hille, 
1992 ) that Cl  �   channels had  ‘  ‘ uncertain physiological 
significance in many cell types ’  ’ . Coming from the cat-
ion-centric view of the world, researchers were primed 
to think of ion channels as performing specialized func-
tions, like synaptic transmission, while other, slower 
and more ubiquitous, functions seemed  ‘  ‘ uncertain ’  ’ .  

    VIII.       DISEASES CAUSED BY 
DISORDERS OF Cl  �   CHANNELS 

AND TRANSPORTERS 

 Certainly  , one of the major driving forces for inter-
est in Cl  �   channels was the realization that a variety of 
human diseases are caused by disorders in Cl  �   channel 
and transporter function ( Table 1.2   ). On the heels of the 
discovery that cystic fibrosis and myotonia congenita 
are caused by defects in Cl  �   channels, there is now a 
growing list of human diseases that are caused by 
defects in Cl  �   channels and transporters, as further dis-
cussed in Chapters 12, 21, 24, 26 and 27 in this volume.  

    IX.       INTRACELLULAR Cl  �   
CHANNELS 

 The   first Cl  �   channel ever isolated was the mitochon-
drial voltage-dependent anion channel, VDAC, which 
was purified biochemically and incorporated into artifi-
cial lipid bilayers in 1976 ( Schein et al., 1976 ;        Colombini, 
1980, 1983 ). Mitochondria were an obvious choice for 
purification of an intracellular channel because mito-
chondria were easily isolated in large quantity and 
purity and because there was a considerable amount 
known about the permeability of the mitochondrial 
membrane from studies on the electron transport chain. 
By the mid-1980s it had become clear that other intra-
cellular membranes also had channels. Lysosomes and 
endosomes were known to have an acidic lumenal 
pH that was generated by proton ATPases ( Al Awqati, 
1986 ). It was also recognized that Cl  �   channels often 
provided a counter-ion shunt to dissipate the trans-
membrane potential generated by the proton pump 
(reviewed in  Faundez and Hartzell, 2004 ). The clon-
ing of the ClC channel family provided a large boost 
to the field of intracellular channels as it was realized 
that several of the ClC channel subtypes, most notably 
ClC-3 through ClC-7, were localized in the organelles in 
the endosomal – lysosomal pathway ( Jentsch, 2007  and 
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Chapter 12, this volume). These ClC family members play 
a role in the acidification of endosomes and lysosomes. 
There is a gradient of pH from clathrin-coated vesicles 
(pH 6.8) to early endosomes (pH 6.2), late endosomes 
(pH 5.5) and lysosomes (pH 5) ( Faundez and Hartzell, 
2004 ), and different ClCs appear to be expressed at dif-
ferent points along the endosomal – lysosomal pathway. 
For example, ClC-5 is localized in apical endosomes, 
whereas ClC-7 is localized in lysosomes ( Jentsch, 2007 ). 
Dent’s disease, a renal disorder characterized by loss of 
protein, phosphate, and Ca 2 �  , is caused by a defect in 
ClC-5 and can be explained by defective endocytosis, 
which may be related to defective acidification of the 
endosome ( Piwon et al., 2000 ;  Jentsch, 2007 ). Although 
it has been proposed that ClC-7 plays a key role in reg-
ulating acidification of lysosomes ( Graves et al., 2008 ), 
the neurodegeneration that is caused by defects in ClC-
7 cannot be explained by defective lyosomal acidifica-
tion because lysosomal pH is normal in ClC-7 knockout 
mice ( Kaspar et al., 2005 ). This observation suggests that 
intra-lumenal Cl  �   concentration itself may be impor-
tant in lysosomal function ( Faundez and Hartzell, 2004 ; 
 Jentsch, 2007 ). Intra-lumenal Cl  �   concentration has 
been shown to change along the endosomal – lysosomal 
pathway ( Sonawane et al., 2002 ;  Faundez and Hartzell, 
2004 ). If it turns out to be true that intra-lumenal Cl  �   is 
important in the function of various intracellular organ-
elles, this will open a new vista in Cl  �   channel research. 

 There   are other channels that have been proposed to 
be intracellular ion channels. In particular, the reader 

should consult reviews on the CLICs ( Ashley, 2003 ). 
And, recently, a new Cl  �   channel, GPHR, has been iden-
tified to play a role in acidification of the Golgi appara-
tus ( Caldwell and Howell, 2008 ;  Maeda et al., 2008 ).  

    X.       CHLORIDE MAY REGULATE 
PROTEIN FUNCTION 

 If   intra-lumenal Cl  �   concentration is important in 
endosomal or lysosomal function, this implies that Cl  �   
may regulate the activity of proteins. It is well estab-
lished that various proteins have Cl  �  -ion binding 
sites and that Cl  �   binding alters the conformation or 
activity of these proteins. Proteins that have Cl  �  -bind-
ing sites or whose function is altered by [Cl  �  ] include 
hemoglobin ( Prange et al., 2001 ), glycogen synthase 
phosphatase ( Meijer et al., 1992 ), glucose-6-phospha-
tase ( Pederson et al., 1998 ),  α -amylase ( Feller et al., 
1996 ), ANP (atrionaturietic peptide) receptor ( Misono, 
2000 ;  van den Akker et al., 2000 ), various ion channels 
and transporters ( Pazoles et al., 1980 ;  Moriyama and 
Nelson, 1987 ;  Yuan et al., 2000 ;  Sangan et al., 2002 ), 
angiotensin-converting enzyme I ( Liu et al., 2001 ), 
AML1 (acute myeloid leukemia-1) transcription factors 
( Sayer et al., 2003 ), G-proteins ( Nakajima et al., 1992 ), 
cathepsin-C ( Cigic and Pain, 1999 ) and certain kinases 
( Treharne et al., 1994 ) including WNK kinases ( Kahle 
et al., 2008 ;  Ponce-Coria et al., 2008 ). 

 TABLE 1.2          Disorders of Chloride Transport  

   Human disease  Protein  Gene  Defective function 

   Hyperekplexia  GLRA1  GLRA1  Synaptic inhibition 

   Juvenile myoclonus epilepsy  GABA α 1  GABRA1  Synaptic inhibition 

   Epilepsy  GABA γ 2  GABRG2  Synaptic inhibition 

   Myotonia cogenita  ClC-1  CLCN1  Membrane potential 

   Dent’s disease  ClC-5  CLCN5  Endosomal acidification 

   Neuronal ceroid lipofuscinosis  CLC-7  CLCN7  Lysosomal dysfunction 

   Osteopetrosis  CLC-7, Ostm1  CLCN7 OSTM1  Acid secretion by osteoclasts 

   Bartter syndrome type III  ClC-Kb  CLCNKB  Renal salt balance 

   Bartter syndrome type IV with 
deafness 

 Barttin  BSND  Renal salt loss, endolymph 
secretion 

   Vitelliform macular dystrophy  Bestrophin-1  VMD2  RPE Cl  �   transport? 

   Spherocytosis  AE1  SLC4A1  Membrane stability 

   Distal renal tubule acidosis  AE1  SLC4A1  Renal pH balance 

   Anderman syndrome  KCC3  SLC12A6  Neural development 

   Deafness  KCC4  SLC12A7  Potassium recycling 

   Bartter syndrome type I  NKCC  SLC12A1  Renal salt balance 

   Congenital chloride diarrhea  SLC26A3  SLC26A3  Intestinal fluid secretion 
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 One   example where Cl  �   plays a role as a  ‘  ‘ second 
messenger ’  ’  is in glycogen metabolism ( Meijer et al., 
1992 ;  Pederson et al., 1998 ), as illustrated in  Fig. 1.2   . 
Liver glycogen synthesis is stimulated by extracellu-
lar amino acids that are transported into the cell by 
Na  �  -dependent amino acid transporters. This accu-
mulation of intracellular Na  �   and amino acids results 
in osmotic water influx and cell swelling. Cell swell-
ing then stimulates the activation of volume-regulated 
anion channels (VRACs), efflux of Cl  �   and regula-
tory volume decrease. The loss of intracellular Cl  �   
then results in a stimulation of glycogen synthase. 
Glycogen synthase is stimulated because its activity is 
regulated by glycogen synthase phosphatase, which is 
directly regulated by Cl  �   ions. 

 Another   example, although less well understood, is 
regulation of the balance between influx and efflux of 
Cl  �   by intracellular Cl  �   through WNK kinases. It has 
been known for some time that NKCC is activated by 
low intracellular Cl  �   by a Cl  �  -sensitive protein kinase 
( Lytle and Forbush, 1996 ). More recently, the WNK 
kinases have been shown to be the likely candidates 
for the Cl  �  -sensitive kinases ( Kahle et al., 2008 ;  Ponce-
Coria et al., 2008 ), as discussed in detail in Chapter 18 
in this volume.  

    XI.       OTHER FUNCTIONS OF 
Cl  �   CHANNELS 

 As   noted above, Cl  �   channels generally exhibit rather 
low selectivity for anions (e.g.  Hartzell et al., 2005 ). For 
this reason they should more precisely be called  ‘  ‘ anion 
channels ’  ’ , but  ‘  ‘ Cl  �   channel ’  ’  often seems an  appropriate 
default because Cl  �   is the predominant anion in biologi-
cal systems. But the name shouldn’t blind us to the fact 
that there are other, perhaps more important but lower 
abundance anions present. Certainly, HCO  �   3  is a very 

important biological anion. The importance of CFTR-
dependent HCO  �   3  secretion in the pathogenesis of cystic 
fibrosis has received considerable attention, although 
questions remain how much HCO  �   3  transport occurs via 
CFTR itself and HCO  �   3  transporters such as SLC26A3 
that are regulated by CFTR ( Ko et al., 2002 ;  Shcheynikov 
et al., 2006 ). HCO  �   3  is significantly permeant through 
overexpressed bestrophin channels (e.g.  Qu and Hartzell, 
2008 , but the physiological relevance of this observa-
tion remains to be demonstrated. Recently, it has been 
suggested that ClC-3 may be a pathway by which reac-
tive oxygen species, such as superoxide, exit endosomes 
( Moreland et al., 2006 ;  Hawkins et al., 2007 ;  Miller et al., 
2007 ;  Lassegue, 2007 ;  Mumbengegwi et al., 2008 ). If cer-
tain anion channels are also involved in reactive oxygen 
signaling, this will certainly elevate Cl  �   channels to a 
new level of respectability.  

    XII.       CONCLUDING REMARKS 

 Cl    �   channels have come a very long way in the 40 
years I have been studying ion channels. From having 
uncertain physiological significance in the 1970s to 
now having 50 or more genes and one crystal struc-
ture, the physiological functions are becoming well 
defined. But, it seems that the future and challenge 
of Cl  �   channels lies in understanding how they are 
mechanistically linked to their functions. For example, 
we understand little how cell volume is actually 
 regulated and how Cl  �   channels may be linked to cell 
proliferation. And, although we have gained tremen-
dous insights about the role of Cl  �   channels in human 
disease, therapeutic interventions aimed at Cl  �   chan-
nels remain primitive. The next few decades are likely 
to see new and exciting developments in the Cl  �   
channel arena. The chapters that follow in this book 
provide the foundation for these developments.   

Na amino acids

H2O H2OCl

Isotonic Cell Swelling

Regulatory Volume Decrease

glycogen

GS-Ptase

GS-Ptase * (Cl)

GSK
GS(PO4)          GS

GS-Ptase * (Cl)
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GS(PO4)          GS GS(PO4)          GS

 FIGURE 1.2          Cl  �   as a second messenger: 
amino acids stimulate glycogen synthesis. 
In the absence of extracellular amino acids, 
glycogen synthase (GS) is phosphorylated by 
glycogen synthase kinase (GSK) and the GS 
phosphatase (GS-Ptase) is inhibited by high 
extracellular Cl  �  . Na  �  -dependent uptake of 
amino acids causes isotonic cell swelling. Cell 
swelling stimulates activation of VRAC and 
regulatory volume decrease, resulting in a 
loss of cytosolic Cl  �  . The loss of cytosolic Cl  �   
stimulates GS-Ptase, which dephosphorylates 
GS, and glycogen synthesis is stimulated.    
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O U T L I N E

    I.       INTRODUCTION 

 Sodium  -coupled chloride cotransporters (NCCCs) are 
secondary active transporters. Secondary active trans-
port is a remarkable and widespread cellular mecha-
nism used to move solutes across biological membranes 
against their concentration and/or electrochemical gra-
dients using the potential energy stored in the gradient 
of another solute, usually that of sodium. The concept 
that the potential energy stored in the electrochemical 
transmembrane gradient of sodium (generated by the 
sodium pump, a primary active transporter) might be 
captured by mechanisms residing in the plasma mem-
brane to power the uphill transport of another solute 
has been well accepted for some time now. It was not 
always so because, as with most new ideas, this one 
met with considerable early resistance. Many argued 
that such a mechanism somehow broke the Second Law 

of Thermodynamics. Furthermore, when such mecha-
nisms were extended to include uphill movements of 
the chloride anion, a deep-seated bias was revealed 
among cell biologists. Namely, that Cl  �   could not be 
distributed out of electrochemical equilibrium. This bias 
resulted from the fact that the early dominant models of 
cellular ionic distributions were the red blood cell and 
frog skeletal muscle. Both of these cells have a [Cl  �  ] i  
that is at, or very near, electrochemical equilibrium, a 
pattern most investigators assumed was representative 
of all animal cells. However, we now know that these 
two cell types are actually among the relatively few that 
exhibit such an apparent passive distribution of Cl  �   
across the plasmalemma. 

 The   nature of the preceding objections reveals an 
important truth about how scientific progress is made 
and measured. New ideas have to force their way into 
our thinking by proof of their utility, feasibility and 
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ultimately objective experimental proof. They almost 
always have to compete against older ideas, ideas that 
have apparently served scientists well for some time. 
That is a fundamental part of how we make scientific 
progress. Although it may be a bit grandiose to consider 
the idea of Na  �  -coupled cotransport as a paradigm 
shift in the sense Thomas Kuhn used the term ( Kuhn, 
1962 ), it was certainly an important shift in the way cell 
physio logists think about solute transport mechanisms. 

 Several   families of Na  �  -coupled transporters which 
also transport Cl  �   are in various states of characteriza-
tion at this time. These include the Na  �  -coupled amino 
acid transporters (e.g. alanine), the Na  �  -coupled neu-
rotransmitter transporters (e.g. GABA), and the Na  �  -
coupled chloride cotransporters. I will limit discussion 
in this chapter to the latter group, which belongs to 
the SLC12 gene family. Specifically, I will focus on the 
Na  �  -K  �  -Cl  �   cotransporters (NKCC1, gene SLC12A2; 
NKCC2, gene SLC12A1) and the Na  �  -Cl  �   cotransporter 
(NCC; gene SLC12A3). Under normal physiological 
conditions, these cotransporters promote active Cl  �   
influx into the cell, that is, they move Cl  �   into the cell 
against its electrochemical gradient (Chapter 5). All 
three share the structural feature of having 12 mem-
brane-spanning regions and share a high degree of 
sequence identity (see Fig. 16.1, Chapter 16). However, 
they differ significantly in their tissue/cell type location, 
in their pharmacology and in their particular functions. 

 The   history of the discovery, physiological and molec-
ular characterization of the Na  �  -coupled Cl  �   cotrans-
porters has been well detailed in recent years (e.g. 
 Russell, 2000 ;  Hebert et al., 2003 ;  Gamba, 2005 ). Briefly, 
functional evidence of the existence of these Na  �  -
coupled Cl  �   cotransporters first appeared in the late 
1960s and early 1970s. By the early 1980s, the physiolog-
ical properties of these cotransporters had been broadly 
outlined. Each was shown to be electroneutral; trans-
porting equal numbers of positive and negative charges 
during each turnover of the transport cycle. Each has 
an absolute requirement for Na  �   and Cl  �   in the extra-
cellular fluid ( Geck et al., 1980 ;  Renfro, 1977 ;  Stokes et 
al., 1984 ). It was also known by that time that NKCC 
function could be completely inhibited by sulfamoyl-
benzoic acid diuretics (bumetanide being the  “ gold 
standard ” ) whereas NCC function could be inhibited 
by thiazide diuretics. As another example of how our 
thinking is influenced by the current models, an early 
report of what turned out to be activity of the NKCC 
was hypothesized to be a form of the sodium pump 
termed sodium pump 2 ( Hoffman and Kregenow, 1966 )   
which was the only well-characterized ion transporter 
at that time. During this early period there was specu-
lation that the NKCC, the NCC and K  �  -Cl  �   cotrans-
port might simply represent different modes of a single 

functional entity. When it became clear that they were 
not the same entity operating in different modes, and 
well before the proteins responsible for the ion move-
ments were characterized at the molecular level, it was 
attractive to imagine that the Na  �  -K  �  -Cl  �   cotransporter 
was comprised of subunits of the Na  �  -Cl  �   and the 
K  �  -Cl  �   cotransporters. Unfortunately, this idea, which 
fits Occam’s razor so well, does not fit the actual facts 
in the matter. 

 Returning   to the idea of Cl  �   being distributed out 
of electrochemical equilibrium, we know that the 
net electrochemical driving force on Na  �   is directed 
inwardly across the cell membrane. So, it follows that 
both the NKCCs and the NCC will move Cl  �   into the 
cell interior resulting in a higher-than-equilibrium 
intracellular concentration of Cl  �  . We have known for 
nearly 20 years that these cotransporters (especially 
the NKCC1; see below) are responsible for many cells 
having higher than passive [Cl  �  ] i  (reviewed in  Russell, 
2000 ). Thus, it is disappointing that many textbooks of 
physiology and cell biology still contain tables pur-
porting to show the  “ normal ”  cell ionic composition 
that list intracellular Cl  �   at or near equilibrium con-
centrations ( Alberts et al., 2003 ;  Silverthorne, 2004 ; but 
see  Boron and Boulpaep, 2003 ).  

    II.       LOCALIZATION AND REGULATION 

    A.       The Na  �  -Cl  �   Cotransporter 

 The   best known location of this Na  �  -coupled cotrans-
porter is the apical membrane of the distal convoluted 
tubule of the renal nephron ( Gamba, 2005 ). However, 
there are recent reports that it may be found in other 
epithelia or epithelia-like tissues. Osteoblasts have 
recently been reported to express NCC protein ( Dvorak 
et al., 2007 ). In addition, there are reports that NCC mes-
sage and protein have been identified in the endolym-
phatic sac of the inner ear ( Akiyama et al., 2008 ) and in 
human lens epithelial cells (Lauf, 2008). Nevertheless, at 
present the best physiological, biochemical and genetic 
evidence limits it to the distal convoluted tubule. 

 The   NCC and the two NKCC isoforms share the 
motif of 12 membrane-spanning segments (as judged 
by Kyte-Doolittle hydropathy analysis; see Chapters 11 
and 16). As with the NKCCs, the amino and carboxyl 
terminals of the NCC are believed to be intracellular, as 
evidenced by the need to permeabilize cells for antibod-
ies to access N- and C-terminal epitopes. All three pro-
teins are glycosylated on an extracelluar loop between 
transmembrane segments 7 and 8. Recently, it has been 
shown that the elimination of the two glycosylation 
sites on the NCC resulted in a reduction of membrane 
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expression of the NCC, an increase in its affinity for 
the inhibitor metolazone and a small increase in the 
affinity for extracellular Cl  �   ( Hoover et al., 2003 ).  

    B.       The Na  �  -K  �  -2Cl  �   Cotransporters 

 Two   isoforms of the NKCC have been identified. 
One, the NKCC1 (SLC12A2), is widely distributed, 
being found in the plasmalemma of most animal cell 
types (e.g.  Randall et al., 1997 ;  Russell, 2000 ;  Gamba, 
2005 ;  Pedersen et al., 2008 ). The other, NKCC2 
(SLC12A1), has thus far been found only in the thick 
ascending limb of the mammalian nephron (see Chapter 
16). As mentioned above, both isoforms are believed to 
have 12 transmembrane-spanning segments. Both have 
prominent intracellular carboxyl and amino tails within 
each of which are several protein kinase-consensus 
binding sites. More about these potential phosphoryla-
tion sites below. As mentioned previously both NKCC 
isoforms have a prominent extracellular loop between 
transmembrane segments 7 and 8 which contain two 
putative sites for N-glycosylation. Recently, it was 
reported that mutation of the two glycosylation sites on 
the NKCC2 protein resulted in a significant reduction 
of ion transport activity and a reduction in the surface 
expression of the cotransporter (Paredes et al., 2006). 
The NKCC1 is the larger protein of the two, being ~100 
amino acid residues or ~10       kDa larger. The two NKCC 
isoforms share ~60% amino acid sequence identity with 
each other and ~50% identity with the NCC. 

 NKCC2   has three alternatively spliced variants 
that have rather specific regional localizations within 
the kidney nephron ( Payne and Forbush, 1994 ). Early 
physiological results (e.g.  Rocha and Kokko, 1973 ; 
 Burg, 1982 ;  Reeves et al., 1988 ) strongly suggested 
that different regions of the thick ascending limb of 
the nephron had different transport properties with 
respect to the diuretic-sensitive uptake of Na  �   and 
Cl  �   in this region. In 2002, two groups independently 
showed that these functional differences are likely to 
be the result of the different kinetic properties of the 
alternatively spliced variants of the NKCC2 ( Gim é nez 
et al., 2002 ;  Plata et al., 2002 ). Of the three renal-
specific NKCC2 variants, isoform B has the higher affin-
ity for Na  �  , Cl  �   and bumetanide, and is located in the 
distal region of the thick ascending limb. Since fluid in 
that region of the tubule has the lowest concentration 
of these ions as a result of their being removed by the 
other NKCC variants in the more proximal regions, 
locating the variant with the highest ion affinity in the 
more distal region makes good engineering sense as 
it permits the mechanism to continue to  “ dilute ”  the 
tubular fluid by removal of additional Na  �   and Cl  �  . 

 Much   of what we know of the NKCCs and NCC 
comes from work on epithelial tissues. Epithelial tis-
sues provide rich sources of the transporters and the 
function of the NCC and the NKCC (all isoforms) to 
permit epithelia to absorb or secrete NaCl-rich fluids 
is clearly quite important. However, this emphasis 
undoubtedly limits our appreciation for other func-
tions of the NKCC. After all, the NKCC1 is found in 
nearly every tissue examined, including many that are 
not epithelial in nature, a fact that strongly suggests it 
provides a function (or functions) not limited to trans-
epithelial transport.   

    III.       FUNCTIONS OF THE Na  �  -COUPLED 
COTRANSPORTERS 

 At   the most fundamental level, both the NKCCs 
and the NCC act to move Na  �   and Cl  �   across the 
plasmalemma into cells. As noted already, they act 
to transport Cl  �   up its electrochemical gradient by 
harnessing the potential energy of the Na  �   chemi-
cal gradient. In epithelial tissues, both transporters 
are members of multicomponent solute transport 
processes that play critical roles in the function of 
the particular epithelial tissue. The critical nature of 
these epithelial Na  �  -coupled Cl  �   cotransporters to 
the organism is underlined by the fact that several 
diseases are associated with their genetically linked 
malfunction. Thus, Bartter’s syndrome is a renal dis-
ease characterized by mutations of the NKCC2 iso-
form (among several ion transporter-encoding genes) 
whereas Gitelman’s syndrome is characterized by 
mutations of the NCC gene that result in a loss of 
function of that cotransporter. In addition, it has 
become increasingly obvious that one NKCC isoform 
(NKCC1) is critically important for neuronal develop-
ment and function, as discussed below and in several 
chapters of the present volume. 

    A.        The NCC Functions to Move Na  �   across 
Epithelia 

 Although   the NCC was one of the first of this fam-
ily to undergo functional characterization (Renfro, 1975; 
 Stokes et al., 1984 ), detailed functional studies on this 
transporter have proven difficult owing to the often 
complicated anatomy of its locations. In fact, much of 
the original basic functional characterizations were 
made using the teleost urinary bladder ( Renfro, 1977 ; 
 Stokes et al., 1984 ) as a surrogate for the distal mamma-
lian nephron. Thus, its best-understood function is in the 
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distal tubule of the renal nephron where it participates in 
the fine control of total body Na  �   content. It is this func-
tion that serves as the target of the thiazide diuretics. 
Further, Gitelman’s syndrome is caused by a relatively 
rare loss-of-function mutation of the NCC. Clinically, 
this syndrome presents as a metabolic acidosis with low 
blood potassium (hypokalemia) and low blood chloride 
(hypochloremia). It is also characterized by low urinary 
calcium and low blood magnesium and a high sodium-
content diuresis. For a detailed description of NCC func-
tion, see Chapters 16 and 18 in this volume.  

    B.       The NKCC has Multiple Functions 

 Both   the NKCC1 and NKCC2 act in concert with 
other transport mechanisms to effect trans-epithelial 
water and salt transport. In addition, there have been 
three other functional roles suggested for the NKCC1. 
They are: (1) to maintain [Cl  �  ] i  at levels above electro-
chemical equilibrium; (2) to increase cell volume in 
response to cell shrinkage; (3) a role in the cell divi-
sion. Each will be discussed below.  

    C.        The NKCC Functions to Maintain [Cl  �  ] i  
above Electrochemical Equilibrium 

    1.       Epithelial Tissue 

 The   ability of the NCC and the NKCCs to increase 
[Cl  �  ] i  is a key factor in the their roles for trans-epithelial 
salt and water transport; the Na  �  -coupled cotrans-
porters act to move Cl  �   across one membrane into the 
polarized epithelial cell thereby increasing [Cl  �  ] i . The 
increased [Cl  �  ] i  provides the electrochemical driving 
force for the movement of Cl  �   across the membrane 
on the other side of the epithelial cell. This movement 
of Cl  �   through specialized channels then sets up an 
electrical potential that supports the movement of a 
counter-cation. The overall process thereby results in 
the trans-epithelial movement of these ions coupled 
often to the osmotic movement of water.  

    2.        Neuronal Function, Intracellular [Cl  �  ] and 
the NKCC 

 The   role of the NKCC1 in nervous tissue is currently 
a very active and exciting field of research. What fol-
lows is a brief overview of the background and current 
status. This volume contains several other chapters 
that address various aspects of these issues. The squid 
giant axon, the prototypical neuronal model, was 
the first animal cell for which [Cl  �  ] i  was shown to be 
higher than expected from electrochemical equilibrium 

considerations. In 1963, Richard Keynes confirmed that 
axoplasmic [Cl  �  ] is 130 – 150       mM. Given the extracellu-
lar [Cl  �  ] of ~480       mM (squids live in the ocean), and a 
resting membrane potential of ~     �      60 to  � 70       mV, [Cl  �  ] i  
would have to be about 35       mM in order to be in elec-
trochemical equilibrium ( Keynes, 1963 ). It was clear 
that [Cl  �  ] i  in the squid axon was nearly four times 
higher than can be explained by its thermodynamically 
passive distribution. 

 In   the squid giant axon a series of reports have 
demonstrated that Cl  �   influx is bumetanide sensi-
tive, ATP dependent and dependent upon extracellu-
lar Na  �   and K  �   (       Russell, 1979, 1983 ;  Altamirano and 
Russell, 1987 ; Breitwieser et al., 1996). That is, it is 
effected by an NKCC mechanism. In addition, squid 
axon was the first preparation in which the inhibi-
tory effect of intracellular Cl  �   on NKCC function was 
demonstrated ( Russell, 1979 ;  Breitwieser et al., 1990 ). 
 Figure 2.1    shows that raising the intracellular [Cl  �  ] 
not only inhibits bumetanide-sensitive  36 Cl influx, 
but also inhibits its efflux. The fact that intracellular 
Cl  �   inhibited both unidirectional fluxes showed that 
its effect was not merely kinetic in nature, e.g. end-
product inhibition, but was an effect on the transport 
mechanism itself. We now know that high intracellu-
lar [Cl  �  ] reduces phosphorylation of the NKCC pro-
tein at key sites (see below for further discussion). It is 
very interesting to note that the NCC has recently also 
been shown to undergo phosphorylation and trans-
port activation upon reducing the [Cl  �  ] i  ( Pacheco-
Alvarez et al., 2006 ), yet another operational similarity 
between these two cotransporter mechanisms. 
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 FIGURE 2.1          Bumetanide-sensitive unidirectional  36 Cl influx and 
efflux are inversely dependent upon the [Cl  �  ] i  using the internally 
dialyzed squid giant axon. These results were the first to demon-
strate that inhibition of the NKCC by increased [Cl  �  ] i  could not be 
simple kinetic  “ end-product inhibition ” . (From  Russell, 2000  with 
permission.)    
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 Considerable   direct and indirect evidence has since 
been reported to satisfy us that an NKCC mecha-
nism, much like that studied in the squid axon, is also 
responsible for the above-equilibrium [Cl  �  ] i  values 
reported for many different neurons. In amphibian and 
mammalian nervous tissue, the NKCC1 isoform has 
been identified as the likely mediator of the elevated 
[Cl  �  ] i  values (       Alvarez-Leefmans et al., 1988, 2001 ; 
 Plotkin et al., 1997 ;  Sung et al., 2000 ;  Kanaka et al., 
2001 ; Rocha-Gonz á lez et al., 2008). 

 More   recently, the fact that the [Cl  �  ] i  in certain CNS 
neurons is higher than the electrochemical equilib-
rium point has been shown to have important func-
tional and developmental consequences. Intracellular 
Cl  �   concentration is an important determinant of the 
transmembrane electrical potential across the neuro-
nal (as well as other cell types) plasmalemma. Because 
many neurons have imbedded in their plasma mem-
branes ligand-gated Cl  �   channels that respond to 
neurotransmitters (gamma-amino butyric acid and/
or glycine), the ratio [Cl  �  ] o /[Cl  �  ] i  will determine 
whether the synaptic response to the neurotransmitter 
will be depolarizing or hyperpolarizing. When [Cl  �  ] i  
is higher than equilibrium, the response will be depo-
larizing and often excitatory. Conversely, when [Cl  �  ] i  
is at or below equilibrium, the response will be either 
no change in transmembrane voltage or a hyperpolar-
ization, i.e. an inhibitory post-synaptic potential lead-
ing to synaptic inhibition. 

 As   will be discussed in much more detail in 
Chapter 14 of this volume, we now know that the 
neurotransmitter gamma-amino butyric acid (GABA) 
opens GABA A -mediated Cl  �   channels. During embry-
onic development of central neurons, the mechanisms 
that determine their [Cl  �  ] i  undergo radical change. 
Early in embryonic and postnatal development, [Cl  �  ] i  
is above electrochemical equilibrium (e.g.  Berglund 
et al., 2006 ). During this period GABA elicits excit-
atory post-synaptic potentials. Later in development, 
and throughout adulthood, these same cells respond 
to GABA with inhibitory post-synaptic potentials. 
This remarkable change in the steady-state [Cl  �  ] i  is 
now known to be the result of a reversal in the relative 
expression levels and function of NKCC1 and KCC2 
proteins ( Clayton et al., 1998 ;  Rivera et al., 1999 ;  Zhu 
et al., 2005 ). This fascinating developmental pattern is 
covered in detail in Chapters 17 and 19 of this volume 
and will not be further discussed here. 

 Primary   afferent neurons are notable exceptions to 
this developmental metamorphosis that occurs in the 
brain and spinal cord. Alvarez-Leefmans ’  group has 
been studying these neurons for some time and has 
clearly demonstrated that they always maintain their 
[Cl  �  ] i  at above-equilibrium levels, meaning that GABA 

will always elicit a depolarizing response ( Alvarez-
Leefmans et al., 1988 ;  Rocha-Gonz á lez et al., 2008 ). 
As these neurons are involved with gating the flow 
of nociceptive and other sensory information, it is not 
surprising that the NKCC1 has been implicated in pain 
perception. For instance, blockers of the NKCC such 
as bumetanide and furosemide have been reported to 
increase the threshold for perception of pain in rats 
by mechanisms that are both central and peripheral 
( Granados-Soto et al., 2005 ). Further, there is evidence 
to support the view that hypersensitivity to pain might 
result, among other factors, from increased [Cl  �  ] i  
in spinal dorsal horn nociceptive neurons; periph-
eral inflammation is correlated with a reduction in 
the expression of spinal cord K  �  -Cl  �   cotransporters 
without any effect on the expression levels of NKCC1 
protein ( Zhang et al., 2008 ), a combination expected 
to yield increased [Cl  �  ] i . This topic will be covered in 
detail in Chapters 22 and 23 of this volume.   

    D.       The NKCC and Cell Volume Regulation 

 The   NKCC has long been implicated in cell vol-
ume regulation in a wide variety of animal cells (e.g. 
 Russell, 2000 ;  Friedrich et al., 2006 ). This property, 
although widely accepted, is still incompletely under-
stood. It has been repeatedly demonstrated that cell 
shrinkage stimulates NKCC ion transport activity, and 
is associated with increased levels of phosphorylation 
of the NKCC protein ( Haas et al., 1995 ;  Lytle, 1997 ). 
In this sense, it appears that cell volume activation 
of the NKCC is like other modes of NKCC stimula-
tion. For example, lowering [Cl  �  ] i  results in increased 
phosphorylation of the cotransporter (see below). This 
presents a bit of a conundrum because hypertonic cell 
shrinkage would be expected to  increase  [Cl  �  ] i  as the 
result of a reduced intracellular water content, and 
increased [Cl  �  ] i  is well known to inhibit NKCC ion 
transport presumably by reducing the phosphoryla-
tion of the NKCC protein (e.g.  Haas et al., 1995 ). Yet, 
the effect of cell shrinkage is to (in most cases) activate 
the cotransporter and increase NKCC protein phos-
phorylation (e.g.  Lytle, 1997 ). Part of the answer to this 
apparent conundrum is seen in  Fig. 2.2   , which shows 
that operationally cell shrinkage reduces the inhibi-
tory effect of the increased [Cl  �  ] i . Thus, as the cell is 
shrunken, it takes a higher [Cl  �  ] i  to cause the same 
degree of inhibition. Given the current working model 
for the regulation of the NKCC activity (see below for 
further discussion), this might be the result of reducing 
the phosphatase activation by increased [Cl  �  ] i  or of off-
setting stimulation of the SPAK (also known as PASK 
or STK39) kinase by the cell shrinkage. It is important 
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to emphasize that the [Cl  �  ] i  set-point is not the result 
of a thermodynamic equilibrium of the cotransporter, 
i.e. where the inwardly directed thermodynamic driv-
ing force is zero ( Russell, 2000 ;  Rocha-Gonzalez et al., 
2008 ), but of a kinetic  “ brake ”  as will be discussed in 
more detail in Chapter 5. The important point in this 
discussion is that this effect of increased [Cl  �  ] i  can 
be overcome by reducing cell volume. However, the 
effects of reducing [Cl  �  ] i  and cell shrinkage are not 
additive as shown in squid axon (see  Fig. 2.2 ). That 
is, the highest flux rate observed under conditions of 
0       mM [Cl  �  ] i  are not further increased by cell shrinkage 
presumably because at 0       mM [Cl  �  ] i  the NKCC protein 
is maximally phosphorylated, i.e. the transport mecha-
nism is saturated. 

 Another   unsolved issue related to the cell-volume 
regulating function is the nature of the signal that 
leads to activation of the NKCC, i.e. what is the nature 
of the volume sensor? Some evidence exists that impli-
cates cytoskeletal elements (e.g.  Jessen and Hoffman, 
1992 ; Mathews et al., 1998). Further, evidence has been 
presented showing that the serine – threonine protein 
kinase oxidative stress-responsive 1 (OSR1) phosphor-
ylates and activates the NKCC (and other members of 
the SLC12A family) in response to cell shrinkage. This 
kinase is in turn activated by one of the  “ with-no-
lysine ”  (WNK) protein kinases ( Anselmo et al., 2006 ). 
These observations still leave unanswered the ques-
tion of exactly where and how does a cell monitor its 
own volume.  

    E.       The NKCC and Cell Division 

 An   exciting new area of interest for ion transport 
aficionados has been the strong possibility that at 
least some ion transport mechanisms, including the 
NKCC1, play important roles in the normal (and path-
ological) conduct of the cell cycle and cell division. 

 Cell   division requires an increase of cell volume 
even prior to cytokinesis. There are reports of a 40 – 50% 
increase in cell volume during late G 1  phase suggesting 
that mammalian cells, like yeast, may have a size check-
point prior to entering the S-phase (e.g.  Dolznig et al., 
2004 ). Given the ability of the NKCC to effect cell vol-
ume increase (discussed above), it is logical to postulate 
that the NKCC may play a role in cell volume increases 
that occur during cell division (e.g.  Lang, 2007 ) either 
alone or in parallel with other solute transporters. 
Interestingly, a recent report suggested that following a 
cell volume increase during the G 1 /S transition, there is 
a volume decrease leading to condensation of the cyto-
plasm and nucleus that occurs during the M-phase of 
the cell cycle resulting from Cl  �   loss through Cl  �   chan-
nels in a regulatory-volume-decrease-like mechanism 
( Habela and Sontheimer, 2004 ). Such a mechanism 
implies that [Cl  �  ] i  must be higher than predicted from 
thermodynamic equilibrium considerations which is 
exactly the state that can be achieved through the acti-
vation of the NKCC. Further circumstantial evidence 
linking the NKCC1 to cell division is the simple fact of 
its wide distribution across nearly all cell types. This 
suggests it may serve a fundamental function. Cell 
division is certainly one of the most fundamental func-
tions carried out by cells and considerable evidence has 
accrued over the past 10 – 15 years that inorganic ions 
and their transmembrane movements play important 
permissive roles in the normal progression of the cell 
cycle and subsequent cell division (e.g.  Lang, 2007 ). 

 The   experimental evidence for such a role for the 
NKCC1 is of three types. First is the often-repeated 
observation that cells treated with mitogens exhibit 
increased ion transporter activity of the NKCC (dis-
cussed in  Russell, 2000 ;  Yang et al., 2001 ) among sev-
eral ion transporters and ion channels. The second 
type of evidence is that, at least in some cells, treat-
ment with bumetanide or furosemide slows down 
cell division (e.g. discussed in  Russell, 2000 ;  Lee et al., 
2003 ;  Iwamoto et al., 2004 ;  Shiozaki et al., 2006 ). More 
recently, evidence has been presented to indicate this 
effect of NKCC inhibitors is brought about by pro-
longing the proliferating cells ’  time in the G 1  phase 
of the cell cycle (e.g.  Panet et al., 2000 ;  Iwamoto et al., 
2004 ). The third kind of evidence has come from 
observations of the connection between carcinogenic-
like cell proliferation behavior and the activity of the 
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 FIGURE 2.2          The ability of increased [Cl  �  ] i  to inhibit NKCC-
mediated  36 Cl influx is reduced by cell shrinkage. The [Cl  �  ] i  of 
squid giant axons was set at various levels by means of intracellular 
dialysis. Increasing [Cl  �  ] i  led to reduced influx in axons exposed to 
either normotonic fluid (for squid      �      972       mOsm/kg) or hypertonic 
fluid (1172       mOsm/kg). However, the inhibition by any given level 
of [Cl  �  ] i  was less when cells were exposed to hypertonic fluid. 
(From  Breitwieser et al., 1990 , with permission.)    
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NKCC. For example,  Panet et al. (2000)  reported that 
overexpression of NKCC1 protein into mouse fibro-
blasts resulted in a phenotype with certain character-
istics of cancer cells, including the ability to proliferate 
under conditions of very low serum concentrations, 
loss of contact inhibition, and the development of the 
ability to form cell colonies growing in soft agar. This 
latter  “ clonogenic ”  activity was prevented by treat-
ment with bumetanide. 

 Thus  , a body of evidence exists to indicate a poten-
tial role for the NKCC1 in cell division. In sum, this 
evidence is supportive, but not yet definitive. The 
mechanism of the effect is still unknown. However, it 
seems likely that the NKCC1 might be part of a mecha-
nism with built-in redundancy since not all cells tested 
showed effects on their cell cycles by bumetanide treat-
ment. Whether the NKCC role is as conceptually simple 
as participating to achieve a necessary cell size increase 
prior to progressing into the S-phase or is more com-
plex, as suggested by reports of effects of furosemide 
on the phosphorylation of MAPK kinase ( Panet et al., 
2006 ), only further studies will tell. Finally, as will be 
discussed in a later chapter, it is possible that some 
virally mediated effects on host cells may be dependent 
upon inactivating the cell cycle (see Chapter 27).   

    IV.       NKCC REGULATION 

 This   topic will be covered in much more detail in 
Chapter 18 of this volume. What follows is a histori-
cal overview with strong emphasis on the NKCC1 
isoform, since study of this isoform has led our under-
standing of the regulation of several other members of 
the SLC12 gene family. 

 As   noted above, among the earliest demonstra-
tions of  “ regulation ”  of the NKCC were the effects 
of lowering the [Cl  �  ] i  of the cell or shrinking the cell. 
Both treatments increase ion transport activity by the 
NKCC1. The first step towards understanding the 
mechanisms of these effects was the observation that 
although the ion movements fit the criteria for an Na  �  -
coupled cotransporter, ATP was an absolute require-
ment for transport activity (       Russell, 1979, 1983 ). The 
internally dialyzed squid giant axon allowed us to 
remove intracellular ATP while maintaining intracel-
lular ion concentrations steady. In the absence of ATP, 
bumetanide-sensitive  36 Cl influx was non-existent. 
 Lytle and Forbush (1992)  demonstrated that the bio-
chemical basis of this functional observation was the 
phosphorylation of the NKCC1 protein at threonine 
and serine sites. The first demonstration that NKCC 
protein phosphorylation was Cl  �   dependent was by 

 Haas et al. (1995) . As many as 20 consensus phosphor-
ylation sites were identified along the N- and C-termini 
of the NKCC1 protein for protein kinase A, protein 
kinase C and casein kinase II ( Delpire et al., 1994 ;  Xu 
et al., 1994 ). Although some evidence was presented 
for stimulation via PKA and PKC (e.g.  Russell, 2000 ) 
and even for myosin light-chain kinase ( Klein and 
O’Neill, 1995 ) mechanisms, each tended to be tis-
sue specific.  Lytle (1998) , following a suggestion by 
 Jennings and Al-Rohil (1990) , was the first to explicitly 
postulate that there must be a final common volume-
sensitive protein kinase that actually phosphorylated 
and activated the NKCC protein. This notion was later 
expanded to include the ideas that (1) the  “ common 
kinase ”  must also be sensitive to changes in [Cl  �  ] i  and 
(2) that it reciprocally controlled NKCC and K  �  -Cl  �   
cotransport functions. However, this common path-
way or kinase remained elusive for several years. 

 This   is where things stood when in the early part of 
the present decade, reports from two labs (       Piechotta 
et al., 2002, 2003 ;  Dowd and Forbush, 2003 ; Gagnon 
et al., 2005) revealed a new set of players in, as it 
turns out, the regulation of most of the major mem-
bers of the SLC12 gene family including NKCC1, 
NKCC2, NCC and certain of the K  �  -Cl  �   cotransport-
ers. The evidence to date supports the following gen-
eral model which is summarized in  Fig. 2.3   . A protein 
kinase known as SPAK and a related protein kinase 
known as OSR1 (oxidative stress response protein 
1) were first identified by Delpire’s group (       Piechotta 
et al., 2002, 2003 ) as interacting with the amino termi-
nals of NKCC and of the K  �  -Cl  �   cotransporter via a 
specialized binding motif.  Dowd and Forbush (2003)  
reported that transfecting cells with an inactive SPAK 
(they called PASK) resulted in the loss of intracellu-
lar Cl  �   sensitivity of the NKCC1 and that the NKCC1 
protein from cells transfected with the defective SPAK 
(PASK) gene exhibited much less phosphorylation. 
Interestingly, heterologous expression of SPAK (PASK) 
in  Xenopus  oocytes that co-expressed NKCC1 did not 
result in enhanced activity by the NKCC1 ( Gagnon 
et al., 2006 ). This suggested there might be another 
player in the regulatory mix. These authors then 
showed that co-expressing SPAK along with WNK4 
caused a large increase of NKCC1-mediated  86 Rb 
uptake and, perhaps most interestingly, this flux was 
no longer volume sensitive. Co-expression of WNK4 
alone with NKCC1 had no such effect. Significantly, 
co-expressing these two kinases along with the 
K  �  -Cl  �   cotransporter, isoform 2, resulted in the oppo-
site functional effect, a result in good agreement with 
the reciprocal effects of cell shrinkage on the native 
functions of these two members of the SLC12A family 
of cation-chloride cotransporters. 

IV. NKCC REGULATION
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    Figure 2.3  summarizes the current working model of 
the regulation of the Na  �  -dependent and -independent 
  chloride ion transporters by changes in cell volume 
and [Cl  �  ] i . The final common kinase is believed to be 
SPAK and the WNK kinases either directly or indirectly 
 “ sense ”  cell volume or [Cl  �  ] i  and then act to phosphor-
ylate either the SPAK (PASK) or a phosphatase. Thus, 
the binding sites on the cotransporters and the protein 
kinases provide the appropriate scaffolding to effect 
the appropriate physiological effect on the various 
members of the SLC12A family of ion transporters.  
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 FIGURE 2.3          Intracellular Cl  �   modulates Na  �  -K  �  -2Cl  �   and 
K  �  -Cl  �   cotransporter activities through serine – threonine kinases 
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O U T L I N E

    I.       THE EMERGENCE OF K  �  -Cl  �   
COTRANSPORT AS A FUNCTIONAL 

TRANSPORT ENTITY 

 Secondary   active transport, where the flux of one 
of the transported species moving downhill pro-
vides the driving force for movement of another ion 
or non-electrolyte, is a common membrane transport 
mechanism. Ionic species providing the driving force 
include Na  �  , H  �   and K  �  . Coupled substrates include 
different sugars, amino acids and other organic mole-
cules translocated by discrete families of transporters. 

In the present context, the family of cation-chloride 
cotransporters (CCCs) represents a series of mem-
brane proteins, the SLC12 superfamily, capable of 
the electroneutral coupled transport of Cl  �   with Na  �   
(NCC), K  �   (KCCs) or both Na  �   and K  �   (NKCCs) 
( Gamba, 2005 ). Originally, these transporters were 
recognized and studied in RBCs and epithelia, but 
more recent work has broadened their known distri-
bution to include neuronal tissue, endothelial and 
vascular smooth muscle cells, and other cell types, 
including certain neoplasias. Molecular biology has 
also revealed a variety of CCC isoforms, with differ-
ing tissue distribution and physiological functions. 

  3   3 
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Recent knockout mouse studies have confirmed some 
important functions and revealed some surprises. We 
continue to discover new physiological roles for these 
transporters and how they contribute to disease states 
when their normal function is perturbed. The present 
chapter summarizes the paths to KCC discovery and 
highlights some features of the KCCs. 

 Early   experiments on human RBCs by Wieth sug-
gested that there was a component of the passive cat-
ion (Na  �   and K  �  ) fluxes which was Cl  �   dependent 
( Funder and Wieth, 1967 ). RBCs are unusual in hav-
ing a high (dominant) Cl  �   permeability, making it dif-
ficult to measure Cl  �   transport directly (with tracer 
experiments requiring a millisecond time course at 
37 ° C). However, in Funder and Wieth’s study, substi-
tuting Cl  �   with another anion such as NO 3   �   or SCN  �   
inhibited the Na  �   and K  �   fluxes, thus establishing the 
interaction between Cl  �   and these monovalent cat-
ions. Before the establishment of volume- and thiol-
stimulated Cl  �  -dependent K  �   fluxes (       Kregenow, 1971, 
1977 ;  Ellory and Dunham, 1980 ;  Lauf and Theg, 1980 ; 
 Lauf, 1984 ), later termed K  �  -Cl  �   cotransport, there 
was evidence for cation  ‘  ‘ leaks ’  ’  in RBCs, as they 
were called at the time, which did not behave in a 
classical passive diffusional manner. In this context, 
Hoffman proposed the pump 2 concept to explain 
non-linear behavior of ouabain-insensitive cation 
transport in human RBCs ( Hoffman, 1966 ).        Beauge 
and Adragna (1971, 1974)  and  Sachs (1971)  found 
ouabain-insensitive Na  �  -dependent inward and out-
ward Rb  �  /K  �   fluxes in human RBCs. Subsequently, 
 Wiley and Cooper (1974)  confirmed that passive Na  �   
and K  �   fluxes in human RBCs were at least partially 
interdependent and not simple electrodiffusive leaks 
and, in addition, showed that they were coupled. 
They also introduced furosemide as an inhibitor of 
these fluxes. Despite these early evidences for non-
electrogenic mechanisms, the idea that the membrane 
potential played a key role in passive movements of 
K  �  , Na  �   and Cl  �   persisted for some time ( Schmidt 
and McManus, 1977 ) until, in 1980, elegant studies 
on Ehrlich ascites tumor cells by the group of Heinz 
showed beyond doubt that the fluxes of these ions 
through the NKCC were electroneutral ( Geck and 
Heinz, 1980 ). Around the same time, studies with 
nucleated RBCs (       Kregenow, 1971, 1980 ) also pro-
duced evidence for Cl  �  dependent K  �   transport while 
the kinetic characteristics of volume-dependent Cl  �  -
dependent cation fluxes in human RBCs were also 
studied by Dunham and Ellory and others ( Dunham 
and Ellory, 1980 ;  Chipperfield, 1980 ). Resolution of 
KCC properties was achieved using LK sheep RBCs, 
where NKCC is known to be absent. Activation of 
K  �   fluxes, but not those of Na  �  , follows cell swelling, 

an effect that was Cl  �   dependent ( Ellory and 
Dunham, 1980 ;  Dunham and Ellory, 1981   –  see  Fig. 
3.1   ). Likewise, a thiol reaction with  N -ethylmaleimide 
(NEM) causes activation of K  �   fluxes, and not those 
of Na  �   ( Lauf and Theg, 1980 ; see  Fig. 3.2   ), probably 
by inactivating inhibitory kinases (see below). Studies 
were extended to RBCs from other species (dog, rab-
bit, mouse, goat, horse:  Adragna et al., 2004a ) and to 
human pathophysiology, importantly including sickle 
cell disease ( Brugnara, 2004 ). 

 Most   attempts to identify membrane transport-
ers relied heavily on the availability of more-or-less 
specific pharmacological inhibitors. In this context, 
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 FIGURE 3.1          Swelling-activated Cl  �  -dependent K  �   transport 
in LK sheep RBCs. (A) Cell swelling in hypotonic solutions acti-
vates K  �   influx but has no effect on Na  �   influx. (B) Equimolar 
Cl  �   replacement by methyl sulphonate (MeSO 4   �  ) or acetate (Ac  �  ) 
inhibits swelling activated K  �   influx. (Redrawn from  Ellory and 
Dunham, 1980 .)    
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ouabain as a defining Na  �  /K  �   pump inhibitor is a 
good example. Although some success was achieved 
with loop diuretics as NKCC and KCC inhibitors, 
these molecules (furosemide, bumetanide) were not 
discriminatory, inhibiting both CCCs and also the AE1 
(Band 3) anion exchanger ( Brazy and Gunn, 1976 ). 
Thiazides proved to be specific in epithelial studies on 
NCC (reviewed in  Gamba, 2005 ). For KCC, however, 
such specific inhibitors await identification. Dihydro-
indenyloxyalkanoic acid (DIOA) was thought to rep-
resent the best KCC inhibitor identified to date ( Garay 
et al., 1988 ). More recently, however, it has become 
apparent that DIOA, at least in non-RBCs, is more 

promiscuous, for example inhibiting NKCC in HEK 
293 cells ( Gillen and Forbush, 1999 ) and also other 
transport processes together with various secondary 
effects ( Anfinogenova et al., 2001 ;  Lauf et al., 2008 ). 
Other bumetanide analogs have proved equally non-
specific ( Cabantchik and Greger, 1992 ). In addition, 
while di-isocyanostilbene-disulfonate (DIDS) is able 
to inhibit KCC in sheep RBCs in the micromolar range 
( Delpire and Lauf, 1992 ), it is, of course, more effec-
tive and better known as an AE1 inhibitor. Abolishing 
protein phosphatase activity provides a powerful 
indirect means to inhibit KCCs with, for example, 
calyculin A, preventing their activation in tissues 
and in heterologous systems (reviewed in  Gamba, 
2005 ). Given the multiple cellular roles of KCCs and 
their participation in a number of pathologies, the 
discovery of effective inhibitors has been eagerly 
awaited. 

 Since   its definition in RBCs, KCC as a transport 
entity has now been recognized across many (if not all) 
tissues, including neurons, vascular smooth muscle, 
endothelium, epithelia (such as kidney, small intestine 
and placenta), heart and skeletal muscle ( Mercado 
et al., 2000 ) and, recently, in human lens epithelial cells 
( Lauf et al., 2006 ;  Misri et al., 2006 ). In many of these 
tissues, KCC is assumed to function as a volume reg-
ulatory device, mediating coupled K  �   and Cl  �   efflux 
and hence bringing about regulatory volume decrease 
(RVD) ( Hallows and Knauf, 1994 ), as first shown in 
sheep reticulocytes ( Lauf and Bauer, 1987 ). It is often 
difficult to show participation of KCC in RVD in non-
erythroid cells, however, due to the activity of K  �   and 
Cl  �   channels which are more effective at carrying out 
this function. In epithelial cells, KCC may also contrib-
ute to RVD but the cellular asymmetry results in trans-
epithelial salt transport ( Greger and Schlatter, 1983 ; 
 Ellory et al., 1984 ;  Eveloff and Warnock, 1987 ;  Reuss 
and Cotton, 1994 ). Latterly, other roles for KCC have 
also emerged, encompassing such areas as regula-
tion of ion homeostasis, especially that of intracellular 
[Cl  �  ] and extracellular [K  �  ] in neurons ( Payne, 1997 ; 
 Reid et al., 2001 ), as discussed in detail in Chapter 17. 
More recently, an association with growth of cancer 
cells has been recognized ( Shen et al., 2000 ) and may 
indicate an important role for KCC in cell prolifera-
tion, migration and control of cell cycle (Chapters 26 
and 27). In a reciprocal way, intracellular [Cl  �  ] may 
control CCC activity (reviewed in  Kahle et al., 2006 ; 
see also Chapters 2, 16 and 17). There are now a num-
ber of diseases whose pathology involves altered 
activity of KCCs (see later). Notwithstanding, in some 
ways, in the tissue in which its transport function was 
first acknowledged, the RBC, the pathophysiology of 
KCC continues to be enigmatic.  
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 FIGURE 3.2           N -ethylmaleimide (NEM) selectively activates 
K  �   efflux in LK sheep RBCs. (A) First order rate constants of K  �   
efflux before and after treatment with NEM (2       mM) for 15       min at 
37 ° C. (B) First order rate constants of K  �   or Na  �   efflux as func-
tion of increasing NEM concentrations. (Redrawn from  Lauf and 
Theg, 1980 .)    
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    II.       MOLECULAR IDENTIFICATION OF 
K  �  -Cl  �   COTRANSPORTERS 

 KCC   belongs to the electroneutral cation-chloride-
coupled cotransporter (CCC) superfamily (SLC12; 
from the acronym SLC for  s o l ute  c arriers) of which 
there are nine members ( SLC12A1-9 :  Mount et al., 
1998 ;  Mercado et al., 2000 ;  Gamba, 2005 ; see Chapter 
16). Three represent Na  �  -coupled Cl  �   cotransporters: 
the thiazide-sensitive Na  �  -Cl  �   cotransporter (NCC: 
 SLC12A3 ) which in mammals was first reported in 
renal distal tubules but has now also been found in 
the intestine ( Bazzini et al., 2005 ), osteoblasts (Dvorak 
et al., 2007), and human lens epithelial cells ( Lauf 
et al., 2008 ). Of the two bumetanide-sensitive Na  �  -K  �  -
Cl  �   cotransporters, the NKCC1 ( SLC12A2 ) is wide-
spread while NKCC2 ( SLC12A1 ) appears to be renal 
specific, found in the apical membrane of cells from 
the thick ascending limb of the loop of Henle. Two 
members are orphan,  SLC12A8-9 , in that their trans-
port function remains unknown as they fail to aug-
ment Na  �  , K  �   or Cl  �   transport upon heterologous 
expression. The family is completed by the four KCC 
isoforms, KCC1-4 ( SLC12A4-7 ). 

 KCC1   ( Gillen et al., 1996 ) became the first mem-
ber of the KCC family to be cloned. So far, four KCC 
genes have been found, KCC1-4 ( SLCA4-7 ), with 
around 70% identity to each other (see Fig. 16.3 in 
Chapter 16). KCC1 shares most homology to KCC3; 
KCC2 with KCC4. (Note: there is some confusion 
in the early literature over the nomenclature. Three 
groups independently cloned KCC3 in 1999: KCC3 
was termed KCC4 by  Mount et al., 1999 ; latterly the 
terminology of Hiki and Race  –   Race et al., 1999 ; 
 Hiki et al., 1999   –  has been adopted in deference to 
their earlier publication.) All four members share the 
same topology with 12 putative membrane spanning 
domains, a large extracellular loop between fifth and 
sixth transmembrane domains (TMs), a short hydro-
philic cytoplasmic amino-terminus, together with a 
long carboxy-terminus. This structure is remarkably 
similar to that of the Na  �  -coupled Cl  �   cotransport-
ers, despite a relatively low level of sequence homol-
ogy ( � 50%) (see Chapter 16). Between KCCs, the TMs 
show the greatest identity. In addition, alterations in 
the amino acid sequence of TMs between isoforms are 
linked with differences in ion affinity  –  notably those 
of TM2, 4 and 7 (e.g.  Mercado et al., 2000, 2005 ). The 
predicted protein for KCC1 is 1085 amino acids long, 
of about 120       kDa, increasing to 150       kDa when glyco-
sylated. All KCC proteins have a variety of potential 
phosphorylation sites, a significant feature since regu-
lation by phosphorylation is anticipated (see below), 

notwithstanding the fact that evidence for direct phos-
phorylation of the KCC transporter (aside from KCC2  –  
 Wake et al., 2007 ) remains lacking (see section III in 
Chapter 17). Splice variants of KCC isoforms are mul-
tiple, and are discussed in detail in Chapter 17.  

    III.       TISSUE DISTRIBUTION OF K  �  -Cl  �   
COTRANSPORTER ISOFORMS 

 The   first cloned member of the KCC family, KCC1, 
was found in all tissues tested ( Gillen et al., 1996 ). These 
include brain, colon, heart, kidney, liver, lung, spleen, 
placenta, muscle and pancreas ( Gillen et al., 1996 ), as well 
as RBCs ( Pellegrino et al., 1998 ). It is generally consid-
ered to represent an ubiquitous house-keeping protein, 
involved in cell volume regulation. KCC2, recognized 
as a neuronal-specific isoform ( Payne et al., 1996 ;  Payne, 
1997)  is discussed in great detail in Chapter 17. 

 Like   KCC1, both KCC3 and KCC4 are found in 
numerous tissues ( Hiki et al., 1999 ;  Mount et al., 1999 ; 
 Race et al., 1999 ). For KCC3, KCC3a is abundant in 
brain, muscle, lung and heart; KCC3b is more abundant 
in the kidney than in any other tissue ( Pearson et al., 
2001 ). Nevertheless, the kidney also expresses KCC3a, 
albeit at lower levels, as well as other KCC isoforms. 
KCC3 is extensively expressed in the brain including 
hypothalamus, cerebellum, brain stem, cerebral cortex, 
white matter and choroid plexus ( Pearson et al., 2001 ). 
Recently, both KCC3 and KCC4 have been shown in 
lens epithelial cells ( Lauf et al., 2008 ;  Misri et al., 2006 ). 
KCC4 is also expressed in several tissues. High levels 
are found in the heart and kidney, while levels in the 
brain are very low ( Mount et al., 1999 ). Notwithstanding 
limited expression in the brain, KCC4 is found in certain 
areas of the CNS such as ventricular zones, the nucleus 
of the trigeminal nerve, choroid plexus and peripheral 
ganglia ( Li et al., 2002 ;  Karadsheh et al., 2004 ). In the 
kidney, it is localized to the basolateral membrane of 
proximal tubules and also in type-A intercalated cells of 
the collecting duct ( Boettger et al., 2002 ). 

 Following   cloning of the KCC isoforms, the identity of 
the RBC isoform(s) was eagerly awaited. While the ini-
tial isoform cloned from the human erythroleukemia cell 
line K562 and also from the mouse erythroleukemia cell 
line MEL proved to be KCC1 ( Pellegrino et al., 1998 ), it 
is unlikely to be the sole, or even predominant, RBC iso-
form. Thus KCC1 was not detected in human or mouse 
reticulocytes ( Pellegrino et al., 1998 ). Subsequently, pro-
teins of both KCC3 and KCC1 have been reported as 
expressed in sheep RBCs ( Lauf et al., 2001 ), K562 cells 
and bone marrow ( Mercado et al., 2005 ). RBCs from 
patients with complete or partial agenesis of the corpus 
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callosum and peripheral neuropathy (ACCPN syn-
drome), a disease linked to KCC3 mutation, have subtle 
alterations in their KCC activity (see also Chapter 17). 
In RBCs, all three non-neuronal KCCs (KCC1, 3 and 4) 
appear to be present, with a number of splice variants 
evident ( Crable et al., 2005 ). Comparison of the affini-
ties and ionic selectivities of expressed KCCs with those 
observed in RBCs also suggest that KCC1 is not the 
main functional isoform ( Hebert et al., 2004 ;  Mercado 
et al., 2005 ). Finally, in KCC1 knockout mice, RBC 
KCC activity was unaffected, while it was decreased in 
KCC3 knockouts, and almost completely abolished in 
mice lacking both isoforms ( Rust et al., 2007 ). It is prob-
ably true to say that the dominant isoform(s), at least of 
mature RBCs, remains to be ascribed unambiguously 
while very little is known about regulation of expression 
in this tissue.  

    IV.       TRANSPORT MODES, SELECTIVITY 
AND KINETICS 

 Implicit   in the original definition as a Cl  �  -depen-
dent K  �   flux and from membership of the CCC 
superfamily, the KCC transporters are generally con-
sidered to mediate an obligatory coupled movement 
of K  �   with Cl  �   ( Fig. 3.1B ). Certainly, the necessity for 
the presence of both ions has been demonstrated in 
many instances, although certain substitutions sup-
port transport. Whether their co-dependence neces-
sarily indicates coupled movement is less easy to 
demonstrate unequivocally but available evidence 
supports obligate linkage of K  �   and Cl  �   movements. 
Thus uphill K  �   movement can be driven by a Cl  �   
gradient ( Brugnara et al., 1989 ); K  �   transport is 
unaffected by membrane potential indicative of an 
electroneutral process both in human and sheep RBCs 
( Kaji, 1993 ;  Lauf and Adragna, 1996 ); and a 1:1 stoichi-
ometry of K  �   and Cl  �   movement was demonstrated 
in NEM-treated RBCs ( Jennings and Adame, 2001 ). 
That endogenous  Xenopus  oocyte KCC activity was 
shown to have Hill co-efficients close to unity for both 
K  �   and Cl  �   is again supportive of 1:1 coupled electro-
neutral transport ( Mercado et al., 2001 ). 

 The   K  �  -Cl  �   cotransporter is capable of operating 
bidirectionally and thereby mediates either influx 
or efflux. Net flow will be dependent on the chemi-
cal gradients for K  �   and Cl  �   and also their affinity 
for the transporter, which may differ on either face of 
the membrane. In human RBCs, unidirectional isoto-
pic flux measurements can also include an element 
of exchange fluxes (K  �  / K  �  ) as well as net transport 
( Kaji, 1989 ), but in low K  �   (LK) sheep RBCs transport 

through the loaded carrier is rate limiting ( Delpire 
and Lauf, 1991a ). The ability to mediate influx as well 
as efflux may be important in extracellular K  �   homeo-
stasis in the CNS, where accumulation of extracel-
lular K  �   following periods of high neuronal activity 
may be buffered by KCl uptake (see Chapter 17 as 
well as  Payne, 1997 ;  Reid et al., 2001 ). Under physi-
ological conditions, the transporter usually mediates 
KCl efflux, thereby lowering intracellular [Cl  �  ] below 
equilibrium so that anion channel opening results in 
Cl  �   influx and membrane hyperpolarization. 

 As   is generally the case for coupled transporters, 
K  �   and Cl  �   can be substituted by similar ions. Thus 
Rb  �   is a good replacement for K  �   ( Dunham and 
Ellory, 1981 ;  Lauf, 1983 ), whereas Na  �   and choline  �   
are largely ineffective. Its anion preference is Cl  �        �      
Br  �        �      SCN  �        �      I  �        �      NO 3   �        �      MeSO 4   �   ( Ellory et al., 
1982 ). Ionic selectivity is also subtly different for the 
various KCC isoforms when expressed in heterolo-
gous systems. For instance, in  Xenopus  oocytes, only 
KCC3 prefers Br  �   over Cl  �   ( Mercado et al., 2000, 2002 ; 
 Song et al., 2002 ), which has been taken as supportive 
evidence for a major role of this isoform in RBCs. The 
difference may in part be due to secondary effects of 
ion substitutions, however, which should always be 
considered. For instance, fewer permeable ions will 
result in RBC shrinkage, depolarization and alka-
linization, while, in sheep RBCs, NO 3   �   is reported to 
reduce ATP levels ( Flatman et al., 1996 ). Probably the 
best non-transported Cl  �   substitutes for RBCs are the 
organic anions methylsulfate and methylsulfonate 
( Payne et al., 1990 ). 

 Determination   of the affinity constants for KCCs 
has also been extensively studied in RBCs, in which 
ion substitutions are relatively simple; and also to a 
lesser extent for various isoforms expressed in heter-
ologous systems such as  Xenopus  oocytes. In RBCs, 
there is considerable variability across different spe-
cies, with apparent affinities at the extracellular site of 
around 10 – 100       mM for K  �   (typically around 30       mM) 
and 15 – 90       mM for Cl  �   ( Lauf et al., 1992 ). Affinities for 
the intracellular binding site may differ, along with 
order of ion binding, and also maximal transport 
rates for influx and efflux ( Kaji, 1989 ) and the kinetics 
of operation (       Delpire and Lauf, 1991a, b ) seems to be 
different from the gliding symmetry model proposed 
for NKCC ( Lytle et al., 1998 ). An additional intrigu-
ing variable which might also influence affinity in 
native cells is the possible existence of heteroligomers 
( Casula et al., 2001 ;  Simard et al., 2007 ). Transport 
affinities for non-erythroid cells have also been 
studied. For instance, the apparent affinities for 
K  �   and Cl  �   are shown in  Fig. 3.3    for the swelling-
activated K  �  -Cl  �   cotransport in C6 glioma cell line 
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( Gagnon et al., 2007 ). For heterologously expressed 
KCCs, the extracellular affinities for KCC1 are about 
20       mM for both K  �   and Cl  �   ( Gillen and Forbush, 
1999 ;  Mercado et al., 2000 ;  Bergeron et al., 2003 ). For 
KCC2, K  �   affinity is high ( � 10       mM), but reported val-
ues for Cl  �   affinity range from  � 100       mM in HEK-293 
cells ( Payne, 1997 ) to  � 10       mM ( Song et al., 2002 ) in 
 Xenopus   –  a difference which may be due to the for-
mation of heterodimers between expressed KCC2 and 
the endogenous KCCs in HEK cells or in oocytes, or 
may be due to different cytoplasmic environments 
and interacting proteins in amphibians and mam-
mals. KCC3 has a K  �   affinity close to 10       mM but again 
a range of Cl  �   affinities, with a mean around 30       mM 
( Race et al., 1999 ;  Mercado et al., 2002 ;  Bergeron et 
al., 2003 ). Finally, KCC4 has a K  �   affinity probably 
at around 10       mM with that for Cl  �   similar or slightly 

higher ( Mercado et al., 2000 ). A direct comparison of 
different isoforms gave an overall affinity profile (for 
both K  �   and Cl  �  ) of KCC2      �      KCC4      �      KCC3      �      KCC1 
( Gamba, 2005 ).  

    V.       PHYSIOLOGICAL PROPERTIES, 
MODULATION AND REGULATION OF 

K  �  -Cl  �   COTRANSPORTERS         

            A.       Volume Sensitivity 

 Cl    �  -dependent K  �   flux consistent with KCC activity 
has been described as volume sensitive in RBCs from 
LK sheep and humans. In these cells, a small volume 
increase stimulates KCC activity several-fold ( Dunham 
and Ellory, 1981 ), as shown in  Fig. 3.1  A.Volume sen-
sitivity is also found in the basolaterally located KCC 
of salt absorbing epithelia ( Greger and Schlatter, 
1983 ) such as the kidney, and in a variety of other tis-
sues including vascular smooth muscle cells ( Saitta 
et al., 1990 ;  Adragna et al., 2000 ), Ehrlich tumour cells 
( Thornhill and Laris, 1984 ;  Hoffmann et al., 1988 ), car-
diac cells ( Taouil and Hannaert, 1999 ), thymocytes 
( Soler et al., 1993 ), lens ( Lauf et al., 2006 ), cornea ( Capo-
Aponte et al., 2007 ) and glial cells ( Gagnon et al., 2007 ). 
Volume changes can occur under anisotonic conditions, 
for example in the renal medulla or epithelia exposed 
to anisotonic bathing solution. Isosmotic swelling is 
probably more common in salt transporting epithelia. 
It can also occur in other cell types, e.g. in neurons in 
response to exposure to NH 3 /NH 4   �   resulting in net 
accumulation of intracellular NH 4   �   ( Alvarez-Leefmans 
et al., 2006 ), and also in RBCs due to Na  �   and Cl  �   
entry following  β -adrenergic stimulation of Na  �  /H  �   
exchange coupled with Cl  �  /OH  �   exchange ( Bourne 
and Cossins, 1982 ;  Borgese et al., 1987 ). In some sys-
tems, isosmotic swelling preferentially activates KCC, 
whereas anisotonic swelling results in activation of 
volume-sensitive K  �   and Cl  �   channels (see Chapter 
15). All K-Cl cotransporters are stimulated by anisos-
motic swelling in a variety of tissues. Whether or not 
they participate in regulatory volume decrease under 
physiological conditions is debatable (see Chapter 17). 
In some cases, KCCs are regarded as one of the main 
pathways mediating RVD, especially in epithelial cells 
where rates of salt influx and efflux at the two faces 
are coupled, but can become unbalanced (see  Reuss 
and Cotton, 1994 ). Volume-sensitive KCC in red cells 
is enriched in younger cells, with activity becom-
ing quiescent as cells mature ( Hall and Ellory, 1986b ; 
 Brugnara and Tosteson, 1987 ;  Canessa et al., 1987 ;  Lauf 
and Bauer, 1987 ). It has therefore been associated with 
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 FIGURE 3.3          Kinetics of K  �  -Cl  �   cotransport in glial cells. Rb  �   
influx as a function of (A) external Rb  �   and (B) Cl  �   concentrations. 
Insets show Hanes-Woolf plots, giving affinities ( K m s ) of 15       mM for 
Rb  �   and 13       mM for Cl  �  . Ouabain and bumetanide were present 
throughout. RT      �      PCR experiments showed the presence of mRNA 
for KCC1, 3 and 4. (From  Gagnon et al., 2007 , reproduced with 
permission.)    
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the reduction in red cell volume which is a feature of 
red cell development. In contrast to the three other iso-
forms, the neuron-specific KCC2 is constitutively active 
under isotonic conditions at normal volume, which 
does not preclude further activation by cell swelling 
( Strange et al., 2000 ;  Song et al., 2002 ).  

    B.       pH 

 In   RBCs, pH represents a second modulatory influ-
ence which may be as important, if not more so, than 
volume ( Brugnara et al., 1986 ;  Ellory et al., 1989 ). 
There is also some interaction between the effects of 
volume and pH change, usually synergism ( Speake 
et al., 1997 ). KCC activity shows a bell-shaped relation-
ship against pH, typically with an optimum activity 
near neutrality, which decreases at higher or lower pH 
values. Acidification will cause a secondary increase in 
cell volume but it would appear that the main signal is 
intracellular pH ( Zade-Oppen and Lauf, 1990 ;  Ellory 
et al., 1991 ). Although the Jacob-Stewart cycle of RBCs 
couples extracellular and intracellular pH ( Hladky 
and Rink, 1977 ), this coupling can be broken using 
impermeable anions such as gluconate, which result in 
Cl  �   efflux and OH  �   influx and hence intracellular alka-
linization. Thus incubation at an extracellular pH of 6.1 in 
gluconate solution, gives an intracellular pH close to the 
normal 7.1 ( Ellory et al., 1991 ). H  �   sensitivity could reside 
in the regulatory apparatus controlling KCC activity 

(notably the kinases and phosphatases  �  see below) 
or within KCC itself (since pH dependence is not com-
pletely lost following NEM treatment  �   Zade-Oppen 
and Lauf, 1990 ;  Lauf and Adragna, 1996, 1998 ). Effects of 
pH have also been observed in expressed KCCs, while 
lack of acid inhibition of the KCC4 isoform in oocytes 
( Bergeron et al., 2003 ) may indicate that KCC1 and KCC3 
are responsible for the pH sensitivity of KCC in RBCs.  

    C.       Redox Potential 

 Thiol   reactions, in particular with NEM, were iden-
tified early on as a stimulus for KCC in RBCs ( Lauf 
and Theg, 1980 ). This effect is also seen in other tis-
sues like vascular smooth muscle ( Adragna et al., 
2004a ) and also in heterologously expressed KCCs 
( Gillen et al., 1996 ;  Lauf et al., 2001 ;  Gamba, 2005 ). 
Subsequently, a number of oxidants (notably H 2 O 2 , 
NO, nitrite and peroxynitrite) have also been shown 
to stimulate KCC activity ( Bize and Dunham, 1995 ; 
 Adragna and Lauf, 1998 ). Their target, however, 
remains unclear. Possibilities include GSH ( Fig. 3.4   ), 
NADH and NADPH, as well as thiol residues on the 
KCC transporter or some regulatory protein.  

    D.       Other KCC Modulators 

 A   number of other important effectors have been 
identified in RBCs. For instance, Mg 2 �   depletion 

 FIGURE 3.4          Evidence for modulation 
of K  �  -Cl  �   cotransport by redox potential. 
Diamide reversibly oxidizes glutathione 
(GSH) to its disulfide. Lowering the free 
GSH concentrations is associated with a 
four-fold stimulation of K  �   efflux with-
out affecting Na  �   efflux, both expressed 
as rate constants  k K   or  k Na  . This K  �  -efflux 
stimulation is Cl  �  -dependent. (From  Lauf, 
1988 , reproduced with permission.)    
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stimulates KCC activity and alters the response to 
several modulators presumably via effects on kinases 
( Delpire and Lauf, 1991c ). High hydrostatic pressure 
also increases activity probably also by interrupting 
the signaling pathways ( Hall and Ellory, 1986a ). O 2  
tension is interesting as it has significant effects on 
KCC activity, as it does on many aspects of RBC phys-
iology ( Barvitenko et al., 2005 ). RBCs, of course, expe-
rience large fluctuations in O 2  tension as they circulate 
between lung and metabolically active peripheral tis-
sues. In the case of RBC KCC, low O 2  tension inhib-
its and high O 2  stimulates ( Borgese et al., 1991 ). These 
higher levels of O 2  are in fact often required to activate 
the transporter, and to enable it to respond to other 
stimuli such as volume change. Interestingly, the other 
major RBC CCC, NKCC, is reciprocally controlled by 
O 2  such that it is stimulated by deoxygenation (see 
 Gibson et al., 2000  for a review). High temperature 
will also stimulate KCC, to a greater extent to that 
expected from a simple increase in maximal transport 
velocity ( Khan and Ellory, 2000 ), probably through 
effects on regulatory kinases and phosphatases. 
However, the temperature effect may be irreversible 
( Orlov et al., 1993 ). High urea concentrations, at levels 
found in the medulla of the concentrating kidney, also 
increase activity ( Kaji and Gasson, 1995 ). Finally, there 
are indications that physiological levels of bicarbon-
ate may inhibit KCC activity ( Godart et al., 1997 ). This 
intriguing finding may be of high relevance to non-
erythroid KCCs, like KCC2, which participates in the 
regulation of [Cl  �  ] i  in neurons that express GABA A -
receptor anion channels that are permeable to Cl  �   and 
HCO 3   �   ( Fatima-Shad and Barry, 1993 ).  

    E.       Growth Factors 

 KCC   activity may be modulated by growth factors. 
Examples include insulin-like growth factor 1 (IGF-1) 
in cervical cells ( Shen et al., 2004 ;  Hsu et al., 2007b ), 
vascular endothelial growth factor (VEGF) in endothe-
lial cells ( Hiki et al., 1999 ) and platelet-derived growth 
factor (PDGF) in vascular smooth muscle cells ( Zhang 
et al., 2003 ;  Adragna et al., 2006 ).  

    F.       Regulation 

 Like   several other members of the SCL12 family, 
protein phosphorylation occupies an important posi-
tion in the regulation of KCC activity. The transporter 
sequences contain several consensus sites for phos-
phorylation, although these may vary between KCC 
isoforms and even between splice variants of single 
isoforms.  In situ  numerous kinases and phosphatases 

appear to be involved. Notwithstanding, the target(s) of 
phosphorylation remain unclear. In contrast to NKCC, 
the presence of phospho-residues on the KCC trans-
porter  per se  has only been reported recently, and that 
solely for KCC2 isoform ( Wake et al., 2007 ). In addi-
tion, it should also be noted that under certain circum-
stances KCC activity can be modulated in the absence 
of altered phosphorylation ( Sachs and Martin, 1993 ). 

 Early   evidence suggesting a role for phosphoryla-
tion originally came from experiments involving ATP or 
Mg 2 �   depletion, both of which are associated with stim-
ulation of KCC activity ( Lauf, 1985 ;  Delpire and Lauf, 
1991c ). The main impetus, however, was generated from 
observations that specific protein phosphatase inhibi-
tors (including calyculin A and okadaic acid) inhibit 
KCC activity ( Jennings and Al-Rohil, 1990 ;  Jennings and 
Schulz, 1991 ;  Kaji and Tsukitani, 1991 ;  O’Neill, 1991 ). 
The delay between swelling and full KCC activation 
led these workers to hypothesize that swelling activa-
tion of KCC resulted from inhibition of a volume-sensi-
tive kinase ( Jennings and Al-Rohil, 1990 ). Subsequently, 
a large body of pharmacological evidence implicating 
a role for protein phosphorylation has accumulated. 
Inhibitors of serine – threonine kinases (e.g. staurospo-
rine) stimulate ( Bize and Dunham, 1994 ) while those 
acting on tyrosine kinases inhibit ( Cossins et al., 1994 ; 
 Flatman et al., 1996 ), probably acting upstream of the 
serine – threonine target. A stimulatory tyrosine kinase 
could account for the increase in KCC activity follow-
ing addition of Mg 2 �  -ATP to either RBC  ‘  ‘ ghosts ’  ’  or 
intact RBC cells ( Delpire and Lauf, 1991c ;  Sachs and 
Martin, 1993 ). In addition, ML-7, an inhibitor of myosin-
light-chain kinase (MLCK), stimulates KCC ( Kelley and 
Dunham, 1996 ), suggesting a role for this kinase. The 
serine – threonine phosphatases PP1 and PP2a may both 
be involved in transporter activation (       Bize et al., 1999, 
2000 ). Latterly, roles for PKC and PKG have also been 
suggested ( Ferrell et al., 2000 ;  Adragna et al., 2002 ), espe-
cially in VSM cells. PKG is activated via NO ( Adragna 
and Lauf, 1998 ). Elaborate hypotheses have been pro-
posed to account for these findings, involving a hierar-
chical scheme of often conjugate pairs of enzymes acting 
at both serine – threonine and tyrosine residues ( Dunham 
et al., 1993 ;  Flatman et al., 1996 ;  Adragna et al., 2004a ; 
 Adragna and Lauf, 2007 ). 

 Molecular   evidence of KCC regulation is rapidly 
emerging although it is still scarce. Knockout mice lack-
ing the Src-family tyrosine kinases Hck and Fgr display 
an abnormally high RBC KCC activity ( De Franceschi 
et al., 1997 ), possibly through loss of inhibition of PP1a 
( De Franceschi et al., 2006 ). More recently, a central 
role for the  ‘  ‘ with no lysine kinases ’  ’  (WNKs) has been 
proposed for regulation of CCCs ( Kahle et al., 2005, 
2006 ). These may act via stress-related serine – threonine 
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kinases (the ste20-related proline – alanine-rich kinase 
SPAK) and the oxidative stress-responsive kinase 1 
(OSR1) (reviewed in  Flatman, 2007  and  Delpire and 
Gagnon, 2008 ). In particular, WNK3 emerges as a key 
regulator of kinase/phosphatase signaling pathways 
which can bypass tonicity requirements for KCC ( de los 
Heros et al., 2006 ). 

 In   the context of regulation, while it appears cer-
tain that protein phosphorylation is involved in 
modulating the activity of KCC, how these enzymes 
are coupled into the physiological stimuli to which 
KCC responds, and particularly cell volume, remains 
unclear. Four important areas of study are represented 
by macromolecular crowding, fluctuations of free 
[Mg 2 �  ], variation in intracellular [Cl  �  ] and modifica-
tion of the cytoskeleton. Evidence for all four exists. 
Macromolecular crowding, first postulated by Parker 
and co-workers, is particularly significant in RBC 
because of their high hemoglobin content ( Colclasure 
and Parker, 1992 ;  Minton, 1994 ). However, the con-
cept is applicable to the cytoplasm of all cells ( Zhou 
et al., 2008 ). The crowded environment of proteins 
and other molecules within the RBC is envisaged as 
altering enzyme activity, like kinases and phospha-
tases. Small changes in RBC water content will modu-
late this interaction. 

 Intracellular   Mg 2 �  , likewise, may change with 
cell volume, or pH, and is also altered by changes in 
O 2  tension ( Flatman, 1980 ). It may thereby alter KCC 
activity directly or via Mg 2 �  -ATP and phosphorylation. 
Notwithstanding, changes in Mg 2 �   do not appear to 
be involved in the O 2  response of RBC KCC, as Mg 2 �  -
clamped red cells still respond to oxygenation/deoxy-
genation ( Muzyamba et al., 2006 ). The involvement of 
WNK3 kinase has identified a Cl  �   dependence in regu-
lation by phosphorylation ( Kahle et al., 2005 ). Finally, a 
role for the cytoskeleton has also been proposed, since 
maneuvers which disrupt its integrity such as cyto-
chalasin B ,  high hydrostatic pressure or heat treatment 
alter KCC activity in various tissues ( Hall and Ellory, 
1986a ;  Garay et al., 1988 ;  Orlov et al., 1993 ).   

    VI.       PATHOLOGY AND K  �  -Cl  �   
COTRANSPORTERS 

 Given   their widespread expression, it is not surpris-
ing that mutations, altered expression or abnormal reg-
ulation of KCCs have been associated with a variety 
of diseases involving a number of different organ sys-
tems. At the time of writing this chapter, the first mem-
ber of the KCC family that was cloned, KCC1, lacks 
an association with disease, but the others, i.e. KCC2, 

3 and 4, have all been linked with naturally occurring 
diseases or pathologies in  null  mice. Selected diseases 
are reviewed below. 

    A.       Sickle Cell Disease 

 Although   sickle cell disease (SCD) is one of the 
commonest inherited disorders affecting millions 
worldwide, its pathogenesis together with the extent 
to which altered KCC activity contributes remains 
unclear. The genetic cause has been understood for 
some time and it has been termed  ‘  ‘ the first molecular 
disease ’  ’  ( Pauling et al., 1949 ;  Bunn and Forget, 1986 ). 
In most cases, a single base mutation results in a sin-
gle amino acid substitution in the beta chain of hemo-
globin ( β 6: glutamic acid to valine). The resulting loss 
of a negative charge facilitates the formation of hemo-
globin polymers upon deoxygenation, distorting the 
RBC into bizarre shapes including the eponymous 
sickle. Notwithstanding its simple molecular defini-
tion, the ensuing pathology is complex, extensive and 
less well understood ( Stuart and Nagel, 2004 ). RBCs 
have a shorter lifespan which contributes to chronic 
anemia. In addition, ischemic disorders are also char-
acteristic, and may affect multiple organ systems 
including brain, retina, kidney, bone, lung and penis. 
In part, microvascular occlusion results from the 
increased rigidity of RBCs containing HbS polymers. 
Other abnormalities, however, include increased RBC 
adhesiveness and involvement of other cell types such 
as white cells and endothelium. A particular feature of 
sickle cells is their increased propensity for dehydra-
tion ( Ellory et al., 1998 ), important because it raises 
the intracellular concentration ([HbS]), thus reducing 
the lag time for polymerization upon deoxygenation 
( Eaton and Hofrichter, 1987 ). Increased permeability 
of the RBC membrane causes solute loss, accompanied 
by osmotically obliged water. The Gardos channel 
(a Ca 2 �  -activated K  �   channel) and P sickle  (the deoxy-
genation-induced cation pathway) are involved ( Lew 
and Bookchin, 2005 ). In addition, the increased activ-
ity and abnormal properties of the RBC KCC contrib-
ute to this feature ( Brugnara, 2004 ). The underlying 
cause(s) is not clear. An altered interaction between 
HbS and an intracellular target has been suggested 
( Olivieri et al., 1992 ). Immunoblotting has revealed 
an increase in KCC protein in the RBC membrane 
( Su et al., 1999 ), while various maneuvers including 
deoxygenation result in a different pattern of phospho-
residues compared to normal red cells ( Merciris 
et al., 2001 ). Differences in the expression of KCC 
isoforms or splice variants are also present ( Crable 
et al., 2005 ), together with the possibility of altered 
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interactions through heterooligomers. In support of a 
role for KCC, SAD mice lacking both KCC1 and KCC3 
show normalized cell volumes, although the propor-
tion of dense cells is unchanged ( Rust et al., 2007 ). 
Finally, regulation of KCC is abnormal ( Joiner, 1993 ), 
notably with high activity even in deoxygenated red 
cells when KCC is usually inactive ( Gibson et al., 1998 ; 
 Gibson, 2001 ). In this context, it is also worth noting 
that altered KCC activity is also seen in other hemo-
globinopathies ( Olivieri et al., 1992 ).  

    B.       Nervous System 

 Adermann  ’s disease is a rare neurological condi-
tion involving hereditary motor and sensory neuropa-
thy, with mental retardation and dysmorphic features. 
There is also complete or partial agenesis of the cor-
pus callosum (HMSN/ACC or ACCPN). It therefore 
involves both developmental problems with neurons 
and also neurodegeneration, particularly in the white 
matter. The disease is transmitted as an autosomal 
recessive. Prevalence is particularly high in Quebec, 
Canada. It appears to be a disease associated with 
inactivating mutations in KCC3 ( Howard et al., 2002 ), 
while missense mutations have also been reported 
( Uyanik et al., 2006 ). KCC3 has been proposed to play 
a role in myelination ( Pearson et al., 2001 ). Two KCC3 
knockout mouse models reproduce some, but not all, 
of these features ( Howard et al., 2002 ;  Boettger et al., 
2003 ;  Byun and Delpire, 2007 ). Interestingly, agenesis 
of the corpus callosum is not observed, but this is a 
notably variable feature in humans. Like KCC4 knock-
outs ( Boettger et al., 2002 ), the mice also have inner 
ear deficiencies, in this case becoming deaf during 
their first year of life ( Boettger et al., 2003 ). 

 In   neurons, NKCC1 and KCC2 functionally interact 
to determine intracellular [Cl  �  ]. During development, 
it is believed that increased KCC2 activity reduces 
intracellular [Cl  �  ] so that activation of GABA/glycine-
gated channels causes the usual inhibitory hyper-
polarization ( Rivera et al., 1999 ;  Hubner et al., 2001 ; 
 Reid et al., 2001 ;  Ueno et al., 2002 ;  Woo et al., 2002 ). 
The consequences of KCC2 gene inactivation in mice 
is thoroughly discussed in Chapters 17 and 24. 

 Considering   the importance of KCC2 and KCC3 in 
the CNS, an association between KCC2 or KCC3 and 
naturally occurring CNS disease in humans (such as 
idiopathic epilepsy) represents an obvious possibil-
ity. Some epilepsy and other neurological syndromes 
are indeed linked to the same chromosome location 
as that encoding for KCC3 (15q14), although this 
does not necessarily indicate the involvement of 
KCC3 mutations ( Mercado et al., 2004 ). However, an 

association between rare variants of KCC3 and bipolar 
disorder has been reported ( Meyer et al., 2005 ;  Moser 
et al., 2008 ). 

 Finally  , KCC4, despite its limited brain expres-
sion, appears involved in CNS development. Thus, 
KCC4  null  mice, which also show a renal phenotype 
(see below), also exhibit hearing loss, in this case early 
onset, becoming deaf by the second week of life (cf. 
those lacking KCC3). These animals have complete 
loss of the outer hair cells of basal turns of the cochlea 
and the organ of Corti ( Boettger et al., 2002 ). KCC4 
loss presumably causes death of these cells by osmotic 
perturbation or membrane depolarization. Thus both 
CCCs, KCC3 and KCC4 ( Boettger et al., 2002, 2003 ), as 
well as NKCC1 ( Delpire et al., 1999 ), are important in 
cochlear development and function.  

    C.       Renal Function and Hypertension 

 Bartter  ’s and Gittelman’s syndromes are well rec-
ognized diseases which in some cases are associated 
with mutations in the Na  �  -coupled CCCs ( Zelikovic, 
2001 ;  Kamel and Halperin, 2002 ). The kidney is 
also rich in KCCs, particularly KCC3b but also oth-
ers including KCC4. KCC4 has been localized to the 
basolateral membrane of proximal tubule and alpha-
intercalated cells of the collecting duct ( Boettger et al., 
2002 ) with expected participation in transepithe-
lial transport ( Mount and Gamba, 2001 ). Thus KCC3 
knockouts have impaired transport in their proximal 
tubules, while KCC4  null  mice develop a distal tubu-
lar metabolic acidosis ( Boettger et al., 2002 ). These 
findings indicate the importance of KCC in renal 
functions such as acid – base balance. The kidney, of 
course, is also crucial in maintenance of normal blood 
pressure. Renal KCC mutations may act via this organ 
to alter blood pressure. In addition, however, KCC 
may also have its effects elsewhere. Thus NO stimu-
lates KCC in LK sheep RBCs and in VSM cells with 
concomitant relaxation of porcine coronary arteries 
( Adragna and Lauf, 1998 ;  Adragna et al., 2000, 2004b ). 
A number of NO donors also increased expression of 
both KCC1 and particularly KCC3 ( Di Fulvio et al., 
2002 ). It follows that KCC mutations, via reduced 
vasorelaxation and increased resistance to blood flow, 
might contribute to some cases of hypertension. In 
support of this hypothesis, mouse KCC3 knockouts, 
created as a model for ACCPN, are severely hyperten-
sive ( Boettger et al., 2003 ;  Adragna et al., 2004b ). On 
the other hand, non-vascular neurogenic mechanisms 
have also been proposed to account for the high blood 
pressure in these animals ( Rust et al., 2006 ). Further 
work is required in this area.  
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    D.       Cancer 

 Altered   KCC activity has also been associated with 
neoplastic behaviour ( Shen et al., 2000 ). Thus certain 
cervical cancers show up-regulation of KCC1 ( Fig. 3.5   ), 
KCC3 and KCC4, while expression of loss-of-func-
tion KCC mutants inhibit cell growth of cervical 
cancer cells ( Shen et al., 2003, 2004 ). Equilibration of 
cervical SiHa cells with  36 Cl  �   shows that inhibition 
of KCC following infection with dominant-negative 
KCC results in elevated levels of intracellular [ 36 Cl  �  ], 
consistent with reduction in KCl efflux via KCC ( Fig. 
3.6   ). KCC activity also appears to affect cell cycle 
gene products including retinoblastoma and cdc2 
kinase. More recently, KCC3 overexpression has been 
found to promote epithelial – mesenchymal transi-
tion, a critical cellular event in malignancy ( Hsu et al., 
2007a ). Epithelial markers such as E-cadherin and 
 β -catenin, which localize to cell – cell junctions, are 
decreased, whereas mesenchymal markers (vimentin) 
are up-regulated. Insulin-like growth factor-1 (IGF-1) 
may also promote growth and spread of neoplasms 
via KCC activation ( Shen et al., 2004 ), as also pro-
posed in breast cancer ( Hsu et al., 2007b ). The involve-
ment of KCC in other neoplastic conditions awaits 
elucidation.   

    VII.       FUTURE PERSPECTIVES 

 The   story of KCC has progressed considerably 
from the initial observations in RBCs through its 
molecular identification, to the subsequent demon-
stration of its participation in a number of diseases. 
KCCs are widely distributed in numerous tissues, 
with some isoforms relatively promiscuous while oth-
ers, like KCC2b and KCC3b, so far show marked tis-
sue specificity. Considerable biological importance 
can be anticipated from the widespread tissue distri-
bution of the KCCs, the presence of multiple isoforms 
and sub-isoforms together with the relationship with 
Na  �  -linked CCCs and transport proteins. Cellular 

roles include volume regulation, transepithelial trans-
port and intracellular ion homeostasis, such that KCC 
is involved in numerous functions from that of the 
kidney to CNS development. Its pathophysiological 
significance is beginning to become apparent. Further 
advances will include the elucidation of significant 
roles for KCC in a variety of other tissues and organs 
(the eye, the ear, selective regions of the nervous, car-
diovascular, respiratory, endocrine, digestive and 
reproductive systems), and the final identification 
of the elusive phosphorylation sites and signaling 
pathways responsible for regulating these proteins. 
The development of a high throughput screening 
assay to assist the identification of selective inhibitors 
will lead to pharmacological agents that could play 
a role in controlling the renal aspects of hyperten-
sion, and the proliferation of epithelial cancers among 
others.  

A B

 FIGURE 3.5          Immunocytochemistry of K  �  -
Cl  �   cotransporters (KCCs) in cervical tissue. 
Photomicrographs show immunostaining with 
anti-KCC antibodies in normal (A) and cancer-
ous (B) cervical tissue. Nuclei were stained blue 
with Hoeschst 33258; the primary antibody 
was produced to KCC1 (amino acids 1 – 14) and 
reacted with a green Alexa-labeled secondary 
antibody (Molecular Probes). Scale bar 20        μ m 
(Modified from  Shen et al., 2003 )    
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 FIGURE 3.6          Effect of K  �  -Cl  �   cotransport on intracellular chlo-
ride levels in cervical cancer cell lines (SiHa cells). Radioisotope 
equilibration ([ 36 Cl  �  ]) against time in wild-type SiHa cells is com-
pared to SiHa cells transfected with dominant-negative KCC, and 
shows that suppression of KCC function to inhibit KCl efflux results 
in elevation of intracellular [ 36 Cl  �  ] (Data redrawn from Shen et al., 
2003)    

VII. FUTURE PERSPECTIVES



3.   PATHOPHYSIOLOGY OF THE K  �  -Cl  �   COTRANSPORTERS: PATHS TO DISCOVERY AND OVERVIEW38

    Acknowledgements 

 We   thank the Wellcome Trust, the British Heart 
Foundation, Action Medical Research, the National 
Institutes of Health and the American Heart Association 
for supporting the work of our laboratories.    

  References  
        Adragna ,    N.C.  ,   Di Fulvio ,    M.  , and   Lauf ,    P.K.                   ( 2004 a  )    .      Regulation 

of K-Cl cotransport: from function to genes    .      J. Membr. Biol         201         , 
 109  –       137      .    

       Adragna, N.C., Chen, Y., Delpire, E., Lauf, P.K., and Morris, M. 
(2004b). Hypertension in K-Cl cotransport-3 knockout mice. In 
Cell Volume and Signaling,  Adv. Exper. Med. Biol.,   559 , 379 – 385 
(Lauf, P.K. and Adragna, N.C., eds).      

        Adragna ,    N.C.  ,   Ferrell ,    C.M.  ,   Zhang ,    J.  ,   Di Fulvio ,    M.  ,   Temprana , 
   C.F.  ,   Sharma ,    A.  ,   Fyffe ,    R.E.  ,   Cool ,    D.R.  , and   Lauf ,    P.K.                   ( 2006 )    . 
     Signal transduction mechanisms of K  �  -Cl  �   cotransport regula-
tion and its relationship to disease    .      Acta Physiol. (Oxford)         187         , 
 125  –       139      .    

        Adragna ,    N.C.   and   Lauf ,    P.K.                   ( 1998 )    .      Role of nitric oxide deriva-
tive in K-Cl activation of low-potassium sheep red blood cells    . 
     J. Memb. Biol.         166         ,  157  –       167      .    

        Adragna ,    N.C.   and   Lauf ,    P.K.                   ( 2007 )    .      K-Cl cotransport func-
tion and its potential contribution to cardiovascular disease    . 
     Pathophysiology         14         ,  135  –       146      .    

        Adragna ,    N.C.  ,   White ,    R.E.  ,   Orlov ,    S.N.  , and   Lauf ,    P.K.                   ( 2000 )    . 
     K-Cl cotransport in vascular smooth muscle and erythrocytes: 
possible implications in vasodilation    .      Am. J. Cell Physiol.         278         , 
 C381  –       C390      .    

        Adragna ,    N.C.  ,   Zhang ,    J.  ,   Di Fulvio ,    M.  ,   Lincoln ,    T.M.  , and 
  Lauf ,    P.K.                   ( 2002 )    .      KCl cotransport regulation and protein kinase 
G in cultured vascular smooth muscle cells    .      J. Membr. Biol.         187         , 
 157  –       165      .    

        Alvarez-Leefmans ,    F.J.  ,   Herrera-Perez ,    J.J.  ,   Marquez ,    M.S.  , and 
  Blanco ,    V.M.                   ( 2006 )    .      Simultaneous measurement of water vol-
ume and pH in single cells using BCECF and fluorescence imag-
ing microscopy    .      Biophys. J.         90         ,  608  –       618      .    

        Anfinogenova ,    Y.J.  ,   Rodriguez ,    X.  ,   Grygorczyk ,    R.  ,   Adragna ,    N.C.  , 
  Lauf ,    P.K.  , and   and Orlov ,    S.N.                   ( 2001 )    .      Swelling-induced 
K  �   fluxes in vascular smooth muscle cells are mediated by 
charybdotoxin - sensitive K  �   channels    .      Cell. Physiol. Biochem.         11         , 
 285  –       352      .    

        Barvitenko ,    N.N.  ,   Adragna ,    N.C.  , and   Weber ,    R.E.                   ( 2005 )    . 
     Erythtocyte signal transduction pathways, their oxygenation 
dependence and functional significance    .      Cell. Physiol. Biochem.        
 15         ,  1  –       18      .    

        Bazzini ,    C.  ,   Vezzoli ,    V.  ,   Sironi ,    C.  ,   Dossena ,    S.  ,   Ravasio ,    A.  ,   De Biasi ,    S.  ,   
Garavaglia ,    M.  ,   Rodighiero ,    S.  ,   Meyer ,    G.  ,   Furst ,    J.  ,   Ritter ,    M.  , 
and   Paulmichl ,    M.                   ( 2005 )    .      Thiazide-sensitive NaCl cotransporter 
in the intestine: possible role of hydrochlorothiazide in intestinal 
Ca 2 �   uptake    .      J. Biol. Chem.         280         ,  19902  –       19910      .    

        Beauge ,    L.A.   and   Adragna ,    N.C.                   ( 1971 )    .      The kinetics of ouabain 
inhibition and the partition of Rb influx in human red blood 
cells    .      J. Gen. Physiol.         57         ,  576  –       592      .    

        Beauge ,    L.A.   and   Adragna ,    N.C.                   ( 1974 )    .      pH dependence of ruibid-
ium influx in human red blood cells    .      Biochim. Biophys. Acta         352         , 
 441  –       447      .    

        Bergeron ,    M.J.  ,   Gagnon ,    E.  ,   Wallendorff ,    B.  ,   Lapointe ,    J.Y.  , and 
  Isenring ,    P.                   ( 2003 )    .      Ammonium transport and pH regulation by 
K  �  -Cl  �   cotransporters    .      Am. J. Renal Physiol.         285         ,  F68  –       F78      .    

        Bize ,    I.   and   Dunham ,    P.B.                   ( 1994 )    .      Staurosporine, a protein kinase 
inhibitor, activates K-Cl cotransport in LK sheep erythrocytes    . 
     Am. J. Physiol.         266         ,  C759  –       C770      .    

        Bize, I and Dunham ,    P.B.                   ( 1995 )    .      H 2 O 2  activates red blood cell K-Cl 
cotransport via stimulation of a phosphatase    .      Am. J. Physiol.         269         , 
 C849  –       C855      .    

        Bize ,    I.  ,   Guvenc ,    B.  ,   Buchbinder ,    G.  , and   Brugnara ,    C.                   ( 2000 )    . 
     Stimulation of human erythrocyte K-Cl cotransport and protein 
phosphatase type 2 A by n-ethylmaleimide: role of intracellular 
Mg 2 �      .      J. Membr. Biol.         177         ,  159  –       168      .    

        Bize ,    I.  ,   Guvenc ,    B.  ,   Robb ,    A.  ,   Buchbinder ,    G.  , and   Brugnara ,    C.                   ( 1999 )    . 
     Serine/threonine protein phosphatases and regulation of K-Cl 
cotransport in human erythrocytes    .      Am. J. Physiol.         277         ,  C926  –       C936      .    

        Boettger ,    T.  ,   Hubner ,    C.A.  ,   Maier ,    H.  ,   Rust ,    M.B.  ,   Beck ,    F.X.  , and 
  Jentsch ,    T.J.                   ( 2002 )    .      Deafness and renal tubular acidosis in mice 
lacking the K-Cl cotransporter Kcc4    .      Nature         416         ,  874  –       878      .    

        Boettger ,    T.  ,   Rust ,    M.B.  ,   Maier ,    H.  ,   Seidenbecher ,    T.  ,   Schweizer ,    M.  , 
  Keating ,    D.J.  ,   Faulhaber ,    J.  ,   Ehmke ,    H.  ,   Pfeffer ,    C.  ,   Scheel ,    O.  , 
  Lemcke ,    B.  ,   Horst ,    J.  ,   Leuwer ,    R.  ,   Pape ,    H.C.  ,   Volkl ,    H.  ,   Hubner , 
   C.A.  , and   Jentsch ,    T.J.                   ( 2003 )    .      Loss of K-Cl co-transporter KCC3 
causes deafness, neurodegeneration and reduced seizure thresh-
old    .      EMBO J         22         ,  5422  –       5434      .    

        Borgese ,    F.  ,   Garcia-Romeu ,    F.  , and   Motais ,    R.                   ( 1987 )    .      Control of cell 
volume and ion transport by beta-adrenergic catecholamines in 
erythrocytes of rainbow trout Salmo gairdneri.          J. Physiol.         382         , 
 123  –       144      .    

        Borgese ,    F.  ,   Motais ,    R.  , and   Garcia-Romeu ,    F.                   ( 1991 )    .      Regulation of 
Cl-dependent K transport by oxy-deoxyhemoglobin transitions 
in trout red cells    .      Biochim. Biophys. Acta         1066         ,  252  –       256      .    

        Bourne ,    P.K.   and   Cossins ,    A.R.                   ( 1982 )    .      On the instability of K  �   
influx in erythrocytes of the rainbow trout  Salmo gairdneri , and 
the role of catecholamine hormones in maintaining  in vivo  influx 
activity    .      J. Exper. Biol.         101         ,  93  –       104      .    

        Brazy ,    P.C.   and   Gunn ,    R.B.                   ( 1976 )    .      Furosemide inhibition of chloride 
transport in human red blood cells    .      J. Gen. Physiol.         68         ,  583  –       599      .    

        Brugnara ,    C.                ( 2004 )    .     Sickle cell disease      .   In      Red Cell Membrane 
Transport in Health and Disease          ( Bernhardt ,    I.   and   Ellory ,    J.C. , eds)             , 
pp.  549  –       567      .  Springer Verlag, Berlin      .        

        Brugnara ,    C.  ,   Bunn ,    H.F.  , and   Tosteson ,    D.C.                   ( 1986 )    .      Regulation 
of erythrocyte cation and water content in sickle cell anemia    . 
     Science         232         ,  388  –       390      .    

        Brugnara ,    C.   and   Tosteson ,    D.C.                   ( 1987 )    .      Cell volume, K transport, 
and cell density in human erythrocytes    .      Am. J. Physiol.         252         , 
 C269  –       C276      .    

        Brugnara ,    C.  ,   Van Ha ,    T.  , and   Tosteson ,    D.C.                   ( 1989 )    .      Role of chloride 
in potassium transport through the K-Cl cotransport system in 
human red blood cells    .      Am. J. Physiol.         256         ,  C944  –       C1003      .    

        Bunn ,    H.F.   and   Forget ,    B.G.                ( 1986 )    .      Hemoglobin: Molecular, Genetic 
and Clinical Aspects                   .  Saunders      ,  Philadelphia         .        

        Byun ,    N.   and   Delpire ,    E.                   ( 2007 )    .      Axonal and periaxonal swelling 
precede peripheral neurodegeneration in KCC3 knockout mice    . 
     Neurobiol. Disord.         28         ,  39  –       51      .    

        Cabantchik ,    Z.I.   and   Greger ,    R.                   ( 1992 )    .      Chemical probes for anion 
transporters of mammalian cell membranes    .      Am. J. Physiol.         262         , 
 C803  –       C827      .    

        Canessa ,    M.  ,   Fabry ,    M.E.  ,   Blumenfeld ,    N.  , and   Nagel ,    R.L.                   ( 1987 )    . 
     Volume-stimulated, Cl-dependent K efflux is highly expressed 
in young human red cells containing normal hemoglobin or 
HbS    .      J. Membr. Biol.         97         ,  97  –       105      .    

        Capo-Aponte ,    J.E.  ,   Wang ,    Z.  ,   Bildin ,    V.N.  ,   Iserovich ,    P.  ,   Pan ,    Z.  , 
  Zhang ,    F.Q.  ,   Pokorny ,    K.S.  , and   Reinach ,    P.S.                   ( 2007 )    .      Functional 
and molecular characterization of multiple K-Cl cotransporter 
isoforms in corneal epithelial cells    .      Exper. Eye Res.         84         ,  1090  –       1103      .    

        Casula ,    S.  ,   Shmukler ,    B.E.  ,   Wilhelm ,    S.  ,   Stuart-Tilley ,    A.K.  ,   Su ,    W.  , 
  Chernova ,    M.N.  ,   Brugnara ,    C.  , and   Alper ,    S.L.                   ( 2001 )    .      A dominant 



39

negative mutant of the KCC1 K-Cl cotransporter    .      J. Biol. Chem.        
 276         ,  41870  –       41878      .    

        Chipperfield ,    A.R.                   ( 1980 )    .      An effect of chloride on (Na      �      K) 
co-transport in human red blood cells    .      Nature         286         ,  281  –       282      .    

        Colclasure ,    G.C.   and   Parker ,    J.C.                   ( 1992 )    .      Cytosolic protein concen-
tration is the primary volume signal for swelling-induced [K-Cl] 
cotransport in dog red cells    .      J. Gen. Physiol.         100         ,  1  –       10      .    

        Cossins ,    A.R.  ,   Weaver ,    Y.R.  ,   Lykkeboe ,    G.  , and   Nielsen ,    O.B.                   ( 1994 )    . 
     Role of protein phosphorylation in control of K flux pathways of 
trout red blood cells    .      Am. J. Physiol.         267         ,  C1641  –       C1650      .    

        Crable ,    S.C.  ,   Hammond ,    S.M.  ,   Papes ,    R.  ,   Rettig ,    R.K.  ,   Zhou ,    G.-P.  , 
  Gallagher ,    P.G.  ,   Joiner ,    C.H.  , and   Anderson ,    K.P.                   ( 2005 )    .      Multiple 
isoforms of the KCl cotransporter are expressed in sickle and 
normal erythroid cells    .      Exper. Hematol.         33         ,  624  –       631      .    

        De Franceschi ,    L.  ,   Fumagalli ,    L.  ,   Olivieri ,    O.  ,   Corrocher ,    R.  ,   
Lowell ,    C.A.  , and   Berton ,    G.                   ( 1997 )    .      Deficiency of Src family 
kinases Fgr and Hck results in activation of erythrocyte K/Cl 
cotransport    .      J. Clin. Invest.         99         ,  220  –       227      .    

        De Franceschi ,    L.D.  ,   Villa-Moruzzi ,    E.  ,   Biondani ,    A.  ,   Siciliano ,    A.  , 
  Brugnara ,    C.  ,   Alper ,    S.L.  ,   Lowell ,    C.A.  , and   Berton ,    G.                   ( 2006 )    . 
     Regulation of K-Cl cotransport by protein phosphatase 1a in 
mouse erythrocytes    .      Pflugers Arch.         451         ,  760  –       768      .    

        de los Heros ,    P.  ,   Kahle ,    K.T.  ,   Rinehart ,    J.  ,   Bobadilla ,    N.A.  ,   Vazquez ,    N.  ,   
San Cristobal ,    P.  ,   Mount ,    D.B.  ,   Lifton ,    R.P.  ,   Hebert ,    S.C.  , and 
  Gamba ,    G.                   ( 2006 )    .      WNK3 bypasses the tonicity requirement 
for K-Cl cotransporter activation via a phosphatase-dependent 
pathway    .      Proc. Nat. Acad. Sci. USA         103         ,  1976  –       1981      .    

        Delpire ,    E.   and   Gagnon ,    K.B.                   ( 2008 )    .      d OSR1: STE20 kinases 
involved in the regulation of ion homoeostasis and volume con-
trol in mammalian cells    .      Biochem. J.         409         ,  321  –       331      .    

        Delpire ,    E.   and   Lauf ,    P.K.                   ( 1991 a  )    .      Kinetics of Cldependent K fluxes 
in hyposmotically low K sheep erythrocytes    .      J. Gen. Physiol.         97         , 
 173  –       193      .    

        Delpire ,    E.   and   Lauf ,    P.K.                   ( 1991 b  )    .      Transeffects of cellular K and Cl 
on ouabainresistant Rb(K) influx in low K sheep red blood cells: 
further evidence for asymmetry of KCl cotransport    .      Pfl ü gers 
Arch.         419         ,  540  –       542      .    

        Delpire ,    E.   and   Lauf ,    P.K.                   ( 1991 c  )    .      Magnesium and ATP dependence 
of K-Cl co-transport in low K  �  -sheep red blood cells    .      J. Physiol.        
 441         ,  219  –       231      .    

        Delpire ,    E.   and   Lauf ,    P.K.                   ( 1992 )    .      Kinetics of DIDS inhibition of 
swelling-activated K-Cl cotransport in low K sheep erythrocytes    . 
     J. Membr. Biol.         126         ,  89  –       96      .    

        Delpire ,    E.  ,   Lu ,    J.  ,   England ,    R.  ,   Dull ,    C.  , and   Thorne ,    T.                   ( 1999 )    . 
     Deafness and imbalance associated with inactivation of the 
secretory Na-K-2Cl co-transporter    .      Nat. Gen.         22         ,  192  –       195      .    

        Di Fulvio ,    M.  ,   Lauf ,    P.K.  , and   Adragna ,    N.C.                   ( 2002 )    .      Protein kinase 
G (PKG) signaling pathway regulates the potassium-chloride 
cotransporter-3 (KCC3a and KCC3b) mRNA expression in pri-
mary cultures of rat vascular smooth muscle cells (VSMCs)    . 
     FASEB J.         16         ,  A421         .    

        Dunham ,    P.B.   and   Ellory ,    J.C.                   ( 1980 )    .      Chloride-activated potassium 
transport in human erythrocytes    .      Proc. Nat. Acad. Sci. USA         77         , 
 1711  –       1715      .    

        Dunham ,    P.B.   and   Ellory ,    J.C.                   ( 1981 )    .      Passive potassium transport 
in low potassium sheep red cells: dependence upon cell volume 
and chloride    .      J. Physiol.         318         ,  511  –       530      .    

        Dunham ,    P.B.  ,   Klimczak ,    J.  , and   Logue ,    P.J.                   ( 1993 )    .      Swelling activa-
tion of K-Cl cotransport in LK sheep erythrocytes: a three-state 
process    .      J. Gen. Physiol.         101         ,  733  –       766      .    

        Dvoark ,    M.M.  ,   De Joussineau ,    C.  ,   Carter ,    D.H.  ,   Pisitkun ,    T.  ,   Knepper , 
   M.A.  ,   Gamba ,    G.  ,   Kemp ,    P.J.  , and   Riccardi ,    D.                   ( 2007 )    .      Thiazide 
diuretics directly induce osteoblast differentiation and mineral-
ized nodule formation by interacting with a sodium chloride co-
transporter in bone    .      J. Am. Soc. Nephrol.         18         ,  2509  –       2516      .    

        Eaton ,    W.A.   and   Hofrichter ,    J.                   ( 1987 )    .      Hemoglobin S gelation and 
sickle cell disease    .      Blood         70         ,  1245  –       1266      .    

        Ellory ,    J.C.   and   Dunham ,    P.B.                ( 1980 )    .     Volume-dependent passive 
potassium transport in LK sheep red cells      .   In      Membrane Transport 
in Erythrocytes. Alfred Benzon Symposium 14          ( Lassen ,    U.V.  ,   
Ussing ,    J.O.  , and   Wieth ,    J.O. , eds),              pp.  409  –       423      .  Munksgaard      , 
 Copenhagen   .        

        Ellory ,    J.C.  ,   Dunham ,    P.B.  ,   Logue ,    P.J.  , and   Stewart ,    G.W.                   ( 1982 )    . 
     Anion-dependent cation transport in erythrocytes    .      Philos. Trans. 
R. Soc. Lond. B Biol. Sci.         299         ,  483  –       495      .    

        Ellory ,    J.C.  ,   Gibson ,    J.S.  , and   Lau ,    K.R.                   ( 1984 )    .      Chloride absorption 
by marine teleost intestine: the role of the basolateral cell mem-
brane    .      J. Physiol.         354         ,  35P         .    

        Ellory ,    J.C.  ,   Gibson ,    J.S.  , and   Stewart ,    G.W.                   ( 1998 )    .      Pathophysiology 
of abnormal cell volume in human red cells    .      Contrib. Nephrol.        
 123         ,  220  –       239      .    

        Ellory ,    J.C.  ,   Hall ,    A.C.  , and   Ody ,    S.A.                   ( 1989 )    .      Is acid a more potent 
activator of KCl co-transport than hypotonicity in human red 
cells?          J. Physiol.         420         ,  149P         .    

        Ellory ,    J.C.  ,   Hall ,    A.C.  ,   Ody ,    S.A.  ,   deFigueiredos ,    C.E.  ,   Chalder ,    S.  , 
and   Stuart ,    J.                ( 1991 )    .     KCl cotransport in HbAA and HbSS red 
cells: activation by intracellular acidity and disappearance 
during maturation      .   In      Red Blood Cell Aging           ( Mangani ,    M.   and 
  DeFlora ,    A. , eds),              pp.  47  –       57      .  Plenum Press      ,  New York   .        

        Eveloff ,    J.   and   Warnock ,    D.G.                   ( 1987 )    .      K-Cl transport systems in rab-
bit renal basolateral membrane vesicles    .      Am. J. Ren. Physiol.         252         , 
 F883  –       F889      .    

        Fatima-Shad ,    K.   and   Barry ,    P.H.                   ( 1993 )    .      Anion permeation in 
GABA- and glycine-gated channels of mammalian cultured hip-
pocampal neurons    .      Proc. Biol. Sci.         253         ,  69  –       75      .    

        Ferrell ,    C.M.  ,   Lauf ,    P.K.  ,   Wilson ,    B.A.  , and   Adragna ,    N.C.                   ( 2000 )    . 
     Lithium and protein kinase C modulators regulate swelling-acti-
vated K-Cl cotransport and reveal a complete phosphotidylino-
sitol cycle in low K sheep erythrocytes    .      J. Membr. Biol.         177         ,  81  –       93      .    

        Flatman ,    P.W.                   ( 1980 )    .      The effect of buffer composition and deoxy-
genation on the concentration of ionized magnesium inside 
human red blood cells    .      J. Physiol.         300         ,  19  –       30      .    

        Flatman ,    P.W.                   ( 2007 )    .      Cotransporters, WNKs and hypertension: 
important leads from the study of monogenetic disorders of 
blood pressure regulation    .      Clin. Sci.         112         ,  203  –       216      .    

        Flatman ,    P.W.  ,   Adragna ,    N.C.  , and   Lauf ,    P.K.                   ( 1996 )    .      Role of protein 
kinases in regulating sheep erythrocyte K-Cl cotransport    .      Am. J. 
Physiol.         271         ,  C255  –       C263      .    

        Funder ,    J.   and   Wieth ,    J.O.                   ( 1967 )    .      Effects of some monovalent 
anions on Na and K, and on glucose metabolism of ouabain-
treated human red cells    .      Acta Physiol. Scand.         71         ,  168  –       185      .    

        Gagnon ,    K.B.  ,   England ,    R.  , and   Delpire ,    E.                   ( 2006 )    .      Volume sensitiv-
ity of cation-Cl- cotransporters is modulated by the interaction 
of two kinases: Ste20-related proline-alanine-rich kinase and 
WNK4    .      Am. J. Physiol. Cell Physiol.         290         ,  C134  –       C142      .    

        Gagnon ,    K.B.E.  ,   Adragna ,    N.C.  ,   Fyffe ,    R.E.W.  , and   Lauf ,    P.K.                   ( 2007 )    . 
     Characterisation of glial cell K-Cl cotransport    .      Cell. Physiol. 
Biochem.         20         ,  121  –       130      .    

        Gamba ,    G.                   ( 2005 )    .      Molecular physiology and pathophysiology of 
electroneutral cation-chloride cotransporters    .      Physiol. Rev.         85         , 
 423  –       493      .    

        Garay ,    R.P.  ,   Nazaret ,    C.  ,   Hannaert ,    P.A.  , and   Cragoe ,    E.J.                   ( 1988 )    . 
     Demonstration of a [K  �  ,Cl  �  ]-cotransport system in human red cells 
by its sensitivity to [(dihydroindenyl)oxy]alkanoic acids: regula-
tion of cell swelling and distinction from the bumetanide-sensitive 
[Na  �  K  �  ,Cl  �  ]-cotransport system    .      Mol. Pharmacol.         33         ,  696  –       701      .    

        Geck ,    P.   and   Heinz ,    E.                   ( 1980 )    .      Coupling of ion flows in cell suspen-
sion systems    .      Ann. NY Acad. Sci.         341         ,  57  –       66      .    

        Gibson ,    J.S.                   ( 2001 )    .      Oxygen-sensitive cation transport in sickle cells    . 
     Blood Cells, Mol. Dis.         27         ,  112  –       120      .    

REFERENCES



3.   PATHOPHYSIOLOGY OF THE K  �  -Cl  �   COTRANSPORTERS: PATHS TO DISCOVERY AND OVERVIEW40

        Gibson ,    J.S.  ,   Cossins ,    A.R.  , and   Ellory ,    J.C.                   ( 2000 )    .      Oxygen-sensitive 
membrane transporters in vertebrate red cells    .      J. Exper. Biol.         203         , 
 1395  –       1407      .    

        Gibson ,    J.S.  ,   Speake ,    P.F.  , and   Ellory ,    J.C.                   ( 1998 )    .      Differential oxygen 
sensitivity of the KCl cotransporter in normal and sickle human 
red blood cells    .      J. Physiol.         511         ,  225  –       234      .    

        Gillen ,    C.M.  ,   Brill ,    S.  ,   Payne ,    J.A.  , and   Forbusch ,    I.B.                   ( 1996 )    . 
     Molecular cloning and functional expression of the KCl cotrans-
porter from rabbit, rat and human    .      J. Biol. Chem.         217         ,  16237  –       16244      .    

        Gillen ,    C.M.   and   Forbush ,    B.   ,  III                   ( 1999 )    .      Functional interaction of 
the K-Cl cotransporter (KCC1) with the Na-K-Cl cotransporter 
in HEK-293 cells    .      Am. J. Physiol.         276         ,  C328  –       C336      .    

        Godart ,    H.  ,   Dormandy ,    A.  , and   Ellory ,    J.C.                   ( 1997 )    .      Do HbSS erythro-
cytes lose KCl in physiological conditions?          Brit. J. Haematol.         98         , 
 25  –       31      .    

        Greger ,    R.   and   Schlatter ,    E.                   ( 1983 )    .      Properties of the basolateral 
membrane of the cortical thick ascending limb of Henle’s loop of 
rabbit kidney. A model for secondary active chloride transport    . 
     Pflugers Arch.         396         ,  325  –       334      .    

        Hall ,    A.C.   and   Ellory ,    J.C.                   ( 1986 a  )    .      Effect of high hydrostatic pres-
sure on  ‘  ‘ passive ’  ’  monovalent cation transport in human red 
cells    .      J. Membr. Biol.         94         ,  1  –       17      .    

        Hall ,    A.C.   and   Ellory ,    J.C.                   ( 1986 b  )    .      Evidence for the presence of 
volume-sensitive KCl transport in  ‘  ‘ young ’  ’  human red cells    . 
     Biochim. Biophys. Acta         858         ,  317  –       320      .    

        Hallows ,    K.R.   and   Knauf ,    P.A.                ( 1994 )    .     Principles of cell volume 
regulation      .   In      Cellular and Molecular Physiology of Cell Volume 
Regulation          ( Strange ,    K.  ed.)                , pp.  3  –       29      .  CRC Press      ,  Florida   .        

        Hebert ,    S.C.  ,   Mount ,    D.B.  , and   Gamba ,    G.                   ( 2004 )    .      Molecular physi-
ology of cation-coupled Cl  �   cotransport: the SLC12 family    . 
     Pflugers Arch.         447         ,  580  –       593      .    

        Hiki ,    K.  ,   D’Andrea ,    R.J.  ,   Furez ,    J.  ,   Crawford ,    J.  ,   Woollatt ,    E.  , 
  Sutherland ,    G.R.  ,   Vadas ,    M.A.  , and   Gamble ,    J.R.                   ( 1999 )    .      Cloning, 
characterization and chromosomal location of a novel human 
K  �  -Cl  �   cotransporter    .      J.Biol. Chem.         274         ,  10661  –       10667      .    

        Hladky ,    S.B.   and   Rink ,    T.J.                ( 1977 )    .     pH equilibrium across the red 
cell membrane      .   In      Membrane Transport in Red Cells          ( Ellory ,    J.C.   
and   Lew ,    V.L. , eds),              pp.  115  –       135      .  Academic Press      ,  London   .        

        Hoffman ,    J.F.                   ( 1966 )    .      The red cell membrane and the transport of 
sodium and potassium    .      Am. J. Med.         41         ,  666  –       680      .    

        Hoffmann ,    E.K.  ,   Lambert ,    I.H.  , and   Simonsen ,    L.O.                   ( 1988 )    . 
     Mechanisms of volume regulation in Ehrlich ascites tumour 
cells    .      Renal Physiol. Biochem.         11         ,  221  –       247      .    

        Howard ,    H.C.  ,   Mount ,    D.B.  ,   Rochefort ,    D.  ,   Byun ,    N.  ,   Dupre ,    N.  , 
  Lu ,    J.  ,   Fan ,    X.  ,   Song ,    L.  ,   Riviere ,    J.B.  ,   Prevost ,    C.  ,   Horst ,    J.  , 
  Simonati ,    A.  ,   Lemcke ,    B.  ,   Welch ,    R.  ,   England ,    R.  ,   Zhang ,    F.Q.  ,  
 Mercado ,    A.  ,   Siesser ,    W.B.  ,   George ,    A.L.  ,   McDonald ,    M.P.  , 
  Bouchard ,    J.P.  ,   Mathieu ,    J.  ,   Delpire ,    E.  , and   Rouleau ,    G.A.                   ( 2002 )    . 
     The K-Cl cotransporter KCC3 is mutant in a severe peripheral 
neuropathy associated with agenesis of the corpus callosum    . 
     Nat. Gen.         32         ,  384  –       393      .    

        Hsu ,    Y.-M.  ,   Chen ,    Y.-F.  ,   Chou ,    C.-Y.  ,   Tang ,    M.-J.  ,   Chen ,    J.H.  ,   
Wilkins ,    R.J.  ,   Ellory ,    J.C.  , and   Shen ,    M.-R.                   ( 2007 a  )    .      KCl cotrans-
porter-3 down-regulates E-cadherin/beta-catenin complex to 
promote epithelial – mesenchymal transition    .      Cancer Res.         67         , 
 11064  –       11073      .    

        Hsu ,    Y.-M.  ,   Chou ,    C.-Y.  ,   Chen ,    H.H.  ,   Lee ,    W.Y.  ,   Chen ,    Y.F.  ,   Lin ,    P.W.  , 
  Alper ,    S.L.  ,   Ellory ,    J.C.  , and   Shen ,    M.-R.                   ( 2007 b  )    .      IGF-1 upregu-
lates electroneutral K-Cl cotransporter KCC3 and KCC4 which 
are differentially required for breast cancer cell proliferation and 
invasiveness    .      J. Cell Physiol.         210         ,  626  –       636      .    

        Hubner ,    C.A.  ,   Stein ,    V.  ,   Hermans-Borgmeyer ,    I.  ,   Meyer ,    T.  , 
  Ballanyi ,    K.  , and   Jentsch ,    T.J.                   ( 2001 )    .      Disruption of KCC2 reveals 
an essential role of K-Cl cotransport already in early synaptic 
inhibition    .      Neuron         30         ,  515  –       524      .    

        Jennings ,    M.L.   and   Adame ,    M.F.                   ( 2001 )    .      Direct estimate of 1:1 stoi-
chiometry of K( � )-Cl( � ) cotransport in rabbit erythrocytes    .      Am. 
J. Physiol.         281         ,  C825  –       C832      .    

        Jennings ,    M.L.   and   Al-Rohil ,    N.                   ( 1990 )    .      Kinetics of activation and 
inactivation of swelling-stimulated K/Cl transport: The volume-
sensitive parameter is the rate constant for inactivation    .      J. Gen. 
Physiol.         95         ,  1021  –       1040      .    

        Jennings ,    M.L.   and   Schulz ,    R.K.                   ( 1991 )    .      Okadaic acid inhibition 
of KCL cotransport: evidence that protein dephosphorylation 
is necessary for activation of transport by either swelling or 
N-ethylmaleimide    .      J. Gen. Physiol.         97         ,  799  –       817      .    

        Joiner ,    C.H.                   ( 1993 )    .      Cation transport and volume regulation in 
sickle red blood cells    .      Am. J. Physiol.         264         ,  C251  –       C270      .    

        Kahle ,    K.T.  ,   Rinehart ,    J.  ,   de los Heros ,    P.  ,   Louvi ,    A.  ,   Meade ,    P.  , 
  Vazquez ,    N.  ,   Hebert ,    S.C.  ,   Gamba ,    G.  ,   Gimenez ,    I.  , and   Lifton ,    R.P.                   
( 2005 )    .      WNK3 modulates transport of Cl  �   in and out of cells: 
implications for control of cell volume and neuronal excitability    . 
     Proc. Nat. Acad. Sci. USA         102         ,  16783  –       16788      .    

        Kahle ,    K.T.  ,   Rinehart ,    J.  ,   Ring ,    A.  ,   Gimenez ,    I.  ,   Gamba ,    G.  ,   Hebert ,    S.
C.  , and   Lifton ,    R.P.                   ( 2006 )    .      WNK protein kinases modulate cel-
lular Cl  �   flux by altering the phosphorylation state of the Na-K-
Cl and K-Cl cotransporters    .      Physiology         21         ,  326  –       335      .    

        Kaji ,    D.M.                   ( 1989 )    .      Kinetics of volume-sensitive K transport in 
human erythrocytes: evidence for asymmetry    .      Am. J. Physiol.         256         , 
 C1214  –       C1223      .    

        Kaji ,    D.M.                   ( 1993 )    .      Effect of membrane potential on K-Cl transport 
in human erythrocytes    .      Am. J. Physiol.         264         ,  C376  –       C382      .    

        Kaji ,    D.M.   and   Gasson ,    C.                   ( 1995 )    .      Urea activation of K-Cl cotrans-
port in human erythrocytes    .      Am. J. Physiol.         268         ,  C1018  –       C1025      .    

        Kaji ,    D.M.   and   Tsukitani ,    Y.                   ( 1991 )    .      Role of protein phosphorylation 
in activation of KCl cotransport in human erythrocytes    .      Am. J. 
Physiol.         260         ,  C178  –       C182      .    

        Kamel ,    K.S.   and   Halperin ,    M.L.                   ( 2002 )    .      Bartter’s, Gitelman’s and 
Gordon’s syndromes. From physiology to molecular biology 
and back, yet still some unanswered questions    .      Nephron         92       
( Supplement 1 )       ,  18  –       27      .    

        Karadsheh ,    M.F.  ,   Byun ,    N.  ,   Mount ,    D.B.  , and   Delpire ,    E.                   ( 2004 )    . 
     Localization of the KCC4 K-Cl cotransporter in the nervous sys-
tem    .      Neuroscience         123         ,  381  –       392      .    

        Kelley ,    S.J.   and   Dunham ,    P.B.                   ( 1996 )    .      Mechanism of swelling activa-
tion of K-Cl cotransport in inside-out vesicles of LK sheep eryth-
rocyte membranes    .      Am. J. Physiol.         270         ,  C1122  –       C1130      .    

        Khan ,    A.   and   Ellory ,    J.C.                   ( 2000 )    .      Elevated temperatures enhance 
KCC1 activity in sickle cells    .      Bioelectrochemistry         52         ,  127  –       131      .    

        Kregenow ,    F.M.                   ( 1971 )    .      The response of duck erythrocytes to nin-
hemolytic hypotonic media. Evidence for a volume-controlling 
mechanism    .      J. Gen. Physiol.         58         ,  372  –       395      .    

        Kregenow ,    F.M.                ( 1977 )    .     Transport in avian red cells      .   In      Membrane 
Transport in Red Cells          ( Lew ,    V.L.   and   Ellory ,    J.C. , ed.)             , pp.  383  –
       426      .  Academic      ,  London   .        

        Kregenow ,    F.M.                   ( 1980 )    .      Osmoregulatory salt transport mechanisms: 
control of cell volume in anisotonic media    .      Annu. Rev. Physiol.        
 43         ,  493  –       505      .    

        Lauf ,    P.K.                   ( 1983 )    .      Thiol-dependent passive K/Cl transport in sheep 
red cells I. Dependence on chloride and external ions    .      J. Membr. 
Biol.         73         ,  237  –       246      .    

        Lauf ,    P.K.                   ( 1984 )    .      Thiol dependent, passive K/Cl transport in sheep 
erythrocytes. IV. Furosemide inhibition and the role of external 
Rb  �  , Na  �   and Cl  �      .      J. Membr. Biol.         77         ,  57  –       62      .    

        Lauf ,    P.K.                   ( 1985 )    .      Passive K  �  -Cl  �   fluxes in low-K  �   sheep erythro-
cytes: modulation by A23187 and bivalent cations    .      Am. J. Physiol.        
 249         ,  C271  –       C278      .    

        Lauf ,    P.K.                   ( 1988 )    .      Thioldependent K:Cl transport in sheep red cells: 
VIII. Activation through metabolically and chemically reversible 
oxidation by diamide    .      J. Memb. Biol.         101         ,  179  –       188      .    



41

        Lauf ,    P.K.   and   Adragna ,    N.C.                   ( 1996 )    .      A thermodynamic study of 
electroneutral K-Cl cotransport in pH- and volume-clamped low 
K sheep erythrocytes with normal and low internal magnesium    . 
     J. Gen. Physiol.         108         ,  341  –       350      .    

        Lauf ,    PK.   and   Adragna ,    N.C.                   ( 1998 )    .      Functional evidence for a pH 
sensor of erythrocyte K-Cl cotransport through inhibition of 
internal protons and diethylcarbonate    .      Cell. Physiol. Biochem.         8         , 
 46  –       60      .    

        Lauf ,    P.K.   and   Bauer ,    J.                   ( 1987 )    .      Direct evidence for chloride-depen-
dent volume reduction in macrocytic sheep reticulocyte    .      Biochem. 
Biophys. Res. Comm.         144         ,  849  –       855      .    

        Lauf ,    P.K.  ,   Bauer ,    J.  ,   Adragna ,    N.C.  ,   Fujise ,    H.  ,   Martin ,    A.  ,   Zade-
Oppen ,    M.  ,   Ryu ,    K.H.  , and   Delpire ,    E.                   ( 1992 )    .      Erythrocyte 
K-Cl cotransport: properties and regulation    .      Am. J. Physiol.         263         , 
 C917  –       C932      .    

        Lauf ,    P.K.  ,   Misri ,    S.  ,   Chimote ,    A.A.  , and   Adragna ,    N.C.                   ( 2008 )    . 
     Apparent intermediate K conductance channel hyposmotic 
activation in human lens epithelial cells    .      Am. J. Physiol.         294         , 
 C820  –       C832      .    

        Lauf ,    P.K.   and   Theg ,    B.E.                   ( 1980 )    .      A chloride dependent K  �   flux 
induced by  N -ethylmaleimide in genetically low K  �   sheep and 
goat erythrocytes    .      Biochem. Biophys. Res. Comm.         92         ,  1422  –       1428      .    

        Lauf ,    P.K.  ,   Warwar ,    R.  ,   Brown ,    T.L.  , and   Adragna ,    N.C.                   ( 2006 )    . 
     Regulation of potassium transport in human lens epithelial cells    . 
     Exper. Eye Res.         82         ,  55  –       64      .    

        Lauf ,    P.K.  ,   Zhang ,    J.  ,   Delpire ,    E.  ,   Fyffe ,    R.E.W.  ,   Mount ,    D.B.  , and 
  Adragna ,    N.C.                   ( 2001 )    .      Erythrocyte K-Cl cotransport: immuno-
cytochemical and functional evidence for more than one KCC 
isoform in HK and LK sheep red blood cells    .      Comp. Biochem. 
Physiol.         130         ,  499  –       509      .    

        Lew ,    V.L.   and   Bookchin ,    R.M.                   ( 2005 )    .      Ion transport pathology in the 
mechanism of sickle cell dehydration    .      Physiol. Rev.         85         ,  179  –       200      .    

        Li ,    H.  ,   Tornberg ,    J.  ,   Kaila ,    K.  ,   Airaksinen ,    M.S.  , and   Rivera ,    C.                   
( 2002 )    .      Patterns of cation-chloride cotransporter expression dur-
ing embryonic rodent CNS development    .      European J. Neurosci.        
 16         ,  2358  –       2370      .    

        Lytle ,    C.  ,   McManus ,    T.J.  , and   Haas ,    M.                   ( 1998 )    .      A model of Na-K-2Cl 
cotransport based on ordered ion binding and glide symmetry    . 
     Am. J. Physiol.         274         ,  C299  –       C309      .    

        Mercado ,    A.  ,   de los Heros ,    P.  ,   Vazquez ,    N.  ,   Meade ,    P.  ,   Mount ,    D.B.  , 
and   Gamba ,    G.                   ( 2001 )    .      Functional and molecular characteriza-
tion of the K-Cl cotransporter of  Xenopus leavis  oocytes    .      Am. J. 
Cell Physiol.         281         ,  C670  –       C680      .    

        Mercado ,    A.  ,   Mount ,    D.B.  ,   Cortes ,    R.  ,   Vazquez ,    N.  , and   Gamba ,    G.                   
( 2002 )    .      Functional characterization of two alternative isoforms of 
the KCC-3 K-Cl cotransporter    .      FASEB J.         16         ,  A58         .    

        Mercado ,    A.  ,   Mount ,    D.B.  , and   Gamba ,    G.                   ( 2004 )    .      Electroneutral 
cation-chloride cotransporters in the central nervous system    . 
     Neurochem. Res.         29         ,  17  –       25      .    

        Mercado ,    A.  ,   Song ,    L.  ,   Vazquez ,    N.  ,   Mount ,    D.B.  , and   Gamba ,    G.                   
( 2000 )    .      Functional comparison of the K  �  -Cl  �   cotransporters 
KCC1 and KCC4    .      J. Biol. Chem.         275         ,  30326  –       30334      .    

        Mercado ,    A.  ,   Vazquez ,    N.  ,   Song ,    L.  ,   Cortes ,    R.  ,   Enck ,    A.H.  ,   Welch ,    R.  ,   
Delpire ,    E.  ,   Gamba ,    G.  , and   Mount ,    D.B.                   ( 2005 )    .      NH 2 -terminal 
heterogeneity in the KCC3 K  �  -Cl  �   cotransporter    .      Am. J. Cell 
Physiol.         289         ,  F1246  –       F1261      .    

        Merciris ,    P.  ,   Hardy-Dessources ,    M.D.  , and   Giraud ,    F.                   ( 2001 )    . 
     Deoxygenation of sickle cells stimulates Syk tyrosine kinase and 
inhibits a membrane tyrosine phosphatase    .      Blood         98         ,  3121  –       3127      .    

        Meyer ,    J.  ,   Johannssen ,    K.  ,   Freitag ,    C.M.  ,   Schraut ,    K.  ,   Teuber ,    I.  , 
  Hahner ,    A.  ,   Mainhardt ,    C.  ,   Mossner ,    R.  ,   Volz ,    H.-P.  ,   Wienker ,    T.F.  ,   
McKeane ,    D.  ,   Stephan ,    D.A.  ,   Rouleau ,    G.  ,   Reif ,    A.  , and   Lesch , 
   K.-P.                   ( 2005 )    .      Rare variants of the gene encoding the potassium 
chloride co-transporter 3 are associated with bipolar disorder    . 
     Int. J. Neuropsychopharmacol.         8         ,  495  –       504      .    

        Minton ,    A.P.                ( 1994 )    .     Influence of macromolecular crowding on 
intracellular association reactions: possible role in volume 
regulation      .   In      Cellular and Molecular Physiology of Cell Volume 
Regulation          ( Strange ,    K.  ed.)                , pp.  181  –       190      .  CRC      ,  Boca Raton   .        

        Misri ,    S.  ,   Chimote ,    A.A.  ,   Adragna ,    N.C.  , and   Lauf ,    P.K.                   ( 2006 )    .      KCC 
isoforms in a human lens epithelial cell line (B3) and lens tissue 
extracts    .      Exper. Eye Res.         83         ,  1287  –       1294      .    

        Moser ,    D.  ,   Ekawardhani ,    S.  ,   Kumsta ,    R.  ,   Palmason ,    H.  ,   Bock ,    C.  ,   
Athanasssiadou ,    Z.  ,   Lesch ,    K.-P.  , and   Meyer ,    J.                   ( 2008 )    .      Functional 
analysis of a potassium-chloride co-transporter 3 (SLC12A6) 
promoter polymorphism leading to an additional DNA meth-
ylation site    .      Neuropsychopharmacology                     (in press)   .    

        Mount ,    D.B.  ,   Delpire ,    E.  ,   Gamba ,    G.  ,   Hall ,    A.E.  ,   Poch ,    E.  ,   Hoover ,    R.
S.J.  , and   Hebert ,    S.C.                   ( 1998 )    .      The electroneutral cation-chloride 
cotransporters    .      J. Exper. Biol.         201         ,  2091  –       2102      .    

        Mount ,    D.B.   and   Gamba ,    G.                   ( 2001 )    .      Renal potassium-chloride 
cotransporters    .      Curr. Opin. Nephrol. Hypertension         10         ,  685  –       691      .    

        Mount ,    D.B.  ,   Mercado ,    A.  ,   Song ,    L.  ,   Xu ,    J.  ,   George ,    A.L.  ,   Delpire ,    E.  , 
and   Gamba ,    G.                   ( 1999 )    .      Cloning and characterization of KCC3 
and KCC4, new members of the cation-chloride cotransporter 
gene family    .      J. Biol. Chem.         274         ,  16355  –       16362      .    

        Muzyamba ,    M.C.  ,   Campbell ,    E.H.  , and   Gibson ,    J.S.                   ( 2006 )    .      Effect 
of intracellular magnesium and oxygen tension on K      �      -Cl �  
cotransport in normal and sickle human red cells    .      Cell. Physiol. 
Biochem.         17         ,  121  –       128      .    

        O’Neill ,    W.C.                  ( 1991 )    .      Swelling-activated K-Cl cotransport: metabolic 
dependence and inhibition by vanadate and fluoride    .      Am. J. 
Physiol.         260         ,  C308  –       C315      .    

        Olivieri ,    O.  ,   Vitoux ,    D.  ,   Galacteros ,    F.  ,   Bachir ,    D.  ,   Blouquit ,    Y.  , 
  Beuzard ,    Y.  , and   Brugnara ,    C.                   ( 1992 )    .      Hemoglobin variants and 
activity of (K  �  Cl  �  ) cotransport system in human erythrocytes    . 
     Blood         79         ,  793  –       797      .    

        Orlov ,    S.N.  ,   Kolosova ,    I.A.  ,   Cragoe ,    E.J.  ,   Gurlo ,    T.G.  ,   Mongin ,    A.
A.  ,   Aksentsev ,    S.L.  , and   Konev ,    S.V.                   ( 1993 )    .      Kinetics and pecu-
liarities of thermal inactivation of volume-induced Na  �  /H  �   
exchange, Na  �  ,K  �  ,2Cl  �   cotransport and K  �  ,Cl  �   cotransport in 
rat erythrocytes    .      Biochim. Biophys. Acta         1151         ,  186  –       192      .    

        Pauling ,    L.  ,   Itano ,    H.A.  ,   Singer ,    S.J.  , and   Wells ,    I.C.                   ( 1949 )    .      Sickle 
cell anaemia, a molecular disease    .      Science         110         ,  1141  –       1152      .    

        Payne ,    J.A.                   ( 1997 )    .      Functional characterization of the neuronal-spe-
cific K-Cl cotransporter: implications for [K  �  ] o  regulation    .      Am. J. 
Physiol.         273         ,  C1516  –       C1525      .    

        Payne ,    J.A.  ,   Lytle ,    C.  , and   McManus ,    T.J.                   ( 1990 )    .      Foreign anion sub-
stitution for chloride in human red blood cells: effect on ionic 
and osmotic equilibria    .      Am. J. Physiol.         259         ,  C819  –       C827      .    

        Payne ,    J.A.  ,   Stevenson ,    T.J.  , and   Donaldson ,    L.F.                   ( 1996 )    .      Molecular 
characterization of a putative K-Cl cotransporter in rat brain    .      J. 
Boil. Chem.         271         ,  16245  –       16252      .    

        Pearson ,    M.M.  ,   Lu ,    J.  ,   Mount ,    D.B.  , and   Delpire ,    E.                   ( 2001 )    . 
     Localisation of the K  �  -Cl  �   cotransporter, KCC3, in the central and 
peripheral nervous systems: expression in the choroid plexus, 
large neurons and white matter tracts    .      Neuroscience         103         ,  481  –       491      .    

        Pellegrino ,    C.M.  ,   Rybicki ,    A.C.  ,   Musto ,    S.  ,   Nagel ,    R.L.  , and 
  Schwartz ,    R.S.                   ( 1998 )    .      Molecular identification of erythroid K:Cl 
cotransporter in human and mouse erythroleukemic cells    .      Blood 
Cells, Mol. Dis.         24         ,  31  –       40      .    

        Race ,    J.E.  ,   Makhlouf ,    F.N.  ,   Logue ,    P.J.  ,   Wilson ,    F.H.  ,   Dunham ,    P.B.  , 
and   Holtzman ,    E.J.                   ( 1999 )    .      Molecular cloning and functional 
characterization of KCC3, a new K-Cl cotransporter    .      Am. J. 
Physiol.         277         ,  C1210  –       C1219      .    

        Reid ,    K.H.  ,   Li ,    G.-Y.  ,   Payne ,    R.S.  ,   Schurr ,    A.  , and   Cooper ,    N.G.F.                   
( 2001 )    .      The mRNA level of the potassium-chloride cotransporter 
KCC2 covaries with seizure susceptibility in inferior colliculus 
of the post-ischemic audiogenic seizure-prone rat    .      Neurosci. Lett.        
 308         ,  29  –       32      .    

REFERENCES



3.   PATHOPHYSIOLOGY OF THE K  �  -Cl  �   COTRANSPORTERS: PATHS TO DISCOVERY AND OVERVIEW42

        Reuss ,    L.   and   Cotton ,    C.U.                ( 1994 )    .     Volume regulation in epithelia: 
transcellular transport and cross-talk      .   In      Cellular and Molecular 
Physiology of Cell Volume Regulation          ( Strange ,    K.  ed.)                , pp.  31  –       47      . 
 CRC Press      ,  Florida   .        

        Rivera ,    C.  ,   Voipio ,    J.  ,   Payne ,    J.A.  ,   Ruusuvuori ,    E.  ,   Lahtinen ,    H.  , 
  Lamsa ,    K.  ,   Pirvola ,    U.  ,   Saarma ,    M.  , and   Kaila ,    K.                   ( 1999 )    .      The 
K  �  /Cl  �   cotransporter KCC2 renders GABA hyperpolarizing 
during neuronal maturation    .      Nature         397         ,  251  –       255      .    

        Rust ,    M.B.  ,   Alper ,    S.L.  ,   Rudhard ,    Y.  ,   Shmukler ,    B.E.  ,   Vicente ,    R.  , 
  Brugnara ,    C.  ,   Trudel ,    M.  ,   Jentsch ,    T.J.  , and   Hubner ,    C.A.                   ( 2007 )    . 
     Disruption of erythroid K-Cl cotransporters alters erythrocyte 
volume and partially rescues erythrocyte dehydration in SAD 
mice    .      J. Clin. Invest.         117         ,  1708  –       1717      .    

        Rust ,    M.B.  ,   Faulhaber ,    J.  ,   Budack ,    M.  ,   Pfeffer ,    C.  ,   Maritzen ,    T.  ,   
Didie ,    M.  ,   Beck ,    F.-X.  ,   Boettger ,    T.  ,   Schubert ,    R.  ,   Ehmke ,    H.  , 
  Jentsch ,    T.J.  , and   Hubner ,    C.A.                   ( 2006 )    .      Neurogenic mechanisms 
contribute to hypertension in mice with disruption of the K-Cl 
cotransporter KCC3    .      Circ. Res.         98         ,  549  –       556      .    

        Sachs ,    J.R.                   ( 1971 )    .      Ouabain-insensitive sodium movements in the 
human red blood cells    .      J. Gen. Physiol.         57         ,  259  –       282      .    

        Sachs ,    J.R.   and   Martin ,    D.W.                   ( 1993 )    .      The role of ATP in swelling-
stimulated K-Cl cotransport in human red cell ghosts    .      J. Gen. 
Physiol.         102         ,  551  –       573      .    

        Saitta ,    M.  ,   Cavalier ,    S.  ,   Garay ,    R.  ,   Cragoe ,    E.J.  , and   Hannaert ,    P.                   
( 1990 )    .      Evidence for a DIOA-sensitive [K  �  -Cl  �  ]-cotransport sys-
tem in cultured vascular smooth muscle cells    .      Am. J. Hypertension        
 3         ,  939  –       942      .    

        Schmidt ,    W.F.   and   McManus ,    T.J.                   ( 1977 )    .      Ouabain-insensitive salt 
and water movements in duck red cells. Norepinephrine stimu-
lation of sodium plus potassium cotransport    .      J. Gen. Physiol.         70         , 
 81  –       97      .    

        Shen ,    M.-R.  ,   Chou ,    C.-Y.  , and   Ellory ,    J.C.                   ( 2000 )    .      Volume-sensitive 
KCl cotransport associated with human cervical carcinogenesis    . 
     Pflugers Arch.         440         ,  751  –       760      .    

        Shen ,    M.-R.  ,   Chou ,    C.-Y.  ,   Hsu ,    K.F.  ,   Chiu ,    W.T.  ,   Tang ,    M.-J.  ,   Alper ,    S.L.  , 
and   Ellory ,    J.C.                   ( 2003 )    .      KCl cotransport is an important modu-
lator of human cervical growth and invasion    .      J. Biol. Chem.         278         , 
 39941  –       39950      .    

        Shen ,    M.-R.  ,   Lin ,    A.C.  ,   Hsu ,    Y.-M.  ,   Chang ,    T.J.  ,   Tang ,    M.-J.  , 
  Alper ,    S.L.  ,   Ellory ,    J.C.  , and   Chou ,    C.-Y.                   ( 2004 )    .      Insulin-like 
growth factor 1 stimulates KCl cotransport, which is necessary 
for invasion and proliferation of cervical cancer and ovarian can-
cer cells    .      J. Biol. Chem.         279         ,  40017  –       40025      .    

        Simard ,    C.F.  ,   Bergeron ,    M.J.  ,   Frenette-Cotton ,    R.  ,   Carpentier ,    G.A.  ,   
Pelchat ,    M.-E.  ,   Caron ,    L.  , and   Isenring ,    P.                   ( 2007 )    .      Homo-
oligomeric and heterooligomeric associations between 
K  �  -Cl  �   cotransporter isoforms and between K  �  -Cl  �   and Na  �  -
K  �  -Cl  �   cotransporters    .      J. Biol. Chem.         282         ,  18083  –       18093      .    

        Soler ,    R.R.  ,   Hannaert ,    P.  ,   Cragoe ,    E.J.  , and   Garay ,    R.P.                   ( 1993 )    . 
     Volume-dependent K  �   and Cl  �   fluxes in rat thymocytes    .      J. 
Physiol.         465         ,  387  –       401      .    

        Song ,    L.  ,   Mercado ,    A.  ,   Vazquez ,    N.  ,   Xie ,    Q.  ,   Desai ,    R.  ,   George ,    A.L.  , 
  Gamba ,    G.  , and   Mount ,    D.B.                   ( 2002 )    .      Molecular, functional and 
genomic characterization of human KCC2, the neuronal K-Cl 
cotransporter    .      Mol. Brain Res.         103         ,  91  –       105      .    

        Speake ,    P.F.  ,   Roberts ,    C.A.  , and   Gibson ,    J.S.                   ( 1997 )    .      Effect of respi-
ratory blood parameters on equine red blood cell K-Cl cotrans-
porter    .      Am. J. Physiol.         273         ,  C1811  –       C1818      .    

        Strange ,    K.  ,   Singer ,    T.D.  ,   Morrison ,    R.  , and   Delpire ,    E.                   ( 2000 )    . 
     Dependence of KCC2 K-Cl cotransporter activity on a conserved 
carboxy terminus tyrosine residue    .      Am. J. Physiol. Cell Physiol.        
 279       ( 3 )       ,  C860  –       C867      .    

        Stuart ,    M.J.   and   Nagel ,    R.L.                   ( 2004 )    .      Sickle-cell disease    .      The Lancet        
 364         ,  1343  –       1360      .    

        Su ,    W.  ,   Shmukler ,    B.E.  ,   Chernova ,    M.A.  ,   Stuart-Tilley ,    A.K.  ,   De 
Franceschi ,    L.  ,   Brugnara ,    C.  , and   Alper ,    S.L.                   ( 1999 )    .      Mouse K-Cl 
cotransporter KCC1: cloning, mapping, pathological expression, 
and functional regulation    .      Am. J. Physiol.         277         ,  C899  –       C912      .    

        Taouil ,    K.   and   Hannaert ,    P.                   ( 1999 )    .      Evidence for the involvement 
of K �  channels and K( � )-Cl- cotransport in the regulatory vol-
ume decrease of newborn rat cardiomyocytes    .      Pflugers Arch.         439         , 
 56  –       66      .    

        Thornhill ,    W.B.   and   Laris ,    P.C.                   ( 1984 )    .      KCl loss and cell shrinkage 
in the Ehrlich ascites tumour cell induced by hypotonic media, 
2-deoxyglucose and propanolol    .      Biochim. Biophys. Acta         773         , 
 207  –       218      .    

        Ueno ,    T.  ,   Okabe ,    A.  ,   Akaike ,    N.  ,   Fukuda ,    A.  , and   Nabekura ,    J.                   
( 2002 )    .      Diversity of neuron-specific K  �  -Cl  �   cotransporter expres-
sion and inhibitory postsynaptic potential depression in rat mot-
orneurons    .      J. Biol. Chem.         277         ,  4945  –       4950      .    

        Uyanik ,    G.  ,   Elcioglu ,    N.  ,   Penzien ,    J.  ,   Gross ,    C.  ,   Yilmaz ,    Y.  ,   Olmez ,    A.  , 
  Demir ,    E.  ,   Wahl ,    D.  ,   Scheglmann ,    K.  ,   Winner ,    B.  ,   Bogdahn ,    U.  , 
  Topaloglu ,    H.  ,   Hehr ,    U.  , and   Winkler ,    J.                   ( 2006 )    .      Novel truncat-
ing and missense mutations of the KCC3 gene associated with 
Andermann syndrome    .      Neurology         66         ,  1044  –       1048      .    

        Wake ,    H.  ,   Watanabe ,    M.  ,   Moorhouse ,    A.J.  ,   Kanematsu ,    T.  ,   Horibe ,    S.  ,   
Matsukawa ,    N.  ,   Asai ,    K.  ,   Ojika ,    K.  ,   Hirata ,    M.  , and   Nabekura ,    J.                   
( 2007 )    .      Early changes in KCC2 phosphorylation in response to 
neuronal stress result in functional downregulation    .      J. Neurosci.        
 27         ,  1642  –       1650      .    

        Wiley ,    J.S.   and   Cooper ,    R.A.                   ( 1974 )    .      A furosemide-sensitive cotrans-
port of sodium plus potassium in the human red cell    .      J. Clin. 
Invest.         53         ,  745  –       755      .    

        Woo ,    N.S.  ,   Lu ,    J.  ,   England ,    R.  ,   McClelland ,    R.  ,   Dufour ,    S.  ,   Mount ,    D.B.  , 
  Deutch ,    A.Y.  ,   Lovinger ,    D.M.  , and   Delpire ,    E.                   ( 2002 )    . 
     Hyperexcitability and epilepsy associated with disruption of the 
mouse neuronal-specific K-Cl cotransporter gene    .      Hippocampus        
 12         ,  258  –       268      .    

        ZadeOppen ,    A.M.M.   and   Lauf ,    P.K.                   ( 1990 )    .      Thioldependent pas-
sive K:Cl transport in sheep red blood cells: IX. Modulation by 
pH in the presence and absence of DIDS and the effect of NEM    . 
     J. Membr. Biol.         118         ,  143  –       151      .    

        Zelikovic ,    I.                   ( 2001 )    .      Molecular pathophysiology of tubular transport 
disorders    .      Pediat. Nephrol.         16         ,  919  –       935      .    

        Zhang ,    J.  ,   Lauf ,    P.K.  , and   Adragna ,    N.C.                   ( 2003 )    .      Platelet-derived 
growth factor regulates K-Cl cotransport in vascular smooth 
muscle cells    .      Am. J. Physiol.         284         ,  C674  –       C680      .    

        Zhou ,    H.X.  ,   Rivas ,    G.  , and   Minton ,    A.P.                   ( 2008 )    .      Macromolecular 
crowding and confinement: biochemical, biophysical, and poten-
tial physiological consequences    .      Annu. Rev. Biophys.         37         ,  375  –       397      .              



43Physiology and Pathology of Chloride Transporters and Channels in the Nervous System © 2009, Elsevier Inc.2009

                    From Cloning to Structure, Function, 
and Regulation of Chloride-dependent and 

Independent Bicarbonate Transporters 
   Michael F.   Romero  ,     Min-Hwang   Chang   and     David B.   Mount    

C H A P T E R

  I. Introduction 43

 II. History of Anion Exchangers 44

 III. Modes of Membrane Anion Transport – 
Theoretical 44

 IV. The Focus of the Review 47

 V. SLC4 Anion Exchangers and Cotransporters 47
A. General Properties of SLC4 Anion Exchangers 47
  B. The Na� Independent Cl�/HCO3

� (Anion) 
Exchangers 49

 C. Na� Dependent Anion Transporters – Molecular 
Entities 52

 D. The Electrogenic Na�-HCO3
� Cotransporters 52

  E. The Electroneutral Na�-coupled HCO3
� 

Cotransporters 54
   F. The Na�-coupled Cl�/HCO3

� Exchangers 55

G. Other SLC4 HCO3
� Transporters with 

Controversial Function 56
H. SLC4 HCO3

� Transporters and CNS Function 56
     I. Outlook and Pharmaceutical Considerations – 

SLC4 Transporters 57

VI. SLC26 Anion Exchangers/Transporters/
Channels 58
A. Overview of SLC26 Proteins 58
B. Structural Features of SLC26 “Transporters” 59
C. Transport Properties, Expression and Function 

of SLC26 “Transporters” 61
D. Outlook and Pharmaceutical Considerations – 

SLC26 ‘‘Transporters’’ 69

Acknowledgements 70

References 70 

O U T L I N E

    I .      INTRODUCTION 

 Regulation   of acid – base homeostasis as well as other 
ionic concentrations, such as Na  �  , is critical for ani-
mal life. For example, humans ’  normal blood pH is 
closely regulated within 7.35 – 7.45. Since vertebrates, 

mammals in particular, generate significant amounts  
of acid via metabolism, these organisms must excrete 
acid (H  �  ) or increase systemic HCO 3   �   concentration 
to buffer this metabolic acid. Bicarbonate, along with 
CO2, is the major pH buffering system of biological 
fluids. Bicarbonate coexists with CO 2  gas in solution. 
The reaction CO2 � H2O ↔ H2CO3 ↔ H� � HCO3

� is 

  4   4 
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readily reversible. In biological systems, the intercon-
version of CO2 to HCO3

 �  is catalyzed by the family 
of carbonic anhydrase enzymes ( Nakhoul et al., 1996 ; 
 Sly and Hu, 1995 ). In some epithelia, bicarbonate in 
ultrafiltrate luminal fluid with Na  �  -H  �   exchanger 
secretes H  �   ( Alpern and Rector, 1996 ) and forms CO 2  
and H 2 O. Carbon dioxide is vented by the lung. The 
lungs and the kidneys play complementary roles in 
acid – base homeostasis ( Romero et al., 1997 ). 

 In   kidney renal proximal tubules most of the fil-
tered HCO 3   �   is reabsorbed. The mechanisms by which 
HCO 3   �   moves from the proximal tubule cell back into 
the blood were unclear before 1980. The first electro-
genic Na  �  -HCO 3   �   cotransporter (NBC1) was discov-
ered by Boron and Boulpaep ( Boron and Boulpaep, 
1983 ) in the renal proximal tubule of the salamander. 
This new basolateral Na  �  -HCO 3   �   cotransporter is called 
 ‘  ‘ electrogenic ’  ’  because it transports multiple HCO 3   �   
with each Na  �  , and it is Cl  �   independent. It is inhib-
ited by stilbene sulfonate derivatives such as DIDS. A 
similar cotransporter activity was later reported in sev-
eral mammals: bovine corneal endothelia cells ( Jentsch 
et al., 1984 ), rat proximal convoluted tubules ( Alpern, 
1985 ) and rabbit proximal straight tubules. 

 However  , the molecular characterization of 
this cotransporter protein was not revealed until 
1996 (       Romero et al., 1996, 1997 ) when salamander 
( Ambystoma tigrinum ) kidney was used in expression 
cloning in  Xenopus  oocytes. At the molecular level this 
electrogenic NBC1 sequence is related to the electro-
neutral band-3-like proteins  –  the anion exchangers 
AE1, AE2, and AE3 (       Romero et al., 1998, 1997 ). The 
molecular homology reveals a topologically related 
transporter family now known as the bicarbonate 
transporter superfamily SLC4. Other members in the 
family including: electroneutral Na  �  -HCO 3   �   cotrans-
porters (NBC3), a second electrogenic Na  �  -HCO 3   �   
cotransporter (NBC4), and Na  �  -driven Cl  �  /HCO 3   �   
exchangers (NDAE1 and NDCBE1).  

    II .      HISTORY OF ANION EXCHANGERS 

 The   history of anion exchangers is concurrent with 
analytical tools developed for studying membrane pro-
teins, particularly those of the red blood cell ( Yawata, 
2003 ). Why the red blood cell? It had been known since 
the early 1900s that red cell shape could be changed 
from the typical  ‘  ‘ biconcave disc ’  ’  to other shapes. 
These set of hereditary pathophysiologies is known as 
hereditary spherocytosis. For about 60 years, the scien-
tific debate over the nature of these cell deformations 
focused on ATP usage and cationic permeabilities. 
Major contributions were made by the laboratories of 
Hoffman, Parker, Passow, Skou and Tosteson. Many 

of these studies began to make use of the isolate red 
cell membrane (red cell ghost), developed by Dodge 
( Dodge et al., 1963 ), which allowed control over both 
the extracellular as well as the intracellular solution 
composition. The biochemical tools of the time were 
somewhat limited in that membrane proteins were 
often not solubilized. It was Maddy who initially pro-
posed the possibility of using a charged detergent, 
sodium dodecyl sulfate (SDS), to solubilize mem-
brane proteins. This method was of course then used 
by Laemmli ( Laemmli, 1970 ) and Fairbanks ( Fairbanks 
et al., 1971 ) to isolate membrane proteins from the red 
blood cell. From these classic and initial SDS-PAGE 
experiments, these investigators began to character-
ize the membrane components of the red cell ghosts. 
These major proteins were counted from the top (high-
est molecular weight) of the SDS gel: 

    band 1                 α -spectrin  
    band 2                 β -spectrin  
    band 2.1              ankyrin  
    band 3               anion exchanger 1 (AE1, SLC4A1)  
    band 4.1            protein 4.1  
    band 4.2              protein 4.2  
    band 5                actin  
    band 6                 glyceraldehyde-3-phosphate 

dehydrogenase (G-3-PD)  
    band 7                stomatin or aquaporin (CHIP28)    

 As   indicated above,  ‘  ‘ band 3 ’  ’  turned out to be a 
Cl  �  /HCO 3   �   exchanger or more generally and anion 
exchanger, i.e. anion exchanger 1. 

 These   methods of isolating red cell ghosts and 
identifying band 3 as a membrane transport pro-
tein continues to be experimentally exploited. Early 
experiments to characterize the function of this anion 
exchange protein and its mechanism of membrane 
transport were performed by the groups of Michael 
Tanner (Bristol) ( Tanner and Boxer, 1972 ;  Tanner 
and Gray, 1971 ), Philip Low ( Low, 1978 ;  Snow et al., 
1978 ), Michael Jennings (       Jennings, 1976, 1978 ;  Ku 
et al., 1979 ), Phil Knauf ( Knauf and Rothstein, 1971 ; 
 Rothstein et al., 1976 ), Reinhart Reithmeier ( Boodhoo 
and Reithmeier, 1984 ;  Reithmeier, 1983 ) and others 
( Cabantchik and Rothstein, 1974 ;  Lepke and Passow, 
1972 ;  Schwoch and Passow, 1973 ).  

    III .      MODES OF MEMBRANE ANION 
TRANSPORT  –  THEORETICAL 

 Membranes   present a barrier to the movement of 
ions and other solutes. The cell membrane is a mosaic 
of phospholipids, cholesterol and proteins. The phos-
pholipids make the bulk of the membrane and form a 
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bilayer. This lipid bilayer has the hydrophilic (water-
liking) phosphate and sugar head-groups facing both 
the outside world and the inside world. The middle 
of the lipid bilayer contains the C 14  – C 22  acyl chains 
and is hydrophobic (water repelling). This bilayer 
functions like an electrical capacitor, separating 
charge and thus creating a membrane potential (elec-
trical gradient). However, unlike a capacitor, an intact 
bilayer without proteins will not pass ions or solutes 
(uncharged molecules), thus creating an additional 
solute concentration gradient (chemical gradient). 

    ‘  ‘ Nature ’  ’  has devised four major ways to move 
ions and solutes across this otherwise non-permeable 
membrane. One mode is primary active transport, 
which consumes ATP to move solutes against their 
gradients, and will not be considered further. The 
three other modes of transmembrane movement make 
use of the  ‘  ‘ potential energy ’  ’  (technically the Gibbs 
free energy,  Δ  G ) stored in the form of the electrochem-
ical gradient or electrochemical potential difference. 
As the names imply, the electrochemical potential dif-
ference ( Δ  μ  ion )      a    has an electrical part ( zF  Δ  Ψ )      b    and a 
chemical part ( RT        ln { [ion] inside /[ion] outside  } )      c   . This equa-
tion can be used to predict whether ions and solutes 
will move into or out of a cell (or vesicle). The  ‘  ‘ rules ’  ’  
governing which constituents are in the  Δ  μ  equation 
are determined by which protein is performing the 
transport. If there is no protein, there is no transmem-
brane movement of ions. 

 The   first transmembrane route is  ‘  ‘ diffusion ’  ’ . 
Diffusion implies that the particle is moving freely 
in an aqueous solution down its electrochemical gra-
dient. For a membrane this  ‘  ‘ diffusive pathway ’  ’  is 
basically a channel, which has defined opening and 
closing characteristics. When the channel is open, both 
the concentration gradient and the electrical gradient 
of the permeable ion determine whether the ion will 
move into or out of the cell. For example, the move-
ment of Cl  �   through a Cl  �   channel in a non-excitable 
cell will be determined by 
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 The   second transmembrane route for ions and sol-
utes is exchange. As the name implies,  ‘  ‘ exchange ’  ’  
means that at least one ion from the outside moves 

to the inside  and  there is an obligate movement of 
an ion from the inside to the outside. The band 3, 
Cl  �  /HCO 3   �   exchanger is an example of a 1 Cl  �   for 
1 HCO 3   �   exchange. This type of transport mode is 
also subject to the driving force of the electrochemi-
cal potential. However, since this exchange activity is 
found in a single protein, the movements of the two 
ions are coupled. In the  ‘  ‘  Δ  μ  ion  ’  ’  form: 
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(Eq. 3)

      

 In   other words for this example, the charges moving 
in both directions sum to zero. Therefore, this elec-
troneutral Cl  �  /HCO 3   �   exchanger is predicted to be 
 unaffected  by membrane potential. However, if there 
is a net charge movement by the exchange process, 
then the exchanger will also be effected by membrane 
potential (see section VI.C.4; further discussion in 
Chapter 5, section II.E). 

 The   third transmembrane route for ions and solutes 
is cotransport. Cotransport is also known as  ‘  ‘ sym-
port ’  ’ , i.e. transport in the same direction (two or more 
ions into the cell; or two or more ions out of the cell). 
An example is K  �  -Cl  �   cotransport (see Chapters 5 
and 17). Again, the ion movements are coupled in the 
same protein. 

 The   driving force for the cotransport is given by the 
following equation: 

  Δμ Δμ ΔμK-Cl K Cl� �   (Eq. 4)      

 If follows that  , 
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   a   Δ  μ  ion       �       RT   ln { [ion] inside /[ion] outside  }       �       zF  Δ  Ψ .   
   b   “  z ”   is the net charge on a molecule,  F  is the Faraday constant and 
 Δ  Ψ       �       Ψ (inside)      �       Ψ (outside), which is also equal to the membrane 
potential ( V  m ).   
   c   “  R ”   is the gas constant,  “  T  ”  is temperature in kelvin degrees and 
 “ ln ”  is the natural log.   
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 Hence  , 
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(Eq. 5)

      

 For   this example as well, the net charge moving in the 
same direction is zero, and this K  �  -Cl  �   cotransport 
would be  unaffected  by membrane potential. 

 These   are the  ‘  ‘ simple ’  ’  transmembrane trans-
port modes. Of course, it is also possible to have 
complex transporters. One  ‘  ‘ complex ’  ’  transporter 
which will be discussed below is the Na  �  -driven 
Cl  �  /HCO 3   �   exchanger (also known generally as 
Na  �  -driven anion exchanger). Even though several 
genes encoding this activity have been cloned and 
the proteins functionally expressed, there is still dis-
cussion over two major transport models. Model 1 
predicts 1 Na  �   and 1 HCO 3   �   being exchanged for 1 
Cl  �   and 1 H  �  . Model 2 predicts 1 Na  �   and 2 HCO 3   �   
being exchanged for 1 Cl  �  . In both cases, there is no 
net charge movement, so the transporters should not 
be affected by membrane potential. Nevertheless, 
the  Δ  μ  Model 1  (Eq. 8) and  Δ  μ  Model 2  (Eq. 10) are quite 
different. 
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 (Eq. 10)      

 Model   1 is transformed to use pH (Eq. 8) rather 
than [H  �  ] (Eq. 7). It should become clear that depen-
dence on [HCO 3   �  ] and pH (Model 1) is different than 
just [HCO 3   �  ]. In particular, this  ‘  ‘ simple ’  ’  change 
implies that Model 2 should not be affected by pH 
directly and should in theory be  pH-insensitive ! 

 While   this is a somewhat simple model compari-
son, it is an important comparison. One discovery 
(discussed at the end of this chapter) makes this dis-
cussion particularly important. Accardi and Miller 
found that the activity of E. coli ecClC, crystallized 
by R. MacKinnon’s group ( Dutzler et al., 2002 ), is 
that of a 2Cl  �   for H  �   exchanger ( Accardi and Miller, 
2004 ) rather than a  ‘  ‘ typical ’  ’  ClC-channel. Recently, 
the groups of Jentsch ( Scheel et al., 2005 ) and Pusch 
( Picollo and Pusch, 2005 ) have provided compel-
ling evidence that mammalian ClC-4 and ClC-5 
are transporters behaving like ecClC as a 2Cl  �  /H  �   
exchanger (see Chapter 12). For direct comparison, 
let’s examine the two models of movement. The Cl  �   
channel will behave as diffusive movement (Eq. 1), 
whose activity (or macroscopic current,  ‘  ‘  I  ’  ’ ) will be 
dictated by the opening and closing of the channel 
(open probability, P o ), number of channels ( n ) and 
the single channel current ( i ). The model for 2Cl  �  /
H  �   exchange is quite different, as discussed above 
for exchangers. 

  Δμ Δμ Δμ2 2Cl H Cl H� � �   (Eq. 11)      
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         d  Remember that  RT ln( X )      �      2.3 {  RT log 10 ( X ) } .   
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 Eq  . 13 is quite different to Eq. 1 due to both 
the dependence on the membrane pH gradient 
(pH i       �      pHo) and also the very steep dependence on 
membrane potential (3 FV  m ). These characteristics turn 
out to be well suited for endosomes (ClC-4 and ClC-5) 
as well as  E. coli  ecClC.  

    IV .      THE FOCUS OF THE REVIEW 

 Epithelial   cells and cells of the nervous system are 
special in that the plasma membrane surrounding 
the cell is not uniform. This  ‘  ‘ non-uniformity ’  ’  exists 
at several levels. First, the lipids and phospholipids 
of the inner bilayer leaflet are typically different to 
those in the outer leaflet. Second, membranes facing 
the blood, typically called basolateral, are of different 
protein and lipid composition than the inner organ, 
typically called apical/luminal membrane. Epithelia 
separate two or more body compartments. On the 
other hand, cells in the nervous system either connect 
or separate two or more regions of the brain or body. 

 Several   organ systems have evolved to be special-
ized in HCO 3   �   transport  –  notably the kidney and 
the pancreas. The kidney has the job of absorbing 
178 – 179       L of the 180       L of filtrate from glomeruli. With 
a blood [HCO 3   �  ] of 25       mM, this volume represents 
 � 4500       mmoles or  � 350       g HCO 3   �   absorbed each day 
(see proximal tubule model in Fig. 4.5). e  Likewise, 
the pancreatic ducts move CO 2  and HCO 3   �   from the 
blood into pancreatic secretions. In humans, pancre-
atic fluid, at pH 8.1, is virtually isotonic NaHCO 3 , 
i.e. 150       mM. These epithelia organs are the  ‘  ‘ work-
horses ’  ’  for several other organs and specialized 
cells have developed HCO 3   �   transport systems. 
Bicarbonate secretion also occurs in salivary glands, 
stomach, intestine, prostate, uterus, and eye. Many 
of the molecular entities participating in these var-
ied HCO 3   �   transport functions have been identi-
fied. To limit the scope of this review, we will focus 
on epithelial transporters in vertebrates  –  especially 
human. We review functional characterization of dif-
ferent Na  �   dependent HCO 3   �   transporters. Na  �  -inde-
pendent HCO 3   �   transporters will not be discussed 
in detail. Detailed reviews of both the SLC4 ( Romero 
et al., 2004 ) and the SLC26 ( Mount and Romero, 2004 ) 
gene families, i.e. the known HCO 3   �   transporter fami-
lies, were published several years ago. Since the focus 
of this book is Cl  �   transport, we will discuss the Cl  �   
transporters of the SLC4 and SLC26 gene/protein 
families. Many proteins in these two families, though 

not all, transport Cl  �  . Unique for these transporters is 
that Cl  �   transport, when present, is  thermodynamically 
coupled to exchange of HCO 3   �   .  

    V .      SLC4 ANION EXCHANGERS AND 
COTRANSPORTERS 

    A .       General Properties of SLC4 Anion 
Exchangers 

    1 .      Structural Features 

 Band   3 (AE1) accounts for  � 25% of red blood cells 
(RBC), making it the most abundant RBC membrane 
protein. In 1985, Kopito and Lodish cloned murine 
AE1 ( Kopito and Lodish, 1985 ), allowing the homol-
ogy cloning of AE2 and AE3. Human AE1 is 911 
amino acids and is the founding member of the Slc4 
family. Since that time, several Na  �  -coupled HCO 3   �   
transporters (electrogenic and electroneutral) as well 
as a Na  �  -driven Cl  �  /HCO 3   �   exchanger have been (i) 
cloned, (ii) found to be in the Slc4 protein family and 
(iii) functionally characterized.  

    2 .      Topology 

 This   SLC4 gene and protein family contains 10 
mammalian members ( Fig. 4.1   ). All but one member 
(SLC4A11) are HCO 3   �   transporters. These SLC4 trans-
porters couple HCO 3   �   movements in exchange for Cl  �  , 
cotransport with Na  �   or both (see  Fig. 4.1 ). SLC4A11 

SLC4A2
AE2

SLC4A3/AE3
SLC4A1/AE1

0.1

SLC4A11
NaBC1

SLC4A4
NBCe1

SLC4A5
NBCe2

SLC4A7
NBCn1

SLC4A10
NCBE

?

SLC4A8
NDCBE

SLC4A9
AE4

??

Mammalian SLC4

HCO3
�

Cl�

Na�

BO4
�

CO3
2�

oxalate2
�

SO4
2�

 FIGURE 4.1          The SLC4 protein family of bicarbonate transport-
ers. Dendrogram and transported species.    
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has been characterized as an electrogenic Na  �   borate 
cotransporter ( Park et al., 2004 ) which is unaffected by 
the presence or absence of HCO 3   �   or Cl  �  . 

 Zhang   and Low purified and crystallized the 
cytoplasmic N-terminus of AE1 ( Zhang et al., 2000 ). 
Zhu and Casey have modeled the AE1, cytoplasmic 
N-terminus (404 amino acids long) as an anchorage 
site for several proteins, including components of the 
cytoskeleton, some glycolytic enzymes, and hemoglo-
bin ( Zhu et al., 2003 ). In that same year, Chang and 
Low structurally identified an ankrin binding loop in 
this domain ( Chang and Low, 2003 ). Recently, Chang 
and coworkers (Chang et al., 2008) demonstrated that 
Zhang’s structure was also a good model for SLC4A4, 
an electrogenic Na  �  -HCO 3   �   cotransport (NBCe1 in 
 Fig. 4.2   , see also section V.D). This most recent struc-
tural model ( Chang et al., 2008 ) combined with func-
tional analysis seems to indicate that the Zhang and 
Low model for the AE1 N-terminus may accurately 
describe the structures of most Slc4 N-termini associ-
ated with HCO 3   �   transport ( Chang et al., 2008 ).  

    3 .      Pharmacology of SLC4 Transporters 

 AE1   and most of the SLC4 protein family are func-
tionally inhibited by stilbene derivatives such as DIDS 
and SITS ( Barzilay et al., 1979 ;  Cabantchik and Greger, 
1992 ;  Cabantchik and Rothstein, 1972 ). Both DIDS and 
SITS have an isothiocyano group which can covalently 
react with free amines: SITS has one group and DIDS 
has two groups. SITS interacts with AE1 in two steps: 
(1) a rapid, reversible electrostatic ionic interaction, 
and (2) a slower irreversible covalent reaction with 
an AE1 lysine. In human AE1, the target of the cova-
lent reaction is the lysine at position 539 (K539), near 

the extracellular end of TM #5 ( Bartel et al., 1989b ; 
 Landolt-Marticorena et al., 1995 ;  Okubo et al., 1994 ; 
 Schopfer and Salhany, 1995 ;  Wood et al., 1992 ). Based 
on sequence homology of the AEs, Kopito ( Kopito et 
al., 1989 ) identified a putative  ‘  ‘ DIDS-reaction motif ’  ’  
adjacent to TM #5 (KLXK, where X is I or Y). 

 While   the stilbenes have been used extensively to 
characterize anion transport and HCO 3   �   transport 
in particular, they covalently interact with tertiary 
amines, e.g. in lysine (K). Other compounds have 
also been used as anion transport inhibitors: diphe-
nylamine carboxylic acid (DPC), niflumic acid (NF) 
and tenidap. Even amiloride analogs such as benza-
mil ( Ducoudret et al., 2001 ) inhibits one of the Na  �  -
coupled HCO 3   �   transports (NBCe1) in the Slc4 family. 
Unlike the stilbenes, none of these other compounds 
covalently interact with anion transporters and thus 
their inhibition is completely reversible after removal. 
DPC and NF seem to inhibit most anion transport sys-
tems. Tenidap, on the other hand, works very well for 
reversible inhibition of NBCe1 and seems to be effec-
tive on other Na  �  -coupled HCO 3   �   transport systems 
( Lu and Boron, 2007 ;  Romero et al., 1997 ).  

    4 .      Signature Sequences 

 With   the human genome complete and all Slc4 pro-
teins identified, two general sequence features come 
to light: (i)  ‘  ‘ signature ’  ’  sequences of the SLC4 family 
and (ii) additional potential DIDS-reaction-site motifs 
(see  Table 4.1    and  Romero and Boron, 1999 ;  Romero 
et al., 1997 ). There are several areas of amino acid 
similarity or identity: ETARWIKFEE, AITFGGLLG, 
VREQRVTG and FLYMGV. These sequences are also 
interesting in that they appear invariant among ver-
tebrates. Components of  ‘  ‘ ETARWIKFEE ’  ’  in par-
ticular have been implicated in pH sensitivity of AE2 
( Stewart et al., 2004 ) and are critical for the N-terminal 
globular domain ( Chang et al., 2008 ). 

 A    ‘  ‘ DIDS interaction motif ’  ’   –  KL(X)K (X      �      I,V,Y)  –  
was noted with the cloning of AE3 ( Kopito et al., 
1989 ). As discussed below, DIDS is an isothiocyno-
stilbene derivative which aided biochemical analysis 
of AE1 ( Bartel et al., 1989a ;  Okubo et al., 1994 ). The 
cognate sequence in NBCe1 (SLC4A4) is KMIK (558 –
 561) ( Romero and Boron, 1999 ;  Romero et al., 1997 ). 
There is a more C-terminal site (identified originally 
in NBCe1 ( Romero et al., 1997 )) in SLC4A4-10 which 
has the motif sequence K-(Z)-FK. (R-(Z)-FK in AE1-3), 
where Z      �      C, K, Q, T. It is unclear if this site can be 
modified in any of the SLC4 proteins. A third C-ter-
minal site is k-(Y)(X)-K ( Romero et al., 1997 ), where 
Y      �      M, L and X      �      I, V, Y. Lu and Boron have demon-
strated that this is the reaction site in NBCe1 ( Lu and 
Boron, 2007 ). In SLC4A3, SLC4A9 and SLC4A11, R is 
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 FIGURE 4.2          General topology for SLC4 protein family. 
Hydropathy model with N-terminus from AE1 crystal structure.    
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substituted for K (R still has a potentially reactive 
amino-group). In SLC4A2 (AE2), M replaces K and is 
thus unlikely to react with DIDS (see  Table 4.1 ). The 
NBCe1 sequence data originally suggested a more 
generalized DIDS-binding motif. However, sequence 
comparison of the entire SLC4 family, DIDS-inhibition 
data and mutagenisis (e.g. as in  Lu and Boron, 2007 ) 
will be necessary for identification of which, if any, 
of these residues are modified to result in transport 
inhibition.   

    B .       The Na  �   Independent Cl  �  /HCO 3   �   (Anion) 
Exchangers 

 There   are three identified anion exchangers  –  AE1, 
AE2 and AE3 (SLC4A1, SLC4A2 and SLC4A3, respec-
tively, see  Fig. 4.1 ). As previously noted, ions and 
solutes do not typically  ‘  ‘ diffuse ’  ’  across the plasma 
membrane of cells. A  ‘  ‘ pathway ’  ’ , in our case a trans-
porter, is needed for these ions and solutes to cross the 
hydrophobic membrane barrier. AE1-3 mediate the 
electroneutral exchange of one monovalent anion for 
another across the plasma membrane. As discussed 
in section III electroneutral transport means that the 
transporter does  not  make direct use of the energy 
derived from the potential difference ( V  m ) across the 
membrane in which the transporter is present. 

 AE1  -3 prefer Cl  �   and HCO 3   �   as substrates, 
although the AEs can also transport OH  �  , and AE1 
can cotransport SO 4  2 �   plus H  �   in exchange for 
Cl  �  , although at a very low rate ( Jennings, 1976 ). 
Physiologically, the important transport activity is 
Cl  �   exchange for HCO 3   �  , with only the transmem-
brane chemical gradients of the two ions determining 

the net transport direction. In most cells, there is 
an inward chemical gradient for Cl  �   which domi-
nates, which in turn drives exchange for intracellular 
HCO 3   �  . Disulfonic stilbenes (SITS, DIDS) inhibit all 
of the transport activity of all three AEs (see section 
V.A.3). The AE literature has been reviewed in detail 
by Alper ( Alper et al., 2002 ) and the SLC4 family has 
also been recently reviewed ( Pushkin and Kurtz, 2006 ; 
 Romero et al., 2004 ). 

    1 .      AE1 (SLC4A1, Band 3) 

 The   Cl/HCO 3 � exchanger of erythrocytes (Band 3, 
AE1, SLC4A1) was one of the first transporters physi-
ologically identified and characterized. It was one of 
the first transporters of any type to be cloned ( Kopito 
and Lodish, 1985 ). AE1 is the founding Slc4 family 
member, and accordingly is also one of the most inten-
sively investigated Slc4 proteins. 

     Band 3 (AE1) accounts for  � 25% of red blood cells 
(RBC), making it the most abundant RBC membrane 
protein. In 1985, Kopito and Lodish cloned murine 
AE1 ( Kopito and Lodish, 1985 ), allowing the homol-
ogy cloning of AE2 and AE3. Human AE1 is 911 amino 
acids. Zhang and Low purified and crystallized the 
cytoplasmic N-terminus of AE1 ( Zhang et al., 2000 ). 
Zhu and Casey have modeled the AE1, cytoplasmic 
N-terminus (404 amino acids long) as an anchorage 
site for several proteins, including components of the 
cytoskeleton, some glycolytic enzymes, and hemoglo-
bin ( Zhu et al., 2003 ). As mentioned above, it has been 
demonstrated that Zhang’s structure is a also a good 
model for NBCe1. These recent structure-function 
analyses indicate that the Zhang and Low model for 
the AE1 N-terminus accurately describe the structures 

 TABLE 4.1            The three cognate sequences of the ‘DIDS-binding motifs’ in 
human SLC4 members. The consensus ‘DIDS-binding motifs’ (see Fig 4.2) are 

indicated at the top of each column. As indicated in the text while there are three 
consensus motifs, only one site in each SLC4 protein seems to actually interact 
with the stilbenes such as DIDS. Which site binds needs to be determined clone 

by clone and has only been definitively shown for AE1 and NBCe1.

   Clone  KMIK  K-(Z)-FK  k-(Y)(X)-K 

   SLC4A1 (AE1)   539 KLIK   589 RKFK   695 KMVK 

   SLC4A2 (AE2)   841 KLVK   918 RKFK   1024 MLQK 

   SLC4A3 (AE3)   842 KLYK   911 RKFR   1017 RLLK 

   SLC4A4 (NBCe1-A)   558 KMIK   667 KKFK   768 KLKK 

   SLC4A5 (NBCe2-D)   655 KMIG   762 KKFK   863 KLKK 

   SLC4A7 (NBCn1)   742 KLFD   843 KQFK   944 KLKK 

   SLC4A8 (NDCBE)   612 KLIH   713 KTFK   814 KLKK 

   SLC4A9 (AE4)   511 KMLN   608 KCVK   709 RLQK 

   SLC4A10 (NCBE)   613 KLFE   714 KQFK   815 KLKK 

   SLC4A11 (NaBC1)   509 GTVK   592 YQFK   689 RLVK 

V .    SLC4 ANION EXCHANGERS AND COTRANSPORTERS
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of most SLC4 N-termini endowed with HCO3
� trans-

port capacity (Chang et al., 2008). 
 The   transmembrane domain of human AE1 is 

 � 475 amino acids ( Zhu et al., 2003 ), and encodes the 
anion-exchange function of the protein ( Groves et al., 
1996 ;  Groves and Tanner, 1995 ). The C-terminus of 
human AE1 (40 aa) is cytoplasmic and can bind car-
bonic anhydrase II (CA-II) ( Vince and Reithmeier, 
1998 ). 

 In   erythrocytes, AE1 is the key transporter to move 
CO 2  from the systemic tissues to the lungs. Cellular 
metabolism generates CO 2 , which moves from mito-
chondria to the blood plasma and then this same CO 2  
enters the erythrocyte or RBC ( Fig. 4.3   ). CA-II then con-
verts CO 2  and H 2 O into HCO 3   �   and H  �  . AE1 disposes 
of the newly generated HCO 3   �   by exchanging it for 
Cl  �   . In this process, de-oxygenated hemoglobin (that 
has higher H  �   affinity than oxygenated hemoglobin) 
then binds and buffers the resulting H  �  . These simul-
taneous processes permit the RBC to take up additional 
CO 2  (Jacobs – Stewart cycle). This cycle reverses in the 
lungs, i.e. CO 2  is released into the blood for exchange 
into alveoli and ultimate elimination via ventilation. At 
the cell membrane level, CA-II interacts with the AE1 
C-terminus. RBCs also contain high levels of the aqua-
porin 1 water channel ( Preston and Agre, 1991 ), which 
is permeable to CO 2   (Cooper and Boron, 1998 ;  Nakhoul 
et al., 1998 ). This RBC complex (AE1, CA-II, AQP1, and 
hemoglobin) has been called the HCO 3   �   metabolon 
( Sterling et al., 2001 ) and does seem to physiologically 
expedite CO 2  transport. This concept is presently still 
controversial ( Fang et al., 2002 ).                    

 Aside   from RBCs, collecting duct  α  intercalated 
cells of the kidney have the highest AE1 expression. 
These polarized epithelial cells sort AE1 to the baso-
lateral membrane ( van Adelsberg et al., 1993 ) where 
it facilitates the final absorption of HCO 3   �   from the 

forming urine to the blood  . This  ‘  ‘ kidney ’  ’  isoform of 
AE1 results from an alternate promoter, from the ery-
throid mRNA (eAE1), producing an N-terminal vari-
ant (kAE1) missing the first 65 amino acids ( Brosius 
et al., 1989 ;  Sahr et al., 1994 ). Low amounts of AE1 
mRNA are found in the colon ( Papageorgiou et al., 
2001 ) and heart ( Sabolic et al., 1997 ). 

 Since   AE1 is a dominant membrane protein of the 
red cell and it is anchored to its cytoskeleton, many 
AE1 mutations in humans have been identified by 
misshapen RBCs. These naturally occurring mutations 
can alter RBC function as well as HCO 3   �   absorption by 
the renal collecting duct intercalated cells ( Alper, 2002 ; 
 Shayakul and Alper, 2000 ). For example, one deletion 
 Δ 400 – 408 (cytoplasmic N-terminus and beginning of 
transmembrane span 1, see  Fig. 4.2 ) results in a non-
functional transporter. Yet, hetero-dimerization of the 
mutant and wild-type AE1 has function. This mutant 
AE1 protein increases the RBC membrane rigidity and 
may help protect against cerebral malaria. These RBCs 
have also altered shape (Southeast Asian ovalocytosis, 
SAO), but exhibit no clinical pathology. Clinically, the 
altered HCO 3   �   absorption is manifest as a distal renal 
tubular acidosis. 

 Many   mutations throughout AE1 protein result in 
a form of autosomal-dominant hereditary spherocy-
tosis (HS), i.e. increased RBC fragility and hemolytic 
anemia. Renal pathophysiology is not concurrent 
with HS. There are also several AE1 mutations such as 
membrane-spanning domain, R589 mutations ( Bruce 
et al., 1997 ;  Jarolim et al., 1998 ;  Karet et al., 1998 ), 
S613F ( Bruce et al., 1997 ),  Δ V850 ( Bruce et al., 2000 ), 
and an 11-amino-acid cytoplasmic C-terminal, dele-
tion ( Jarolim et al., 1998 ) which result in autosomal-
dominant distal renal tubular acidosis (dRTA) and no 
associated RBC pathology. When functionally tested 
in  Xenopus  oocytes, the AE1-dominant mutations 
show only moderately decreased function. The reces-
sive dRTA-mutation in  Xenopus  oocytes has altered 
plasma membrane trafficking suggesting that this is 
the reason for the renal pathophysiology in the inter-
calated cells. Interestingly, co-expression of glycopho-
rin A, an AE1-binding membrane protein, enables 
the surface delivery of these recessive AE1 muta-
tions ( Tanphaichitr et al., 1998 ;  Young et al., 2000 ). 
Apparently, glycophorin A facilitates RBC trafficking 
of AE1 as well ( Groves and Tanner, 1992 ), explaining 
why RBC pathophysiology is not present in recessive 
dRTA.  

    2 .      AE2 (SLC4A2) 

 Demuth   and coworkers reported a fragment of  ‘  ‘ non-
erythroid ’  ’  band 3 from human kidney and lymphoma 
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 FIGURE 4.3          Model of anion transport in erythrocytes.    
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cells ( Demuth et al., 1986 ). This cDNA was later called 
AE2 when Alper and his group cloned a full-length 
mouse ortholog from kidney ( Alper et al., 1988 ). 

 The   three AEs (AE1, AE2, AE3  –  see below) are 
most similar in their membrane-spanning domains. 
The cytoplasmic N-termini show the largest differ-
ences. Human and mouse AE2 have three alternative 
promoters (a, b, and c) resulting in five isoforms: a, b1, 
b2, c1, and c2 (the presence of c1 and c2 in humans has 
not been not confirmed). Yet, the physiological signifi-
cance of these AE2 isoforms has not been determined. 
AE2 isoforms all have cytoplasmic N-termini that are 
significantly longer than that of AE1 (or AE3). For 
example, the elongated AE2a-N-terminus accounts 
for the increased length (1240 residues) compared to 
human erythrocyte AE1 (911 residues). 

 AE2   also shows the largest tissue distribution of 
the AEs (SLC4A1-A3). AE2 is found at basolateral 
membranes of most epithelial cells. That said, mRNA 
and protein are especially high in gastric parietal cells 
( Stuart-Tilley et al., 1994 ), choroid-plexus epithelial 
cells ( Alper et al., 1994 ), colon surface enterocytes 
( Alper et al., 1999 ), and renal collecting ducts ( Alper 
et al., 1997 ;  Stuart-Tilley et al., 1998 ). In gastric pari-
etal cells, AE2 presumably facilitates HCl secretion 
by exporting some HCO 3   �   into the blood thereby bal-
ancing the H  �   pumped into the lumen of the gastric 
gland. AE2 may similarly aid H  �   secretion in the renal 
thick ascending limb (TAL). That is, by having AE2 in 
parallel with a Na�/H� exchanger, AE2 contributes 
to net NaCl absorption. For epithelial cells, e.g. the 
choroid plexus, this mechanism can be part of the 
transepithelial Na  �   and Cl  �   movement. 

 In   addition to intracellular pH (pH i ) homeosta-
sis, AE2 is involved in cell-volume homeostasis. This 

cell-volume regulation (volume-regulatory increases, 
VRI) is due to the uptake of Cl  �   followed by osmotic 
water movement. When expressed in  Xenopus  oocytes, 
the  36 Cl efflux activity can be increased raising either 
intra-/extra-cellular pH ( Stewart et al., 2002 ); hyper-
tonicity ( Humphreys et al., 1995 ); or NH 4   �   (ammo-
nium, which paradoxically decreases the oocyte 
pH i ) ( Humphreys et al., 1997 ). These pH i  and VRI 
responses seem controlled by the WRETARWIKFEE 
motif ( Romero et al., 1997 ) (which is highly conserved 
in the SLC4 protein family) in the cytoplasmic N-ter-
minus ( Chernova et al., 2003b ;  Stewart et al., 2002 ).  

    3 .      AE3 (SLC4A3) 

 In   1989 Kopito and coworkers cloned a neuronal 
homolog to AE1, which has since been named AE3 
( Kopito et al., 1989 ). There are two AE3 isoforms: 
brain form (bAE3) ( Kopito et al., 1989 ) and cardiac 
form (cAE3) ( Linn et al., 1992 ). This nomenclature is 
historical rather than descriptive, i.e. both isoforms 
may be in brain, heart and other tissues. AE3 is similar 
to AE1 and AE2 in the membrane-spanning domains, 
but differs most significantly at the N-terminus. The 
cytoplasmic N-terminus bAE3, like that of AE2a and 
AE2b, is substantially longer (1232 residues) than AE1. 
AE3 is the dominant AE paralog in excitable tissues: 
brain ( Kopito et al., 1989 ;  Kudrycki et al., 1990 ), heart 
( Linn et al., 1992 ;  Yannoukakos et al., 1994 ), retina 
( Kobayashi et al., 1994 ) and smooth muscle ( Brosius 
et al., 1997 ). AE3 isoform mRNAs are, nevertheless, 
expressed in both renal and gut epithelial cells. 

 AE3   is further activated by increases in pH i  as 
is AE2. Thus, it is likely that AE3 also contributes to 
pH i  regulation by extruding HCO 3   �   in response to an 
intracellular alkali load. The A867D-AE3 polymor-
phism (in 5/6 extracellular loop,  Fig. 4.2 ) is implicated 
in susceptibility to idiopathic generalized epilepsy 
( Sander et al., 2002 ) ( Fig. 4.4   )  . Interestingly, while 
the AE3 knockout mouse appears superficially nor-
mal, this mouse has a decreased seizure threshold 
after exposure to bicuculline, pentylenetetrazole, or 
pilocarpine ( Hentschke et al., 2006 ). This pharmaco-
logic change has been attributed to loss of AE3 in the 
pyramidal cell layer of the hippocampal CA3 region 
( Hentschke et al., 2006 ). The mechanisms underlying 
this increased in seizure susceptibility of AE3-/- mice 
are not understood. The seizure threshold is altered, 
presumably due to loss of CA3 neuron Cl  �  /HCO 3   �   
exchange activity, which may result in increased 
intracellular [HCO 3   �  ] in CA3 pyramidal neurons. 
Hentschke and co-workers hypothesized that HCO 3   �   
could account for this phenotype because GABA A  
receptors are also HCO 3   �   permeable ( Hentschke et al., 
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2006 ). However, [Cl�]i decreased would result in 
enhanced GABAergic inhibition ( Hentschke et al., 
2006 ). Clearly, more research is needed to understand 
the mechanisms by which AE3 is involved in neuronal 
excitability. Interestingly,  ae3  � / �    mice exhibit a lower 
respiratory rate ( Meier et al., 2007 ), apparently due to 
AE3 activity in chemosensory neurons.   

    C .       Na  �   Dependent Anion Transporters  –  
Molecular Entities 

 To   date, all of the molecular entities functionally dem-
onstrated as Na  �   dependent HCO 3   �   transporters are 
members of the SLC4 family (for SLC family descrip tions, 
see  http://www.bioparadigms.org/slc/menu.asp ). 
Thus, these transporters have additional similarity other 
than the obvious transport of Na  �   and HCO 3   �  . The 
amino acids sequence identities among them are higher 
than  � 30%, except BTR1 ( Romero et al., 2004 ). According 
to the hydropathy analysis, all SLC4 family members 
have 10 – 14 transmembrane (TM) segments in between 
N- and C-terminal hydrophilic domains, both of which 
are intracellular. They all have a consensus N-glyco-
sylation site on the third extracellular loop. Despite the 
similarities among them, Na  �   dependent HCO 3   �   trans-
porters differ from each other in several important ways: 
ion specificity, transport direction, and cellular location. 

 Na    �   dependent HCO 3   �   transporters can be placed 
in two major groups: electrogenic and electroneutral. 

There are two known electrogenic Na  �  -HCO 3   �   
cotransporters: NBCe1 (SLC4A4) and NBCe2 
(SLC4A5). The electroneutral Na  �  -HCO 3   �   cotrans-
porters can be subdivided into Cl  �   independent (at 
least NBCn1/SLC4A7) and Cl  �   dependent (NDAE1, 
NDCBE), i.e. Na  �  -driven Cl  �  /HCO 3   �   exchangers. 
First, activity of clones (ion specificity and typical 
transport direction) will be discussed in the order 
indicated above. Next, function and clone assignment 
in various epithelial tissues will be discussed.  

    D .       The Electrogenic Na  �  -HCO 3   �   
Cotransporters 

 There   are two identified electrogenic Na  �  -HCO 3   �   
cotransporters in mammals: NBCe1 (SLC4A4) and 
NBCe2 (NBC4/SLC4A5). There is a third NBCe in 
the invertebrate nervous system, i.e. isolated from 
the squid giant fiber lobe ( Piermarini et al., 2007 ). 
These NBCe proteins cotransport Na  �   and 2 – 3HCO 3   �   
across epithelial membranes or neuronal membranes 
(below  ‘  ‘ 2NBCe ’  ’  designates 1Na  �        �      2HCO 3   �   (Eqs 14 
and 15); and  ‘  ‘ 3NBCe ’  ’  designates 1Na  �        �      3HCO 3   �   
(Eqs 16 and 17). This stoichiometry indicates (based 
on thermodynamics, see section III) that both mem-
brane potential ( V  m ) and the ion gradients (Na  �   
and HCO 3   �  ) determine the electrochemical gradient 
and thus dictate the direction of ion transport (see 
below). 
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 FIGURE 4.5          Renal proximal tubule 
anion transport. Model epithelial cell of the 
proximal tubule (PT). Only SLC4 or SLC26 
anion transporters which appear to be 
dominant for isotonic NaCl (green → red) or 
NaHCO3 (green → light purple) absorption 
are illustrated. Ions are color coded and then 
represented as appropriately colored dots.    
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    1 .      Transport Models     
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  (Eq. 17)      

 Based   on these thermodynamic considerations, 
it is widely held that a 3:1 stoichiometry is needed 
for HCO 3   �   absorption by the renal proximal tubule 
(movement from cell  out to  the blood). Likewise, these 
equations are also used to indicate that a 2:1 stoichi-
ometry would mean Na  �   and HCO 3   �   cotransport 
from the blood  into  the cell.  

    2 .      NBCe1 (SLC4A4) 

 Boron   and Boulpaep, using the perfused renal, 
proximal tubule of the salamander  Ambystoma tigri-
num , were the first to report an activity which they 
call  ‘  ‘ electrogenic Na  �  / HCO 3   �   cotransport ’  ’  ( Boron 
and Boulpaep, 1983 ). This activity was subsequently 
reported in a variety of mammalian tissues, notably 
the renal proximal tubule ( Baum, 1989 ;  Geibel et al., 
1989 ;  Preisig and Alpern, 1989 ) and corneal endothelial 
cells ( Jentsch et al., 1984 ). About 15 years later, Romero 
and colleagues (Boron, Boulpaep and Hediger) using 
an expression-cloning approach, cloned the first 
cDNA encoding an Na  �  -coupled HCO 3   �   transporter, 
 NBC  for Na-Bicarbonate Cotransporter ( Romero et al., 
1997 ). Since that time, other NBCs have been cloned 

and characterized. In the more systematic nomencla-
ture, this initial clone is called  ‘  ‘ aNBCe1-A ’  ’   –   ‘  ‘ a ’  ’  for 
 Ambystoma ,  ‘  ‘ e ’  ’  for electrogenic,  ‘  ‘ 1 ’  ’  to distinguish 
the two NBCe genes, and  ‘  ‘ A ’  ’  for the first gene iso-
form. Alternatively, aNBCe1-A may also be called 
 ‘  ‘ Slc4a4-A ’  ’ . 

 After    Ambystoma  NBCe1-A was cloned, orthologs of 
NBCe1-A were cloned from humans ( Burnham et al., 
1997 ) and rats ( Romero et al., 1998 ). The NBCe1 amino 
acid sequence is 34% identical to members of the AE 
branch ( Fig. 4.1 ). Human SLC4A4      f    gene is located at 
4q21, has 26 exons and spans 450       kb ( Abuladze et al., 
2000 ). Three NBCe1 isoforms have been identified 
(A – C). NBCe1-A/SLC4A4-A (kNBCe1) is the  ‘  ‘ kid-
ney ’  ’  isform and arises from an alternated promoter 
and coding sequence within intron 3 ( Abuladze et al., 
2000 ). NBCe1-B (SLC4A4-B, pNBC) is found in the gut 
(small intestine and pancreas) ( Abuladze et al., 1998 ), 
heart ( Choi et al., 1999 ), eye ( Bok et al., 2001 ;  Li et al., 
2005 ;  Romero, 2001 ;  Romero et al., 2009 ;  Sciortino, 
2001 ;  Sun and Bonanno, 2003 ;  Sun et al., 2000 ;  Vorum 
et al., 2003 ), and lung and epidydimus ( Jensen et al., 
1999 ). NBCe1-B begins with 85 novel, amino acids 
than the first 41 amino acids of NBCe1-A. NBCe1-B is 
the most widespread NBCe1 isoform; reported activ-
ity was found in the pancreas ( Abuladze et al., 1998 ), 
eye ( Romero, 2001 ), and heart ( Choi et al., 1999 ). 
NBCe1-C (SLC4A4-C, rb2NBC1) was cloned from rat 
brain ( Bevensee et al., 2000 ) is identical to NBCe1-
B at the N-terminus but varies at the C-terminus 
(61 unique, C-terminal amino acids due to a 97-base 
pair (bp) deletion before the 3 	  end of the A/B open 
reading frame. NBCe1-B and NBCe1-C isoforms have 
similar physiology to NBCe1-A: voltage dependent 
( Sciortino and Romero, 1999 ), require and transport 
Na  �   ( Sciortino and Romero, 1999 ), require and trans-
port HCO 3   �   ( Grichtchenko et al., 2000 ;  Sciortino and 
Romero, 1999 ) and are blocked by stilbene compounds 
( Abuladze et al., 1998 ;  Bevensee et al., 2000 ;  Burnham 
et al., 1997 ;  Choi et al., 1999 ;  Grichtchenko et al., 2000 ; 
 M ü ller-Berger et al., 1998 ;        Romero et al., 1998, 1997 ; 
 Sciortino and Romero, 1999 ). NBCe1-B seems to have 
a lower bicarbonate transport capacity ( Tatishchev 
et al., 2003 ) which is reversed by co-expression of IRBIT, 
an inositol 1,4,5- tris -phosphate receptor-binding pro-
tein ( Shirakabe et al., 2006 ). The N-terminal interaction 
with IRBIT results in NBCe1-A-like activity. The novel 
C-terminus of NBCe1-C seems to reduce transport due 

   f  All capital letters are used to designate a human clone (e.g. 
SLC4A4) whereas Slc4a4 would designate another species NBCe1 
ortholog.   
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to decrease plasma membrane expression ( McAlear 
et al., 2006 ). 

 Mutations   of human NBCe1 (SLC4A4; OMIM 
#603345) cause a severe proximal renal tubular acido-
sis combined with bilateral glaucoma ( Demirci et al., 
2006 ;  Dinour et al., 2004 ;            Igarashi et al., 1999, 2001, 
2000, 2002 ;  Inatomi et al., 2004 ) and dental malforma-
tion ( Dinour et al., 2004 ). When  nbce1  is knocked out 
in mice, several acidosis and dental malformations are 
maintained, although the mice are hypotensive and 
die early of gut malabsorption ( Gawenis et al., 2007 ). 
This particular study is yet another illustration that 
the  ‘  ‘ mouse disease ’  ’  does not always recapitulate the 
human pathophysiology. 

 The   ocular pathophysiology resulting from reces-
sive NBCe1 mutations is more complicated to under-
stand than the resulting metabolic acidosis. Igarashi 
and colleagues have hypothesized that inactivation or 
decreased activity of NBCe1 could increase the HCO 3   �   
concentration in the corneal stroma thus increasing 
pH ( Igarashi et al., 2002 ). The elevated pH and CO 3  2 �   
concentration would facilitate Ca 2 �   and Mg 2 �   depo-
sition and precipitation in the Bowman membrane, 
leading to band keratopathy. NBCe1 inactivation 
could also disrupt homeostasis of the lens by affecting 
this active transport, resulting in cataract formation. 
These same investigators speculated that NBCel inac-
tivation could alter the contractile properties of the 
human trabecular meshwork cells leading to increased 
resistance to aqueous humor outflow ( Igarashi et al., 
2002 ). It is noteworthy that fluid transport through the 
human trabecular meshwork differs from that found 
in rodents. The patient with the homozygous Q29X 
nonsense mutation has pRTA and glaucoma without 
band keratopathy or cataracts ( Igarashi et al., 2001 ). 
This indicates that the NBCe1-A isoform is causative, 
and that the corneal phenotype (human corneal endo-
thelia) is likely dictated by NBCe1-B.  

    3 .      NBCe2 (SLC4A5) 

 A   second electrogenic Na  �  -HCO 3   �   cotransporter 
(NBC4/NBCe2/SLC4A5) was cloned from human 
heart ( Pushkin et al., 2000a ). NBCe2 and NBCe1 
are  � 53% identical, while NBCe2 is  � 29% identical 
to the AE family ( Fig. 4.1 ). There are six NBCe2 iso-
forms (SLC4A5A-F) reported (       Pushkin et al., 2000a, 
2000b ;  Virkki et al., 2002 ;  Xu et al., 2003 ). Sassani and 
co-workers ( Sassani et al., 2002 ) and Virkki and col-
leagues ( Virkki et al., 2002 ) have characterized NBC4c 
as electrogenic, Na  �   and HCO 3   �   dependent and DIDS 
inhibitable. Whereas, Xu et al. have reported that 
NBC4e is an electroneutral Na  �  -HCO 3   �   cotransporter 
( Xu et al., 2003 ). The NBCe2 protein nomenclature is 

confusing because several isoforms seem to be from 
incompletely spliced pre-mRNA ( Virkki et al., 2002 ). 
Like other Slc4 proteins, NBCe2 is  � 1000 amino acids 
and likely has 12 membrane-spanning domains ( Fig. 
4.2 ). NBCe2 is located at the 2p13 human gene locus. 
SLC4A5-C isoform display similar electrogenicity and 
stoichiometry as NBCe1 ( Sassani et al., 2002 ;  Virkki et 
al., 2002 ) with the exception that SLC4A5-E isoform is 
characterized as electroneutral ( Xu et al., 2003 ) (mean-
ing  no  voltage dependence). NBCe2 mRNA is most 
abundant in liver, testes, and spleen, while lesser 
amounts are in heart, lung, and kidney ( Pushkin et 
al., 2000a ). There is also detected NBCe2-C mRNA in 
brain, pancreas, muscle, and peripheral blood leuko-
cytes ( Sassani et al., 2002 ). NBCe2-C (NBC4c) protein 
has been localized to basolateral membrane in hepato-
cytes, the apical membrane in intrahepatic bile ducts 
and the apical membrane of renal-pelvis uroepithelial 
cells ( Abuladze et al., 2004 ).   

    E .       The Electroneutral Na  �  -coupled HCO 3   �   
Cotransporters 

 The   second major branch of Na  �  -HCO 3   �   cotrans-
porters in the SLC4 family are electroneutral proteins 
( Fig. 4.1 ). The electroneutral Na  �  -HCO 3   �   cotrans-
porters can be subdivided into Cl  �   independent (e.g. 
NBCn1/SLC4A7) and Cl  �   dependent (e.g. NDAE1, 
NDCBE/SLC4A8), also known as Na  �  -driven Cl  �    /
      HCO 3   �   exchangers. The Cl  �   independent NBCn’s are 
characterized by a 1Na  �  :1HCO 3   �   transport stoichiom-
etry. The Cl  �   dependent electroneutral Na  �  -HCO 3   �   
cotransporters move no net charge but appear to 
cotransport 1 Na  �   and 2 HCO 3   �   in exchange for 1 Cl  �   
(see Eqs 8 and 9). Some SLC4 family members have 
a controversial function (see section V.G). Of interest 
is that these Slc4 proteins with controversial function 
all group with the Na  �   dependent part of the Slc4 tree 
( Fig. 4.1 ). 

    1 .      NBCn1 (SLC4A7) 

 The   SLCA4A7 gene is located at 3p22 human gene 
locus and corresponding cDNA were originally iso-
lated from cardiac, skeletal, and smooth muscles ( Choi 
et al., 2000 ). They are  � 55% identical to the NBCe’s and 
33 – 43% identical to the AEs. So far, there have been 4 
NBCn1 isoforms (SLC4A7A-D) reported. Choi and 
co-workers cloned out three rat isoforms from smooth 
muscle and demonstrated that SLC4A7 functions as 
an electroneutral NBC, NBCn1 ( Choi et al., 2000 ). The 
first reported SLC4A7 (NBCn1-D) was called NBC3 
because the experiments did not test electrogenicity 
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( Pushkin et al., 1999 ). Choi et al. pointed out that the 
NBCn1-B isoform has a putative PDZ-binding motif 
in the C-terminius ( Choi et al., 2000 ). Unlike most of 
other Slc4 proteins, the human NBCn1-D isoform is 
not inhibited by stilbenes but rather sensitive to ethy-
liso-propyl amiloride (EIPA) ( Pushkin et al., 1999 ). Rat 
NBCn1-B is slightly DIDS sensitive and EIPA insensi-
tive ( Choi et al., 2000 ;  Park et al., 2002 ). Northern blot 
analysis detected human NBCn1 mRNA only in heart 
and skeletal muscle ( Pushkin et al., 1999 ), while rat 
NBCn1 mRNA was found in spleen and testis with 
lesser amounts in heart, brain, lung, liver and kidney 
but not in skeletal muscle ( Choi et al., 2000 ).   

    F .      The Na  �  -coupled Cl  �  /HCO 3   �   Exchangers 

 The   Na  �  -coupled Cl  �  /HCO 3   �   exchangers are the 
third branch in the SLC4 gene family. Their transport 
activity is equivalent to the electroneutral exchange of 
NaHCO 3  for HCl or more likely Na(HCO 3 )  2   �   exchange 
for Cl  �   ( Grichtchenko et al., 2001 ) (see Eqs 8 and 9). 

    1 .      NDAE1 (Drosophila SLC4) 

 The   first cDNA encoding an Na  �  -driven Cl  �  /
HCO 3   �   exchanger was cloned from  Drosophila mela-
nogaster  and was functionally characterized as a Na  �  -
driven anion exchanger (NDAE1) ( Romero et al., 
2000 ). The NDAE1 gene is found on  Drosophila  chro-
mosome 2 in the 54A region. NDAE1 encodes a 1030 
amino acid, a protein of  � 115       kDa, comprising mul-
tiple putative membrane-spanning domains, and 
has both sequence homology and predicted mem-
brane topology similar to both the AEs and NBCs 
( Fig. 4.2 ). Functionally, when NDAE1 is expressed in 
 Xenopus  oocytes, this membrane protein mediates the 
transport of Cl  �  , Na  �  , H  �  , and HCO 3   �  . Interestingly, 
OH  �   seems to substitute for at the HCO 3   �   site(s) in 
NDAE1. NDAE1 mediated transport is blocked by 
DIDS and has a leak current ( � one charge per 1000 
turnovers;  Romero et al., 2000 ). NDAE1 is expressed 
throughout  Drosophila  development in the central 
and peripheral nervous systems, sensilla, and the ali-
mentary tract (Malpighian tubules, gut, and salivary 
glands) which initially suggested that a  ‘  ‘ mammalian 
NDAE1 ’  ’  would be responsible for the Na  �   depen-
dent Cl  �  /HCO 3   �   exchange activity characterized in 
mammalian neurons, kidney, and fibroblasts ( Sciortino 
et al., 2001 ). Subsequently, NDCBE was identified as 
a mammalian Na  �  -driven Cl  �  /HCO 3   �   exchanger (see 
below). NDAE1 is one of two SLC4 genes in  Diptera  
(flies and mosquitos) ( Romero et al., 2000 ), this gene 
does not have a direct ortholog in mammals.  

    2 .      NDCBE (SLC4A8) 

 The   Na  �  -Driven Chloride/Bicarbonate Exchanger 
(NDCBE) was the first key transporter shown to 
regulate intracellular pH in squid axons ( Boron and 
De Weer, 1976 ;  Boron and Russell, 1983 ;  Russell and 
Boron, 1976 ), snail neurons (         Thomas, 1976a, 1976b, 
1977 ), and barnacle muscle ( Boron, 1977 ). Human 
NDCBE (SLC4A8) maps to chromosome 12q13 and 
encodes 1044 amino acids ( Grichtchenko et al., 2001 ). 
NDCBE cloned from human brain has higher identity 
to NBC transporters ( Fig. 4.1 ;  � 50% to NBCe1-A from 
salamander, rat and humans;  � 73% NBCn1; 71% to 
mouse NCBE, and 47% to  Drosophila  NDAE1) than 
Na  �   independent Cl  �  /HCO 3   �   exchangers (e.g. 34% 
to AE2). Human NDCBE mRNA showed a strong 
 � 12       kb band in all major regions of human brain 
and in testis with lesser signal in kidney and ovary 
( Grichtchenko et al., 2001 ). NDCBE is an electroneu-
tral transporter and normally mediates the uptake 
of 1 Na  �   and 2 HCO 3   �   in exchange for 1 Cl  �   (Eqs 9 
and 10,  Fig. 4.4 ). Unlike NDAE1, NDCBE displays an 
absolute dependence on Na  �  , HCO 3   �   and Cl  �   , and is 
inhibited by DIDS ( Grichtchenko et al., 2001 ). Wang 
and colleagues subsequently cloned mouse NDCBE 
(kNBC3, 1089 amino acids) ( Wang et al., 2001 ) but 
Cl  �   dependence was not tested. Recently, an Na  �  -
driven Cl  �  /HCO 3   �   exchanger from squid giant fiber 
lobe was also cloned and characterized to be NDCBE 
ortholog using  Xenopus  oocytes expression system 
( Virkki et al., 2003 ).  

    3 .      NCBE (SLC4A10)  –  NBCn2? 

 In   2000, a novel SLC4 clone, Na  �  -Cl  �  /Bicarbonate 
Exchanger (designated NCBE), was reported from the 
mouse insulin-secreting cell line MIN6 cDNA library 
( Wang et al., 2000 ). The NCBE protein consists of 1088 
amino acids. NCBE mRNA is expressed at high levels 
in the brain and low levels in the pituitary, testis, kid-
ney, and ileum. Functional analyses of the NCBE pro-
tein expressed in  Xenopus laevis  oocytes and HEK293 
cells demonstrate that it transports extracellular Na  �   
and HCO 3   �   into cells in exchange for intracellular 
Cl  �   and H  �  . Recently, human ortholog consisting of 
two splice variants, NCBE-A and NCBE-B, have been 
identified ( Choi et al., 2002 ). These preliminary stud-
ies indicated that human NCBE-B, in which 30 amino 
acids are inserted in the cytoplasmic C-terminus, as 
expressed in  Xenopus  oocytes, is sensitive to DIDS and 
has absolute requirements for Na  �   and HCO 3   �   but 
appears not to require Cl  �   ( Choi et al., 2002 ). 

 The   function of SLC4A10 (NCBE) has been revis-
ited. Parker and co-workers used  Xenopus  oocytes 
to compare NCBE function to other SLC4 proteins 
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( Parker et al., 2008 ). The major difference in these 
experiments was that the investigators also moni-
tored surface Cl� activity in addition to intracellular 
pH. This technique allowed them to detect the initial 
surface transients as part of their transport assay. The 
experimental design consisted of clones that are both 
Cl  �   coupled and not Cl  �   coupled. Their data indi-
cate that activity of NCBE does not elicit a surface Cl  �   
response. However,  36 Cl  �   uptake was higher in these 
NCBE oocytes. At the present time, it seems most 
likely that NCBE’s function is predominantly that of 
an electroneutral NBC (perhaps NBCn2). That said, 
the transporter and channel literature are starting to 
more frequently contain reports of  ‘  ‘ auxiliary ’  ’  func-
tions ( Picollo and Pusch, 2005 ;  Scheel et al., 2005 ).   

    G .       Other SLC4 HCO 3   �   Transporters with 
Controversial Function 

    1 .      SLC4A9 (AE4 or NBCn3?) 

 A   novel NBC-like cDNA was cloned from  α -
intercalated cells in rabbit kidney by Tsuganezawa 
( Tsuganezawa et al., 2001 ). The cDNA is more closely 
related to the Na  �  -coupled HCO 3   �   transporters 
than to the Cl  �  /HCO 3   �   exchanger. However, when 
expressed in Cos-7 cells, AE4 appears to behave as a 
Na  �  -dependent Cl  �  /HCO 3   �   exchanger. Following the 
cloning cDNA of AE4 in rabbit kidney, a human ver-
sion of AE4 was cloned by Lipovich et al. ( Lipovich 
et al., 2001 ) and by Parker et al. ( Parker et al., 2001 ). 
The AE4 gene maps to chromosome 5q23-31 and 
encodes a 104       kDa protein expressed mainly in the kid-
ney. Human AE4 shares 84% identity with reported 
rabbit AE4. Functional studies in oocytes indicated that 
rabbit AE4 mediate a modest level of sodium indepen-
dent and DIDS insensitive  36 Cl  �   uptake ( Tsuganezawa 
et al., 2001 ). Ko et al. ( Ko et al., 2002a ) cloned and 
localized rat AE4 in the renal cortical collecting duct. 
Expression rat AE4 in HEK-293 and LLC-PK1 cells 
showed that AE4 is targeted to the plasma membrane. 
Measurement of intracellular pH revealed that AE4 
indeed functions as a Cl  �  /HCO 3   �   exchanger. However, 
surprisingly, AE4 activity was inhibited by DIDS. 

 In   the small intestine, AE4 is immunolocalized to 
the apical membranes of surface cells in both mouse 
and rabbit stomach and duodenum. Functional stud-
ies in oocytes indicated that AE4 functions as a Cl  �  -
HCO 3   �   exchanger. These data indicate that AE4 is an 
apical Cl  �  -HCO 3   �   exchanger in gastric mucous cells 
and duodenal villus cells. Based on its function and 
location we propose that AE4 may play an important 
role in mucosal protection ( Xu et al., 2003 ). 

 Preliminary   experiments from Boron’s group 
( Parker et al., 2002 ), however, indicate that Na  �   rather 
than Cl  �   is coupled to HCO 3   �   transport. Perhaps this 
means that AE4 is actually  ‘  ‘ NBCn3 ’  ’ . Once again, the 
apparently  ‘  ‘ simple ’  ’  issue of Cl  �   transport (coupling) 
or not is still not defined. While this distinction has 
impact for the kidney  α -intercalated cells, Slc4a9’s 
(AE4 or NBCn3) presence or role in the CNS is not 
defined. As implied for SLC4A10, other cellular fac-
tors may be able to account for the apparently diver-
gent functions. Nevertheless, to date no such factor has 
been identified, keeping this hypothesis as speculation.   

    H .       SLC4 HCO 3   �   Transporters and CNS 
Function 

 HCO   3   �   transporters have two major functions: 
transport of the HCO 3   �   anion and H  �   buffering by 
HCO 3   �  .  Figure 4.4  illustrates which SLC4 trans-
porters are involved in H  �   buffering (AE3, NBCe1 
and NDCBE) in hippocampal pyramidal neurons. 
Recently, NBCn1 was also found to be present in hip-
pocampal neurons ( Cooper et al., 2005 ).  Figure 4.6    
develops these complementary functions more fully 
for the case of CNS synapses. One of the major con-
trols in neuronal cells is the ability to change mem-
brane potential ( V  m ). Why is this  V  m  control a key 
factor? As discussed above, the direction of Na  �   and 
HCO 3   �   transport by NBCe1 is  V  m  dependent. That 
is, if  V  m  is more negative than  � 60       mV, then Na  �   and 
HCO 3   �   (via NBCe1) will move  out of  the cell. On the 
other hand, if  V  m  is more positive than  � 40       mV, then 
Na  �   and HCO 3   �   (via NBCe1) will move  into  the cell. 
Why do we care? This directionality of transport will 
either move additional HCO 3   �   buffer into the cell or 
additional HCO 3   �   buffer into the extracellular space 
(       Grichtchenko and Chesler, 1994a, b ;  Huang et al., 
1995 ). Both of these processes can also change pH, 
which in turn can alter GABA A -receptor anion chan-
nel activity (       Chen and Chesler, 1990, 1992 ;          Kaila et al., 
1992, 1989b, 1993 ;  Mason et al., 1990 ). To further com-
plicate this cellular coupling, GABA A -anion channels 
are permeable to HCO 3   �   ( Chen and Chesler, 1990 ; 
         Kaila et al., 1989a, b, 1993 ) as discussed in Chapter 5. 

 Cellular   buffering has been shown to increase met-
abolic substrate uptake ( Becker et al., 2004 ;  Becker and 
Deitmer, 2004 ;  Deitmer, 2000 ), e.g. lactate. As indi-
cated above,  V  m  changes alter the direction of NBCe1 
transport, which in turn alter the amount of monocar-
boxylates (MC  �  ) which can enter the cell presumably 
by MCT1 ( Becker et al., 2004 ;  Becker and Deitmer, 
2004 ) ( Fig. 4.6 ). The Na  �  -HCO 3   �    influx  also increases 
the cellular buffering which prevents intracellular pH 
changes with MC  �   influx ( Becker and Deitmer, 2004 ). 
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 The   neuronal cellular physiology is further com-
plicated by the presence of carbonic anhydrases, in 
particular carbonic anhydrase II (CA-II). As has been 
reported with the AEs ( Sterling et al., 2001 ), coexpres-
sion of CA-II with NBCe1 causes an increase in NBCe1 
activity ( Becker and Deitmer, 2007 ). CA-II also seems 
to have a non-enzymatic role in  ‘  ‘ H  �   shuttling ’  ’  which 
can increase the activity of MCT1 ( Becker and Deitmer, 
2008 ). Expression of the Na  �  /H  �  /glutamine (Gln) 
transporter SNAT3 in  Xenopus  oocytes elicits a Na  �   or 
H  �   conductance ( Schneider et al., 2007 ). When these 
cells are coinjected with CA-II and exposed to Gln in 
a CO 2 /HCO 3   �   buffer, the cation conductance is sup-
pressed ( Weise et al., 2007 ). Furthermore, coexpression 
of NBCe1 and SNAT3 increased H  �  -coupled Gln trans-
port by SNAT3 in a CO 2 /HCO 3   �   buffer ( Wendel et al., 
2008 ). Again, this system is made yet more complex 
by the neuron’s ability to change  V  m , which not only 
would alter the magnitude of HCO 3   �  , H  �   and Gln 
flux, but also the direction of the flux ( Fig. 4.6 ). This 
 ‘  ‘ metabolon ’  ’  consisting of transporters and enzymes 
can thus meet the dynamic changes of the CNS.  

    I .       Outlook and Pharmaceutical Considerations  –  
SLC4 Transporters 

 As   discussed in this chapter, SLC4 HCO 3   �   trans-
porters are crucial to many key physiological pro-
cesses. It is attractive to speculate that AE1 and AE2 
as pharmacologic targets would aid in the control of 
distal renal tubular acidosis (metabolic). That said, 
the HCO 3   �   buffer titrations that these proteins par-
ticipate in result in a somewhat minor acidosis. As 
noted, NBCe1 (SLC4A4) defects result in a severe 
 proximal  renal tubular acidosis (blood pH less than 7.1 
and blood [HCO 3   �  ] of 3 – 12       mM). Since the proximal 
tubule handles the bulk of salt and water absorption, 
it would seem that only minor adjustments in NBCe1 
activity should have a more pronounced effect on sys-
temic acid – base balance than alteration of AE1 or AE2 
activity. Perhaps more important though is that con-
trolling NBCe1 function might be significant in con-
trolling some and perhaps most forms of glaucoma (a 
neuropathy associated with increased ocular pressure 
which can lead to irreversible blindness). 
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 FIGURE 4.6          Slc4 transporters and CNS synapses. Synaptic transmission is complex. Slc4 HCO 3   �   transporters appear to fulfill two major 
roles at these CNS cell – cell interphases: H  �   buffering and anion transport. A simplified schematic of two HCO 3   �   transporters known to be in 
neurons and astrocytes (NBCe1 – purple and NDCBE – dark green), illustrates one model of transmission. Buffering can facilitate transport of 
monocarboxylate substrates (e.g. lactate, Lac  �  ) needed for the TCA (Krebs) cycle. The buffering of the extracellular space at the nerve terminal 
can also affect the activation of GABA A -receptor channels and subsequent uptake of both Cl  �   and HCO 3   �  . The activity of these GABA A -anion 
channels in turn can alter the membrane potential of the neurons. As discussed in the NBCe sections, the direction of NBCe1 mediated Na  �  /
HCO 3   �   cotransport is voltage dependent. Consequently, at more hyperpolarized potentials NBCe1 will bring Na  �   and HCO 3   �    into the cell , and 
at relatively depolarized potentials (more positive than  � 40       mV) NBCe1 remove Na  �   and HCO 3   �    from the cell .    
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 NBCe2   (SLC4A5) seems to be the dominant HCO 3   �   
transporter at the basolateral membrane of hepa-
tocytes as well as the apical membranes of intrahe-
patic bile ducts and uroepithelial of the renal pelvis. 
Activators of NBCe2 might prove useful augmenters 
of hepatobiliary function, particularly in the solubili-
zation of fat and drug detoxification. NBCe2 is found 
in the testis and NBCe1 is found in the epidydimus 
and prostate. Thus, it is also possible that local tar-
geting of these NBCe proteins could alter the critical, 
nurturing environment for sperm and result in a quite 
effective male contraceptive. 

 In   the CNS, there appear to be three major Slc4 
HCO 3   �   transporters ( Fig. 4.4 ): AE3 (Slc4a3), NBCe1 
(SLC4A4) and NDCBE (Slc4a8). As indicated in  Fig. 
4.4  (CA1 neuron), these HCO 3   �   transporters can be 
grouped into  ‘  ‘ acid loaders ’  ’  ( export  HCO 3   �   ions) or 
 ‘  ‘ acid extruders ’  ’  ( import  HCO 3   �   ions). Additionally, 
lack of  ‘  ‘ Cl  �   loading ’  ’  due to AE3 activity is associ-
ated with idiopathic epilepsy ( Sander et al., 2002 ) 
and altered seizure threshold ( Hentschke et al., 2006 ). 
Presumably, if AE3 and NDCBE are found in the same 
cells, their functions could oppose one another in 
terms of acid – base balance as well as intra- and extra-
cellular Cl  �   balance. It is attractive to speculate that 
NDCBE antagonism could counteract some of these 
seizure phenotypes. 

 Clearly  , physiology and pathophysiology are usu-
ally not controlled by one protein. Future experiments 
to better understand transport mechanisms, transport 
regulation and protein interactions will need to pre-
cede development of any therapeutics. It will also be 
increasingly important to have detailed clinical assess-
ments of patients identified with mutations and per-
haps even polymorphisms in Slc4 genes and proteins.   

    VI .      SLC26 ANION EXCHANGERS/
TRANSPORTERS/CHANNELS 

    A .      Overview of SLC26 Proteins 

 The   SLC26 anion transporters are a relatively young 
gene family; the first four members were identified in 
the mid-late 1990s, SLC26A5 in 2000, and the rest of 
the gene family emerged in 2002. These proteins are 
not homologous to the SLC4 family, with which they 
share anion specificity and pharmacology. A partial 
list of physiological processes in which SLC26 trans-
porters play critical roles includes skeletal develop-
ment ( Hastbacka et al., 1994 ), synthesis of thyroid 
hormone ( Everett et al., 1997 ), transepithelial Na  �  /
Cl  �   transport ( Hoglund et al., 1996 ;  Knauf et al., 2001 ; 

 Xie et al., 2002 ) ( Fig. 4.5 ), bicarbonate excretion by the 
distal nephron ( Royaux et al., 2001 ), intestinal oxalate 
secretion ( Jiang et al., 2006 ), bronchial mucus produc-
tion ( Nakagami et al., 2008 ;  Nakao et al., 2008 ), and 
bicarbonate secretion by the exocrine pancreas ( Ko 
et al., 2002c ). Several paralogs are expressed within 
the brain, yet nothing is known about the role of these 
transporters in neurological function. Emphasis here 
is on the physiological role of paralogs that function 
as Cl  �   transporters, in addition to the evolving under-
standing of the functional characteristics and regula-
tion of these important transporters. We also discuss 
the SLC26A5  ‘  ‘ anion sensor ’  ’  prestin, given its expres-
sion in brain and novel functional attributes. 

 SLC26   exchangers transport a number of monova-
lent and divalent anions, including sulfate (SO 4  2 �  ), 
chloride (Cl  �  ), iodide (I  �  ), formate, oxalate, hydroxyl 
ion (OH  �  ), and bicarbonate (HCO 3   �  ) ( Bissig et al., 
1994 ;  Jiang et al., 2002 ;  Karniski et al., 1998 ;  Moseley 
et al., 1999 ;  Satoh et al., 1998 ;  Scott and Karniski, 
2000 ;  Soleimani et al., 2001 ;  Xie et al., 2002 ) ( Fig. 4.7   ). 
Individual paralogs differ significantly in anion speci-
ficity, such that SLC26A6 is capable of transport-
ing all of the substrates above ( Jiang et al., 2002 ;  Xie 
et al., 2002 ). SLC26A4 in turn transports monovalent 
anions such as Cl  �  , I  �  , and formate, but not divalent 
anions such as SO 4  2 �   and oxalate ( Scott and Karniski, 
2000 ;  Scott et al., 1999 ). Several paralogs function in 
Cl  �  /OH  �   and Cl  �  /HCO 3   �   exchange, with increas-
ingly important roles in transepithelial Na  �  , Cl  �   and 
HCO 3   �   cotransport. Where direct comparisons have 
been made, the SLC26 proteins appear to be more 
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potent exchangers of Cl  �   with HCO 3   �   than with OH  �   
( Ko et al., 2002b ;  Wang et al., 2002 ;  Xie et al., 2002 ). 

 A   major, unexpected divergence from the SLC4 
exchangers is that SLC26-dependent Cl  �  /HCO 3   �   
exchange is electrogenic ( Ko et al., 2002b ;  Xie et al., 
2002 ), with differing stoichiometries for individual 
paralogs. SLC26A3, SLC26A4, and SLC26A6 appear 
to exchange 2 HCO 3   �   for 1 Cl  �   anion, yet SLC26A9 
exchanges 1 HCO 3   �   for 2 Cl  �   ( Romero et al., 2006 ; 
 Shcheynikov et al., 2006b ). Furthermore, some SLC26 
paralogs appear to have predominant (SLC26A9) 
( Chang et al., 2009 ;  Dorwart et al., 2007 ;  Romero et al., 
2006 ;  Xu et al., 2008 ) or exclusive (SLC26A7) ( Kim 
et al., 2005 ) channel-like characteristics. This latter 
characteristic is of course highly reminiscent of other 
transporter gene families (e.g. SLC6, the neurotrans-
mitter transporter family;  Carvelli et al., 2004 ;  Chen 
et al., 2004 ). As noted previously (section III), the CLC 
 ‘  ‘ channel ’  ’  family ( Jentsch, 2008 ;        Jentsch et al., 2005, 
2002 ), wherein individual family members function 
as Cl  �   channels and others as electrogenic Cl  �  /H  �   
exchangers (       Accardi et al., 2004, 2005 ;  Accardi and 
Miller, 2004 ;  Jentsch, 2008 ;  Picollo and Pusch, 2005 ; 
 Scheel et al., 2005 ), as discussed in Chapter 12 in this 
volume.  

    B .       Structural Features of SLC26 
 “ Transporters ”  

 One   feature of the SLC26 proteins is the relatively 
low conservation between orthologs in mice and 
humans; the percent amino acid identity ranges from 
a low of 76% (SLC26A8) to a high of 90% (SLC26A9), 
versus the reported median of 86% for mouse and 
human orthologous genes ( Makalowski and Boguski, 
1998 ). The HUGO nomenclature is used herein; 
 ‘  ‘ SLC26A- ’  ’  denotes a human gene/protein,  ‘  ‘ Slc26a- ’  ’  
denotes a rodent ortholog, and where appropriate 
the genes  per se  are written in italics. Although clearly 
homologous, the SLC26 proteins in  Drosophila  and  C. 
elegans  are only 25 – 40% identical to the mammalian 
proteins, such that one cannot in most instances dis-
cern orthologs for the individual mammalian exchang-
ers; perhaps the one exception is SLC26A5/prestin, 
which appears to have identifiable orthologs in these 
genomes. Regardless, several orthologs do begin to 
emerge in genomes from fish and amphibians, e.g. 
in  Danio rerio  (zebrafish) or  Xenopus laevis . All ten of 
the mammalian SLC26 proteins (see  Fig. 4.7 ) predict a 
hydrophobic core, for which the details of membrane 
topology are as yet unknown. However, given that the 
amino- and carboxy-terminal domains of SLC26A3, 
SLC26A5, and SLC26A6 are intracellular ( Dorwart 

et al., 2008 ;  Lohi et al., 2003 ;  Zheng et al., 2001 ), it is 
expected that these proteins span the plasma mem-
brane from 10 to 14 times ( Moseley et al., 1999 ;  Saier 
et al., 1999 ) (see  Fig. 4.8   ). Higher-order structure is 
somewhat controversial, with one paper suggesting 
an oligomeric structure for SLC26A5 ( Zheng et al., 
2006 ) and another indicating that this and other para-
logs function as homomeric dimers ( Detro-Dassen et 
al., 2008 ). Notably, when coexpressed, heterodimeric 
D154N-D342Q prestin exhibits voltage-dependent 
capacitances that differ from the respective homo-
meric mutants, suggesting functional interactions 
between the two homomeric subunits of SLC26 pro-
teins ( Detro-Dassen et al., 2008 ). 

 Much   of the homology between SLC26 exchangers 
is found within the hydrophobic core of transmem-
brane (TM) domains. One region of homology within 
TM1-3 encompasses the 22-amino-acid  ‘  ‘ sulfate trans-
port ’  ’  consensus signature (Prosite, PS01130), which 
was initially defined by the comparison of the first 
mammalian family members with homologs in lower 
organisms ( Fig. 4.7 ). Although not all members of the 
mammalian family conform to the exact consensus 
sequence, this region contains several invariant resi-
dues which are presumably critical for anion trans-
port. There is a second cluster of invariant residues at 
the C-terminal end of the hydrophobic core of the pro-
teins, in a conserved segment defined by Saier et al. 
( Saier et al., 1999 ) (see  Fig. 4.7 ). This region includes 
the triplet -NQE-, residues 417 – 419 of Slc26a2, which 
is conservatively variable only in Slc26a8 (-NQD-). 
Three highly conserved or invariant residues in this 
section, E419, N425, and L483 in Slc26a2, have been 
shown to have functional significance in SHST1, an 
SLC26 homolog from the plant  S. hamata  ( Khurana et al., 
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 FIGURE 4.8          General topology of SLC26 proteins. Hydropathy 
model with C-terminal STAS domain extrapolated from SPOIIA.    
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2000 ). Moreover, two of these invariant residues are 
mutated (N425D and L483P) in patients with a severe 
defect in human SLC26A2, causing achondrogenesis 
type 1B and/or atelosteogenesis type 2; the SLC26A2 
N425D mutant has been shown to be non-functional 
in  Xenopus laevis  oocytes ( Karniski, 2001 ). 

 Structure  -function analysis of transport func-
tion has largely been confined to the plant paralog 
SHT1. The five cysteines of SHT1 are not required 
for activity of this transporter ( Howitt, 2005 ), sug-
gesting that substituted cysteine mutagenesis will be 
a productive avenue for studying the function of this 
and other SLC26 transporters. Detailed mutagenesis 
of the first three TM domains of SHT1 has shown 
that conserved prolines in this region are critically 
important for activity, suggesting a role for proline-
induced kinks in the proper conformation of these TM 
domains ( Shelden et al., 2001 ). Systematic mutagene-
sis of charged residues within or near transmembrane 
domains suggests critical charge interactions between 
residues in TM3, TM6, and TM8, in addition to within 
TM1-3 ( Shelden et al., 2001 ). Subsequent mutation of 
polar residues within TM1-2 suggest that interactions 
between these residues are critical for function ( Leves 
et al., 2008 ). Notably, mutagenesis of this region in 
SLC26A5 reveals marked size-dependent functional 
effects of the substituted residues, suggesting a tight 
packing of the helices in this region ( Rajagopalan et 
al., 2006 ). Therefore, TM1-3 is particularly important 
for the function of all the SLC26 transporters. Notably, 
however, the determinants of anion selectivity and 
the variable stoichiometry of the mammalian SLC26 
transporters are as yet unknown. 

 Many   of the SLC26 proteins end with a class I PDZ 
interaction motif ( Songyang et al., 1997 ) ( Fig. 4.8 ); 
the exceptions include human SLC26A1 (mouse and 
rat Slc26a1 end with S-A-L, a typical class I motif), 
SLC26A2, SLC26A4, SLC26A5, and SLC26A11. These 
C-terminal motifs are dispensable for transport func-
tion in  Xenopus  oocytes ( Alper et al., 2001 ;  Lohi 
et al., 2002b ), but appear to tether SLC26 exchangers 
to regulatory proteins and other transporters, includ-
ing NHE3 and CFTR ( Ahn et al., 2001 ;  Ko et al., 2002b ; 
 Lohi et al., 2003 ). Indeed, the reciprocal-regulation and 
co-association of SLC26A3 and CFTR is attenuated by 
mutation of their C-terminal PDZ interaction motifs 
(see also below) ( Ko et al., 2004 ). 

 The   C-terminal cytoplasmic domain of all ten 
SLC26 proteins includes the STAS (Sulfate Transporter 
and Anti-Sigma) domain ( Fig. 4.8 ), uncovered due to 
the homology between the SLC26 gene family and 
bacterial anti-sigma factor antagonists. The physi-
ological and/or mechanistic roles of the STAS domain 
in the SLC26 exchangers are only just beginning to 

emerge; however, the existence of disease-associated 
mutations in this domain underscore its potential 
importance ( Aravind and Koonin, 2000 ). Structural 
features have been predicted from the NMR analysis 
of the anti-sigma factor SPOIIAA, and include a char-
acteristic  α -helical handle. There is also a highly con-
served loop interspersed between a  β -pleated sheet 
and an  α -helical region, just upstream of the  α -heli-
cal handle. This loop and  β -pleated sheet have been 
proposed to play a role in nucleotide binding and 
hydrolysis, by extension from the known biochemis-
try of the anti-sigma factor antagonists ( Aravind and 
Koonin, 2000 ) ( Fig. 4.8 , inset). The loop is highly con-
served in the ten SLC26 proteins and contains two 
invariant residues, D660 and L667 in the Slc26a2 pro-
tein. The STAS domain also contains a highly variable 
loop just proximal to the  β -pleated sheet and puta-
tive nucleotide binding loop. This variable loop is the 
site of significant insertions in the SLC26 proteins, of 
as much as 150 amino acids in the case of SLC26A8. 
No such insertion is present in bacterial SLC26 homo-
logs, and this loop is also much shorter in SLC26A11 
and in the  Drosophila  and  C. elegans  paralogs; how this 
variable loop contributes to paralog-specific function 
and/or regulation is not known. 

 Deletion   of the STAS domain (including the full 
C-terminus) leads to loss of function in SLC26A3, 
which otherwise tolerates removal of up to  � 40 C-ter-
minal amino acids ( Chernova et al., 2003a ). Random 
mutagenesis of a plant SLC26 sulfate transporter 
revealed two general classes of mutant effects within 
the STAS domain ( Shibagaki and Grossman, 2006 ). 
Mutation within the  β -pleated sheet region tends to 
reduce intracellular accumulation of the protein, sug-
gesting a role in biosynthesis or stability of the pro-
tein. In contrast, mutation of the N-terminal end of 
the  α -helical regions was associated with impaired 
function despite expression at the plasma membrane 
( Shibagaki and Grossman, 2006 ). A more recent study 
of disease-associated mutations in the STAS domain 
of SLC26A3 indicates a predominant effect on biosyn-
thesis, affecting different steps in the folding and/or 
trafficking pathway of the protein ( Shibagaki and 
Grossman, 2006 ). Collectively, these studies indicate 
that the presence, folding, and structure of the STAS 
domain are important for transport function of the 
SLC26 transporters. 

 The   STAS domain has also emerged as a criti-
cal domain for protein – protein interaction ( Ko et al., 
2004 ). Provocative studies by Muallem and coworkers 
have thus revealed a startling intermolecular interac-
tion between the STAS domain of SLC26A3 and the 
R domain of CFTR. As discussed in the section on 
SLC26A6, there is a reciprocal regulatory interaction 
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between these SLC26 exchangers and CFTR. Full func-
tional and biochemical interaction between SLC26A3 
and CFTR requires the C-terminal PDZ interac-
tion motifs ( Ko et al., 2004 ). However, mutants lack-
ing these motifs weakly coassociate when expressed 
at high levels; this interaction occurs via binding 
between the R and STAS domains. Notably, phosphor-
ylation of the R domain in CFTR enhances interaction 
with the STAS domains of SLC26A3 ( Ko et al., 2004 ). 
Finally, SLC26A3 and SLC26A6 activate the chloride 
channel activity of CFTR; this activation requires the 
R domain and can even occur after coexpression with 
the isolated STAS domains ( Ko et al., 2004 ).  

    C .       Transport Properties, Expression and 
Function of SLC26  “ Transporters ”  

    1 .      SLC26A3 (DRA) 

 SLC26A3   was initially identified as a potential 
tumor suppressor that was down-regulated in ade-
noma (hence the alias DRA) and abundant in normal 
colonic mucosa ( Schweinfest et al., 1993 ). Down-
regulation of SLC26A3 in neoplastic cells is attributed 
more to its status as a marker of differentiated colonic 
epithelium than to a role in cellular proliferation 
( Byeon et al., 1996 ;  Silberg et al., 1995 ). Although the 
risk of colonic malignancy in kindreds with mutations 
in  SLC26A3  is not dramatically increased ( Hemminki 
et al., 1998 ), inducible overexpression of the SLC26A3 
protein leads to growth suppression of cultured cell 
lines ( Chapman et al., 2002 ). Targeted deletion of 
murine Slc26a3 also results in abnormal growth of 
intestinal epithelial cells, with a marked expansion 
of the colonic crypt proliferative zone ( Schweinfest 
et al., 2006 ). Therefore, the SLC26A3 protein may 
indeed play a role in the development and/or prolif-
eration of epithelial cells. 

 The   SLC26A3 protein is most similar to SLC26A4, 
with 44% identity and 60% similarity. Reports that 
SLC26A3 transports both SO 4  2 �   and oxalate when 
expressed in  Xenopus  oocytes ( Silberg et al., 1995 ) are 
thus somewhat surprising, given that SLC26A4 trans-
ports only monovalent anions ( Scott and Karniski, 
2000 ). Notably, despite evidence that SO 4  2 �   and oxa-
late transport by SLC26A3 is DIDS sensitive and 
mutually  cis  inhibitory, the absolute values in pmol/
oocyte/hr in these two studies ( Silberg et al., 1995 ) 
are as much as several hundred-fold lower than those 
reported for other members of the family ( Karniski, 
2001 ;  Scott and Karniski, 2000 ;  Scott et al., 1999 ;  Xie 
et al., 2002 ). Furthermore, the reported chloride uptakes 
in SLC26A3-expressing oocytes were only  � two-fold 
higher than background, considerably less than that 

achieved by this (D.B. Mount, unpublished data) and 
other groups ( Chernova et al., 2003a ). 

 The   evidence that SLC26A3 functions as a Cl  �  /base 
exchanger is a good deal more convincing, coming as 
it does from several transport physiology laborato-
ries ( Alper et al., 2001 ;  Ko et al., 2002b ;  Melvin et al., 
1999 ). Indirect evidence that Cl  �  /HCO 3   �   mediated by 
murine Slc26a3 is electroneutral ( Melvin et al., 1999 ) 
appears to have been misleading, since direct mea-
surement unveils significant changes in membrane 
voltage in response to HCO 3   �   and Cl  �   addition or 
removal ( Ko et al., 2002b ). Changes in membrane volt-
age under equivalent conditions are opposite to those 
seen in SLC26A6 oocytes ( Ko et al., 2002b ;  Xie et al., 
2002 ), and the stoichiometries of these two exchangers 
are opposite ( Shcheynikov et al., 2006b ). The relevance 
of this physiology to HCO 3   �   transport is discussed in 
the SLC26A6 section below. 

 SLC26A3   transcript is predominantly expressed in 
the digestive system, where it is particularly abun-
dant in duodenum and colon ( Jacob et al., 2002 ). 
SLC26A3 is expressed at the apical membrane of 
both surface and crypt cells in the colon ( Haila et al., 
2001 ;  Moseley et al., 1999 ;  Rajendran et al., 2000 ). Cl  �  -
base exchange via SLC26A3 functions in transepithe-
lial salt transport by the colon, in collaboration with 
Na  �  -H  �   exchange mediated by NHE3 ( Schultheis 
et al., 1998 ). Targeted deletion of the murine Slc26a3 
gene thus results in reduction in Cl  �  /base exchange 
in colonic apical membrane vesicles, in addition to 
a high-chloride diarrhea ( Schweinfest et al., 2006 ). 
Flux studies reveal that Cl  �   absorption is essentially 
abolished in the small intestine of Slc26a3 knockout 
mice, versus a 20% reduction in mice lacking Slc26a6 
( Walker et al., 2008 ). Recessive loss-of-function muta-
tions in the human  SLC26A3  gene in turn cause severe 
congenital chloride diarrhea, CLD (OMIM: 21470 and 
126650) ( Hoglund et al., 1996 ). The majority of cases 
come from three geographic areas, Finland, Poland, 
and Arabic countries; distinct founder effect muta-
tions have been characterized from all three regions 
( Makela et al., 2002 ). Loss of transport function has 
been reported for several mutations by Moseley 
et al. ( Moseley et al., 1999 ), with the caveats discussed 
above. More recently, Chernova and coworkers and 
Ko and coworkers have demonstrated loss of function 
for selected mutants ( Chernova et al., 2003a ;  Ko et 
al., 2002b ); disease-associated mutations in the STAS 
domain of SLC26A3 appear to cause defects in biosyn-
thesis and/or protein stability ( Dorwart et al., 2008 ). 
Unlike SLC26A2 ( Karniski, 2001 ) and SLC26A4 ( Scott 
et al., 2000 ), a detailed comparison of the multiple 
SLC26A3 mutations reported in CLD ( Makela 
et al., 2002 ) has not been published. However, it seems 
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unlikely that an equivalent phenotypic series will be 
uncovered, since even affected siblings with identi-
cal mutations can have divergent clinical phenotypes 
( Hoglund et al., 2001 ). 

 Down  -regulation of SLC26A3 appears to play 
an important role in acquired diarrhea. Infection of 
human intestinal cells and mice with enteropathogenic 
 E. coli  thus results in marked redistribution of the 
transporter protein away from the apical membrane, 
causing a reduction in apical Cl  �  /base exchange ( Gill 
et al., 2007 ). Similar down-regulation of SLC26A3 
occurs in an animal model of inflammatory bowel dis-
ease and in human ulcerative colitis ( Yang et al., 1998 ). 

 Finally  , SLC26A3 is expressed in the pancreas (see 
below for SLC26A6), eccrine sweat glands ( Haila 
et al., 2000 ), seminal vesicles ( Haila et al., 2000 ), kid-
ney ( Wedenoja et al., 2008 ), and spermatocytes ( Chen 
et al., 2008 ). In the kidney, the protein appears to local-
ize to the apical membrane of non-A/non-B interca-
lated cells ( Wedenoja et al., 2008 ). Patients with CLD 
can develop nephrocalcinosis and mild chronic kidney 
disease; this is due to the lifelong diarrhea, volume 

depletion, and hypochloremic alkalosis associated 
with this disorder, rather than to loss of the renal func-
tion of SLC26A3. Superficially reminiscent of the asso-
ciation of CFTR mutations with congenital absence of 
the vas deferens and male infertility ( Cuppens et al., 
1998 ), male patients with CLD have reduced fertil-
ity ( Hoglund et al., 2006 ). A recent report implicates 
SLC26A3 in the HCO3

� influx that initiates the capaci-
tation of sperm ( Fig. 4.9   ) ( Chen et al., 2008 ). Slc26a8 is 
also highly expressed in sperm, with male infertility 
in the relevant murine knockout mice ( Toure et al., 
2007 ). Notably, however, transport function has yet 
to be convincingly demonstrated for Slc26a8, and this 
murine phenotype appears to involve a defect in fla-
gellar differentiation ( Toure et al., 2007 ), rather than 
sperm capacitation (         Figs 4.9 and 4.10 ).  

    2 .      SLC26A4 (Pendrin) 

 SLC26A4   (Pendrin) was cloned by positional char-
acterization of the gene for Pendred syndrome (OMIM 
#274600) ( Coyle et al., 1996 ;  Sheffield et al., 1996 ), the 
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 FIGURE 4.9          Functional modes of Slc26 anion  ‘  ‘ transporters ’  ’  expressed in  Xenopus  oocytes. Each panel shows an ion-selective microelec-
trode experiment from a single  Xenopus  oocyte. Oocytes were exposed to 5% CO 2 /33       mM HCO 3   �   (pH 7.5) for the indicated period of time. 
Gluconate was the Cl  �   replacement ( ‘  ‘ 0Cl  �   ‘  ‘ ); and choline was the Na  �   replacement ( ‘  ‘ 0Na  �   ’  ’ ). For each panel, the top diagram illustrates the 
transport mode.  A . The Slc26a6 oocyte displays electrogenic Cl  �  / n HCO 3   �   exchange activity ( Xie et al., 2002 ) since Cl  �   removal causes an 
increase of intracellular pH  and  hyperpolarization.  B . The Slc26a7 oocyte does not change intracellular pH with removal of Cl  �   or removal of 
Na  �  , but does show large depolarizations with Cl  �   removal ( ‘  ‘ channel-like ’  ’  activity) ( Kim et al., 2005 ).  C . The Slc26a9 oocyte, like the Slc26a6 
oocyte, shows an intracellular pH increase with Cl  �   removal. However, Slc26a9 (like Slc26a7) depolarizes when Cl  �   is removed. This Slc26a9 
protein has recently been shown to have open and close states measure by patch clamp ( Chang et al., 2009 ).    
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most common hereditary cause of syndromic deafness 
(see Chapter 21). Pendred syndrome is an autosomal 
recessive syndrome comprising sensorineural deafness 
and an enlarged thyroid (goiter), sometimes accom-
panied by hypothyroidism ( Reardon et al., 1999 ). 
Biochemical studies of an involved thyroid suggested 
a defect in organification of iodide in the thyroid, 
without impairment in iodide uptake or TSH signal-
ing ( Sheffield et al., 1996 ); comparable insights into 
the associated deafness were not available prior to the 
cloning of SLC26A4, although patients with Pendred 
syndrome were known to exhibit a dilated vestibular 
aqueduct and/or Mondini dysplasia, a complex abnor-
mality in cochlear structure. The SLC26A4 gene first 
emerged in chromosome 7-specific sequence data from 
the Human Genome Project, and was found to reside 
only 49       kb from the previously identified SLC26A3 
gene ( Everett et al., 1997 ). In a subsequent paper, four 
recurrent mutations in European families with Pendred 
syndrome accounted for 74% of the cases, suggest-
ing multiple founder effects ( Coyle et al., 1998 ). The 
chromosomal localization of Pendred syndrome was 
known to be very close to that of DFNB4, an autoso-
mal recessive form of non-syndromic deafness ( Coyle 
et al., 1996 ); involvement of SLC26A4 in DFNB4 was 
confirmed soon after the initial cloning ( Li et al., 1998 ). 
Many if not all patients with DFNB4 due to mutations 
in SLC26A4 have dilated vestibular aqueducts, as seen 
in Pendred syndrome ( Reardon et al., 2000 ). 

 Mutations   in the SLC26A4 protein that are clini-
cally associated with Pendred syndrome cause com-
plete loss of transport function when studied in 

 Xenopus  oocytes, whereas those exclusively associated 
with DFNB4 have residual transport activity ( Scott 
et al., 2000 ). Although this suggests that the pheno-
type is largely determined by the severity of the defect 
in SLC26A4, other genetic and/or environmental (e.g. 
iodide intake) factors may also play a role ( Masmoudi 
et al., 2000 ;  Taylor et al., 2002 ). There is also consider-
able variation in vestibular phenotype in both humans 
and mice, suggesting other modifying influences on 
the inner ear physiology ( Everett et al., 2001 ). The 
majority of disease-associated mutations in SLC26A4 
appear to cause a processing defect, with failure 
to reach the plasma membrane ( Rotman-Pikielny 
et al., 2002 ;  Taylor et al., 2002 ); however, differences in 
the cellular localization of specific disase-associated 
mutants suggest a heterogeneity of responsible 
mechanisms ( Yoon et al., 2008 ). Notably, several non-
conservative coding SNPs in  ‘  ‘ normal-hearing ’  ’  indi-
viduals occur in highly conserved residues; some but 
not all of these mutations reduce function, emphasiz-
ing the difficulty in predicting the functional effect of 
coding SNPs in this and other membrane transporters 
( Pera et al., 2008 ). 

 Human   SLC26A4 expressed in both  Xenopus  oocytes 
and Sf9 cells mediates Cl  �   and iodide (I  �  ) transport, 
exhibiting mutual  cis -inhibition consistent with Cl  �  /
I  �   exchange ( Scott et al., 1999 ). SLC26A4 appears to be 
selective for monovalent anions, also transporting for-
mate but neither SO 4  2 �   ( Scott et al., 1999 ) nor oxalate 
( Scott and Karniski, 2000 ). Intracellular pH measure-
ments in response to manipulation of bath HCO 3   �   
and/or Cl  �   have demonstrated that SLC26A4 also 
functions as a Cl  �  /base exchanger ( Ko et al., 2002b ; 
 Soleimani et al., 2001 ). However, unlike its close rela-
tive SLC26A3, SLC26A4 appears to mediate  electro-
neutral  Cl  �  /base exchange, i.e. with a stoichiometry of 
1:1 ( Shcheynikov et al., 2008 ); Cl  �  /I  �   exchange is also 
electroneutral, and the exchanger appears to prefer 
I  �   over Cl  �   ( Shcheynikov et al., 2008 ). 

 The   functional characteristics of SLC26A4 corre-
late with its physiological roles in thyroid and kidney, 
two tissues in which this gene is expressed at signifi-
cant levels. SLC26A4 protein is detected at the api-
cal membrane of thyroid follicles, facing the colloid 
lumen ( Pera et al., 2008 ). Iodide is thus taken up at 
the basolateral membrane by the Na  �  -linked I  �   trans-
porter (NIS, SLC5A5) and secreted through SLC26A4 
into the follicular lumen, wherein organification 
occurs. The expression of SLC26A4 in the mammary 
gland ( Rillema and Hill, 2003 ), endometrium, and 
placenta ( Bidart et al., 2000 ) reflects a similar role in 
iodide transport by these tissues. It seems likely that 
SLC26A4 is not the sole efflux pathway for I  �   in the 
thyroid, given that targeted deletion of the murine 
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 FIGURE 4.10          Anion transport and sperm capacitation. 
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Slc26a4 gene does not result in thyroid abnormalities 
( Everett et al., 2001 ). Moreover, the modest I  �   trans-
port exhibited by the mutant SLC26A4 proteins asso-
ciated with DFNB4 is evidently sufficient to maintain 
normal thyroid histology ( Scott et al., 2000 ). Notably, 
within the parotid gland, targeted deletion of murine 
Slc26a4 completely abolishes I  �   secretion; genetic loss 
of Slc26a6 has no effect ( Pera et al., 2008 ). 

 Considerable   excitement was initially generated 
by the observation that SLC26A4 mediates Cl  �  /for-
mate exchange, given possible involvement in tran-
sepithelial Na  �  -Cl  �   transport by the proximal tubule 
(see section VI.C.4). However, expression of SLC26A4 
in the proximal tubule is minimal or absent in several 
species, except perhaps for rat ( Soleimani et al., 2001 ), 
and murine Slc26a4 is quite clearly not involved in 
formate-stimulated Na  �  -Cl  �   transport in this neph-
ron segment ( Karniski et al., 2002 ). There is, how-
ever, robust expression of SLC26A4 in distal type 
B intercalated cells ( Royaux et al., 2001 ), which are 
known to excrete HCO 3   �   via a Cl  �  /HCO 3   �   exchanger 
with functional similarities to SLC26A4 ( Emmons, 
1999 ). Targeted deletion of murine Slc26a4 reduces 
distal HCO 3   �   secretion in alkali-loaded knockout 
mice ( Royaux et al., 2001 ). Along the distal nephron, 
SLC26A4 protein is detectable in both sub-apical ves-
icles and at the apical membrane, within both type B 
and non-A/non-B intercalated cells ( Kim et al., 2002 ; 
 Wall et al., 2003 ); systemic acidosis induces an intracel-
lular shift in type B cells, whereas alkalosis increases 
the proportion of apical staining for SLC26A4 ( Wagner 
et al., 2002 ). 

 Slc26a4   has been shown to be exquisitely sensitive 
to dietary intake and tubular delivery of Cl  �  , sug-
gesting an important role for dysregulation of this 
transporter in salt-sensitive hypertension. Quentin 
and coworkers thus demonstrated that increased Cl  �   
intake decreased Slc26a4 expression in intercalated 
cells ( Quentin et al., 2004 ). In addition, mice lack-
ing Slc26a4 become hypotensive when treated with 
dietary Cl  �   restriction ( Verlander et al., 2003 ). Under 
these same conditions, plasma pH and [HCO 3   �  ] are 
increased while plasma [Cl  �  ] is unchanged com-
pared with the same parameters in wild-type animals. 
Slc26a4-deficient mice do, however, excrete more Cl  �   
and their urinary pH is acidic compared with wild-
type animals. Nevertheless, these differences between 
wild-type and knockout mice are not present in ani-
mals on high-salt diets ( Verlander et al., 2003 ). Slc26a4 
knockout mice are also resistant to mineralocorticoid-
induced hypertension ( Verlander et al., 2003 ). Finally, 
dietary Cl  �   restriction with provision of Na  �  -HCO 3   �   
results in Cl  �   wasting in Slc26a4 knockout mice and 
increased apical expression of Slc26a4 protein in the 

type B intercalated cells of normal littermate controls 
( Verlander et al., 2006 ). 

 As   expected from the phenotype of Pendred syn-
drome, targeted deletion of murine Slc26a4 results in 
profound deafness and variable deficits in vestibu-
lar function ( Everett et al., 2001 ). Slc26a4 transcript is 
expressed throughout the endolymphatic duct and 
sac, suggesting a role in endolymphatic fluid reab-
sorption ( Everett et al., 1999 ). Structural abnormalities 
in the inner ear in Pendred syndrome/DFNB4 had 
been attributed in part to arrested development, and 
the availability of a murine model affords an impor-
tant opportunity to follow changes in inner ear struc-
ture during pre- and post-natal development. The 
inner ear in Slc26a4-null mice is normal until embry-
onic day 15, at which point they begin to develop a 
dilated endolymphatic duct and sac. There is almost 
a complete absence of normal otoconia with frequent 
 ‘  ‘ giant ’  ’  otoconia; the latter are considered a marker 
for biochemically abnormal endolymph in which the 
kinetics of otoconia dissolution and aggregation are 
altered ( Everett et al., 2001 ). In this regard, ultrastruc-
tural characterization of mitochondria-rich endolym-
phatic cells indicates a subtype analogous to type B 
intercalated cells of the distal nephron ( Peters et al., 
2002 ), suggesting that defects in SLC26A4 might be 
associated with marked changes in the pH of endo-
lymphatic fluid. Slc26a4-deficient mice do in fact 
demonstrate an acidic endolymph ( Nakaya et al., 
2007 ;  Wangemann et al., 2007 ). This acidic milieu 
leads to reduced absorption of Ca 2 �   via the acid-sensi-
tive TRPV5 and TRPV6 channels ( Nakaya et al., 2007 ; 
 Wangemann et al., 2007 ); cellular calcium overload 
may lead to the observed cellular degeneration in the 
cochlea of Slc26a4-knockout mice. Associated oxida-
tive stress, possibly generated by extracellular acid-
ity, also leads to reduced expression of the Kcnij10 K  �   
channel in  stria vascularis . Decreased K  �   channel func-
tion in turn leads to a reduction in the endocochlear 
potential and deafness ( Singh and Wangemann, 2008 ), 
as discussed in detail in Chapter 21. 

 Finally  , two provocative, landmark studies recently 
identified a critical role for SLC26A4 in bronchial 
mucus production ( Nakagami et al., 2008 ;  Nakao 
et al., 2008 ). SLC26A4 expression in human primary 
tracheal epithelial cells is thus strongly induced by IL-
13 ( Nakao et al., 2008 ), a Th2-type cytokine with a key 
role in asthma; similar pulmonary induction of Slc26a4 
is detectable in murine models of asthma and chronic 
obstructive pulmonary disease (COPD) ( Kuperman 
et al., 2005 ;  Nakao et al., 2008 ). Slc26a4   knockout mice 
are less prone to allergen-induced airway hyperreac-
tivity and inflammation than control mice ( Nakagami 
et al., 2008 ). Overexpression of SLC26A4 in turn 
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induces expression of MUC5AC, a major component of 
mucus in asthma and COPD, cultured airway epithe-
lial cells and stimulates mucus production in murine 
lungs ( Nakao et al., 2008 ). Furthermore, SLC26A4 
expression is increased almost five-fold during infec-
tion with rhinovirus, the common cold. Collectively, 
these studies identify SLC26A4 as a major pharma-
cological target in COPD, asthma, and respiratory 
infections, major causes of morbidity and mortality.  

    3 .      SLC26A5 (Prestin) 

 The   outer hair cells (OHCs) in the mammalian 
cochlea (inner ear) function as critical amplifiers of the 
auditory signal, as discussed in detail in Chapter 21. 
Striking changes occur in the shape of OHCs in 
response to changes in membrane voltage; depolar-
ization shortens the cell whereas hyperpolarization 
lengthens the cell ( Brownell et al., 1985 ). This somatic 
 ‘  ‘ electromotility ’  ’  is thought to play a critical role in 
active amplification, enhancing detection and discrim-
ination of acoustic frequencies beyond 70       kHz. Several 
lines of evidence supported the existence of a  ‘  ‘ molec-
ular motor ’  ’  in the lateral plasma membrane of OHCs, 
generating changes in the area of the plasma mem-
brane as a function of membrane potential ( Ashmore, 
2008 ). However, the identity of the protein(s) respon-
sible was elusive for the better part of a decade. 

 In   a landmark study published in 2000, Dallos 
and coworkers identified SLC26A5 (or  ‘  ‘ prestin ’  ’ , as 
in  ‘  ‘ presto ’  ’  for fast) as a candidate for the molecular 
motor of OHCs ( Zheng et al., 2000 ). This approach uti-
lized a subtractive cDNA cloning strategy for messages 
enriched in the outer hair cell of the gerbil ear ( Zheng 
et al., 2000 ). Slc26a5 transcripts represented  � 10% of 
clones differentially expressed in inner vs. outer hair 
cell. Although Slc26a5 is highly expressed in the ear, 
transcripts are detected in brain, heart, spleen, and testis 
( Zheng et al., 2003 ); the role of Slc26a5 in these tissues 
is as yet unknown. The protein is expressed at the basal 
and lateral membrane of OHCs but not at the apical 
membrane ( Yu et al., 2006 ), as expected for the molecular 
motor responsible for electromotility ( Ashmore, 2008 ). 

 Sequence   and hydropathy analysis reveals that 
Slc26a5 is similar to other SLC26 proteins. However, 
differences within the conserved hydrophobic regions 
discussed above indicated that Slc26a5 might have 
transport properties that are unique within the SLC26 
family ( Zheng et al., 2000 ). Heterologous expression 
of the transporter in HEK293 cells revealed that the 
transporter has electrophysiological and electromo-
tile behavior consistent with that of the molecular 
structure of OHCs. These investigators thus detected 
a  ‘  ‘ gating current ’  ’  and non-linear capacitance 

(NLC) change in cells transfected with Slc26a5 but 
not SLC26A4. Cells also demonstrated a voltage-
dependent electromotile response; NLC and this elec-
tromotile response were both blocked by 10       mM Na  �  -
salicylate, which blocks these responses in OHCs. In 
another landmark study, Oliver and coworkers dem-
onstrated that this non-linear capacitance change is 
mediated by intracellular halides, especially Cl  �   and 
HCO 3   �   ( Oliver et al., 2001 ). In the absence of Cl  �   and 
HCO 3   �   these charge movements were not present, nor 
were they seen in cells expressing human SLC26A6. 
These capacitance changes were frequency depen-
dent and were also found in inner hair cells, with 
both systems blocked by salicylate. These investiga-
tors hypothesized that prestin is the motor protein of 
inner hair cells and that intracellular Cl  �   and HCO 3   �   
acts as the voltage  ‘  ‘ sensor ’  ’  for the protein ( Oliver 
et al., 2001 ). Voltage-dependent movement of anions 
during a truncated transport cycle would thus switch 
prestin from a contracted to an expanded state, gen-
erating electromotility. Notably, reversible effects of 
 in vivo  changes in intracellular Cl  �   on electromotility 
and cochlear amplification have also been obtained in 
OHCs ( Santos-Sacchi et al., 2006 ). 

 Several   lines of evidence suggest that SLC26A5 
functions as a  ‘  ‘ partial ’  ’  or  ‘  ‘ modified ’  ’  anion exchanger 
( Schaechinger and Oliver, 2007 ). First, there is the evi-
dent homology to other SLC26 transporters, particu-
larly Slc26a6. Second, millimolar intracellular Cl  �   or 
HCO 3   �   modulates the voltage dependency of NLC 
in Slc26a5-expressing cells ( Oliver et al., 2001 ); more 
recent data suggest that intracellular SO 4  2 �   can also 
modulate NLC in OHCs ( Rybalchenko and Santos-
Sacchi, 2008 ). Third, many of the properties of Slc26a5 
can be accounted for by modeling it as a Cl  �  /SO 4  2 �   
exchanger ( Muallem and Ashmore, 2006 ). Fourth, and 
perhaps most compelling, is the recent report that 
zebrafish (zSLC26A5) and chicken SLC26A5 func-
tion as salicylate-sensitive Cl  �  /SO 4  2 �   and a Cl  �  /ox 2 �   
exchanger ( Schaechinger and Oliver, 2007 , transport 
mode illustrated for proximal tubule in  Fig. 4.5 ). This 
has led to the hypothesis that the anion and voltage 
sensitivity of Slc26a5 is a consequence of an incomplete 
anion exchange cycle; given the effect of intracellular 
Cl  �  , HCO 3   �  , and SO 4  2 �   ( Rybalchenko and Santos-
Sacchi, 2008 ;  Schaechinger and Oliver, 2007 ), it seems 
plausible that mammalian SLC26A5 has lost the abil-
ity to bind or translocate SO 4  2 �   across the membrane 
( Schaechinger and Oliver, 2007 ). Notably, zSLC26A5 
has a weak NLC activity but no electromotile activ-
ity ( Albert et al., 2007 ), suggesting that comparative 
mutational analysis of this and related orthologs will 
begin to yield the structural determinants of anion 
transport, non-linear capacitance, and electromotility. 
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 Genetic   evidence clearly implicates SLC26A5 in 
mammalian hearing. Mutations in human SLC26A5 
have thus been linked to deafness in two separate 
kindreds with non-syndromic hearing loss ( Liu et al., 
2003 ). Targeted deletion of murine Slc26a5 results in 
impaired electromotility and a deafness phenotype 
( Liberman et al., 2002 ). However, these mice also dem-
onstrate shortening of OHCs and considerable loss of 
hair cells in high-frequency regions, i.e. the evidence 
for a specific role for altered electromotility was not 
definitive. Furthermore, subsequent analysis revealed 
dramatic changes in the intrinsic stiffness of OHCs, 
suggesting that loss of Slc26a5 alters the mechanical 
properties of these cells ( Mellado Lagarde et al., 2008 ). 
These issues were elegantly addressed by the genera-
tion and characterization of knock-in mice for a muta-
tion in Slc26a5 that impairs NLC and the electromotile 
response, but not expression at the cell membrane. 
The morphology and stiffness of OHCs is not affected 
in these knock-in mice, whereas cochlear function is 
profoundly affected ( Dallos et al., 2008 ). Therefore, 
the electromotile activity of Slc26a5 is required for 
cochlear amplification.  

    4 .      SLC26A6 (PAT-1, CFEX) 

 SLC26A6   was the first member of this family to 
be identified exclusively through database mining. 
Everett and Green had initially noted the existence 
of multiple SLC26 ESTs that were evidently derived 
from novel members of the family ( Everett and Green, 
1999 ); partial characterization of many of these genes 
was subsequently reported by Lohi et al., in addition 
to the cloning of a full-length human SLC26A6 cDNA 
( Lohi et al., 2000 ). Murine Slc26a6 was then identified 
as a primary candidate for the apical Cl  �  /formate 
exchanger of the renal proximal tubule ( Knauf et al., 
2001 ). SLC26A6 is one of the more widely expressed 
members of the family, with particularly abundant 
transcript in kidney, pancreas, intestine, heart, muscle, 
and placenta ( Everett and Green, 1999 ;  Knauf et al., 
2001 ;  Ko et al., 2002b ;  Lohi et al., 2000 ;  Xie et al., 2002 ). 
Significant heterogeneity appears to be generated by 
alternative splicing of the SLC26A6 gene, with two 
major alternatively spliced isoforms differing in the 
presence or absence of an N-terminal extension of 23 
amino acids in both mice and humans ( Everett and 
Green, 1999 ;  Lohi et al., 2000 ;  Xie et al., 2002 ). Three 
other functional splice variants were also described 
in human SLC26A6 ( Lohi et al., 2002b ). Of consider-
able concern, however, was that a splice variant of 
SLC26A6 that lacks TM5-6 was supposedly fully 
functional ( Lohi et al., 2003 ), a bizarre, provocative 
result that was not replicated by Alper and coworkers 

using this same construct ( Chernova et al., 2005 ). 
Immunolocalization has mostly been reported for 
epithelial tissues, where SLC26A6 protein is apically 
expressed ( Knauf et al., 2001 ;  Lohi et al., 2000 ;  Petrovic 
et al., 2002 ;  Wang et al., 2002 ). SLC26A6 is also heavily 
expressed in cardiac myocytes, wherein it appears to 
be the dominant Cl  �  -base exchanger ( Alvarez et al., 
2004 ). 

 SLC26A6   is the most convincingly versatile anion 
exchanger of the family, functioning in Cl  �  /oxalate, 
SO 4  2 �  /oxalate, SO 4  2 �  /Cl  �  , Cl  �  /formate, Cl  �  /HCO 3   �  , 
and Cl  �  /OH  �   exchange when expressed in  Xenopus  
oocytes ( Jiang et al., 2002 ;  Ko et al., 2002b ;  Wang et al., 
2002 ;  Xie et al., 2002 ) ( Fig. 4.5 ). SLC26A6 was a candi-
date for the long-elusive apical Cl  �   entry site involved 
in proximal tubular Na  �  -Cl  �   absorption ( Fig. 4.5 ), 
since it is expressed at the apical membrane of proxi-
mal tubule cells ( Knauf et al., 2001 ) and appears to 
mediate the multiple modes of anion exchange that 
have been implicated in this process ( Jiang et al., 2002 ; 
 Xie et al., 2002 ); the relevant historical background has 
been reviewed ( Kurtz et al., 1994 ). In addition to the 
exchange of Cl  �   with various anions, SLC26A6 may 
also function in formate/OH  �   exchange ( Saleh et al., 
1996 ), which is required for apical formate recycling 
(see  Fig. 4.5 ). Notably, the analysis of Slc26a6 knock-
out mice indicated no effect on baseline fluid absorp-
tion (J v ) across perfused proximal tubules ( Wang et al., 
2005 ). However, the usual stimulation of J v  by perfu-
sion with luminal oxalate was completely abolished in 
Slc26a6 knockout mice ( Wang et al., 2005 ), along with 
loss of Cl  �  /oxalate exchange in isolated brush border 
vesicles ( Jiang et al., 2006 ); Slc26a6 is thus the domi-
nant Cl  �  /oxalate exchanger in apical membranes of 
the proximal tubule. Slc26a6 also contributes consid-
erably to apical Cl  �  /base ( Wang et al., 2005 ) and Cl  �  /
formate ( Jiang et al., 2006 ;  Wang et al., 2005 ) exchange 
in the proximal tubule; however, other as-yet-uniden-
tified anion exchangers appear to also mediate these 
activities. There is considerable functional and phar-
macological heterogeneity of anion exchange path-
ways in proximal brush border vesicles ( Karniski and 
Aronson, 1987 ), consistent perhaps with this underly-
ing molecular heterogeneity. 

 A   major surprise was that Cl  �  -base exchange medi-
ated by SLC26 family members is electrogenic, with 
opposite apparent stoichiometries for SLC26A6 and 
SLC26A3/A4 ( Ko et al., 2002b ;  Xie et al., 2002 ). Thus 
whereas SLC26A6-expressing cells hyperpolarize upon 
removing extracellular Cl  �   in the presence of HCO 3   �   
(Eqs 18 and 19) ( Xie et al., 2002 ), SLC26A3-express-
ing cells exhibit a pronounced  depolarization  (Eqs 20 
and 21) ( Ko et al., 2002b ); a modest hyperpolariza-
tion is also seen during Cl  �  /OH  �   exchange mediated 
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by Slc26a6 ( Xie et al., 2002 ). It appears that functional 
CFTR is required for the activation of SLC26 Cl  �  /base 
exchange by cyclic-AMP ( Ko et al., 2002b ); this obser-
vation may be of profound significance for cystic fibro-
sis, given the role for abnormal bicarbonate transport 
in this disease ( Choi et al., 2001 ). Epithelial HCO 3   �   
transport has both an electrogenic component, gen-
erally ascribed to the HCO 3   �   permeability of CFTR 
itself, and an electroneutral component attributed to 
Cl  �  /HCO 3   �   exchange (see  Fig. 4.5 ). CFTR-regulated 
Cl  �  /HCO 3   �   exchange appears to be electroneutral 
( Lee et al., 1999 ); however, cyclic-AMP has no effect 
on Cl  �  /HCO 3   �   exchange mediated by the electroneu-
tral SLC4 anion exchangers AE1-3 (Eqs 2 and 3) ( Ko 
et al., 2002b ). CFTR does, however, markedly activate 
Cl  �  /OH  �   exchange mediated by SLC26A3, SLC26A4, 
and SLC26A6 ( Ko et al., 2002b ). Like SLC26A6 ( Lohi 
et al., 2000 ), SLC26A3 protein is detected at the api-
cal membrane of pancreatic ductal cells ( Greeley et al., 
2001 ). In cell membranes expressing an equal propor-
tion of SLC26A6 and SLC26A3, one would expect net 
Cl  �  /HCO 3   �   exchange to be electroneutral; variation 
in the activity and/or ratio of these and other SLC26 
exchangers would lead to net electrogenic HCO 3   �   
transport ( Ko et al., 2002b ). The apparent stoichiometry 
of these paralogs ( Shcheynikov et al., 2006b ) suggests 
that SLC26A6 is best suited to HCO 3   �   excretion in the 
early portion of the pancreatic duct, with SLC26A3 
(HCO 3   �  :Cl  �   of 1:2) (Eqs 20 and 21) better suited for 
generation of the low Cl  �   and HCO 3   �   concentration 
of the final secreted fluid ( Ko et al., 2002b ) ( Fig. 4.5 ). 
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 Analysis   of knockout mice has revealed a slightly 
more complicated picture. Targeted deletion of 
Slc26a6 results in an unexpected  increase  in Cl  �  /
HCO 3   �   exchange in pancreatic ducts ( Ishiguro et al., 
2007 ;  Wang et al., 2006 ). There are considerable differ-
ences between these two studies, involving separate 
knockout strains. Ishiguro et al. report that basal and 
stimulated Cl  �  /HCO 3   �   exchange is increased in their 
Slc26a6 knockout mice ( Ishiguro et al., 2007 ). Notably, 
whereas the  influx  mode of Cl  �  /HCO 3   �   exchange 
was dramatically increased, the  efflux  appeared to be 
decreased; this was accompanied by a marked increase 
in Slc26a3 expression, suggesting that this is the domi-
nant exchanger in these Slc26a6-deficient cells. In con-
trast, Wang and coworkers ( Wang et al., 2006 ) report a 
considerable increase in basal Cl  �  /HCO 3   �   exchange 
and fluid secretion, but a marked attenuation of stimu-
lated secretion. No change in the expression of Slc26a3 
was detected in pancreatic ducts versus whole pan-
creas as shown by Ishiguro and colleagues ( Ishiguro 
et al., 2007 ). Knockdown and pharmacological inhibi-
tion of CFTR indicates that CFTR activity is paradoxi-
cally enhanced in Slc26a6 knockout mice ( Wang et al., 
2006 ). These combined results were explained by a 
removal of tonic inhibition of CFTR in the resting duct 
and a reduced activation of the absent Slc26a6 by CFTR 
in stimulated ducts ( Wang et al., 2006 ). The complex-
ity of these findings underscores the importance of the 
reciprocal interactions between CFTR and SLC26A6, 
mediated by binding between the R domain of CFTR 

   g  The Cl-formate exchange of Slc26a6 is  not  obviously electrogenic, 
even in heterologous expression systems.   
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and the STAS domain of SLC26A6 ( Ko et al., 2004 ). The 
pancreatic phenotype of Slc26a3-deficient and Slc26a3/
Slc26a6 double knockout mice will be of particular 
interest, and should begin to clarify the relative role of 
these two paralogs in pancreatic HCO 3   �   secretion. 

 The   apical expression of SLC26A3 and SLC26A6 
within the gastrointestinal tract overlaps signifi-
cantly, with robust expression of both in the duode-
num ( Jacob et al., 2002 ;  Wang et al., 2002 ) and variable 
coexpression elsewhere. Jacob et al. have suggested 
that the relative surfeit of SLC26A3 transcript in duo-
denum compared to NHE2 and NHE3 reflects the 
role of this segment in secretion of HCO 3   �   ( Jacob 
et al., 2002 ). This intestinal mode of HCO 3   �   secretion 
involves many of the same molecular players as those 
used for proximal tubule HCO 3   �   absorption ( Kurita 
et al., 2008 ) ( Fig. 4.5 ). SLC26A6 colocalizes with H  �  /
K  �  -ATPase in gastric parietal cells, with dramatic 
attenuation of expression in  H   �   /K   �   -ATPase -null mice 
( Wang et al., 2002 ). Analysis of Slc26a6 knockout mice 
reveals important contributions of this exchanger to 
duodenal HCO 3   �   excretion ( Simpson et al., 2007 ) and 
jejunal Na  �   and Cl  �   absorption ( Seidler et al., 2008 ). 

 Consistent   with its evident role in HCO 3   �   homeo-
stasis, SLC26A6 has been shown to interact with 
carbonic anhydrase II (CA-II) ( Alvarez et al., 2005 ); 
this is reminiscent of the putative and disputed (see 
section V) interactions between SLC4 transport-
ers and carbonic anhydrases. Inhibition of carbonic 
anhydrase with acetazolamide inhibits Cl  �  /HCO 3   �   
exchange in HEK293 cells expressing SLC26A6; nota-
bly, although this is consistent with an effect mediated 
by carbonic anhydrase inhibition, direct inhibition 
of the transporter is difficult to exclude. Regardless, 
Slc26a6 appears to interact with CAII via a motif 
with sequence similarity to CA-II binding sites in 
SLC4 transporters ( Alvarez et al., 2005 ). No such site 
is found in SLC26A3, which does not bind CA-II but 
appears to require cytosolic carbonic anhydrase activ-
ity for full Cl  �  /HCO 3   �   exchange activity ( Sterling 
et al., 2002 ). Phosphorylation of an adjacent serine 
in SLC26A6 by the protein kinase C site appears to 
disrupt the interaction with CA-II and reduce Cl  �  /
HCO 3   �   exchange ( Alvarez et al., 2005 ); notably, how-
ever, when expressed in  Xenopus  oocytes, the alanine 
mutant of this serine retains sensitivity to protein 
kinase C ( Hassan et al., 2007 ). 

 Finally  , Slc26a6 has been shown to transport oxa-
late ( Fig. 4.5  ,  Eq. 18) ( Jiang et al., 2002 ;  Xie et al., 2002 ), 
and the overall transport characteristics are very simi-
lar to those reported for the oxalate exchanger of ileal 
brush border ( Knickelbein et al., 1986 ). This suggested 
a dominant role for SLC26A6 and other coexpressed 
SLC26 exchangers in the absorption of dietary oxalate 

by the small intestine, a major determinant of urinary 
excretion and thus the risk for renal stones ( Holmes et 
al., 2001 ). Unexpectedly, targeted deletion of murine 
Slc26a6 results in marked hyperoxaluria and kidney 
stones; this phenotype appears to be due to a loss of 
oxalate secretion in the small intestine, tilting the bal-
ance in favor of oxalate absorption ( Freel et al., 2006 ; 
 Jiang et al., 2006 ). A key issue is the identity of the 
absorptive mechanism for oxalate in the small intes-
tine; regardless, these results indicate a critical role for 
SLC26 transporters in oxalate homeostasis and kidney 
stones.  

    5 .      SLC26A7-SLC26A11 

 Several   other novel SLC26 paralogs have more 
recently been described (see  Fig. 4.7 ). Although 
Lohi et al. included a gene now denoted SLC26A10 
on chromosome 12 in their initial report ( Lohi et al., 
2000 ), our own sequencing of EST cDNAs in both 
mouse and human suggests that SLC26A10 is an 
expressed pseudogene (DBM, unpublished data). 
There are also several GenBank cDNA accessions for 
this gene, none of which contains an uninterrupted 
open reading frame. Many of the other SLC26 paralogs 
have tissue-specific or highly restricted expression pat-
terns; SLC26A7 in kidney ( Lohi et al., 2002a ;  Vincourt 
et al., 2003 ), SLC26A8 in testis and spermatocytes 
( Lohi et al., 2002a ;  Toure et al., 2001 ), and SLC26A9 
in lung and stomach ( Lohi et al., 2002a ). SLC26A11 is 
more widely expressed ( Vincourt et al., 2003 ). 

 Modest   anion transport has been reported for all 
four of the novel paralogs. SLC26A7, SLC26A8, and 
SLC26A9 reportedly transport Cl  �  , SO 4  2 �  , and oxalate 
( Lohi et al., 2002a ). Of some concern, SO 4  2 �   transport 
mediated by SLC26A9 is not cis inhibited by oxalate 
( Lohi et al., 2002a ), which is at least superficially incon-
sistent with the ability of this exchanger to mediate 
oxalate transport. Furthermore, we have not been able 
to reproducibly demonstrate SO 4  2 �   transport mediated 
by SLC26A7-9 or SLC26A11. SLC26A7 and SLC26A9 
do, however, function as robust chloride transporters. 

 SLC26A7   has been reported to function in Cl  �  /
HCO 3   �   exchange ( Petrovic et al., 2003 ); however, 
this has not been replicated by our group ( Chang et 
al., 2009 ;  Romero et al., 2006 ) or that of Muallem et al. 
( Kim et al., 2005 ). Rather, SLC26A7 appears to function 
as a pH-regulated chloride channel with minimal con-
ductivity for OH  �   or HCO 3   �   and no capacity for Cl  �  -
base exchange ( Kim et al., 2005 ). Notably, SLC26A1 
and SLC26A7 are unique among the SLC26 family in 
trafficking to the basolateral membrane of epithelia, 
gastric parietal cells ( Kosiek et al., 2007 ;  Petrovic et al., 
2003 ) and renal alpha intercalated cells ( Petrovic et al., 



69

2004 ) in the case of SLC26A7. Surprisingly, murine 
Slc26a7 protein has also been localized at the apical 
membrane of the proximal tubule, suggesting a role 
in proximal tubular Na  �  -Cl  �   transport ( Dudas et al., 
2006 ). The role of SLC26A7 in these cells awaits the 
characterization of Slc26a7-deficient knockout mice. 

 SLC26A9   is highly expressed in stomach and lung, 
but detectable by RT-PCR in several other tissues. 
Functional characterization in  Xenopus  oocytes indi-
cates that murine Slc26a9 transports Cl  �   but not for-
mate, SO 4  2 �  , or oxalate ( Romero et al., 2006 ). These 
uptake data for mouse Slc26a9 differ from that pub-
lished for human SLC26A9 ( Lohi et al., 2002a ). Lohi 
et al. thus reported that SLC26A9-injected cells medi-
ate uptake of SO 4  2 �  , Cl  �  , ox 2 �   and formate ( Lohi et al., 
2002a ). Perhaps some differences are due to species 
variation, although mouse and human Slc26a9 are 
 � 90% identical. Notably, Lohi’s experiments lack 
a positive control (e.g. Slc26a6) for the substrates 
tested. In addition, the reported  cis -inhibition data 
by Lohi disagree with uptake measurements in the 
same study, i.e. oxalate was a substrate but did not 
 cis  inhibit  35 SO 4  2 �   uptake. Regardless, four groups 
have reported that SLC26A9 exhibits Cl  �   channel-
like characteristics ( Chang et al., 2009 ;  Dorwart et al., 
2007 ;  Loriol et al., 2008 ;  Romero et al., 2006 ;  Xu et al., 
2008 ). Recent, single channel measurements show that 
Slc26a9 displays discrete open and close states ( Chang 
et al., 2009 ). We have found that Slc26a9 also mediates 
Cl  �  /HCO 3   �   exchange, with an evident stoichiometry 
opposite to that of Slc26a6 ( Chang et al., 2009 ;  Romero 
et al., 2006 ). Notably, we have also utilized Na  �   elec-
trodes and uptakes to demonstrate that Slc26a9 has a 
cation dependence ( Chang et al., 2009 ). Slc26a9 thus 
has three discrete physiological modes:  n Cl  �  /HCO 3   �   
exchanger, Cl  �   channel, and Na  �  -anion cotransporter 
( Chang et al., 2009 ). How these modalities relate to 
the physiological role of Slc26a9 is not as yet known. 
Moreover, it is not clear if Slc26a9 form different spe-
cies (even mammalian species), will have identical 
physiology. That said, targeted deletion of murine 
Slc26a9 causes achlorhydria, evidently due to effects 
on the viability or development of secretory canaliculi 
and/or via an effect on chloride secretion ( Xu et al., 
2008 ). Clearly, these Slc26a9  � / �   animals will be of 
great interest.   

    D .      Outlook and Pharmaceutical 
Considerations  –  SLC26  ‘  ‘ Transporters ’  ’  

 Slc26a1   (Sat-1) was cloned by functional expres-
sion as an Na  �   independent SO 4  2 �   transporter ( Bissig 
et al., 1994 ), and the resulting Slc26 gene family was 

initially called the  ‘  ‘ sulfate permease ’  ’  family. Over 
the last 15 years, nine other Slc26 genes have been 
identified to complete the mammalian gene family 
( Fig. 4.7 ). Thus far, SLC26A2 (DTDST) (       Hastbacka et 
al., 1992, 1994 ;  Superti-Furga et al., 1996 ), SLC26A3 
(DRA/CLD) ( Silberg et al., 1995 ) and SLC26A4 (pen-
drin) ( Everett et al., 1997 ) are genetic disorders with 
Mendelian inheritance ( Everett and Green, 1999 ). 
Additionally, SLC26A5 is associated with another cat-
egory of human deafness ( Liu et al., 2003 ). 

 Many   SLC26 proteins have overlapping tissue 
expression and some similar transport functions. 
For example, at least four family members, Slc26a2, 
Slc26a3, Slc26a6 and Slc26a9 function, in part, as Cl  �  /
base exchangers and are expressed at the apical mem-
brane of pancreatic ductal cells ( Chang et al., 2009 ; 
 Greeley et al., 2001 ;  Haila et al., 2001 ;  Ko et al., 2002b ; 
 Lohi et al., 2000 ;  Xie et al., 2002 ). HCO 3   �   exchange by 
both SLC26A3 and SLC26A6 is apparently regulated 
by CFTR ( Ko et al., 2002b ), and thus implicating them 
in CFTR-dependent HCO 3   �   secretion and pancreatitis 
( Choi et al., 2001 ). Thus, CFTR-independent activation 
of SLC26 Cl  �  /HCO 3   �   exchange is likely a worthy goal 
in cystic fibrosis ( Ko et al., 2004 ). Alternatively, specific 
activation of the Slc26a9 channel activity could also 
prove a useful therapeutic goal ( Chang et al., 2009 ). 
Slc26a9 activity can apparently be altered by WNK 
kinases ( Dorwart et al., 2007 ). While other Slc26 trans-
porter regulation by WNKs have not been reported, it 
is attractive to speculate that some of the WNK-associ-
ated hypertension phenotypes ( Choate et al., 2003 ; 
       Kahle et al., 2008, 2003 ;  Rinehart et al., 2005 ;  Wilson et 
al., 2001 ) might alter Slc26 protein function in the kid-
ney. Accordingly, blood pressure may be regulated by 
Slc26 transport antagonists. Additionally, the DIDS-
sensitive nature of intestinal anion exchangers, poten-
tially SLC26 transporters, could provide insight to 
the intestinal transport of drugs such as salicylate 
( Ogihara et al., 1999 ) and ciprofloxacin ( Cavet et al., 
1997 ). 

 More   recently, knockout mice have revealed sev-
eral other possible disease associations. Deletion of 
 Slc26a6  in mice results in calcium-oxalate kidney 
stones apparently due to decreased intestinal oxa-
late secretion ( Freel et al., 2006 ;  Jiang et al., 2006 ). In 
humans, one SLC26A6 polymorphism (206M) is asso-
ciated with calcium-oxalate kidney stones ( Corbetta 
et al., 2009 ). The Slc26a6  � / �   mice also have reduced 
small intestine NaCl absorption ( Seidler et al., 2008 ). 
Recently, Singh and co-workers have found that fruc-
tose absorption by the small intestine is function-
ally linked to NaCl absorption ( Singh et al., 2008 ). 
Notably, these investigators found that the Slc26a6  � / �   
mice did  not  have altered intestinal NaCl absorption 
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after fructose feeding ( Singh et al., 2008 ). Given the 
widespread use of high-fructose corn syrup as a food 
sweetener, Slc26a6 polymorphisms may be associ-
ated with certain aspects of  ‘  ‘ Metabolic Syndrome ’  ’ . 
These findings, however, present a physiological 
quandary. Therapeutic intervention of Slc26a6 may 
reduce the risk of metabolic syndrome and hyperten-
sion, but increase the risk of kidney stone formation. 
Clearly, therapeutics which are tissue specific would 
be needed. 

 Other   Slc26 knockout mice have physiological phe-
notypes which may also facilitate therapeutic devel-
opment. Deletion of  Slc26a8 (tat-1)  results in male 
infertility due to lack of sperm flagellar movement 
( Toure et al., 2007 ). This result could imply that a testis 
directed drug could be a reversible, male contracep-
tive. The  Slc26a9  � / �    mouse shows decreased parietal 
cell (stomach) H  �   secretion ( Xu et al., 2008 ). Perhaps 
targeting Slc26a9 function in the stomach could be 
another form of antacid. 

 Even   though the function of several Slc26 trans-
porter/channels has been studied (some in great 
detail), there are some gaps and discrepancies remain-
ing in the published work. For example, what are the 
stoichiometries of all the Slc26 proteins which can 
function as Cl  �  /HCO 3   �   exchangers? Are these modes 
static? For SLC26A6, how and why does stoichiome-
try (dictating thermodynamics of ion and solute trans-
port, see Eqs 18 and 19) and electrophysiology differ 
in its multiple exchange modes? For Slc26a9, are the 
distinct transport modes ( n Cl  �  /HCO 3   �   exchange, 
Cl  �   channel and Na  �   anion cotransporter) cell type 
specific? Are these modes controlled by interac-
tion proteins such as CFTR or PDZ scaffolds? What 
are the regulatory ( Dorwart et al., 2008 ;  Ko et al., 
2004 ;  Shcheynikov et al., 2006a ) and/or mechanistic 
implications ( Sindic et al., 2006 ) of the cytoplasmic 
STAS domain? How does the primary structure of 
the SLC26 proteins confer anion specificity and/or 
versatility? Ultimately, one hopes that the study of 
bacterial and/or  Drosophila  paralogs of the Slc26 trans-
porter/channels will include the determination of crys-
tal structure, to help solve these important questions 
and identify critical residues for ion binding sites.   
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5.   THERMODYNAMICS AND KINETICS OF CHLORIDE TRANSPORT IN NEURONS: AN OUTLINE82

    I .      INTRODUCTION 

    A .       Biological Significance of the Non-passive 
Distribution of Cl  �   across Neuronal 
Membranes 

 It   is well established that Cl  �   is not distributed in 
thermodynamic equilibrium across the plasma mem-
brane of most, if not all, animal cells, including neu-
rons. That is, Cl  �   does not distribute itself passively 
across the plasma membrane in accordance with the 
membrane potential ( E  m ). On the contrary, it is actively 
transported and tightly regulated in virtually all ani-
mal cells ( Alvarez-Leefmans, 2001 ). Some cells actively 
extrude Cl  �  , others actively accumulate it, but few cells 
ignore it. The level of intracellular Cl  �   results from a 
delicate functional balance between Cl  �   channels and 
carriers present in the plasma membrane. Further, the 
intracellular Cl  �   concentration, [Cl  �  ] i , may also be 
affected by Cl  �   channels and carriers expressed in the 
membrane of intracellular organelles (Chapter 12). 

 By   virtue of being distributed out of electrochemical 
equilibrium, Cl  �   serves as a key player in a variety of 
cellular functions such as intracellular pH regulation 
(Chapter 4); cell volume regulation (Chapter 15); and 
transepithelial salt transport (Chapters 18). In addition 
to these functions, in the nervous system Cl  �   gradi-
ents are fundamental in synaptic signaling mediated 
by ligand-gated anion channels (in both the de- and 
hyper-polarizing directions); neuronal growth, migra-
tion and targeting; and K  �   buffering of extracellular 
fluids (e.g. choroid plexus, and possibly Schwann’s 
cells). Abnormalities in cell Cl  �   homeostasis under-
lie many pathological conditions that are discussed 
throughout this book, such as epilepsy (Chapter 24), 
deafness and motor disturbances of vestibular ori-
gin (Chapter 21), pain and neurogenic inflammation 
(Chapters 22 and 23). The present chapter is divided in 
three main sections. The aim of the first two sections is 
to discuss some of the fundamental principles of ther-
modynamics of Cl  �   transport that determine the intra-
cellular concentration of this anion in nerve cells and 
its impact on synaptic signaling. In the third section, 
we discuss some kinetic properties of cation-coupled 
carrier-mediated Cl  �   transport. 

 The   notion that Cl  �   is non-passively distributed and 
actively transported across cell membranes, includ-
ing of course neurons, may sound obvious nowadays. 
However, the path to the acceptance of this idea has 
been long and tortuous, as eloquently discussed by 
Hartzell and Russell in Chapters 1 and 2 of this vol-
ume. It is an example of how a wrong idea, sprouting 
from a generalization based on a few observations, can 

remain in scientific thought for a long time, in spite of 
abundant evidence against it. It has taken more than 50 
years to eradicate the  ‘  ‘ passive distribution dogma ’  ’ , 
and until recently most cell physiology and neurosci-
ence textbooks continued to include this error.  

    B .       Origin and Collapse of the  “ Passive Cl  �   
Distribution Dogma ”  in Neurons 

 The   origin of the  ‘  ‘ passive Cl  �   distribution dogma ’  ’  
in neurons can be traced back to the work of H. Burr 
Steinbach (1905 – 1981), who in 1941 reported that in 
freshly dissected squid axons the average [Cl  �  ] i  was 
36       mmol/Kg axoplasm. ( Steinbach, 1941 ). Taking the 
water content of squid axoplasm as 880       g/Kg ( Keynes, 
1963 ), this corresponded to 41       mM, a value close to 
what would be expected if Cl  �   was in electrochemi-
cal equilibrium across the axolemma. In the late 1950s 
and early 1960s several physiologists from the British 
School rigorously demonstrated that the resting Cl  �   
conductance of frog skeletal muscle membrane was 
twice as large as that for K  �   ( Hodgkin and Horowicz, 
1959 ;  Hutter and Noble, 1960 ). Around the same time, 
Richard H. Adrian (1927 – 1995) showed that the [Cl  �  ] i  
in frog skeletal muscle was consistent with a distribu-
tion of Cl  �   determined by a purely passive mechanism 
(       Adrian, 1960, 1961 ). Thus,  E  Cl  , the Nernst equilibrium 
potential for Cl  �   as defined by Eq. 1, was found to be 
equal to  E  m . It is true than in skeletal muscle  E  Cl  closely 
follows  E  m  ( Vaughan-Jones, 1982 ), as illustrated in  Fig. 5.1   . 
However, the fact that  E  m       �      E Cl  does not preclude the 
presence of carrier-mediated Cl  �   transport in skeletal 
muscle or in any cell type. In fact, there is  compelling 

Cl�

0

�60
Em�ECl

Anion Channel

mVNa�

K�

 FIGURE 5.1          Passive Cl  �   distribution across the cell mem-
brane of a cell having only anion channels and a Na  �  /K  �   ATPase 
(left). The resting membrane potential ( E  m ) is  � 60       mV. Right:  E  m  
is changed in steps of  � 20       mV, from the initial resting membrane 
potential. Cl� redistributes passively, following  E  m . At each steady 
state  E  m       �       E  Cl  (see text for details).    
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evidence for an inward transport of Cl  �   mediated by 
NKCC in skeletal muscle fibers ( Aickin, 1990 ;  Aickin 
et al., 1989 ;  Fu et al., 1999 ;  Gosmanov et al., 2003 ; 
 Gosmanov and Thomason, 2003 ;  Harris and Betz, 1987 ; 
 Jurkat-Rott et al., 2006 ;  Wong et al., 1999 ). However, as 
shown in  Fig. 5.2   , the relatively high channel-mediated 
permeability to Cl  �   masks any effects that the opera-
tion of this transport system may have on [Cl  �  ] i . 
Accordingly, reducing the Cl  �   conductance unmasks 
a powerful active Cl  �   uptake known to be mediated 
mostly by Na  �  , K  �  , Cl  �   cotransport ( Aickin, 1990 ). 

 Returning to the story in squid axons, Steinbach had 
reported in the same 1941 paper that during the first 
30 minutes after isolating the axon [Cl  �  ] i  rose from 36 
to 75       mmol/Kg axoplasm and remained steady at this 
high level for  ‘  ‘ long periods of time …  ’  ’ . This doubling 
of [Cl  �  ] i  observed by Steinbach prompted Keynes to 

reanalyze the issue. In his landmark paper of 1963 
Keynes ( Fig. 5.3   ) wrote:  ‘  ‘ In December 1960 a number of 
analyses was made of the chloride content of extruded 
axoplasm from  Loligo forbesi , and it soon became clear 
that Steinbach’s low values for [Cl] i  could not be con-
firmed, even in the freshest material the average value 
obtained being over 100       m-mole/kg. Since Steinbach’s 
figures were consistent with a simple passive distribu-
tion of chloride, the new ones could not be, for the cor-
responding value for  E  Cl , was less than  � 40       mV. Hence 
it had to be supposed either that the internal chloride 
was partly bound, or that chloride was being trans-
ported inwards against the electrochemical gradient by 
some form of active transport mechanism. As will be 
seen, measurements of the chloride activity in extruded 
axoplasm ruled out the first explanation, and tracer 
experiments provided support for the second hypoth-
esis, without, however, settling finally the question of 
the exact nature of the transport process. ’  ’  The ques-
tion of the  ‘  ‘ exact nature of the transport process ’  ’  was 
elucidated nearly 20 years later by John Russell who 
carried out a series of careful studies in which squid 
axons were internally dialyzed ( Russell, 1979, 1983 ), 
an approach that has the unique advantage of control-
ling the intracellular ionic composition while measur-
ing unidirectional fluxes of Na  �  , K  �   and Cl  �  . The active 
Cl  �   uptake mechanism turned out to be an electroneu-
tral Na  �  -K  �  -Cl  �   cotransporter with a stoichiometry 
of 2Na  �  :1       K  �  :3Cl  �  . About the same time and indepen-
dently, Geck, Heinz and co-workers made the first 
description in a mammalian cell (Ehrlich cells) of an 
 ‘  ‘ electrically silent ’  ’  Na  �  , K  �   and Cl  �   cotransport sys-
tem with a stoichiometry of 1Na  �  :1       K  �  :2Cl  �   ( Geck and 
Heinz, 1986 ;  Geck et al., 1980 ). 

 In   vertebrate neurons, the first description of an 
electrically silent Na  �  -K  �  -Cl  �   cotransporter (NKCC) 
was made in frog dorsal root ganglion neurons in the 
mid 1980s ( Alvarez-Leefmans et al., 1986, 1988 ), as 
further discussed below and in Chapter 22. The simul-
taneous measurements of  E  m  and intracellular Cl  �   
activity (a i  Cl ) in single neurons were done by means 
of double-barreled microelectrodes, one barrel sensing 
 E  m  and the other a i  Cl . Thus, it was possible to measure 
 E  m  directly and calculate  E  Cl  from direct measurement 
of a i  Cl  in real time. These experiments demonstrated 
that  ‘  ‘ uphill ’  ’  accumulation of Cl  �   occurred without 
changes in  E  m  ( Fig. 5.4   ). 

 The   current idea is that the outward directed elec-
trochemical gradient for Cl �  in neurons, whether 
generated by NKCCs or other anion active transport 
mechanisms, seems to be crucial in the development 
and maturation of neurons (Chapter 19). In adult neu-
rons, outward Cl  �   gradients appear to be pivotal for 
olfactory sensory transduction (Chapter 20), and for 

 FIGURE 5.2          Active accumulation of Cl  �   in rat skeletal muscle 
unmasked by reducing the resting Cl  �   conductance. Membrane 
potential ( E  m ) and the intracellular Cl  �   activity (a i  Cl ) were measured 
simultaneously in a rat lumbrical muscle, during the removal and 
re-addition of external Cl  �  , and during inhibition of the Cl  �   conduc-
tance by application of 9-anthracene carboxylic acid (9-AC). The Cl  �   
equilibrium potential ( E  Cl ), calculated from the recorded a i  Cl  and a o  Cl , 
using Eq. 1 was plotted as filled circles above the recording of  E  m . 
Note that  E  Cl  was positive with respect to  E  m , indicating that a i  Cl  is 
maintained above electrochemical equilibrium. Upon reduction of 
the Cl  �   conductance, the difference  E  m       �       E  Cl  increased significantly. 
The recording was made with a double-barreled microelectrode, one 
barrel sensing  E  m  and the other the a i  Cl . The preparation was main-
tained in the nominal absence of CO 2  in solutions equilibrated with 
100% O 2 . The mechanism responsible for the uphill accumulation of 
Cl  �   is a Na  �  , K  �  , Cl  �   cotransporter (modified from  Aickin, 1990 ).    
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 FIGURE 5.3          Richard D. Keynes (1919 – ). Eminent British physiologist from Cambridge University who revolutionized the way of thinking about 
chloride transport across cell membranes. The right panel reproduces the first page of his epoch-making paper  ‘  ‘ Chloride in the squid giant axon ’  ’ , 
published in 1963 in the  Journal of Physiology . (Photograph of R.D. Keynes reproduced with permission from Oxford University Press. First page of the 
1963 paper reproduced with permission from  The Journal of Physiology .)    
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 FIGURE 5.4          Electrically silent, transmembrane movements of Cl  �   mediated through Na  �  , K  �  , Cl  �   cotransport in a frog dorsal root ganglion 
(DRG) neuron. The intracellular Cl  �   activity, a i  Cl  , was measured with a double-barrel Cl  �  -selective microelectrode in the neuronal cell body 
(scheme on the right). After obtaining steady-state readings, the effects of removing and re-adding external Cl  �   on a i  Cl  and  E  m  were recorded. 
The upper trace shows the differential signal ( E  m       �       E  is  Cl ), where  E  is  Cl  is the potential recorded through the ion-sensitive barrel. The differential 
signal indicates (a i  Cl ) app , the apparent intracellular Cl  �   activity. The lower trace is the membrane potential ( E  m ). The dashed line above a seg-
ment of the  E  m  trace is the  E  m  value after subtraction of liquid junction potentials. At the periods indicated on the bottom marks the bathing 
solution was changed from standard frog Ringer (FR) to a Cl  �  -free solution in which Cl  �   was replaced with gluconate. The red filled circles 
superimposed on the  E  m  trace are the estimated  E  Cl  calculated from measured a o  Cl  and a i  Cl . Large light-gray arrow indicates that the  ‘  ‘ uphill ’  ’  
accumulation of Cl  �   following Cl  �   depletion occurred without changes in  E  m . Small orange arrows indicate electrode penetration and with-
drawal from the cell. (Modified from  Alvarez-Leefmans et al., 1988 .)    
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presynaptic inhibition and nociception in primary sen-
sory neurons (Chapter 22). Further,  reversal of the Cl  �   
electrochemical gradient from inward to outward in 
certain neurons underlies pathological conditions such 
as neuropathic pain (Chapter 23) and some types of 
epilepsy (Chapter 24). 

 Back   in 1982 Clive Ellory and Richard Keynes orga-
nized a meeting at the Royal Society in London. This 
effort culminated in the publication of a complete vol-
ume of the  ‘  ‘ Philosophical Transactions of the Royal 
Society ’  ’ . One can still profit from reading the papers 
collected in that volume that had the propitious title: 
 ‘  ‘ The binding and transport of anions in living tissues. ’  ’  
It was again Keynes who, in the Introductory Remarks 
of the meeting, started by remembering a previous 
Discussion Meeting he had organized in 1970, concerned 
with the active transport of salts and water in living tis-
sues ( Keynes, 1982 ).  ‘  ‘  … the focus of our deliberations 
 –  said Keynes  –  was principally on the transport of the 
dominant biological cations: sodium in vertebrates, and 
potassium in insects. The anions chloride and bicar-
bonate were not totally neglected …  . ’  ’   ‘  ‘  … But on look-
ing through the published proceedings, one gets the 
impression that all the time it was sodium that was in 
the limelight with the thick black arrows, while chlo-
ride was relegated to the indignity of being passively 
transported, and was shuffled off with dashed lines in 
an obscure corner of the diagram. One of the reasons 
for this emphasis was, of course, the accident of the way 
in which the subject had happened to develop histori-
cally. ’  ’   ‘  ‘  … the discovery of Na, K-ATPase by Skou ( Skou, 
1960 ), not unassisted by the availability of admirably 
specific blocking agents for sodium transport ( Glynn, 
1957 ;  Schatzmann, 1953 ), quickly brought the sodium 
pump to the fore, and it has monopolized the centre of 
the stage ever since. ’  ’   ‘  ‘  … Why is it that every cell, at least 
in the animal kingdom, has a sodium pump, and only a 
few can afford the luxury of a chloride pump? ’  ’   

    C .       An Overview of the Ionic Mechanism 
of GABA- and Glycine-mediated 
Hyperpolarizing Postsynaptic Inhibition 

 The   examples considered so far are for cases in 
which [Cl  �  ] i  is maintained at values  higher  than pre-
dicted for electrochemical equilibrium generating an 
outward Cl  �   gradient. However, in many instances 
[Cl  �  ] i  is actively maintained at values  lower  than elec-
trochemical equilibrium, generating an inward Cl  �   gra-
dient, as is the case for most mature vertebrate neurons. 
In fact, this is the basis for GABA- and glycine-medi-
ated  hyperpolarizing inhibition ; these neurotransmitters 
activate receptors that are coupled to anion channels. 

When these channels are opened by the inhibitory neu-
rotransmitter there is a Cl  �   influx that hyperpolarizes 
the membrane. The hyperpolarization raises the thresh-
old thereby decreasing the neuronal excitability. 

 Hyperpolarizing   inhibition was discovered in 1951 
by John C. Eccles (1903 – 1997) and his collaborators 
Lawrence G. Brock (1923 – 1996) and John S. Coombs 
(1917 – 1993), at the time they were working at University 
of Otago, New Zealand. Coombs was an electronic 
 engineer recruited from the physics department, and 
Brock a young Otago medical graduate who had com-
pleted a first degree in chemistry. A turning point in the 
history of neuroscience research occurred when Brock 
successfully used glass microelectrodes to record intra-
cellular voltage changes in the cat spinal motoneurons 
while Coombs designed and operated the electronic 
stimulating and recording apparatus ( Todman, 2008 ). 
Their groundbreaking discoveries were published in 
a series of papers between 1952 and 1953 ( Brock et al., 
1952a, b, c, 1953 ). They reported that  ‘  ‘ inhibitory synap-
tic action evoked a hyperpolarization of the neuronal 
membrane ’  ’ , ever since named  ‘  ‘ the inhibitory postsy-
naptic potential ’  ’  (IPSP). 

 In   1951, Eccles was appointed chair of Physiology 
at The John Curtin School of Medical Research in 
Canberra, Australia, but remained  ‘  ‘ loaned ’  ’  for some 
time at Otago ( Fenner and Curtis, 2001 ). In 1952, he 
and Coombs moved to Canberra where he was joined 
by the brilliant biophysicist Paul Fatt, who had earned 
his PhD at University College London under Bernard 
Katz (1911 – 2003). By the time Fatt went to Australia, 
he and Katz had already pioneered the use of intracel-
lular microelectrodes to study the membrane ion per-
meability at excitatory synapses of frog neuromuscular 
junction (       Fatt and Katz, 1951, 1952b ) and at inhibitory 
synapses on crustacean neuromuscular junction ( Fatt 
and Katz, 1952a, 1953 ). The new collaboration with 
Eccles propelled the second breakthrough in the study 
of hyperpolarizing inhibition; they impaled motoneu-
rons with double-barreled microelectrodes, one barrel 
measured  E  m  (resting membrane potential, action and 
synaptic potentials) and the other barrel was used to 
pass current across the motoneuron membrane to set 
 E  m  above or below the resting level. Additionally, ions 
could be ejected through one of the barrels to alter 
intracellular anion and cation levels. 

 The   collaboration between Fatt and Eccles pro-
duced many epoch-making papers, among which was 
one particularly relevant to the present discussion, 
 ‘  ‘ The specific ion conductances and the ionic move-
ments across the motoneuronal membrane that pro-
duced the inhibitory postsynaptic potential ’  ’  ( Coombs 
et al., 1955 ). This was the first study addressing the 
ionic mechanisms underlying the generation of IPSPs. 
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They studied the IPSPs evoked in spinal motoneurons 
by stimulation of Group Ia fibers from an antagonistic 
muscle nerve, or by activation of Renshaw cells. They 
tested the effect of changing the steady level of  E  m  on 
the IPSP and found that at  ‘  ‘ normal ’  ’  resting potential, 
activation of inhibitory pathways produced a brief 
hyperpolarization of about 5       mV. On depolarization 
of the membrane, the amplitude of the IPSP increased, 
the extent of this increase being approximately 
 proportional to the  E  m  displacement. On hyperpolar-
ization the IPSP decreased to the point of vanishing at 
a displacement of  � 7       mV from the resting  E  m  and then 
reversed in polarity on further displacement of  E  m . 
A plot of the peak amplitude of the IPSP against  E  m  
yielded a curve that crosses through zero at a mem-
brane potential which they named  ‘  ‘ the reversal poten-
tial ’  ’  for the IPSP ( E  IPSP ), and which was approximately 
at  � 80       mV. Further, they made the crucial observation 
that when motoneurons were impaled with micro-
electrodes filled with concentrated Cl  �   solutions (e.g. 
KCl), the IPSPs were initially recorded as hyperpolar-
izing, but gradually became smaller, reversed their 
polarity and became depolarizing. They concluded 
that Cl  �   diffusion from the microelectrodes increased 
[Cl  �  ] i  thereby shifting  E  Cl  toward depolarizing val-
ues, and that therefore chloride ions were carrying the 
current for the generation of the IPSP. However, the 
 ‘  ‘ passive distribution dogma ’  ’  for Cl  �   once more got 
in the way; they erroneously concluded that both K  �   
and Cl  �   were carrying the current for the generation 
of the IPSP. This conclusion was based on the observa-
tion that  E  IPSP  was  � 80       mV whereas the after-hyperpo-
larization which followed action potentials, assumed 
to be generated by a K  �   current, reversed at  � 90       mV, 
which they estimated to be the K  �   equilibrium poten-
tial ( E  K ). Thus, they assumed that Cl  �   was  ‘  ‘ passively 
distributed ’  ’  and since  E  IPSP  lay between  E  Cl  (assumed 
to be equal to  E  m ) and  E  K , both K  �   and Cl  �   were car-
rying the current for the generation of the IPSP. 

 In   subsequent years, Eccles and his collabora-
tors extended their studies to the IPSP evoked in 
hippocampal pyramidal cells ( Allen et al., 1977 ). 
Unfortunately, in these studies they perpetuated the 
same error born in the mid 1950s, namely that Cl  �   
dependent IPSPs resulted from inhibitory transmit-
ter opening of channels that were permeable to both 
Cl  �   and K  �   and that, as in motoneurons, Cl  �   was pas-
sively distributed across the membrane. According to 
this hypothesis, the normal hyperpolarizing nature 
of the IPSP was determined by  E  K . Despite strenuous 
experimental attempts to demonstrate an involvement 
of K  �   in the generation of Cl  �   dependent IPSPs, no 
convincing evidence was or has ever been produced 
( Allen et al., 1977 ;  Eccles et al., 1964a, b ;  Eccles, 1964a ). 

 Fatt   departed from the Eccles ’  views and in 1958, 
in collaboration with Boistel, published another land-
mark paper addressing the ionic mechanisms under-
lying inhibitory transmitter action in crustacean 
(crayfish  Astacus fluviatilis ) neuromuscular junction 
( Boistel and Fatt, 1958 ). They first showed that the 
inhibitory transmitter changes the crustacean muscle 
membrane permeability specifically to Cl  �   ions ( ‘  ‘ and 
probably to other small anions ’  ’ ). They also showed 
that GABA and the inhibitory transmitter produced 
the same changes in Cl  �   permeability of the postsyn-
aptic membrane. In subsequent studies from other 
groups it was confirmed that GABA was the inhibi-
tory transmitter and that it acted by increasing the 
membrane permeability to anions ( Earl and Large, 
1974 ;  Takeuchi and Takeuchi, 1967 ). In their paper, 
Boistel and Fatt discussed and compared their obser-
vations in crayfish muscle with those made in moto-
neurons in his previous collaboration with Coombs 
and Eccles ( Coombs et al., 1955 ). They stated that if 
 ‘  ‘ the conductance increase during inhibitory action 
involves mainly Cl, as has been found for crayfish 
muscle, the existence of a Cl pump extruding Cl from 
the cell must be postulated ’  ’ . In a review published in 
1974 he concluded:  ‘  ‘ It seems reasonable to propose on 
the basis of available experimental information that 
the inhibitory synaptic activity of motoneurons con-
sists of an increase in membrane permeability which 
is exclusive for anions and the occurrence of the rever-
sal potential for the response at a level of membrane 
potential more negative than the resting potential may 
be taken as indicating the existence of a metabolically-
driven Cl  �   pump, moving Cl  �   outward across the 
membrane ’  ’  ( Fatt, 1974 ). 

 In   the early 1970s, Russell and Brown, working on 
neurons of the sea hare  Aplysia californica , first demon-
strated the existence of an active Cl  �   extrusion mecha-
nism. They directly measured intracellular Cl  �   activity 
(aiCl) and E m  in single neurons using ion-sensitive 
microelectrodes and found that  E  Cl  was consistently 
more negative than  E  m  by about 6       mV ( Russell and 
Brown, 1972 ). Around the same time, Lux, Llin á s and 
associates published a series of papers which chal-
lenged the model proposed by Eccles to explain the 
ionic mechanisms underlying hyperpolarizing IPSPs 
( Llinas and Baker, 1972 ;  Llinas et al., 1974 ;  Lux, 1971 ; 
 Lux et al., 1970 ). The basic conclusions derived from 
their work on mammalian motoneurons were: (1) that 
the hyperpolarizing IPSP was generated by the influx 
of Cl  �  , (2) that the IPSP was normally hyperpolariz-
ing because  E  Cl  was more negative than  E  m , (3) that 
the driving force for the IPSP, that is  E  Cl       �       E  m , was 
generated and maintained by an outwardly directed 
active Cl  �   transport mechanisms referred to as an 
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outward  ‘  ‘ Cl  �   pump ’  ’ , and (4) that the  ‘  ‘ Cl  �   pump ’  ’  
was inhibited by NH 4   �  . Many other groups confirmed 
and extended their observations and conclusions 
(reviewed in  Alvarez-Leefmans, 1990 ).  

    D .       The Membrane Permeability to Cl  �   can 
Increase without Producing Changes in 
 E  m : Shunting Inhibition 

 As   mentioned above, when anion channels are 
opened by GABA or glycyne, if  E  Cl  is more negative 
than  E  m , the inhibitory neurotransmitter produces a Cl  �   
influx that hyperpolarizes the membrane. The hyper-
polarization raises the threshold thereby decreasing the 
neuronal excitability. Thus, hyperpolarizing inhibition 
mediated by Cl  �   can be defined as that resulting from 
a hyperpolarizing influx of Cl  �   that decreases neuronal 
excitability. 

 There   are cases, however, in which the GABA-
gated Cl  �   conductance increases without produc-
ing any changes in  E  m . The neurotransmitter-evoked 
increase in membrane conductance decreases the 
postsynaptic cell input resistance and transiently 
 ‘  ‘ clamps ’  ’   E  m  to the value of  E  IPSP . Although generally 
overlooked in the literature, shunting inhibition was 
discovered by Fatt and Katz working on crab neuro-
muscular junction ( Fatt and Katz, 1953 ). In this prepa-
ration muscle fibers are innervated by inhibitory and 
excitatory nerves.  ‘  ‘  … the main effect of inhibitory 
impulses is to  attenuate the  ‘ end plate potentials ’ ,  i.e. to 
diminish the local depolarization produced by motor 
impulses. Inhibitory impulses do not by  themselves 
change the resting potential of the muscle fibre, unless 
this has previously been displaced from its normal 
level. But even though no potential change may be 
recorded, the inhibitory impulse … always produces a 
transient increase in membrane conductance (or  ‘ ion 
permeability ’ ) …  . ’  ’  In the discussion section of this 
seminal paper, they stated  ‘  ‘ the mechanism of synap-
tic inhibition described here differs substantially from 
that found by Brock et al. (1952)  –  they were refer-
ring to ( Brock et al., 1952b )  –  in the cat’s spinal cord. 
A  ‘ hyperpolarization ’  of the postsynaptic membrane, 
superficially resembling that described by Brock et 
al., is occasionally observed in crustacean muscle, but 
only when the fibres are partly depolarized, and in 
any case the effect is small and must be regarded as 
a by-product, rather than an agent, of the inhibitory 
process. ’  ’  

 The   type of effect they were describing for the 
first time ( Fig. 5.5   ) has since then been referred to as 
 ‘  ‘ shunting inhibition ’  ’  because the synaptic conduc-
tance short-circuits currents that are generated at 

adjacent excitatory synapses. If a shunting inhibitory 
synapse is activated, the input resistance is reduced 
locally and, following Ohm’s law, the amplitude of 
subsequent excitatory postsynaptic potentials (EPSPs) 
is reduced. Unlike hyperpolarizing inhibition that 
decays more slowly and is determined by the  ‘  ‘ cable 
properties ’  ’  of neurons, the shunting inhibitory effect 
lasts for only as long as the ion channels mediating 
the inhibitory event are open. 

 Shunting   inhibition has recently attracted consid-
erable attention because it is one of the mechanisms 
that determine precise timing, in the millisecond 
range, of spike generation in neurons, a property that 
is fundamental in shaping neuronal network oscil-
lations ( Mann and Paulsen, 2007 ). Further, shunting 
 inhibition seems to be the main inhibitory mechanism 
in GABAergic interneurons ( Banke and McBain, 2006 ). 
Further, there is evidence supporting the hypothesis 
that shunting inhibition mediates firing rate gain con-
trol in neurons (Prescott and De Koninck, 2003). 

 In   conclusion, the hyperpolarization produced by 
the inhibitory neurotransmitter is not necessary to 
produce inhibition. This phenomenon has at least two 
possible explanations. If the inhibitory neurotransmit-
ter (GABA or glycine) increases the permeability selec-
tively to Cl  �   without changing  E  m , this implies that 
 E  Cl       �       E  IPSP   �   E  m . This does not preclude Cl  �   transport 
across the plasma membrane as discussed above, par-
ticularly if there is a constitutively active resting anion 
permeability that overwhelms the active Cl  �   extrusion 
mechanism (see below, Section II.F). Alternatively, if the 
ligand-gated anion channels are permeated by Cl  �   and 
HCO 3   �   ( Bormann et al., 1987 ;  Fatima-Shad and Barry, 
1993 ;  Inomata et al., 1986 ;  Kaila et al., 1993 ), this could 
also result in  E  m       �       E  IPSP . This is because  E  Cl  is slightly 
more negative than  E  m , but  E  HCO3  is more positive than 
 E  m , and  E  IPSP  could just lie in between (see below, sec-
tion II.H). In any event, shunting inhibition results 
because the action of the inhibitory neurotransmitter 
transiently  ‘  ‘ clamps ’  ’   E  m  to  E  IPSP  and short-circuits the 
membrane thereby decreasing the amplitude of EPSPs 
as well as the probability of reaching the threshold for 
action potential firing (i.e. a decrease in excitability).  

    E .      Depolarizing Inhibition Mediated by Cl  �   

 There   are several cases in which GABA or glycine 
can have a depolarizing action, not only in imma-
ture neurons, but also in adult neurons. One example 
of  depolarizing inhibition  in adult neurons is GABA-
mediated presynaptic inhibition of primary afferent 
terminals in the spinal cord. GABA depolarizes pri-
mary sensory neurons because these cells maintain 
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[Cl  �  ] i  above electrochemical equilibrium generating 
an outward gradient which, as discussed in Chapter 
22, makes possible primary afferent depolarization 
(PAD). The latter, in turn, is thought to block the inva-
sion of action potential into the terminals by a mixture 
of Na  �   channel inactivation and membrane shunt-
ing ( Labrakakis et al., 2003 ;        Lev-Tov et al., 1983, 1988 ; 
 Rocha-Gonz á lez et al., 2008 ;  Rudomin and Schmidt, 
1999 ;        Willis, 2006, 1999 ). Another example of depolar-
izing inhibition mediated by GABA in vertebrate neu-
rons is that of the secretory nerve terminals from rat 
posterior pituitary. GABA depolarizes these terminals 
and inhibits neurosecretion; the depolarization inacti-
vates Na  �   channels sufficiently to block action potential 
invasion into the terminals and thereby suppresses 

transmitter release ( Zhang and Jackson, 1993; Jackson 
and Zhang, 1995 ). Depolarizing inhibition has also 
been described in the cell bodies of neurons in avian 
cochlear nucleus where the underlying mechanism 
seems to be accommodation ( Monsivais and Rubel, 
2001 ). In invertebrates, the examples of GABA-medi-
ated depolarizing inhibition are innumerable (e.g. 
 French et al., 2006 ). 

 In   sum, GABA- or glycine-gated Cl  �   currents can be 
depolarizing, hyperpolarizing or shunting. As Eccles 
concluded in 1964 ( Eccles, 1964b )  ‘  ‘  … It is important to 
recognize that the IPSP may be in either the hyperpo-
larizing or the depolarizing direction in accord with 
the electrochemical gradients, or, of course, it may be 
virtually zero. ’  ’   

 FIGURE 5.5          The discovery of  ‘  ‘ shunting inhibition ’  ’  by Paul Fatt and Bernard Katz.  A.  Effect of inhibitory nerve stimulation on the end 
plate potential (e.p.p.) recorded with an intracellular microelectrode in a single muscle fiber of opener of claw of hermit crab. Stimulation at 
33/sec. Each record is a photograph of multiple oscilloscope sweeps. Se and Si are the stimulus artifacts appearing on the falling phases of 
preceding responses. Top trace, labeled E shows e.p.p.s produced by stimulation of the excitatory axon. Bottom trace, labeled I (just above the 
sinusoidal time calibration) shows the lack of change in  E  m  upon stimulation of the inhibitory axon alone. Traces in the middle (E      �      I) show 
the effect of combined stimulation of both excitatory (E) and inhibitory (I) axons, producing attenuated e.p.p.s. The E stimulus was fixed 
(right-hand artifact Se) whereas the I stimulus (Si) preceded by varying intervals.  B.  Intracellular potentials produced by stimulation of the 
excitatory motor axon E. I: transmembrane potential changes due to stimulation of the inhibitory axon. The membrane potential was depolar-
ized to  � 48       mV in  ‘  ‘ a ’  ’ , and hyperpolarized to  � 90       mV in  ‘  ‘ c ’  ’ . The resting potential in record  ‘  ‘ b ’  ’  was  � 73       mV. Note the dependence of the 
I-response on the level of  E  m :  ‘  ‘ its absence at the normal level ’  ’  ( ‘  ‘ b ’  ’ ), and its reversal during hyperpolarization ( ‘  ‘ c ’  ’ ) and depolarization ( ‘  ‘ a ’  ’ ). 
 C.  Photograph of Sir Bernard Katz (1911–2003) taken ca. 1979 at University College London.  D.  Photograph of Professor Paul Fatt taken in 1979 
at his laboratory, University College London. (A and B are from  Fatt and Katz, 1953 ; reproduced with permission from The Journal of Physiology. 
C Present from Professor Katz to one of the authors (F.J.A.-L). D Photograph taken by one of the authors (F.J.A.-L.)    
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    F .       The Nature of the  ‘  ‘ Cl  �   Pumps ’  ’  in 
Neurons: Primary and Secondary 
Active Transport 

 From   the 1950s to the late 1970s, cell physiology was 
dominated by the Na  �  /K  �   ATPase, the sodium pump. 
Therefore, it was logical to think that active Cl  �   trans-
port had to be effected by an ATP-driven pump and 
neurobiologists referred to them at that time as  ‘  ‘ Cl  �   
pumps ’  ’ . The name  ‘  ‘ pump ’  ’  in transport terminology 
is reserved to denote  primary active transport mecha-
nisms .  ‘  ‘ Active transport ’  ’  refers to carrier-mediated 
transport processes that are capable of bringing about 
the net transfer of an uncharged solute from a region 
of low concentration to one of higher concentration 
(i.e. against a chemical gradient), or to the transfer of 
a charged solute against combined chemical and elec-
trical driving forces. Thus, active transport processes 
are capable of counteracting or reversing the direction 
of diffusion and therefore perform work and consume 
energy.  ‘  ‘ Primary active transport ’  ’  implies that the 
carrier mechanism responsible for the movement of a 
solute against a concentration difference (gradient) or 
a combined concentration and electrical potential dif-
ference (for the case of charged solutes, like ions) is 
 directly coupled to metabolic energy , usually derived from 
an exergonic chemical reaction, such as ATP hydroly-
sis. The quintessential example of primary active trans-
port is of course the Na  �  /K  �   ATPase. Carrier-mediated 
Cl  �   transport in animal cells is performed, as far as 
we know, only by  secondary active transport processes  
and not by Cl  �   pumps (however see  Gerencser and 
Zhang, 2003 ). 

  Secondary   active transport  refers to the processes 
that mediate the  uphill  movements of solutes but are 
not directly coupled to metabolic energy; instead, the 
energy required is derived from the  downhill  movement 
of another solute. More specifically, the driving force 
for the uphill movement of a solute in secondary active 
transport is provided by coupling the uphill movement 
of that solute to the downhill movement of one or more 
solutes for which a favorable electrochemical potential 
energy difference exists ( Geck and Heinz, 1989 ;  Heinz, 
1989 ). For example, the energy stored in the Na  �   gra-
dient, which itself is set up by a primary active trans-
porter (i.e. the Na  �  /K  �   ATPase), drives the secondary 
active transport of another solute, say Cl  �  , e.g. the 
Na  �  -Cl  �   cotransporter. The terms  countertransport, 
antiport or exchange  are used as synonyms when the 
translocation of the solute is coupled to the transloca-
tion of another solute that uses the same carrier, in the 
opposite direction, for example, the Na�-independent 
anion exchangers (AEs in Fig. 5.7). When the transloca-
tion of the solutes occurs in the same direction, through 

the same carrier protein, the terms  cotransport  or  sym-
port  are used.    A typical example is the Na � -K � -2Cl �  
cotransporter, as illustrated in Fig. 5.6.

    II .      THERMODYNAMICS OF 
Cl  �   TRANSPORT 

 For   simplicity, we will focus on the definition of 
thermodynamic equilibrium conditions for only anion 
channels and three carrier-mediated anion transport 
mechanisms that are present in neurons: (a) Na  �  -K  �  -
2Cl  �   cotransport (NKCC), (b) K  �  -Cl  �   cotransport 
(KCC) and (c) Na  �  -independent anion exchange (AE). 
Each of these mechanisms is considered separately. 
Obviously, in a cell they coexist and interact with 
each other, and modeling can become extremely com-
plex. With the  possible  exception of KCC, these car-
riers operate away from thermodynamic equilibrium 
because they are kinetically regulated. Nevertheless, 
estimation of the thermodynamic equilibrium brack-
ets the upper and lower limits that [Cl  �  ] i  can attain by 
virtue of the operation of each of these transport sys-
tems. Thermodynamics aspects of AE are dealt with in 
detail in Chapter 4, and those for KCC in Chapter 17. 

    A .       Passive and Non-passive Cl  �   Distribution 
across the Plasma Membrane 

 The   Cl  �   equilibrium potential,  E  Cl , is defined by the 
Nernst equation: 

  
E RT
Cl
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�z F
ln [ ]

[ ]
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Cl o

  (Eq. 1)     

  where z (��1) is the valence of Cl  �  ,  R  is the gas con-
stant,  T  is absolute temperature and F is the Faraday’s 
constant.   

 Consider   the idealized cell shown in  Fig. 5.1 , which 
has only anion channels and Na  �   pumps, but no active 
(uphill) Cl  �   transporters. In this cell, Cl  �   distributes 
passively following  E  m , the resting membrane poten-
tial. The Cl  �   flux through the channel is driven by the 
electrochemical potential gradient for Cl  �  ,  Δ  μ  Cl , which 
is the sum of a chemical and an electrical component. 
This is formally defined by Eq. 2: 
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  (Eq. 2)      

 Since   the cell is negative inside with respect to the 
outside (in the model shown  E  m       �       � 60       mV, and z, the 
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Cl  �   valence, is  � 1), the electrical potential gradient will 
tend to drive Cl  �   out of the cell. However, the chemical 
potential gradient is inward; the external Cl  �   concen-
tration [Cl  �  ] o  is higher than the intracellular concen-
tration [Cl  �  ] i . Consequently, the chemical gradient will 
drive Cl  �   towards the cell interior. When the two forces 
cancel each other (they are equal and opposite), the sys-
tem reaches equilibrium. At that point  Δ  μ  Cl       �      0. 

 When    Δ  μ       �      0 
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(Eq. 3)

      

 That   is, when Cl  �   is passively distributed,  E  m  will 
have the same value as  E  Cl .  

    B .       Calculation of [Cl  �  ] i  at Equilibrium for an 
Idealized Cell having only Anion Channels 

 The   predicted intracellular Cl  �   concentration at 
electrochemical equilibrium [C ]il� eq      is   obtained from 
Eq. 4: 
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⎟⎟⎟   (Eq. 4)      

 Thus  , Eq. 4 predicts the value that [Cl  �  ] i  will reach 
if Cl  �   is  passively  distributed across the plasma mem-
brane. Evidently, this value will change with  E  m , as 
illustrated in  Fig. 5.1 . For example, if [Cl  �  ] o  is 113       mM 
(in mammalian cerebrospinal fluid [Cl  �  ] ranges 
between 113 and 120       mM; see Table 29.1 in Chapter 
29) and  E  m  is constant at  � 60       mV,  RT / F  at 37 ° C will 
be 26.73       mV, and  [Cl ]i

� eq       �    12       mM. Clearly, both  E  m  
and  E  Cl  are  � 60       mV. If the cell is depolarized, say by 
20       mV, to  � 40       mV, Cl  �   redistributes across the mem-
brane until reaching equilibrium, which for the exam-
ple considered will occur when  [Cl ]i

� eq         �      25.3       mM, and 
thus  E  Cl       �       � 40       mV.  

    C .       Equal Values of  E  m  and  E  Cl  do not Preclude 
the Existence of Carrier-mediated Cl  �   
Transport 

 If   Cl  �   is  non-passively distributed  it means that it is 
 actively transported  and this implies energy consump-
tion. Active Cl  �   transport (i.e. transport against Cl  �   
electrochemical equilibrium or  ‘  ‘ uphill ’  ’  transport) 
requires demonstrating that [Cl  �  ] i  is maintained at a 

level different from that predicted by Eq. 4, and there-
fore  E  Cl  and  E  m  will have different values. In most 
cells, and certainly in neurons, [Cl  �  ] i  is maintained 
at a value different from that predicted from Eq. 4. 
However, as mentioned above, equal values of  E  m  
and  E  Cl  do not preclude the presence of carrier-medi-
ated Cl  �   transport. A clear example illustrating this 
notion is skeletal muscle cells which, as mentioned 
above, have a substantial channel-mediated (electro-
diffusional) Cl  �   permeability that masks the effects 
of an inwardly directed active Cl  �   transport system 
( Harris and Betz, 1987 ;  Aickin, 1990 ), as illustrated in 
 Fig. 5.2 . It is predictable that neurons in which GABA 
produces no change in  E  m , but produces shunting 
inhibition, do have Cl  �   transport systems that serve 
functions different than setting  E  Cl  at a different value 
than  E  m .  

    D .       Thermodynamic Equilibrium Conditions 
and General Functional Properties of Na�-
K�-Cl� cotransporters 

 The   Na�-K�-Cl� cotransporters, referred to here 
generically as NKCC, mediate the coupled, electrically 
neutral movement of Na  �  , K  �   and Cl  �   ions across the 
membrane of many animal cells, including neurons. 
In vertebrates, the Na � -K � -Cl �  cotransporters exhibit 
a transport stoichiometry of 1Na � :1K � :2Cl �  (see 
below). They belong to the SLC12 gene family of elec-
troneutral cation-chloride-cotransporters. Two NKCC 
isoforms, encoded by separate genes have been iden-
tified: NKCC1 (SLC12A2) and (NKCC2) (SLC12A1), 
as discussed in Chapters  11 and 16. Under normal 
physiological conditions, NKCC works as an active 
( ‘  ‘ uphill ’  ’ ) transport system for accumulation of Cl  �   
into cells. NKCC maintains [Cl � ] i  at levels  above the pre-
dicted electrochemical equilibrium but below the value that 
would attain if the cotransporter reached thermodynamic 
equilibrium.  Thus, kinetic constraints inactivate the 
cotransporter even in the presence of a substantial ther-
modynamic driving force, as will be discussed below. 
Although NKCC is a secondary active transporter and 
does not consume ATP ( Geck et al., 1980 ), it is inhibited 
in cells whose ATP content has been reduced ( Adragna 
et al., 1985 ;  Altamirano et al., 1988 ;  Flatman, 1991 ). This 
need for ATP reflects a long known role for phosphory-
lation in regulating transport ( Lytle and Forbush, 1992 ), 
as discussed in detail in Chapter 18. 

 Besides   its functions in cell water volume control, 
in neurons NKCC makes possible the depolarizing 
action of transmitters that open Cl  �   channels, such as 
GABA and glycine, a function that is important in ner-
vous system development (Chapters 7 and 19), sensory 
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transduction (Chapters 20 and 22) and some types of 
epilepsy (Chapter 24). In some cell types there is sub-
stantial evidence showing that NKCC functions to off-
set osmotically induced cell shrinkage by mediating 
the net influx of ions and water ( Hoffmann et al., 2009 ; 
 Koivusalo et al., 2009 ). Whether it serves to maintain 
cell volume under euvolemic conditions is less clear. A 
recent study showed that in rat primary sensory neu-
rons isosmotic removal of external Cl  �   leads to cell 
shrinkage following Cl  �   depletion. Recovery from 
shrinkage is mediated by a Na  �  -dependent mechanism 
that is entirely blocked by 10       μM bumetanide suggest-
ing that NKCC is mediating cell water volume recov-
ery in isosmotic media and that it is responsible for the 
maintenance of cell volume constant in isosmotic media 
( Rocha-Gonz á lez et al., 2008 ). It will be interesting to 
know if other cell types behave like DRG neurons. 

 NKCC   may also play important roles in the cell cycle; 
overexpression of the NKCC1 cotransporter gene has 
been shown to induce cell proliferation and phenotypic 
transformation in mouse fibroblasts ( Panet et al., 2000 ), 
as discussed in Chapter 27. NKCC has also been sug-
gested to function as a K  �   uptake mechanism thereby 
keeping [K  �  ] i  at constant levels or as an extracellular 
K  �   buffer, keeping the [K  �  ] o  constant and so prevent-
ing its accumulation in the extracellular space ( Alvarez-
Leefmans et al., 2001 ;  Haas and McManus, 1985 ;  Payne 
et al., 1995 ;  Walz, 1992 ;  Wong et al., 1999 ;  Wu et al., 
1998 ), as discussed in Chapter 22 in this volume. 

    1 .      Basic Features of the NKCCs 

 Four   functional features define the NKCCs 
(Alvarez-Leefmans, 2001;  Russell, 2000   ). (1) Ion 
translocation by the NKCC requires the simultane-
ous presence of all three ions (Na  �  , K  �   and Cl  �  ) on 
the same side of the membrane as has been shown in 
squid axons and in vertebrate neurons ( Achilles et al., 
2007 ;  Alvarez-Leefmans et al., 1988 ;  Rocha-Gonz á lez 
et al., 2008 ) and many other cell types ( Lytle, 2003 ; 
 Russell, 2000 ). (2) The cotransport process is electro-
neutral, and in vertebrate cells it has a stoichiometry 
of 1Na  �  :1       K  �  :2Cl  �   in nearly all cases (see below and 
 Fig. 5.4 ). (3) The transporter can work in forward 
and backward modes, i.e. net transport may occur 
into or out of the cells, the magnitude and direction 
of this transport being determined by the sum of the 
chemical potential gradients of the transported ions 
( Lytle et al., 1998 ). (4) Transport is inhibited by the so-
called  ‘  ‘ loop diuretics ’  ’ , all of which are derivatives of 
5-sulfamoyl benzoic acid. They include furosemide, 
bumetanide and benzmetanide. The sensitivity to 
loop diuretics, however, varies widely ( Russell, 2000 ). 
It depends on NKCC isoform ( Gamba, 2005 ), whether 

it is assessed under basal conditions or on activation 
of the cotransporter ( Hannaert et al., 2002 ), or on the 
degree of glycosylation ( Paredes et al., 2006 ).  

    2 .       Electroneutral Cotransport Process and 
Stoichiometry of NKCC 

 Geck   and coworkers (1980), working on Ehrlich 
ascites tumor cells, provided the first comprehensive 
evidence for the existence of the electrically neutral 
cotransport of Na  �  , K  �   and Cl  �   ions, with a stoichi-
ometry of 1Na:1K:2Cl. A solidly documented excep-
tion is the squid axon cotransporter which has a 
stoichiometry of 2Na:1K:3Cl, probably reflecting its 
distinct molecular structure ( Russell, 1983, 2000 ). The 
1Na:1K:2Cl stoichiometry has been found in all verte-
brate cells in which it has been studied ( Flatman, 2004 ; 
 Gamba, 2005 ;  Hoffmann, 2001 ;  Lytle, 2003 ;  O’Grady 
et al., 1987 ;  Russell, 2000 ). 

 There   is general agreement that the NKCC is elec-
trically silent, which means that the overall transport 
process of Na  �  , K  �   and Cl  �   via the cotransporter is 
not driven by the transmembrane voltage, nor does the 
transport process directly generate a membrane cur-
rent that may affect the transmembrane voltage. As 
correctly pointed out by  Russell (2000) , the electrical 
silence of the NKCC is now well accepted by workers 
in the field, yet direct evidence for the assertion is sur-
prisingly sparse. Electrical silence is often inferred from 
the apparent stoichiometry of the cotransport process, 
but arriving at this conclusion involves a somewhat cir-
cular argument. 

 Conclusive   proof of electrical silence requires direct 
and simultaneous measurement of transmembrane 
potential and cotransporter mediated ion fluxes. There 
are only two reports in the literature fulfilling these 
requirements, one for the squid axon NKCC cotrans-
porter ( Russell, 1984 ) and one for frog dorsal root 
ganglion cells ( Alvarez-Leefmans et al., 1988 ). The lat-
ter is, so far, the only existing direct evidence for the 
electroneutrality of Cl  �   transport through NKCC in a 
vertebrate neuron ( Fig. 5.4 , thick arrow). Since the cell 
membrane of DRG neurons has a relatively low resting 
Cl  �   permeability ( Alvarez-Leefmans, 1990 ;  Staley et al., 
1996 ), the movements of Cl  �   occurred largely through 
a non-electrodiffusional pathway, i.e. an electroneutral 
carrier mechanism, which required external Na  �   and 
K  �   for uphill accumulation of Cl  �  , and was bumetanide 
sensitive, i.e. an NKCC. The presence of NKCC pro-
tein in frog DRG cells was corroborated later on using 
immunolabeling and Western blot analyses with mono-
clonal antibodies ( Alvarez-Leefmans et al., 2001, 1998 ). 

 The   magnitude and direction of the cotransport 
process is determined by the sum of the  chemical 
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 potential gradients of the transported ions. NKCC is 
electrically neutral and thus net cotransport neither 
affects nor is affected by the transmembrane poten-
tial. Consequently, the magnitude and direction of the 
driving force for net ion movement must be calculated 
from the chemical rather than the electrochemical 
potential gradients of all the transported ions. 

 The   NKCC is a secondary active transport process 
and hence it is reversible, that is, it mediates ion fluxes 
into or out of the cell, the net direction of cotransport 
depending on the overall net free energy ( Δ  G ) of the 
system. If  Δ  G  is negative, it means that the direction 
of the cotransport will be inward, i.e. favoring uptake. 
If  Δ  G  is zero, the system is at equilibrium. Since 
NKCC is electroneutral and has a 1Na:1K:2Cl stoichi-
ometry,  Δ  G  is given by the following equation: 

  Δ Δ Δ Δ ΔG � � � �μ μ μ μNa,K,Cl Na K Cl2   (Eq. 5)      

 In   other words, the driving force for the electroneu-
tral 1Na  �  ,1K  �  ,2Cl  �   cotransport ( Δ  μ  Na, K, Cl  ) is the sum 
of the  chemical  potential differences of Na  �   ( Δ  μ  Na ) 
and K  �   ( Δ  μ  K ) plus twice the Cl  �   potential difference 
( Δ  μ  Cl ), since two Cl  �   ions are translocated per cycle. 
From the definition of chemical potential for each of 
the ions involved, it follows: 
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 In   most vertebrate cells, under physiological con-
ditions and for a stoichiometry 1Na  �  :1K  �  :2Cl  �  ,  Δ  G  
is always  negative , therefore favoring  net ion uptake . 
Russell has computed  Δ  G  for a variety of vertebrate 
cells; it ranges from  � 0.71       KJ       mol  � 1  in bovine aortic 
endothelial cells up to  � 8.86       KJ       mol  � 1  in rabbit ventric-
ular myocytes ( Russell, 2000 ).  Δ  G  has been estimated 
to be  � 1.29       KJ       mol  � 1  and  � 2.8       KJ       mol  � 1  in rat and frog 
DRG neurons, respectively ( Rocha-Gonz á lez et al., 2008 ; 
 Russell, 2000 ). As pointed out by  Lytle (2003) , the rare 
exception may be red blood cells, which have an usually 
high [Cl  �  ] i  (75 – 100       mM). This reflects their high anion 
permeability, mainly mediated by the anion exchanger 
protein AE1, which has translocation rates and char-
acteristics similar to channels ( Ellory et al., 2009 ). In 

human, duck and ferret red blood cells under physi-
ological conditions  Δ  μ  Na, K, Cl  is nearly 0, leaving little if 
any driving force to run the cotransporter ( Lytle, 2003 ). 

 The   NKCC cotransport process reaches thermody-
namic equilibrium when  Δ  G       �       Δ  μ  Na, K, Cl       �      0, that is, 
when the product of the concentrations of Na  �   and 
K  �   times the square of the Cl  �   concentration on one 
side of the membrane is matched by the product of 
these ions in the  trans  side: 

  [Na ] K Cl [Na ] [K ] Cli i i o o o
� � � � � ��[ ] [ ] [ ]2 2   (Eq. 8)      

 Since   the cotransporter is electroneutral, thermo-
dynamic equilibrium will not be affected by  E  m . 
Assuming for the sake of argument that Na  �  -K  �  -Cl  �   
cotransport is the only Cl  �   transport system operating 
at steady state in a cell, that it has a 1Na  �  :1K  �  :2Cl  �   
stoichiometry, and that there are no kinetic constraints, 
the predicted [Cl  �  ] i  when the cotransport reaches 
 thermodynamic equilibrium is given by the following 
equation derived from Eq. 8: 
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 For   example, consider the model cell shown in  Fig. 
5.6   , in which NKCC is the sole mechanism actively 
transporting Cl  �   and the Na  �  /K  �   pump maintains 
[Na  �  ] i  and [K  �  ] i  constant. The cell has a resting  E  m  of 
 � 60       mV and the relevant ion concentrations (in mM) 
are: [Na  �  ] o       �      132; [K  �  ] o       �      3; [Cl  �  ] o       �      113; [Na  �  ] i        �      10 
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 FIGURE 5.6          Model of a cell expressing Na  �  , K  �  , 2Cl  �  cotransport 
(NKCC) and a GABA A -gated anion channel. The energy stored 
mainly in the inward Na  �   chemical gradient maintained by the Na  �  /
K  �   ATPase is used by NKCC for the active Cl  �   uptake process. The 
Na  �  /K  �   ATPase expels the Na  �   entering through NKCC. The K  �  , 
entering through NKCC diffuses out of the cell via K  �   channels. Cl  �   
is accumulated above electrochemical equilibrium, shifting  E  Cl  to val-
ues more positive than  E  m . Opening of GABA-gated anion channels 
produce a membrane depolarization (blue trace) due to Cl  �   efflux.    



93

and [K  �  ] i       �      120. Under these conditions, when the 
cotransporter reaches thermodynamic equilibrium, 
without any kinetic constraints (e.g. phosphoryla-
tion state), the [Cl  �  ] i  will be  � 65       mM, and this would 
be the  maximal possible  [Cl  �  ] i  under these conditions. 
Thus, we can conclude from the examples considered 
in        Figs 5.1 and 5.6  that if Cl  �   was in electrochemi-
cal equilibrium, [Cl  �  ] i  calculated from Eq. 4 would 
be 12       mM, but if we add NKCC to the same cell ( Fig. 
5.6 ), assuming that the resting channel-mediated per-
meability to anion channels is negligible, the [Cl  �  ] i  
can increase up to about five times above its equilib-
rium level, and  E  Cl  would now be  �      �     12       mV. Since  E  m  
is kept constant, at  � 60       mV, opening of ligand-gated 
Cl  �   channels (GABA in the example shown in  Fig. 
5.6 ) will produce an efflux of Cl  �  . Since Cl  �   is nega-
tively charged, its electrodiffusional efflux produces 
an inward (depolarizing) current. If an imaginary 
 experimenter estimated in our model cell a [Cl  �  ] i  
higher than 65       mM under the above conditions, an 
estimate that could be obtained from  E  GABA  determi-
nations (assuming that the anion channels opened by 
GABA are perfectly selective to Cl  �  ) or even by direct 
measurement with a fluorescent probe or an intracel-
lular ion-sensitive microelectrode, it is very likely that 
his/her measurements would be in error. 

 In   reality, [Cl  �  ] i  in the model of  Fig. 5.6  is expected 
to be below NKCC thermodynamic equilibrium (as 
defined by Eq. 9), because the cotransporter is  kinetically  
regulated, as discussed in Chapters 2, 18 and 22. Under 
ionic conditions close to those in the model discussed, 
it has been demonstrated by direct measurement of 
[Cl  �  ] i  with a fluorescent probe in rat dorsal root gan-
glion cells that if NKCC attained thermodynamic equi-
librium, [Cl  �  ] i  would be  � 83       mM but the actual value 
measured was  � 48       mM ( Rocha-Gonz á lez et al., 2008 ).  

    3 .       Extracellular K  �   Concentration and NKCC 
Operation 

 One   functional feature of NKCC is its sensitivity 
to [K  �  ] o . Slight increases in [K  �  ] o , say between 3 and 
5.5       mM result in a significant increase in ( Δ  μ  Na, K, Cl ), 
and consequently in the [Cl  �  ] i  that can be potentially 
attained when NKCC reaches equilibrium, as defined 
by Eqs 8 and 9. Going back to the cell model shown 
in  Fig. 5.6 , the [Cl  �  ] i  when NKCC is in equilibrium is 
 � 65       mM when [K  �  ] o       �      3       mM. By increasing [K  �  ] o  just 
by 1       mM, to 4       mM, the [Cl  �  ] i  predicted from Eq. 9 will 
be 75       mM, and for a [K  �  ] o  of 5.5       mM, [Cl  �  ] i  will be 
 � 88       mM! This feature, in conjunction with the  K  d  for 
K  �   of NKCCs, make these transport proteins ideally 
suited for buffering extracellular K  �   ( Alvarez-Leefmans 
et al., 2001 ;  Lytle, 2003 ;  Walz, 1992 ;  Wu et al., 1998 ).  

    4 .       Impact of Intracellular Na  �   Concentration on 
NKCC Operation 

 Another   important physiological feature of NKCCs 
is the effect that changes in [Na  �  ] i  have on the thermo-
dynamic equilibrium set point. A decrease in [Na  �  ] i  
could occur in neurons upon activation of the elec-
trogenic Na  �  /K  �   pump ( Brumback and Staley, 2008 ). 
In our cell model ( Fig. 5.6 ), a decrease in [Na  �  ] i  from 
10 to 5       mM leads to a predicted increase in  Δ  μ  Na, K, Cl , 
and consequently in the [Cl  �  ] i  from 65       mM to 91       mM, 
if there were no kinetic constraints.   

    E .       Thermodynamic Equilibrium Conditions of 
Na   �   -independent Anion Exchangers 

 Another   variable that affects [Cl  �  ] i , and hence 
the driving force for NKCC, is the intracellular pH 
(pH i ). This is partly due to the presence of Cl  �  -cou-
pled pH regulating transport proteins, i.e. the anion 
 exchangers. We will not dwell on the thermodynamic 
and molecular aspects of these proteins since they are 
covered in Chapter 4 of this volume. Further, we only 
consider here, as an example, the Na  �  -independent 
Cl  �  /HCO 3   �   exchangers (AEs) belonging to the SLC4A 
gene family. These transport proteins were proposed a 
long time ago to be a possible additional mechanism 
for uphill accumulation of intracellular Cl  �   in neu-
rons ( Alvarez-Leefmans, 1990 ), and there is evidence 
suggesting that they may play that role in the mainte-
nance of [Cl  �  ] i  above equilibrium levels in developing 
rat auditory brainstem neurons ( Becker et al., 2003 ), 
and in embryonic chick motoneurons ( Gonzalez-Islas 
et al., 2009 ). 

    Figure 5.7    illustrates a model of a cell endowed 
only with a Cl  �  /HCO 3   �   exchanger, a system that is 
electroneutral, with a stoichiometry of 1:Cl/1:HCO 3   �  . 
Therefore, the driving force for this anion transport 
pathway is the sum of the  chemical  potential gradients 
of the anions involved. Because the anions are trans-
ported in opposite directions, the combined chemical 
gradient ( Δ  μ  Cl/HCO3 ) is given by the  difference  of the 
Cl  �   and HCO 3   �   chemical potential gradients  Δ  μ  Cl  and 
 Δ  μ  HCO3 , respectively: 

  Δ Δ Δμ μ μCl/HCO Cl HCO3 3
� �   (Eq. 10)      
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 The   transport process reaches thermodynamic equilib-
rium when  Δ ΔG � �μCl/HCO

3
0,     and Eq. 11 becomes: 
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 Eq.   12 relates the intracellular and extracellular 
Cl  �   and HCO 3   �   concentrations when the Cl  �  /HCO 3   �   
exchange process has reached equilibrium, that is, 
when no further net movement of Cl  �   and HCO 3   �   can 
occur across the membrane. For the model shown in 
 Fig. 5.7 , pH o       �      7.3 and pH i       �      7.1 (i.e.  Δ pH      �      0.2), and 
[HCO 3   �  ] o  is taken as 22       mM, the concentration mea-
sured in mammalian cerebrospinal fluid at 37 ° C (see 
Table 29.1, Chapter 29 in this volume). In the presence 
of a CO 2 /HCO 3   �  -buffered solution, the distribution of 
Cl  �   will be determined by the distribution of HCO 3   �   
across the membrane. This is because CO 2  is freely per-
meable through the membrane, and at constant PCO 2  
([CO 2 ] i       �      [CO 2 ] o ) the ratio of intracellular and extracel-
lular [HCO 3   �  ] is determined by  Δ pH. Under these con-
ditions  E  H , the equilibrium potential for H  �  , is equal 
to  E  HCO3 , the equilibrium potential for bicarbonate 
( Bevensee and Boron, 1998 ). In the model considered 
here, the cell possesses only Na � -independent anion 
exchangers (AEs in  Fig. 5.7 ). Thus the [Cl  �  ] i  when the 
anion exchangers reach equilibrium can be predicted by 
knowing [Cl  �  ] o  and the  Δ pH. Since we know  Δ pH we 
can calculate  E  H , which is given by the Nernst equation, 

  
EH � �

RT
F

ln ( )pH pHi o   (Eq. 13)      

 At   37 ° C, and taking pH o       �      7.3 and pH i       �      7.1, 
 E  H       �       � 12.3       mV. Since  E  H       �       E  HCO3 , we can calculate the 
[HCO 3   �  ] i  at equilibrium using the following expression: 
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 Hence  , 
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 ( Eq. 14.1)      

 We   can now calculate [Cl  �  ] i  when the Cl  �  /HCO 3   �   
reaches equilibrium, for a [Cl  �  ] o       �      113    mM from the 
following expression derived from Eq. 12: 
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 Thus  , the maximal possible [Cl  �  ] i  due to the AE 
under the conditions considered here would be 71.4, 
that is,  � 6       mM more than the [Cl  �  ] i  estimated when 
NKCC reaches equilibrium using Eq. 9. If we now 
consider a cell expressing both NKCC and AE, [Cl  �  ] i  
could be higher than predicted by the sole operation of 
NKCC, not only because NKCC reaches equilibrium at 
a slightly lower [Cl  �  ] i  than the AE in the example con-
sidered, but, more importantly, because NKCC and AEs 
may be kinetically inhibited at different set points for 
[Cl  �  ] i  ( Alper et al., 2002 ;  Kurschat et al., 2006 ;        Stewart 
et al., 2002, 2004 ). Obviously, in a cell endowed with 
Na � -independent AEs, activation of GABA A  receptors 
would produce a depolarizing Cl  �   efflux ( Fig. 5.7 ).  

    F .      Impact of Cl  �   Channels on [Cl  �  ] i  

 The   idealized conditions considered above for 
NKCC and AE do not take into consideration resting 
Cl  �   conductances. In DRG neurons the resting Cl  �   
conductance due to voltage-sensitive Cl  �   channels (e.g. 
ClC-2) is negligibly small ( Alvarez-Leefmans, 1990 ); in 
fact these neurons do not express ClC-2 ( Staley et al., 
1996 ). In central neurons, ClC-2 has been proposed 
to participate in intracellular Cl  �   regulation ( Staley 
et al., 1996 ). This is because ClC-2 gating is sensitive 
to voltage and [Cl � ] i  ( Haug et al., 2003 ;  Niemeyer 
et al., 2004 ;  Pusch et al., 1999 ); a rise in [Cl  �  ]i increases 
ClC-2 open probability towards positive voltages (see 
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 FIGURE 5.7          Model of a neuron expressing only Na�-independent 
anion exchangers (AEs) and a Na  �  /K  �   ATPase (not shown). The 
pH across the plasma membrane (pH in  – pH out ) is constant. Resting 
 E  m       �             �      60       mV. The Na � -independent AEs mediate active accumula-
tion of Cl  �   in exchange for HCO 3   �   . Intracellular [Cl  �  ] is maintained 
at higher than passive levels. Consequently,  E  Cl  is more positive than 
 E  m . GABA-gated anion channels have a depolarizing action mediated 
by electrodiffusional Cl  �   efflux. (See text for details.)    
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Chapter 12 in this volume). Further, in central neu-
rons, or in the intraspinal terminals of DRG neurons 
the resting Cl  �   conductance may be continuously 
active due to tonic release of GABA. Extrasynaptic 
receptors mediate  ‘  ‘ tonic ’  ’  GABA A  receptor activated 
Cl  �   conductance. Delta subunit-containing extrasyn-
aptic GABA A  channels are highly sensitive to GABA 
(submicromolar) and do not desensitize and thus may 
contribute a substantial fraction of the resting input 
conductance ( Glykys and Mody, 2007 ;  Kullmann et al., 
2005 ). In neurons having [Cl  �  ] i  above equilibrium, a 
tonic Cl  �   conductance could actually be stimulating 
NKCC; this cotransporter is activated by decreasing 
[Cl  �  ] i  ( Rocha-Gonz á lez et al., 2008 ;  Russell, 2000 ).  

    G .       Thermodynamic Equilibrium Conditions 
of K  �  -Cl  �   Cotransporters 

 Let   us now turn our attention to the KCCs. 
Thermodynamics aspects of Cl  �   transport through this 
type of transporter are discussed in detail in Chapters 
3 and 17. The K  �  -Cl  �   cotransporters (KCCs) are inte-
gral membrane proteins that mediate the  obligatorily 
coupled, electroneutral movement of K  �   and Cl  �   across 
the plasma membrane of many animal cells. As an 
electroneutral secondary active transport mechanism, 
the direction of the net movement of K  �   and Cl  �   by the 
cotransporter is determined solely by the sum of the 
chemical potential gradients of the two ions. Under nor-
mal physiological conditions, the outwardly directed K  �   
chemical potential gradient maintained by the Na  �  /K  �   
pump drives Cl  �   uphill against its chemical potential 
gradient. Hence, under normal conditions the KCC is an 
efflux pathway for K  �   and Cl  �  . However, the cotrans-
porter is bi-directional and can mediate net ion efflux 
or influx, depending upon the prevailing K  �   and Cl  �   
chemical potential gradients. In neurons, this is crucial 
inasmuch as KCC works near its thermodynamic equi-
librium, and therefore it has the potential to mediate 
Cl  �   fluxes in both directions (see Fig. 17.4 in Chapter 
17 in this volume). The stoichiometry of KCC has been 
determined in the isoform expressed in rabbit red blood 
cells ( Jennings and Adame, 2001 ), and its 1K  �  :1Cl  �  . This 
means that the overall transport process of K  �   and Cl  �   
via the cotransporter is not driven by the transmem-
brane voltage, nor does the transport process directly 
generate a membrane current that may change the trans-
membrane voltage ( Brugnara et al., 1989 ;  Kaji, 1993 ). 

 Of   the four isoforms known, KCC2 and its splice 
variants are particularly relevant in neurons inasmuch 
as there is substantial evidence supporting the notion 
that KCC2 is the isosform that actively extrudes Cl  �   
from nerve cells in isosmotic conditions, rendering 
 E  Cl  more negative than  E  m  and thus making possible 

hyperpolarizing inhibition (Chapter 17), i.e. KCC2 
is the  ‘  ‘ outward Cl  �   pump ’  ’  of earlier literature (see 
above Section I.F). 

 Assuming   that the K  �  -Cl  �   cotransport is the sole 
system transporting Cl  �  , and that [K  �  ] i  is held con-
stant by the Na  �  /K  �   pump ( Fig. 5.8   ), the driving force 
for the cotransport  Δ  μ  K, Cl  is the sum of the chemical 
potential differences of K  �   and Cl  �  , as expressed in 
the following equation: 

  Δ Δ Δμ μ μK,Cl k Cl� �   (Eq. 16)      

 It   follows that 
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  (Eq. 17)      

 This   system attains thermodynamic equilibrium when 

  ΔμK,Cl � 0   (Eq. 18 )    

  and therefore for a 1:1 stoichiometry   
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  and hence the [Cl  �  ] i  at equilibrium will be   
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 The   [K  �  ] o  at which the flux reverses from outward 
to inward or vice versa (flux reversal point or FRP) 
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 FIGURE 5.8          Model of a neuron expressing only K  �  -Cl  �   cotrans-
porter (KCC), Na  �  /K  �   ATPase, voltage-gated anion channels and 
GABA-gated anion channels. KCC actively extrudes Cl  �   from the 
cell shifting  E  Cl  (red dashed line on the right) to a more negative 
value than  E  m . Right: A puff of GABA produces a hyperpolarizing 
IPSP (blue trace). When KCC is blocked, [Cl  �  ] i  raises until reaching 
passive equilibrium ( E  m       �       E  Cl ). A second GABA application under 
these conditions does not produce a change in  E  m  but an increase in 
membrane conductance which is the basis of  ‘  ‘ shunting inhibition ’  ’ .    
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can be determined using the following equation ( Lauf 
and Adragna, 1996 ): 
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K Cl

Clo
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[ ]
  (Eq. 21)      

 From   Eq. 20 we can estimate the [Cl  �  ] i  when 
KCC reaches equilibrium. In our model ( Fig. 5.8 ), 
[Cl  �  ] o       �      113       mM, [K  �  ] o       �      3       mM and [K  �  ] i       �      120       mM, 
and hence, from Eq. 20, [Cl  �  ] i  will be  � 3       mM and  E  Cl  
would be  �    �      98, that is  � 38       mV more negative than 
the resting  E  m  ( � 60       mV). Thus, the driving force for 
the IPSP ( E  Cl       �       E  m ) in the example considered would 
be more than 30       mV. Further, opening of GABA-gated 
anion channels would produce a membrane hyperpolar-
ization, i.e. an IPSP due to Cl  �   influx (outward current). 
Of course the actual [Cl  �  ] i  predicted by Eq. 20 would 
be slightly higher in real neurons, because [K  �  ] i  may be 
lower than 120       mM, the  ‘  ‘ textbook ’  ’  value used in our 
calculations. Another point that is important to consider 
is that [Cl  �  ] i  in a mammalian neuron coexpressing KCC 
and a resting Cl  �   conductance will be determined by 
the relative contribution of each of these mechanisms. 
If the resting Cl  �   conductance is large enough, it could 
overwhelm the active extrusion mechanism (i.e. KCC) 
and [Cl  �  ] i  will appear in equilibrium, although never 
above electrochemical equilibrium, unless there is an 
inward active transport put into operation. 

 The   above discussion leads us to the next consid-
eration. What happens when KCC is blocked, or its 
functional expression is negligible (e.g. immature 
neurons)? If we block KCC in the model of  Fig. 5.8 , 
Cl  �   will redistribute across the plasma membrane follow-
ing the resting potential and  E  m       �       E  Cl . Thus, activation 
of GABA-gated anion channels under these condi-
tions will produce a decrease in membrane conduc-
tance without changing  E  m  (shunting inhibition), as 
illustrated in  Fig. 5.8 . There can be no Cl  �  - mediated 

depolarization unless there is an active Cl  �   uptake 
mechanism coexpressed with KCC. Inhibition of KCC 
 per se cannot  result in a GABA A - or glycine-evoked 
depolarization, as often mentioned in the literature. 
Which are the possible explanations for the observa-
tion that block or decreased expression of KCC turns 
GABA depolarizing? (1) Upon KCC inhibition [Cl  �  ] i  
increases until  E  Cl       �       E  m  (i.e. Cl  �   becomes passively 
distributed), but the GABA-gated anion channels are 
permeable to HCO 3   �  . Since  E  HCO3  is more positive 
than  E  m , GABA could generate a small depolarization 
due to HCO 3   �   efflux via GABA-gated anion chan-
nels ( Kaila et al., 1993 ;  Staley and Proctor, 1999 ;  Staley 
et al., 1995 ). This of course will depend on the relative 
permeability of the GABA-gated channels to HCO 3   �  , 
a parameter which appears to be extremely variable 
between neurons and most of the time is unknown. 
An equivalent situation could result from passive 
accumulation of intracellular Cl  �   upon repeated expo-
sure to GABA in adult neurons ( Cordero-Erausquin 
et al., 2005 ). In this case, passive Cl  �   influx via GABA-
gated channels would exceed KCC transport capac-
ity. (2) Reversing the flux through KCC (e.g. if there is 
an abnormal increase in extracellular [K  �  ]). (3) More 
likely, because KCC and NKCC (or another active Cl  �   
uptake mechanism) coexist in the same cell ( Fig. 5.9   ). In 
this situation, ablation or decreased expression of KCC 
leaves NKCC unrestrained, generating an increase in 
[Cl  �  ] i  sufficient to shift  E  Cl  to depolarized values with 
respect to  E  m  ( Khirug et al., 2008 ;  Munoz et al., 2007 ). 

 As   mentioned above, under physiological conditions 
KCCs function as active Cl  �   extruders but work near 
thermodynamic equilibrium. Only under non-physi-
ological or pathological high levels of extracellular K  �   
can KCCs reverse their normal operation and accumu-
late Cl  �   ( DeFazio et al., 2000 ;  Kakazu et al., 2000 ). Under 
physiological conditions extracellular K  �   is tightly buff-
ered in the brain ( Somjen, 2004 ). Therefore, KCCs cannot 
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 FIGURE 5.9          Model of a neuron 
coexpressing NKCC and KCC. In this 
model KCC dominates over NKCC 
and [Cl  �  ]i is maintained below elec-
trochemical equilibrium. Therefore,  E  Cl  
(red dashed line in right panel) is more 
negative than  E  m  (green dashed line in 
right panel). At the time indicated by 
the first arrow in the right panel, a puff 
of GABA produces a hyperpolarizing 
IPSP. Upon blockage of KCC (indicated 
by the second arrow labeled “KCC 
Blocked”), NKCC is left unrestrained 
and [Cl  �  ] i  increases shifting E Cl  to val-
ues more positive than  E  m . Under these 
conditions, a second puff of GABA 
(indicated by the third arrow) will pro-
duce a membrane depolarization.    
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be considered key players in normal active Cl  �   accu-
mulation in neurons. However, KCCs may influence 
the levels of intracellular Cl  �   by counteracting a coex-
isting Cl  �   uptake mechanism. In fact, the coexistence 
of active Cl  �   extruders and loaders in a given cell is the 
situation expected for a tightly regulated ion like Cl  �  . 

 Functional   interaction between Cl  �   extruders and 
loaders coexpressed in a cell ultimately determines 
[Cl  �  ] i  ( Gillen and Forbush, 1999 ;  Lytle and McManus, 
2002 ). Equally important in this context is the fact 
that cytoplasmic Cl  �   is a negative feedback regula-
tor of NKCC1 activity in many cell types, including 
neurons (       Breitwieser et al., 1990, 1996 ;  Gillen and 
Forbush, 1999 ;  Haas et al., 1995 ;  Lytle and Forbush, 
1996 ;  Rocha-Gonz á lez et al., 2008 ;  Russell, 2000 ). The 
consequences of functional interaction between KCCs 
and NKCCs in mammalian cells were tested in an 
epithelial cell line (HEK293) transfected with rabbit 
KCC1. Overexpression of KCC1 led to a decrease in 
[Cl  �  ] i  that resulted in activation of endogenous NKCC 
( Gillen and Forbush, 1999 ). A steep relation between 
cell Cl  �   and NKCC activity was found over the 
physiological ranges supporting a primary role for 
[Cl  �  ] i  in activation of NKCC. Interestingly, activation 
of GABA A  receptors in immature rat cortical neurons 
and in olygodendrocytes increases NKCC1 activity 
( Schomberg et al., 2003 ;  Wang et al., 2003 ). Decreases 
in [Cl  �  ] i  produced by GABA have been measured in 
neurons that have higher than passive [Cl  �  ] i  ( Ballanyi 
and Grafe, 1985 ;  Chub et al., 2006 ;  Schomberg et al., 
2003 ). Moreover, in peripheral neurons, the GABA-
evoked depolarization activates K  �   channels result-
ing in K  �   efflux and a decrease in [K  �  ] i  ( Ballanyi and 
Grafe, 1985 ;  Deschenes and Feltz, 1976 ). Thus, activa-
tion of GABA A  receptors may produce net efflux of K  �   
and Cl  �   with consequent osmotic water efflux and cell 
shrinkage ( Alvarez-Leefmans et al., 1998 ). GABA A -
induced shrinkage has been demonstrated in popula-
tions of embryonic brain stem neurons ( Momose-Sato 
et al., 1998 ) and in single oligodendrocytes in culture 
( Wang et al., 2003 ). However, activation of GABA A  
receptors in immature cortical neurons in culture pro-
duces a decrease in [Cl  �  ] i  and stimulation of NKCC1 
without measurable shrinkage suggesting that shrink-
age in these cells is not a necessary condition for acti-
vating NKCC1 ( Schomberg et al., 2003 ).  

    H .       Influence of GABA-induced Bicarbonate 
Permeability on  E  IPSP : Why  E  GABA  is not 
Equal to  E  Cl  

 Due   to the technical difficulties in directly measuring 
[Cl  �  ] i  and  E  m  with fluorescent probes or ion-sensitive 

microelectrodes, the practice of estimating [Cl  �  ] i  using 
gramicidin perforated patches (Chapter 8) is wide-
spread. The underlying assumption is that E Cl  is equal 
to E GABA , and hence, knowing E GABA  it is possible to 
calculate [Cl  �  ] i . Although this approach has provided 
valuable information, the [Cl  �  ] i  estimated with this 
method is at best just a rough approximation of the 
actual [Cl  �  ] i  in neurons. This is because it is in fact 
difficult to validate that E Cl  = E GABA . As already men-
tioned, it has long been known that the anion chan-
nels gated by GABA are permeable primarily to Cl  �   
but to a variable extent they are also permeated by 
HCO 3   �   ( Bormann et al., 1987 ;  Fatima-Shad and Barry, 
1993 ;  Inomata et al., 1986 ;  Kaila et al., 1993 ;  Kelly et 
al., 1969 ). Thus, the reversal potential of a GABAA-
mediated IPSP ( E  IPSP ), or the reversal potential of a 
GABA-induced current ( E GABA) mediated by activa-
tion of GABAA receptor-channels is more accurately 
described by the following expression based on the 
Goldman-Hodgkin-Katz equation:   
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  (Eq. 22)     

  where  α  is the ratio of permeabilities  P  HCO3 / P  Cl , and 
other variables have been defined previously.   

 Let   us turn our attention again to the model illus-
trated in  Fig. 5.8 . Assume, for simplicity, that the resting 
anion permeability of this neuron is negligible, that the 
cell has only KCC, GABA-gated anion channels and, 
of course, a Na  �  /K  �   pump that keeps the Na  �   and K  �   
gradients constant. In this cell [Cl  �  ] i  can be altered in a 
predictable manner by changing [K  �  ] o  (Eq. 20). At the 
same time, in our imaginary experiment we also mea-
sure GABA-induced currents with a gramicidin patch 
pipette (not shown). Activation of GABA A  receptors at 
different holding potentials in the model allows mea-
surement of EGABA, which is equal to  E  IPSP . Further, 
imagine that by an independent method (e.g. a fluores-
cent dye), we are also able to directly measure [Cl  �  ] i  in 
the same cell. For the purpose of this imaginary experi-
ment, [HCO 3   �  ] o  is taken as 22       mM, [HCO 3   �  ] i       �      13.9       mM 
(Eq. 14.1, above) and  α       �      0.1. With the data obtained 
from the model, it is possible to plot [Cl  �  ] i ,  E  IPSP  (or 
EGABA) and  E  Cl  as a function of [K  �  ] o  using the fol-
lowing equations: [Cl  �  ] i  from Eq. 20,  E  IPSP  from Eq. 22 
and  E  Cl  from Eq. 1. The ion concentrations used in the 
calculations are the same as those we have been using 
above, and the results are plotted in  Fig. 5.10   . 

 The   first conclusion that can be reached by examin-
ing the graphs shown in  Fig. 5.10  is that at physiologi-
cal [K  �  ] o , i.e. 3       mM, [Cl  �  ] i       �      2.8,  E  Cl       �       � 97       mV and 
 E  IPSP       �       � 87       mV. The difference between  E  Cl  and  E  IPSP  
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(which is the same as  E  GABA  in this case) is  significant 
for the whole range of [Cl  �  ] i  (from  � 2.8 up to 
 � 13       mM). Note also that if we assume, as is generally 
done, that GABA-mediated  E  IPSP       �       E  Cl , there is a sys-
tematic error in the estimation of [Cl  �  ] i  which amounts 
to  �  4       mM when [K  �  ] o       �      3       mM, i.e. under physiologi-
cal conditions when  α       �      0.1. Doing this experiment 
using HEPES-buffered solutions equilibrated with air 
instead of a HCO 3   �  /CO 2 -containing solution, aiming at 
decreasing [HCO 3 ] i  may reduce the difference between 
 E  IPSP  and  E  Cl  to an extent that is difficult to predict. 
This is because the CO 2  that is dissolved in HEPES 
(usually equilibrated with air) plus the CO 2  that is pro-
duced inside the cell by metabolism (there are many 
types of neurons that exhibit high metabolic rates and 
produce large quantities of CO 2  and HCO 3   �   catalyzed 
by intracellular carbonic anhydrases) can yield intra-
cellular HCO 3   �   concentrations that are difficult to pre-
dict quantitatively. In estimating  E  IPSP  in  Fig. 5.10    we 
used  α       �      0.1, but as already mentioned, measured  α  
in neurons ranges from 0.18 in mouse cultured spinal 
neurons ( Bormann et al., 1987 ) to 0.44 in hippocampal 
pyramidal neurons obtained from P0 rats ( Fatima-Shad 
and Barry, 1993 ). We do not know the factors that deter-
mine the permeability to HCO 3   �   in GABA-gated chan-
nels in neurons and if this permeability is the same in 
all neurons and/or if it changes during development. 
We know that the composition of GABA A  receptor sub-
units changes during development ( Galanopoulou, 

2008 ;  Ma et al., 1993 ) but whether  α  changes with sub-
unit composition is unknown ( Farrant and Kaila, 2007 ). 
Bestrophin Cl  �   channels can be highly permeable to 
HCO 3   �  , with  α  values up to 1.1 ( Qu and Hartzell, 2008 ). 

    Figure 5.11  shows a plot of  E  GABA  calculated using 
Eq. 22, as a function of [Cl  �  ] i  within the physiologi-
cal range (4 – 65       mM) and for various values of  α  rang-
ing from 0 to 0.5. The vertical dotted line crosses the 
curves at a [Cl  �  ] i       �      5       mM. The corresponding reversal 
potentials where the dotted line crosses are  � 83.3       mV 
when  α       �      0, i.e.  E  Cl , and  � 62.5       mV when  α       �      0.5. If 
we assume that  E  IPSP       �       E  GABA       �       E  Cl  the estimated 
[Cl  �  ] i  ranges from 5 to 10.9       mM, respectively. The 
error in estimating [Cl  �  ] i  (based on the assumption 
that  E  GABA       �       E  Cl ) decreases with [Cl  �  ] i  and becomes 
negligible only at intracellular [Cl  �  ] of about 50       mM. 
In conclusion, estimates of [Cl  �  ] i  from gramicidin 
patches are just an approximation to the actual [Cl  �  ] i . 
The error of these estimates depends on  α  and [Cl  �  ] i  
among other factors. The error can be significant in 
adult central neurons that have relatively low levels of 
intracellular Cl  �  , but negligible for neurons that have 
relatively high [Cl  �  ] i  like immature central neurons or 
adult primary sensory neurons.   

    III .      KINETICS OF CATION-Cl  �   
COTRANSPORT 

 Whereas   thermodynamic parameters dictate the 
overall electrochemical force driving ion movements 
through transport mechanisms, kinetic parameters are 
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 FIGURE 5.11          GABA reversal potential ( E  GABA ) plotted as a 
function of [Cl  �  ] i  for different values of  α , the permeability ratio 
 P  HCO3

 / P  Cl . Vertical dotted line crosses the curves at a [Cl  �  ] i  of 
5       mM, the basal concentration measured in mature CNS neurons by 
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 FIGURE 5.10          Effect of changing [K  �  ] o  on [Cl  �  ] i ,  E  Cl  and  E  GABA  
in the cell model shown in  Fig. 5.8 .  E  IPSP       �       E  GABA . The GABA-
induced currents were recorded with a gramicidin patch pipette 
(not shown). Activation of GABA A  receptors at different holding 
potentials in the model allows measurement of  E  GABA , the reversal 
of the GABA-induced membrane current.  When the currents are 
evoked by activation of GABAergic synapsis, the reversal poten-
tial of the IPSP ( E  IPSP ) will have the same value as  E  GABA . The 
intracellular Cl- concentration [Cl  �  ] i , is measured simultaneously 
with an intracellular probe. The parameters of the model are as 
follows: [Cl  �  ] o       �      113       mM; [K  �  ] i       �      120       mM; pHo      �      7.3; pHi      �      7.1; 
[HCO 3   �  ] o       �      22       mM; [HCO 3   �  ] i       �      13.9       mM,  α , the permeability ratio 
 P  HCO3

 / P  Cl  was 0.1. Temperature 37 ° C. (See text for further details.)    



99

intrinsic properties of these transporters. Obviously, 
these intrinsic properties also affect ion movements. 
They include the affinity of the transport mechanism 
for specific transported species, the affinity of the 
transport mechanism for ions at modulatory sites, 
the effect of ions at the opposite site ( trans -side) of the 
membrane, the turnover rate of single transport mol-
ecules, and the overall rate of transport. All of these 
parameters can be obtained through detailed trans-
port kinetic studies. Unfortunately, very little of this 
work has been done in vertebrate neuronal tissues due 
to the combination of two factors: the relatively recent 
discovery of chloride transporters in vertebrate neu-
rons as compared to other tissues, and the difficulty in 
measuring unidirectional ion fluxes in neuronal cells. 
For these reasons, most of the work described here 
involves non-neuronal tissues. 

    A .      Definitions and Simple Derivations 

 Kinetics   experiments are typically performed 
to extract binding affinities and maximal rates of 
transport. This is possible because transporters are 
enzyme-like mechanisms, and the rate or velocity of 
transport can be expressed as a function of substrate 
 concentration. Given that the Michaelis – Menten rela-
tionship, and other derivatives and plots, can be 
applied to membrane transporters, valuable informa-
tion on the modalities of transport can be gained from 
transport kinetic studies. 

 The   simplest enzymatic reaction comprises three 
distinct steps: (1) the binding of the substrate to the 
enzyme, (2) the transformation of the substrate by the 
enzyme and (3) the release of the product from the 
enzyme. It is possible to substitute the term  enzyme  with 
 transporter , and repeat the three steps as follows: (1) the 
binding of the substrate to the transporter, (2) the trans-
location of the transporter to the other side of the mem-
brane and (3) the release of the substrate. Thus, from 
this point on, we will leave our enzyme-transporter 
analogy and focus solely on transport kinetics. There are 
two critical assumptions made at this junction that help 
simplifying the derivation of transport velocities. First, 
the translocation step (step 2) is rate-limiting, meaning 
that it occurs with much lower speeds than the binding 
and release steps (steps 1 and 3). Second, the movement 
of substrate is followed in one direction (unidirectional 
measurements, see Chapter 9) under  zero-trans  condi-
tions, meaning that no substrate is present on the other 
side at time zero). While the first condition applies to 
most transport systems studied, the second assump-
tion is not always met, and this has consequences that 
will be discussed below. Nevertheless, based on these 
assumptions, rapid equilibrium kinetics do apply, and 

simple derivations can be made. Finally, because the 
translocation step is slow, steps 2 and 3 are usually com-
bined into a single translocation-release step. 

 This   leaves us with the simple reaction:  S       �       T ←   →
  TS   →   T       �       S , where  S  is the substrate and  T  is the trans-
porter. Note that there is a forward binding reaction 
(with a rate-constant:  k  12 ), and a reverse de-binding 
reaction (with a rate-constant:  k  21 ). The overall rate con-
stant is  K  or the ratio of  k  12 / k  21 . The translocation has a 
forward rate-constant:  k  p . Rapid equilibrium kinetics are 
based on the existence of at least one rate limiting step 
which renders the velocity of transport dependent upon 
the concentration of the intermediate feeding the reac-
tion (in this case  TS , or transporters loaded with their 
substrate and ready to translocate). All other upstream 
(binding) reaction steps, which are orders of magni-
tude faster than the rate-limiting step, can therefore be 
lumped together as they must reach near equilibrium, 
as the overall reaction reaches a steady state. This is not 
to say that these rapid partial reactions are not impor-
tant as they define some key kinetic behavior, e.g. sensi-
tivity of ion affinities to other transported species. 

 The   velocity of the reaction  v  depends on the con-
centration of the intermediate [ TS ] and the rate con-
stant  kp . This translates into the following equation: 

  v � kp TS[ ]   (Eq. 23)      

 Let  ’s now define the reaction at its maximal rate, 
based on the total number of transporters.  TS  do not 
constitute the total number of transporters, since there 
are also transporters in the reaction that are free of 
substrate ( T ). Thus, the total number of transporters is 
given by the following expression: 

  [ ] [ ] [ ]Tot T TS� �   (Eq. 24)      

 Dividing   each side of Eq. 23 by [ Tot ], we obtain: 

  

v
[Tot] kp

TS
T TS

�
[ ]

[ ] [ ]+
  (Eq. 25)      

 Defining   the maximal velocity ( V  max ) as if all trans-
porters were ready to translocate, e.g.  V  max  �  [ Tot ]  kp , 
Eq. 25 becomes: 

  

v
V[ ]

[ ]
[ ] [ ]max

�
�

TS
T TS   (Eq. 26)      

 Finally  , as [ TS ] is defined as the product of the con-
centrations of free transporters [ T ] and substrates [ S ] 
divided by the rate constant  K , Eq. 26 becomes: 

  

v
V[ ]max

�
�

[T][S] K
[T] [T][S] K

  (Eq. 27)     
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  [ T ] can be eliminated and the equation becomes:   

  

v
V[ ]max

�
�

[S] K
1 [S] K

  (Eq. 28)      

 Dividing   both the numerator and the denominator 
by [ S ]/ K  yields the Michaelis – Menten equation: 

  
v

V
�

�
max

[ ]1 K S
  (Eq. 29)      

 When   using a double-reciprocal plot of 1/ v  versus 
1/[ S ] ( Fig. 5.12   ), the intercept on the  y -axis provides 
the  V  max  value (1/ V  max ), whereas the intercept on the 
 x -axis provides the value ( � 1/ K ), from which the 
substrate affinity ( K m) can be extracted. This simple 
derivation, which as we will see later is only a first 
approximation, provides the basis for the measurement 
of maximal velocities of transport, and in a great num-
ber of studies the transport affinity for the substrate.  

    B .       Measurements of Ion Affinities for Cation-
Coupled Chloride-Cotransporters 

 By   measuring ion transport flux at different ion 
concentrations, and by using the Michaelis–Menten 
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 FIGURE 5.12          Lineweaver-Burke (double-reciprocal) plot for 
the transport of a substrate S. The transport or flux of S through a 
transporter is measured for varying concentrations of the substrate 
[S]. The double-reciprocal relationship is linear, the intercept of the 
 y -axis provides the reciprocal of the maximal flux ( V  max ) and the 
intercept on the  x -axis provides the negative reciprocal of the  K  m  
(binding affinity).    

 TABLE 5.1          Partial list of ion affinities measured for the different cation-Cl �  cotransporters  

   Transporter    Na  �    K  �    Cl  �    References 

   K  �  -Cl  �   cotransport  sheep RBC  N/A  54  26   Delpire and Lauf (1991a)  

 human RBC  N/A  115 – 140   Kaji (1989)  

   KCC1  rat/HEK293  N/A  25     Gillen et al. (1996)  

     human/oocytes  NA  25.5  17.2   Mercado et al. (2000)  

   KCC2  rat/HEK293  N/A  5.2     Payne et al. (1996)  

     rat/HEK293  N/A  2.1  26   Delpire et al. (2009)  

   KCC3  human/oocytes  N/A  10.7  7.3   Mercado et al. (2005)  

   KCC4  human/oocytes  N/A  17.5  16.1   Mercado et al. (2000)  

   NKCC1  winter flounder  5 – 7  4.5  46   O’Grady et al. (1986)  

     human RBC    5.5     Chipperfield (1981)  

     rat RBC    3.5     Duhm and G ö bel (1984)  

   NKCC2 A, B  rabbit/oocytes   � 5  2 – 3  10 – 15   Gagnon et al. (2003)  

   NKCC2  rabbit/oocytes  50 – 55  8  110   Gagnon et al. (2003)  

   NKCC2 A, B  shark/oocytes   � 5   � 2  40   Gagnon et al. (2003)  

   NKCC2 F  shark/oocytes  75  8  60   Gagnon et al. (2003)  

   NCC  winter fl/oocytes  25  N/A  13.6   Gamba et al. (1993)  

     rat DCT  9  N/A  12   Velazquez et al. (1984)  

  Additional values for K  �  -Cl  �   cotransporter under several modes of activation are also available in Lauf et al. (1992).  

equation and related plots, the affinities for Na  �  , K  �   
and Cl  �   were measured for various cation-coupled 
 chloride-cotransporters. The values obtained from sev-
eral studies are summarized in  Table 5.1   . Note that the 
affinities reported for K  �   are higher for NKCCs ver-
sus KCCs. However, KCC2 has a significantly higher 
affinity  for K� compared, and significantly higher for 
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KCC2 compared to the other K  �  -Cl  �   cotransporters. 
The significance of a higher K  �   affinity for KCC2 is 
discussed in Chapter 17. 

 It   is important to realize at this point that the affini-
ties provided in these studies, although very informa-
tive, are  apparent  affinities and not  true  affinities. The 
true affinity, defined as  K  in the previous section, may 
be different from the affinity obtained experimentally. 
Indeed, there are several factors that affect ion affinity 
measurements. First, remember that we assume that 
no substrate is present at the  trans -side. This is actu-
ally not the case in most measurements performed 
under physiological conditions, especially for influx 
measurements, where the transported ion is typically 
present inside the cell. Thus, our rate-limiting reac-
tion is truly not unidirectional as transport also occurs 
in the reverse direction. More complex kinetics, such 
as steady-state kinetics, are needed to account for 
the effect of reverse transport, as discussed below. 
Second, as  cation- chloride cotransporters couple the 
movement of multiple ions, the binding of one ion 
to the transporter can modify the binding of another 
ion, thus making the measurement of true affinities 
difficult.  

    C .       Rapid Equilibrium Kinetics and K  �  -Cl  �   
Cotransport 

 From   the previous paragraph, it will be obvious to 
most readers that the kinetics of a two-substrate trans-
porter will be somewhat more complex than that for a 
one-substrate transporter. First, because two ions are 
cotransported, so that different modalities of ion bind-
ing can be envisioned. For instance, an existing order of 
ion binding to the transporter could exist, i.e. Cl  �   bind-
ing first, followed by K  �  , or the inverse. Alternatively, 
either ion could bind to the transporter first, followed 
by the other ion. Also, the binding of one ion could 
affect the affinity of the cotransporter for the binding 
of the second ion, and vice versa, or, alternatively, the 
binding could be of no consequence. Those possibili-
ties can be clearly expressed as distinct kinetic models, 
and the obvious question is whether these models can 
be identified through specific behaviors when plotting 
experimental data. The answer is yes, each model with 
its sets of conditions gives rise to equations with distinct 
properties. As an example, we will describe the kinetic 
model showing asymmetry of K  �  -Cl  �    cotransport in 
sheep red cells ( Delpire and Lauf, 1991a, b ). As seen 
in  Fig. 5.13A   , we determined ordered binding at the 

III. KINETICS OF CATION-Cl� COTRANSPORT

20

30

60

15

90 132Km � 63 0.05 0.025Km � 26 mM
1/[K+]o 1/[Cl−]o

[Cl−]o
−

[K+]o

30

10

7.5

0.10 0.15 0.20

120

10

6

9

3

1/
i M

KO
R

6

9

3

1/
i M

KO
R

0.050 0.075 0.100

5

1

v
�

K1

Vmax

K2

[Cl−]o

1

[K+]o
�

1

Vmax

1

v
�

K2

Vmax
1�

1�

K1

−

[K+]o

1

[CI−]o

K1

[K+]o
�

1

Vmax

B

T � Cl� TCl
�

TKCl T � K�� Cl�
kp

K2

K1

C

A

  K�
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extracellular side by measuring ion fluxes at different 
ion concentrations, with Cl  �   binding first, followed by 
K  �  . This was based on the behavior of double-recipro-
cal plots which showed a unique intercept of a family 
of lines on the  y -axis when [K  �  ] was varied for differ-
ent [Cl  �  ] concentrations, and a unique intercept of a 
family of lines in the second quadrant when [Cl  �  ] was 
varied for different [K  �  ]. As the equations show ( Fig. 
5.13B ), this behavior is typical of  ordered  binding with 
Cl  �   ions binding first, followed by K  �  . The model of 
ordered binding is depicted in  Fig. 5.13C . Note that this 
behavior was not observed in a recent study examin-
ing the effect of an inhibitor on NEM-activated KCC2 
expressed in HEK293 cells ( Delpire et al., 2009 ). This 
suggests the possibility of different kinetic modalities 
for different K  �  -Cl  �   cotransporters, or different kinetic 
modalities for different modes of activation/function. 
This interesting aspect will need further study. When 
K  �   efflux measurements via swollen-activated sheep-
red-cell K  �  -Cl  �   cotransport were performed while 
varying  intracellular ions, the intercepts were located 
on the  x -axis in both plots, indicating  random  binding at 
the internal aspect of the membrane ( Delpire and Lauf, 
1991a ).  

    D .       Steady-state Kinetics and K  �  -Cl  �   
Cotransport 

 As   mentioned above, rapid equilibrium kinetics 
assumes that the rate-limiting reaction of transport is 
unidirectional, i.e. the flux in the reverse direction is 
null or minimal. This is a rather unique assumption, 
as ion transport measurements are often performed 
under physiologic conditions, where reverse trans-
port is not insignificant. Steady-state transport kinet-
ics have been developed to account for a significant 
transport in the reverse direction. Note, however, that 
equations derived under both types of kinetics often 
provide similar results. The steady-state equations are 
far more complex than rapid equilibrium equations, 
but they can be simplified under  zero-trans  conditions. 
 Fig. 5.14    shows the steady-state equations derived for 
the influx of K  �   for the  ordered  binding model ( Delpire 
and Lauf, 1991a ). It can be seen that under  zero-trans  
conditions, the equation simplifies. The  ordered  bind-
ing could be verified via the measurement of  trans  
effects. Indeed, when measuring K  �   efflux, one could 
determine that the efflux was not affected by exter-
nal K  �   when Cl  �   was absent, whereas the efflux was 
affected by external Cl  �   whether or not external K  �   
was present. These data could only be explained if 
K  �   was unable to interact with the transporter in the 
absence of Cl  �  , i.e. Cl  �   binds first. 

 The   steady-state equations agreed with the experi-
mental data. The reverse set of experiments verifying 
 random  binding inside was published in a subsequent 
study, as special manipulations needed to be worked 
out to obtain zero-trans conditions for Cl  �   on the 
inside of the red cell. This was achieved by using a 
DIDS pre-treatment to permanently shut off the robust 
activity of the Cl  �  /HCO 3   �   exchanger, in order to vary 
the inside Cl  �   concentration. The experiment was 
possible as DIDS effect on K  �  -Cl  �   cotransporter is 
reversible ( Delpire and Lauf, 1992 ). The data showed 
 trans  inhibition of K  �   influx by both internal ions in 
the absence of their partner, confirming, through an 
independent kinetic method, the  random  binding 
of ions on the inside of the cells ( Delpire and Lauf, 
1991b ).  
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 FIGURE 5.14          Steady-state model of swelling-activated K  �  -Cl  �   
cotransport in sheep red blood cells. The model considers  ordered  
binding outside, whereas  random  binding inside. Note that the free 
transporter and the fully loaded transporter are allowed to move 
through the membrane in both directions (steady-state equilib-
rium). The equation for the influx of K  �   is presented in its full form, 
and under  zero  Cl  �    trans  condition. Redrawn from  Delpire and Lauf 
(1991a) .    
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    E .       Rapid Equilibrium Kinetics and K  �  -Cl  �   
Cotransport Inhibition 

 Adding   the binding of an inhibitor to models of 
two-substrate transport mechanism increases even 
further the degree of complexity, both for the possible 
models and their associated equations. Indeed, as we 
have seen in the previous two sections, the transporter 
exists as a free molecule, as a molecule binding one 
ion and as a molecule binding both ions. Among many 
possible models, experimental data will dictate the via-
ble kinetic model and determine with which form(s) 
of the transporter the inhibitor interacts. For example, 
a detailed analysis of a novel K  �  -Cl  �   cotransporter 
inhibitory compound, PubChem SID# 56405457, bind-
ing to KCC2 expressed in HEK293 cells, revealed inter-
esting behaviors suggesting that the drug cannot bind 
to a transporter occupied by Cl  �  . Furthermore, the 
data are only consistent with a model where the drug 
can bind to either a free transporter, or a transporter 
occupied by K  �  . As mentioned before, this suggests 
that in this case, K  �   can also bind to a free transporter, 
making the ion binding outside  random . The model of 
inhibitor  binding to K-Cl cotransport is represented 
in  Fig. 5.15   , and the corresponding equations can be 
found in  Delpire et al. (2009) . Note that these data are 
in agreement with those obtained in red blood cells 
with furosemide, which  suggest  competitive inhibi-
tion with K  �   ions and non-competitive inhibition with 
Cl  �   ions ( Lauf, 1984a ).  

    F .      Kinetics of Na  �  -K  �  -Cl  �   Cotransport 

 The   kinetics of Na  �  -K  �  -2Cl  �   cotransport is even 
more complex than that of K  �  -Cl  �   cotransport, as four 
ions are involved in the translocation process. Like K  �  -
Cl  �   cotransport, Na  �  -K  �  -2Cl  �   cotransport requires 
the presence of all three ions to promote the transloca-
tion and transport from one side of the membrane to 
the other. However, in some species, the Na  �  -K  �  -2Cl  �   
cotransporter, under proper ionic conditions, can also 
mediate partial reactions, such as K  �  /K  �   exchange and 
Na  �  /Na  �   exchange reactions. Kinetics of Na  �  -K  �  -2Cl  �   
cotransport have been best studied in duck red blood 
cells ( Lytle et al., 1998 ). The analysis is based mainly 
on the behavior of K  �  /K  �   exchange in duck red cells 
containing high [K  �  ], as well as Na  �  /Na  �   exchange in 
duck red cells loaded with high [Na  �  ] and low [K  �  ]. 
Based on the fact that K  �  /K  �   exchange, which is mea-
sured in the absence of external Na  �  , requires internal 
Na  �  , whereas Na  �  /Na  �   exchange, which is measured 
in the absence of internal Na  �  , requires external K  �  , a 
glide symmetry model was proposed ( Fig. 5.16   ). The 
model suggests  ordered  binding with Na  �   binding first, 
followed by one Cl  �  , followed by K  �  , which is then fol-
lowed by a second Cl  �  . Glide symmetry implies that 
the  release  order is identical on the other side of the 
membrane, i.e. Na  �   first and so on. As rigorously dis-
cussed by Russell ( Russell, 2000 ), the model accounts 
for most of the experimental data.   

    G .      Hill Coefficients 

 The   degree of cooperativity of substrate binding to 
a transporter is obtained from Hill’s equation ( Hill, 
1910 ). A coefficient of unity indicates completely inde-
pendent binding and, for a transporter, this is typi-
cally interpreted as indicative of a single binding site. 
In contrast, a coefficient greater than unity indicates 
that more than one ion binds to the transporter, as the 
binding of one ion increases the binding of the second 
(cooperativity). Hill’s coefficients for K  �   and Cl  �   have 
been measured for K  �  -Cl  �   cotransporter in sheep and 
human red blood cells ( Dunham and Ellory, 1981 ; 
 Kaji, 1989 ;  Lauf, 1984b ), and for KCC1 and KCC4 
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 FIGURE 5.15          Kinetic model of KCC2 inhibition. The model was 
based on experiments measuring K  �   uptake at varying concentra-
tions of inhibitor and external ions (either [K  �  ] or [Cl  �  ]) in HEK-293 
cells overexpressing KCC2 and stimulated by pre-treatment with 
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 FIGURE 5.16          Kinetic model of Na  �  -K  �  -2Cl  �   
cotransporter in duck red blood cells. The model 
describes  ordered  binding with Na  �   binding first, 
followed by one Cl  �  , then K  �  , and finally a second 
Cl  �  . Note that the release on the other side follows 
the inverse order: Cl  �   first, followed by K  �  , the sec-
ond Cl  �  , and finally Na  �  . This is the glide symmetry 
model described in  Lytle et al. (1998) .    
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expressed in  Xenopus laevis  oocytes ( Mercado et al., 
2000 ). Measured coefficients for K  �   were unanimously 
close to unity. For Cl  �  , the Hill’s coefficient was often 
found to have values closer to two, suggesting the 
binding of multiple Cl  �   ions to the K  �  -Cl  �   cotrans-
porter. Similarly, Hill coefficients of unity were also 
determined for Na  �   and Cl  �   in the Na  �  -Cl  �   cotrans-
porter ( Gamba et al., 1993 ). Finally, Hill’s coefficients 
of unity for Na  �   and K  �   but two for Cl  �   were deter-
mined for the Na  �  -K  �  -2Cl  �   cotransporter ( O’Grady 
et al., 1986 ). These data are in agreement with the tra-
ditionally accepted stoichiometry of the three types of 
cation-Cl  �   cotransporters in vertebrates.   

    IV .      CONCLUSIONS 

 Knowing   the basic thermodynamic and kinetic 
properties of Cl  �   transport mechanisms is fundamen-
tal to our understanding of how these proteins regulate 
intracellular Cl  �  . This is particularly true in neurons 
where ligand-gated anion channels, such as those 
coupled to GABA A  and glycine receptors, play criti-
cal roles in synaptic signaling during nervous  system 
development, in mature neurons and under various 
pathologic conditions. A complete understanding of 
Cl  �   homeostasis will only be possible when all the Cl  �   
carriers and channels, their mutual interactions and 
regulatory mechanisms, are considered acting jointly 
in a cell. We have seen that Cl  �   homeostasis is not only 
determined by the thermodynamic forces that drive 
the transport of Cl  �  , but also by the kinetic properties 
of each carrier. Other determining factors include pH, 
CO 2 /HCO 3   �  , K  �  , Na  �  , transmembrane potential and 
the permeability properties of anion channels.  
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Chloride Indicators 
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C H A P T E R

    I .      INTRODUCTION 

 Cl    �   is a major constituent of cells and extracellular 
compartments. Cl  �   transport across cell membranes is 
crucial to many key cellular processes such as cell vol-
ume and pH regulation, transepithelial fluid transport 
and synaptic transmission. Within cells, Cl  �   trans-
port is involved in organellar acidification. A variety 
of human diseases are associated with mutations in 

Cl  �   transporting proteins, such as cystic fibrosis, which 
is caused by loss-of-function mutations in the cystic 
fibrosis transmembrane conductance regulator (CFTR) 
protein, a cAMP-regulated Cl  �   channel. 

 Several   approaches are available to measure cellular 
[Cl  �  ] and membrane Cl  �   transport. Patch-clamp is the 
gold standard for elucidation of the biophysical prop-
erties of Cl  �   channels (see Chapter 8), as are double-
barreled Cl  �   sensing microelectrodes for measurement 

  6   6 

O U T L I N E

 I. Introduction 111

 II. Small-molecule Chloride-sensitive 
Fluorescent Indicators 112

 A. Collisional Quenching Mechanism of 
Quinolinium Cl� Indicators 112

 B. Cell-permeable and Trappable Quinolinium 
Cl� Indicators 113

 C. Dual-wavelength Quinolinium Cl� Indicators 
for Ratio Imaging 113

 D. Long-wavelength Halide Indicators 113
 E. Applications to Cellular Cl� Measurements 114

III. Cl� Sensing Macromolecular Conjugates 115
 A. Bisacridinium Cl� Indicators for 

Measurements of Organellar [Cl�] 115

 B. Measurements of Extracellular Space [Cl�] 117

IV. Green Fluorescent Protein-based 
Halide Indicators 117
 A. Cl� Sensing by the GFP Mutant 

YFP-H148Q 117
 B. YFP Mutagenesis Identifies Improved 

YFP Halide Sensors 119
 C. YFP Applications to Cl� Transport 

Modulator Discovery by High-throughput 
Screening 120

 V. Conclusions 121

References 121



6.   CHEMICAL AND GFP-BASED FLUORESCENT CHLORIDE INDICATORS112

of [Cl  �  ] i  ( Coles, 1995 ). Both methods require technical 
expertise and specialized instrumentation, and are 
not easily amenable for high-throughput applications. 
Radioactive  36 Cl  �   has been used to study Cl  �   trans-
port, though its low specific activity and the require-
ment of separating internal and external radioactivity 
limit its utility (see Chapter 9). Other approaches for 
studying Cl  �   transport for specialized applications, 
which are not discussed further here, include mem-
brane potential-sensitive dyes, nuclear magnetic reso-
nance, and X-ray probe electron microanalysis. 

 Here  , we review available Cl  �  -sensitive fluorescent 
indicators, which have been used widely in measure-
ments of cellular [Cl  �  ] and Cl  �   transport. Cl  �   indica-
tors provide an alternative and sometimes exclusive 
approach to study Cl  �  , such as in measurements of 
endosomal [Cl  �  ] ( Sonawane et al., 2003 ) and map-
ping of [Cl  �  ] kinetics in brain cortex ( Inglefield and 
Schwartz-Bloom, 1997 ). Fluorescent Cl  �   indicators 
are also of utility for high-throughput discovery Cl  �   
transport modulators for drug development and as 
laboratory reagents for ‘’chemical knockout’’.  

    II .      SMALL-MOLECULE CHLORIDE-
SENSITIVE FLUORESCENT 

INDICATORS 

    A .       Collisional Quenching Mechanism of 
Quinolinium Cl  �   Indicators 

 The   available chemical-type Cl  �   indicators involve 
halide quenching of the fluorescence of heterocyclic 
organic compounds containing a quaternary nitrogen 
(reviewed in  Verkman, 1990 ). Fluorescence quench-
ing occurs by a collisional mechanism with a linear 

Stern-Volmer relation,  F  o / F       �      1      �       K  hal [hal], where  F  o  is 
the fluorescence in the absence of halide (hal),  F  is the 
fluorescence in the presence of halide, and  K  hal  is the 
Stern-Volmer quenching constant (in M  � 1 ). Collisional 
quenching involves transient interaction between Cl  �   
and the indicator, without binding. For quinolinium 
indicators such as SPQ ( Fig. 6.1   ), collisional quench-
ing occurs by a charge-transfer mechanism involv-
ing transient formation of a charge-transfer complex 
( Jayaraman and Verkman, 2000 ). Advantages of a col-
lisional quenching mechanism are the absence of Cl  �   
binding and hence buffering, and rapid, nanosecond 
response times. However, in collisional quenching the 
fluorescence lifetime decreases in proportion to inten-
sity without a change in spectral shape, precluding 
multi-wavelength ratiometric measurement of [Cl  �  ]. 

 The   first and most widely used chemical-type flu-
orescent Cl  �   indicator is SPQ ( Illsley and Verkman, 
1987 ). SPQ is excited at ultraviolet wavelengths with 
absorbance maxima at 318 and 350       nm and molar 
extinction coefficients of 5430 and 3470       M  � 1 , respec-
tively. SPQ fluorescence is greatest at 450       nm, with a 
quantum yield of 0.69 in the absence of halides. The 
Stern-Volmer constant for quenching of SPQ by Cl  �   
in aqueous buffers is 118       M  � 1 , producing 50% reduc-
tion in fluorescence at 8       mM Cl  �  . SPQ fluorescence is 
not altered by cations, phosphate, nitrate and sulfate, 
but is quenched weakly by some monovalent anions 
including acetate, gluconate and bicarbonate. 

 Improved   and specialized Cl  �   indicators, such as 
cell permeable and ratioable indicators, were devel-
oped following structure-activity analysis of quino-
linium Cl  �   indicators. The effects of heterocyclic 
backbone structure and the nature and position of 
substituents on Cl  �   sensitivity and spectral proper-
ties were systematically examined ( Biwersi et al., 1992 ; 
 Krapf et al., 1988 ;  Verkman et al., 1989a ). A positively 
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charged quaternary nitrogen in the heterocyclic ring is 
necessary for Cl  �   sensitivity. Indicators with a bicyclic 
quinoline backbone had better Cl  �   sensitivity com-
pared to isoquinoline and the tricyclic backbones 5,6-
benzoquinoline and phenantridine. The position and 
the nature of the substituents on the quinoline ring 
altered the Cl  �   sensitivity remarkably. Substitution of 
N-sulfopropylquinolinium with the electron-donating 
substituents methyl and methoxy at positions 2 – 6 in 
the quinoline ring increased Cl  �   sensitivity, whereas 
substitution with the electron-withdrawing groups 
Cl  �   or NO 2   �   reduced sensitivity, as did substitution at 
positions 7 or 8.  K  Cl  was also sensitive to the charge of 
the N-substituent, probably because the charge density 
alters the Cl  �   density near the positively charged nitro-
gen involved in the quenching process. Replacement 
of the 3 	 -sulfopropyl group of 6-methoxyquinolinium 
by an uncharged ethyl group increased Cl  �   sensitivity 
1.3-fold whereas replacement by 3 	 -trimethylammo-
niumpropyl increased Cl  �   sensitivity by  � three-fold. 
The quinolinium MQAE ( Fig. 6.1 ) synthesized from 
these structure-activity studies has been widely used 
for cellular Cl  �   measurements (e.g. Chapter 22).  

    B .       Cell-permeable and Trappable Quinolinium 
Cl  �   Indicators 

 A   limitation of quinolinium Cl  �   indicators is the 
necessity of invasive or slow diffusive cell loading 
(see below) because the fixed positively charged nitro-
gen confers high polarity and membrane imperme-
ability. We thus designed modified quinoliniums for 
rapid, non-invasive loading into living cells, followed 
by chemical/enzymatic reaction in cytoplasm render-
ing them polar and membrane impermeable. A cell-
permeable Cl  �   indicator was synthesized by masking 
the positive charge on the nitrogen by reduction of 
the quinolinium moiety to the uncharged 1,2-dihy-
droquinoline ( Biwersi and Verkman, 1991 ), giving 
the compound 6-methoxy-N-ethyl-1,2-dihydroquin-
oline (diH-MEQ) ( Fig. 6.1 ). diH-MEQ is non-polar 
and enters the cell rapidly where it is oxidized to the 
membrane-impermeable and Cl  �  -sensitive compound 
6-methoxy-N-ethylquinolinium MEQ, which has simi-
lar properties to SPQ.  

    C .       Dual-wavelength Quinolinium Cl  �   
Indicators for Ratio Imaging 

 When   measured at a single excitation and emis-
sion wavelength, indicator fluorescence depends on 
both indicator concentration and [Cl  �  ]. Ratiometric 

normalization for indicator concentration permits 
measurement of absolute ion concentration in differ-
ent cells and different regions of the same cell, as done 
for Ca 2 �   determination using fura-2 and pH determi-
nation using BCECF ( O’Connor and Silver, 2007 ). As 
mentioned above, the collisional quenching mecha-
nism of quinolinium-based Cl  �   indicators precludes 
their use in ratiometric applications. To allow ratio 
imaging of [Cl  �  ], we synthesized a series of dual-
wavelength ‘’hybrid’’ Cl  �   indicators ( Jayaraman et al., 
1999a ). Cl  �  -sensitive and -insensitive chromophores 
and spacer groups were screened to yield conjugates 
that were fluorescent, suitable for ratio imaging, non-
toxic, easy to load and not metabolized in cells. One 
of these compounds (bis-XPQ) is shown in  Fig. 6.1 . 
6-methoxyquinolinium (as in SPQ) was used as the 
Cl  �  -sensitive chromophore and 6-aminoquinolinium 
as the Cl  �  -insensitive chromophore, the latter hav-
ing similar excitation but red-shifted emission spectra 
compared to 6-methoxyquinolinium. The chromo-
phores were linked covalently by a spacer. Upon 
excitation at 365       nm, fluorescence emission at 450       nm 
(methoxyquinolinium fluorescence) is Cl  �   sensitive 
whereas emission at 560       nm (aminoquinolinium fluo-
rescence) is Cl  �   insensitive. Changes in [Cl  �  ] i  can 
be recorded by emission ratio imaging (450/560) at 
365       nm excitation wavelength. Cell permeable/trap-
pable dual-wavelength indicators were also synthe-
sized by the reduction – oxidation strategy used for 
diH-MEQ above.  

    D .      Long-wavelength Halide Indicators 

 Though   widely used for cellular applications, a lim-
itation of quinolinium-type Cl  �   indicators is the need 
for ultraviolet excitation and their relatively dim fluo-
rescence. Ultraviolet excitation can be associated with 
autofluorescence background, and photobleaching 
and photodynamic cell injury. A series of long-wave-
length polar fluorophores was screened to identify 
compounds with high Cl  �   and/or I  �   sensitivity in 
cells, bright fluorescence, low toxicity, uniform load-
ing of cell cytoplasm, chemical stability in cells and 
minimal leakage out of cells. A class of 9-substituted 
acridinium compounds was identified ( Biwersi et al., 
1994 ;  Legg and Hercules, 1970 ), which have bright flu-
orescence and high Cl  �   sensitivity ( K  Cl  up to 390       M  � 1 ). 
Although 9-substituted acridiniums were excellent for 
measurement of Cl  �   transport in liposomes, extracel-
lular fluid compartments, and endosomes in living 
cells, as described below, they are unstable in cyto-
plasm because of a hydroxylation reaction and so not 
suitable for measurements of [Cl  �  ] i . Of many screened 
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compounds, the best indicators identified for use in 
cytoplasm were of the luminarine class ( Jayaraman 
et al., 1999b ;  Skalski et al., 1989 ). LZQ ( Fig. 6.1 ) is 
brightly fluorescent with excitation and emission 
maxima at 428 and 533       nm, respectively, molar extinc-
tion 9000       M  � 1 cm  � 1  and quantum yield 0.47. LZQ fluo-
rescence is quenched by I  �   by a collisional mechanism 
with Stern-Volmer constant 70       M  � 1 , but not by other 
halides (including Cl  �  ), NO 3   �  , cations or changes in 
pH (range 4 – 9). LZQ gives robust fluorescence sig-
nals in cells with little background, and is thus is the 
preferred method to measure halide transport when 
I  �   can be substituted for Cl  �  .  

    E .      Applications to Cellular Cl  �   Measurements 

 In   addition to the optical requirements mentioned 
above, indicators for use in living cells should ide-
ally be non-toxic, chemically stable, trappable, uni-
formly distributed, and sensitive and specific for 
cytoplasmic Cl  �   or I  �  . The quinolinium and luminar-
ine compounds are non-toxic and chemically stable in 
cytoplasm. In one study, large quantities of SPQ were 
injected intravenously into rabbits, without apparent 
toxicity, for loading of endosomes from kidney proxi-
mal tubule ( Bae and Verkman, 1990 ). To follow are 
practical considerations on indicator loading, Cl  �   sen-
sitivity and specificity, and design and analysis of cell 
experiments. 

 SPQ   and other compounds with low membrane 
permeability such as LZQ can be loaded into cells by 
slow passive diffusion (e.g. 5       mM SPQ overnight in 
culture medium), hypotonic shock (e.g. 50% hypo-
tonic medium containing 5 – 10       mM SPQ for 3 – 5       min), 
or direct microinjection. Slow passive diffusion is 
based on the long half-time for indicator equilibra-
tion between the cytoplasmic and external compart-
ments by transmembrane diffusion and endocytosis. 
The cell permeable/trappable indicator diH-MEQ can 
be loaded into cells by brief incubation (2 – 10       min) at 
low concentration (generally 25 – 100        μ M). Several pub-
lished studies have utilized diH-MEQ ( Inglefield and 
Schwartz-Bloom, 1997 ;  Woll et al., 1996 ). The choice of 
loading methods is generally optimized empirically 
for the cell type being studied, and related practical 
considerations such as the need for rapid loading in 
freshly isolated cells and tissues. 

 Cl    �   transport measurements using fluorescent indi-
cators are generally made on cell layers or individual 
cells grown or immobilized on a solid transparent 
support. A convenient approach is to grow cells on 
a round coverglass in a well of a 6- or 12-well plate. 
The coverglass is mounted in a closed chamber with 

the cells facing the solution and the cell-free surface 
facing the objective lens (details in  Chao et al., 1989 ). 
The thin coverglass permits viewing of the cells with 
a short working distance, high numerical aperture 
objective lens having efficient light collection. The cell 
layer is superfused continuously by gravity or a per-
fusion pump. Polarized epithelial cells can be grown 
on transparent, low-autofluorescence permeable sup-
ports and mounted in a double perfusion chamber in 
which the apical and basolateral cell surfaces are per-
fused independently. The details for construction of a 
double perfusion chamber are given in  Verkman et al. 
(1992) . Cl  �   measurements can also be made by cuvette 
fluorimetry, fluorescence activated cell sorting and 
 in vivo  fiberoptic methods. 

 Experimental   protocols for Cl  �   transport measure-
ments depend on the transporter being studied.  Figure 
6.2A    shows a commonly used strategy for measure-
ment of CFTR-mediated Cl  �   transport in cells loaded 
with a Cl  �   indicator. Initially, the cells are bathed 
in a saline solution containing physiological [Cl  �  ]. 
The fluorescence of the cytoplasmic Cl  �   indicator 

Cl− or I−    NO3
−

FCl

Fb

Fo

+ quencher

indicator
fluorescence

+ cAMP
agonists

time

physiological Cl−

o

dF
dt(   )slope

B

A

re
la

tiv
e 

flu
or

es
ce

nc
e SPQ

LZQ

SCNI− + cAMP agonists

2 min

NO3− −

10 %

 FIGURE 6.2          Measurement of cell membrane Cl  �   transport 
using chemical-type Cl  �  -sensitive fluorescent indicators.  A . Strategy 
for measurement of cAMP-stimulated CFTR Cl  �   channel function. 
Time course of intracellular indicator fluorescence in response to 
Cl  �  /NO 3   �   exchange, addition of cAMP agonists and quenching of 
indicator fluorescence.  F  o , fluorescence at zero Cl  �  ;  F  Cl , fluorescence 
at initial intracellular Cl  �  ;  F  b , background fluorescence; (d F /d t ) o  
initial rate of fluorescence increase after cAMP agonist addition. 
 B . Experimental data from CFTR-transfected fibroblasts. I  �   and NO 3   �   
are transported by CFTR, but only I  �   quenches indicator fluores-
cence. CFTR activation by cAMP agonists results in rapid I  �   efflux. 
SCN  �   quenches indicator fluorescence to give background fluores-
cence. Adapted from  Jayaraman et al. (1999b) .    
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is initially  F  Cl . After replacement of the saline solution 
with an isosmolar solution in which Cl  �   is replaced by 
NO 3   �  , an anion that is transported by CFTR but does 
not quench SPQ fluorescence, Cl  �   can exit from cells 
through a functional Cl  �   transporter. If CFTR is the 
principal membrane Cl  �   transporter but is inactive, 
minimal Cl  �   efflux occurs and fluorescence increases 
little. CFTR Cl  �   channel activation following addition 
of cAMP agonists results in Cl  �   efflux and NO 3   �   influx, 
producing an increase in fluorescence. Because exter-
nal Cl  �   concentration is zero, fluorescence ultimately 
increases to  F  o , corresponding to zero intracellular Cl  �  . 
To compute absolute Cl  �   flux, a second reference fluo-
rescence value is needed, which can be obtained by 
replacing the NO 3   �  -containing solution with SCN  �  , a 
highly permeable ion that strongly quenches SPQ fluo-
rescence. The ‘’background’’ fluorescence signal with 
complete indicator quenching is denoted  F  b . 

 For   computation of net Cl  �   flux ( J  Cl , in M s  � 1 ) from 
measured fluorescence and from the Stern-Volmer 
relation, [Cl  �  ] i  is [( F  o       �       F  b )/( F  Cl       �       F  b )      �      1]/ K  Cl . It fol-
lows that, 

  J F t F F K F FCl o o b Cl Cl bd /d� � � �( ) ( )/[( ( ) ]2
    (Eq. 1)     

  where (d F /d t ) o  is the slope of the fluorescence vs. 
time curve, and  K  Cl  (in M  � 1 ) is the Stern-Volmer con-
stant for quenching of intracellular indicator Cl  �  . It is 
assumed in Eq. 1 that cell volume remains constant 
and that only changes in Cl  �   affect indicator fluores-
cence. As discussed in  Chao et al. (1989) , the Stern-
Volmer constant for SPQ in cells (generally 12 – 20       M  � 1 ) 
is considerably less than that in acellular solutions 
(118       M  � 1 ). From analysis of nanosecond fluorescence 
lifetimes, it was concluded that the reduced sensitivity 
of Cl  �   indicators in cytoplasm vs. solution is due to 
quenching of indicator fluorescence by non-Cl  �   intra-
cellular anions including proteins and organic solutes. 
Thus, SPQ fluorescence is mildly sensitive to changes 
in cell volume (which alters concentration of non-Cl  �   
anions) and pH (which alters intracellular protein 
charge). These effects generally preclude use of SPQ 
and related indicators for studies of cell volume regu-
lation where substantial changes in cell volume occur.   

 It   is noted that  J  Cl  depends on the electrochemi-
cal gradient driving Cl  �   transport. According to the 
Goldman equation, 

 J P e F RT F RT
Cl Cl

/
o i

// Cl Cl e� � �� �( [ ])([ ] [ ] )1 ψ ψ
    (Eq. 2)     

  where  P  Cl  is an apparent Cl  �   permeability coefficient, 
[Cl] i  and [Cl] o  are intracellular and external Cl  �   con-
centrations, respectively,  ψ  is membrane potential, and 
 RT / F  is approximately  � 60       mvolts at 37 ° C.   

 Measurement   of  K  Cl  in cells is needed for determi-
nation of absolute [Cl  �  ] and  J  Cl . Determination of  K  Cl  
has been accomplished by measurement of indicator 
fluorescence vs. Cl  �   activity using the Cl  �  /OH  �   ion-
ophore tributyltin together with buffers containing 
high K  �   and the K  �  /H  �   ionophore nigericin ( Chao 
et al., 1989 ). Under these conditions, extracellular and 
intracellular [Cl  �  ] are nearly equalized. An alternative 
approach is to replace tributyltin with a combination 
of ionophores (e.g. valinomycin, nigericin, monensin) 
that equalize cytoplasmic and extracellular K  �  , Na  �   
and H  �  , secondarily forcing equalization of Cl  �  . 

 Figure   6.2B shows an example of Cl  �   transport 
data obtained using intracellular SPQ and LZQ in 
Swiss 3T3 fibroblasts expressing wildtype human 
CFTR. Indicators were loaded by overnight incuba-
tion. Where indicated, extracellular I  �   was replaced 
by NO 3   �   and forskolin ( “  � cAMP agonists’’) was 
added. After maximum fluorescence was reached cor-
responding to zero intracellular Cl  �  , 150       mM KSCN 
was added to quench indicator fluorescence. 

 Cl    �   indicators have been used in numerous pub-
lished studies of Cl  �   transport in cultured and freshly 
isolated cells and tissues (reviewed in  Mansoura 
et al., 1999 ). In the cystic fibrosis field, for example, Cl  �   
indicators have been used to establish CFTR function, 
determine effects of mutagenesis, screen activators 
and inhibitors, and evaluate the efficacy of gene deliv-
ery ( Gill et al., 1997 ;  Munkonge et al., 2004 ;  Zamecnik 
et al., 2007 ).   

    III .      Cl  � SENSING MACROMOLECULAR 
CONJUGATES 

    A .       Bisacridinium Cl  �   Indicators for 
Measurements of Organellar [Cl  �  ] 

 The   biacridinium (BAC) chromophore was found 
to have excellent properties for measurements of 
organellar [Cl  �  ].  Figure 6.3A    shows the structure of 
a BAC-TMR – dextran conjugate, in which the green-
fluorescing Cl  �  -sensitive BAC chromophore was 
conjugated to amino dextran together with the red-
fluorescing reference chromophore tetramethylrho-
damine (TMR) ( Sonawane et al., 2002 ). BAC green 
fluorescence is quenched by Cl  �   by a collision mecha-
nism (Stern-Volmer constant 36       M  � 1 ), reducing its flu-
orescence emission over a wide range of [Cl  �  ]. BAC 
fluorescence was insensitive to pH in the range appro-
priate for cellular measurements, and insensitive to 
cations, non-halide anions (nitrate, phosphate, bicar-
bonate, sulfate) and albumin. 
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 Figure   6.3B (left) shows a calibration of BAC-
TMR – dextran red-to-green fluorescence ratio vs. 
[Cl  �  ] in aqueous solution and cells. Endosomes were 
labeled by fluid-phase endocytosis for 2       min with 
BAC-TMR – dextran. Representative cell images in  Fig. 
6.3B  (right) show endosomes as distinct bright spots 
on a dark background. The fluorescent spots became 
larger with increasing chase time, corresponding to 
progression from early endosomes to multivesicu-
lar bodies to lysosomes. Endosomal [Cl  �  ] increased 
over 45       min from 17 to 53       mM in J774 cells and 28 to 
73       mM in CHO cells, during which time endosomal 
pH decreased from 6.95 to 5.30 (J774) and 6.92 to 5.60 
(CHO). The acidification and increased [Cl  �  ] were 
blocked by bafilomycin, an inhibitor of vacuolar (V-
type) H  �   ATPases. Together with ion substitution and 
buffer capacity measurements, it was concluded that 

Cl  �   transport accounts quantitatively for the electrical 
shunt during endosomal acidification. 

 To   study receptor-mediated endocytosis BAC – 
dextran was conjugated to various ligands, such as 
transferrin (marker of early/recycling endosomes) and 
alpha-2-macroglobulin (marker of late endosomes) 
as shown in  Fig. 6.4A    (top) ( Sonawane and Verkman, 
2003 ). Direct BAC conjugation to proteins was not pos-
sible because of protein quenching effects.  Figure 6.4A  
(bottom) shows the kinetics of endosomal [Cl  �  ] fol-
lowing pulse-labeling of a cohort of endosomes with 
the alpha-2-macroglobulin conjugate. Interestingly, 
[Cl  �  ] was initially low, increased over time in parallel 
to endosomal acidification, and decreased following 
proton pump inhibition by bafilomycin. Together with 
additional data, the results suggested than an interior-
negative Donnan potential was responsible for the 
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low [Cl  �  ] just after endocytosis. The reduced [Cl  �  ] 
and volume in early endosomes was proposed as an 
elegant mechanism by which endosomal acidification 
and [Cl  �  ] accumulation can occur without endosome 
lysis. Follow-up studies using similar methods pro-
vided evidence for the involvement of ClC-type Cl  �   
channels in the Cl  �   shunt that allows endosomal acid-
ification ( Hara-Chikuma et al., 2005 ). 

 Another   interesting study involved the mechanism 
by which non-viral gene delivery occurs, testing the 
‘’proton sponge hypothesis’’ whereby DNA-poly-
plexes with high buffer capacity are internalized by 
endocytosis and ultimately swell/burst because of Cl  �   
uptake during acidification. For these studies various 
polyamine conjugates of BAC – dextran were generated 
( Fig. 6.4B , top) and complexed with DNA ( Sonawane 
et al., 2003 ).  Figure 6.4B  (bottom) shows large increases 
in [Cl  �  ] with the highly buffering polyamines PAM 
and PEI, compared to polylyine, which has little buf-
fer capacity at endosomal pH. Together with addition 
data showing increased volume and lysis of PAM and 
PEI-containing endosomes, the results provided direct 
support for the proton sponge hypothesis.  

    B .      Measurements of Extracellular Space [Cl  �  ] 

 Another   application of Cl  �  -sensitive dextran con-
jugates is in the measurement of extracellular space 

[Cl  �  ]. One example is [Cl  �  ] in the airway surface liquid 
(ASL), the thin layer of fluid at the interface between 
airway epithelial cells and inhaled/exhaled gases. ASL 
composition is of importance in the pathophysiology 
of various airway diseases including cystic fibrosis. 
 Figure 6.5A    shows a dextran conjugate used to mea-
sure ASL [Cl  �  ], consisting of a blue-fluorescing quino-
linium and a red-fluorescing reference dye ( Jayaraman 
et al., 2001 ). Indicator red-to-blue fluorescence ratio 
provided a quantitative measure of [Cl  �  ], which was 
used to measured ASL [Cl  �  ] in tracheal epithelial cell 
cultures ( Fig. 6.5B ), as well as in airways in living mice 
and isolated lung preparations ( Song et al., 2003 ).   

    IV .      GREEN FLUORESCENT PROTEIN-
BASED HALIDE INDICATORS 

    A .       Cl  �   Sensing by the GFP Mutant 
YFP-H148Q 

 The   green fluorescent protein (GFP) is a geneti-
cally encoded, intrinsically fluorescent protein of 
 � 30       kDa isolated from the jellyfish  Aequoria Victoria  
( Tsien, 1998 ). Compared to chemical probes, geneti-
cally encoded fluorescent proteins permit stable, non-
invasive staining at specific sites with little cellular 
toxicity. The GFP chromophore is autocatalytically 
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generated by the post-translational cyclization and 
oxidation of three residues encoded within its primary 
sequence. Amino acids throughout GFP have been 
mutated to generate an array of fluorescent proteins 
with altered spectral and biophysical properties. 
Yellow fluorescent protein (YFP), the GFP variant 
from which available halide sensors are derived, was 
generated using a rational mutagenic strategy based 
upon crystallographic data ( Wachter et al., 1998 ). 
Aromatic amino acids were introduced at Thr203 to 
extend the  π  system of the chromophore, lowering its 
excited state energy and consequently increasing its 
emission wavelength. YFP contains tyrosine at posi-
tion 203 as well as mutations that increase its folding 
efficiency (S65G, V68L, S72A). Maximum fluorescence 
emission of YFP is at 528       nm,  � 20       nm higher than that 
of GFP-S65T. 

 Crystal   structures of several GFP variants indicate 
a cylindrical ( � 40      
      20        Å ) structure composed of an 
11-standed  β -barrel that encloses the chromophore. 
Although not directly accessible to solvent, the pheno-
lic group within the chromophore of most GFP vari-
ants is pH sensitive, with quenching of fluorescence 
by protonation. The phenolic portion of the chromo-
phore is located near the His148 imidazole ring, where 
irregularities are found in the  β -strand structure. The 
crystal structure of YFP-H148G ( Wachter et al., 1998 ) 
showed a cavity in the vicinity of the chromophore 
permitting solvent access and fluorescence quench-
ing by some halides ( Wachter and Remington, 1999 ). 
The H148Q mutant of YFP demonstrated character-
istics most suitable for cell-based assays of Cl  �   flux 
( Jayaraman et al., 2000 ). 

 Fluorescence   titrations of purified recombinant 
YFP-H148Q indicated a p K  a  of  � 7 in the absence of 
Cl  �   that increased to  � 8 at 150       mM Cl  �   ( Fig. 6.6A   ) 
( Jayaraman et al., 2000 ). At pH 7.5, YFP-H148Q fluo-
rescence decreased with increasing [Cl  �  ] and [I  �  ] 
with 50% quenching at  � 100       mM Cl  �   and 21       mM 

I  �  . The anion selectivity sequence for YFP-H148Q 
quenching (F  �        �      I  �         �      NO 3   �        �      Cl  �         �             Br  �  ) suggested 
strong binding of weakly hydrated chaotropic ions. 
YFP-H148Q was insensitive to large ions (includ-
ing gluconate, sulfate, phosphate and isothionate). A 
static quenching mechanism involving Cl  �   binding 
to YFP-H148Q was established by biophysical studies 
( Jayaraman et al., 2000 ). The YFP-H148Q fluorescence 
lifetime was insensitive to Cl  �  , whereas YFP-H148Q 
molar absorbance decreased with increasing Cl  �  . 
Crystallographic studies of YFP-H148Q in the pres-
ence of iodide identified a discrete binding site for 
halides ( Wachter et al., 2000 ). Bound iodide was shown 
to interact with the chromophore and the phenol 
group of T203Y with nearby amino acids helping to 
stabilize the YFP-H148Q/halide interaction. Halide 
binding to YFP-H148Q thus stabilizes the deproton-
ated form of the chromophore mimicking a lower pH 
at the chromophore. 

 Stopped  -flow fluorescence analysis established 
the kinetics and mechanism of YFP-H148Q quench-
ing by Cl  �  . In the absence of Cl  �  , YFP-H148Q fluo-
rescence changes rapidly ( t  1/2       �      10       ms) in response to 
pH changes, whereas the fluorescence response was 
biexponential in the presence of 100       mM Cl  �  , with fast 
( t  1/2       �      10       ms) and slower ( t  1/2  � 100       ms) components. 
Cl  �   dissociation and association with the deproton-
ated chromophore (pH 8) was relatively slow with 
 t  1/2  � 200       ms, but faster ( t  1/2  � 70       ms) for the protonated 
chromophore (pH 6.4). A kinetic model incorporat-
ing these data contains four equilibria involving YFP-
H148Q protonation and Cl  �   binding ( Fig. 6.6B ). The 
rapid kinetics of these changes in fluorescence permits 
application of the YFP-H148Q to the generally much 
slower cell-based assays of Cl  �   flux. 

 YFP  -H148Q was expressed in tissue culture cell 
lines to test its utility in cell-based assays of [Cl  �  ] i  
( Fig. 6.6C ). YFP-H148Q fluorescence was observed 
throughout the cell cytoplasm and nucleus.  In vivo  
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calibration using ionophore-treated cell cultures indi-
cated similar pH and Cl  �   sensitivities of YFP-H148Q 
in cells and aqueous solutions ( Fig. 6.6D ).  

    B .       YFP Mutagenesis Identifies Improved 
YFP Halide Sensors 

 Although   a good probe for some cell-based assays 
of Cl  �  /halide flux, we sought to discover variants of 
YFP-H148Q with increased sensitivity. In particular, 
the anion conductance of the cystic fibrosis-causing 
 Δ F508-CFTR channel is greatly reduced when com-
pared to wildtype CFTR, requiring a very sensitive 
YFP-H148Q variant for high-throughput screening. 
Based upon the structural data random mutations 
were introduced in six hydrophobic residues lin-
ing the YFP-H148Q halide binding site in an attempt 
to modify the polarity and/or size of the cavity and 
thus halide binding affinity ( Fig. 6.7   ) ( Galietta et al., 
2001 ). Degenerate primers were used to generate YFP-
H148Q libraries containing mutations in the residue 
pairs V150/I152, V163/F165, and L201/T203. The 
mutagenesis procedure generated a diverse library 
as indicated by the different fluorescence of bacterial 
colonies ( Fig. 6.7 , left, middle). Colonies were grown, 

replicated to agar plates, and lysed  in situ. K  d  values 
for Cl  �   and I  �   binding were determined using a fluo-
rescence plate reader. 

 Screening   of  � 1000 colonies yielded YFP-H148Q 
mutants with significantly different Cl  �   and I  �   sensi-
tivities compared to YFP-H148Q. The mutants V150T, 
I152L/Y, V163T/L, V150A/I152L, V163A/F165Y and 
V163T/F165Y had  K  d  values for I  �   of  � 15       mM. We char-
acterized the I152L mutant further because of its low  K  d  
for I  �   of 3       mM. Dissociation constants for Cl  �  , I  �   and 
NO 3   �   at cytoplasmic pH, determined by fluorescence 
titrations using purified recombinant YFP-H148Q/
I152L, were 85, 10 and 2       mM, respectively ( Fig. 6.8A   , 
left). As found for YFP-H148Q, indicator p K  a  decreased 
with increasing Cl  �   ( Fig. 6.8A , right); for I152L, the p K  a  
was 6.95 in the absence of Cl  �  , increasing to 7.70 and 
7.89 in the presence of 75 and 150       mM Cl  �  , respectively. 
Stopped-flow fluorescence analysis indicated a rapid 
response of YFP-H148Q/I152L fluorescence to changes 
in Cl  �   concentration ( Fig. 6.8A , inset). 

 YFP  -H148Q/I152L was transfected into CFTR-
expressing cells to test its suitability for screening 
applications. Replacement of 20       mM Cl  �   by I  �   pro-
duced a slow decline in fluorescence due to basal CFTR 
activity, which increased rapidly with addition of the 
cAMP agonist forskolin ( Fig. 6.8B ). The maximum 
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fluorescence decrease of  � 50% was much greater than 
that of  � 10% in an identical experiment done using 
YFP-H148Q.  

    C .       YFP Applications to Cl  �   Transport 
Modulator Discovery by High-throughput 
Screening 

 The   halide-sensing YFPs were used in several 
high-throughput screening projects to identify Cl  �   
channel activators and inhibitors. In an initial proj-
ect to discover new classes of CFTR modulators with 
improved potency and selectivity, 60,000 diverse 
drug-like small molecules were screened ( Ma et al., 
2002b ). Compounds were tested in epithelial cells co-
expressing human wildtype CFTR and the YFP sensor. 
Primary screening consisted of short-term stimulation 
of cells with 10        μ M test compound and 0.5        μ M for-
skolin, followed by I  �   challenge ( Fig. 6.9A   ).  Figure 
6.9B  shows representative fluorescence data from 
single wells of 96-well plates, showing saline control, 
dose – response of the known CFTR activator apigenin, 

and examples of test compounds have different activi-
ties. The screen yielded 57 strong activators (greater 
activity than reference compound apigenin), most 
of which were unrelated in chemical structure to 
known CFTR activators. Secondary analysis yielded 
14 compounds that activated CFTR without cAMP 
elevation or phosphatase inhibition, suggesting direct 
CFTR interaction.  Figure 6.9C  shows two examples of 
CFTR activators from the screen with submicromo-
lar potency. Similar activator screens were applied to 
identify potentiators (correctors of defective Cl  �   chan-
nel gating) and correctors (correctors of defective pro-
tein processing) of  Δ F508-CFTR, the most common 
CFTR mutation causing cystic fibrosis. The screens 
involved measurements of I  �   influx in epithelial cells 
co-expressing human  Δ F508-CFTR and YFP-H148Q/
I152L. The screens yielded potentiators with nano-
molar potency (Pedemonte et al., 2005b;  Yang et al., 
2003   ) and correctors with low micromolar potency 
( Pedemonte et al., 2005a ) with promising drug-like 
properties for pre-clinical development. 

 Similar   screens were successful in identifying the 
first potent CFTR inhibitors. Compounds were tested 
for their ability to inhibit I  �   influx in CFTR-express-
ing cells following CFTR activation by cAMP ago-
nists. Out of 200,000 compounds screened, one class of 
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molecules, the thiazolidinones (such as CFTR inh -172), 
inhibited CFTR with IC50 � 200       nM ( Ma et al., 2002a ). 
These compounds act from the cell interior and sta-
bilize the channel closed state. A second class of mol-
ecules, the glycine hydrazides, inhibit CFTR from the 
cell exterior by blocking the CFTR pore ( Muanprasat 
et al., 2004 ). Membrane-impermeant glycine hydra-
zides were synthesized by conjugation to polyethyl-
ene glycol ( Sonawane et al., 2006 ) and various lectins 
( Sonawane et al., 2007 ), which fully inhibited CFTR 
when added externally. The CFTR inhibitors emerging 
from compound screening and follow-up chemistry 
have potential applications to the therapy of entero-
toxin-mediated secretory diarrheas such as cholera and 
Travelers’ diarrhea (Sonawane et al., 2007;  Thiagarajah 
et al., 2004   ) and polycystic kidney disease ( Yang et al., 
2008 ). Similar YFP cell-based inhibitor screening iden-
tified the first potent inhibitors of the calcium-acti-
vated Cl  �   channel (de la  Fuente et al., 2008 ).   

    V .      CONCLUSIONS 

 As   reviewed in this chapter, chemical and GFP-
based Cl  �   sensing probes are available for a wide 
variety of cellular applications, including measure-
ments of [Cl  �  ] in cells, organelles and extracellular 
space compartments. Though these indicators are 

now widely used, there remains a need for improved 
indicators to overcome limitations such as intrinsic 
pH sensitivity and relatively dim fluorescence of some 
currently used indicators.     
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O U T L I N E

    I .      INTRODUCTION 

 The   regulation of intracellular chloride concen-
tration ([Cl  �  ] i ) is tightly linked to multiple cellular 
mechanisms: pH regulation, potassium distribution, 
membrane potential, transmembrane Cl  �   fluxes, cell 
volume regulation and oxygen metabolism. Because 
of this intricate association with multiple regula-
tory loops, it is essential to be able to measure [Cl  �  ] i  
directly. However, limitations in the properties of 

organic indicator dyes have made direct measurement 
of [Cl  �  ] i  challenging (see Chapter 6 in this volume). 

 Here   we summarize the properties of Clomeleon, 
a genetically encoded fluorescent indicator that per-
mits non-invasive, spatiotemporally resolved optical 
recordings of steady-state as well as dynamic changes 
of [Cl  �  ] i . We also review the application of Clomeleon 
to [Cl  �  ] i  measurements in neurons, the cell type that 
interests us the most.  

  7   7 
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    II .      PROPERTIES OF CLOMELEON 

    A .      Fluorescence Resonance Energy Transfer 

 Clomeleon   is a fusion protein consisting of the 
cyan fluorescent protein (CFP) and the topaz variant 

of yellow fluorescent protein (YFP) ( Kuner and 
Augustine, 2000 ). A linker of 24 amino acid residues 
containing an rTEV (recombinant tobacco etch virus 
protease) cleavage site connects the C-terminus of 
CFP to the N-terminus of YFP ( Fig. 7.1a   ). This linker 
keeps the two fluorescent proteins in close proximity, 
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 FIGURE 7.1          Design and basic properties of Clomeleon. (a) Structure of Clomeleon. CFP (cyan) and Topaz (yellow) are connected with 
a short linker (gray). The protease site recognized by the rTEV is marked by an arrowhead. Excitation of CFP (blue lightning bolt) causes 
direct emission from CFP (cyan lightning bolt) and indirect emission from Topaz (yellow lightning bolt) through FRET (dotted red arrow). (b) 
Emission spectrum of Clomeleon during proteolysis of the linker region. CFP was excited by 434       nm light while the recombinant Clomeleon 
protein was treated with the rTEV protease for variable lengths of time. Progressive loss of the YFP moiety of Clomeleon by the prote-
ase caused loss of YFP fluorescence and increasing CFP fluorescence, due to a loss of FRET. (c) Emission spectra of recombinant CFP and 
YFP excited at 434       nm and 510       nm, respectively. CFP and YFP spectra are normalized to peak emission measured in the absence of Cl  �  . (d) 
Absorbance of recombinant YFP at different [Cl  �  ]. Absorbance is normalized to the peak absorption measured in the absence of Cl  �  . (e) Crystal 
structure of YFP(H148Q). Shown are the backbone of the protein in ribbon representation (black), the chromophore in stick representation (yel-
low), and one of iodide ions (red). This figure was drawn using the program 3D Molecule Viewer (Invitrogen) based on the atomic coordi-
nates found in the RCSB Protein Data Bank (accession code: 1F09;  Wachter et al., 2000 ). (f) Emission spectra of recombinant Clomeleon in the 
presence of different [Cl  �  ]. In all cases, Clomeleon was excited at 434       nm and the emission spectra were normalized to the 527       nm emission 
peak measured in the absence of Cl  �  . (g) Clomeleon fluorescence emission ratio (526       nm/476       nm) is a unique function of [Cl  �  ]. Points indicate 
mean    �    SEM (n      �      3, same batch of protein) and the curve is an exponential fit to the data. Panels c, f and g are reproduced from  Kuner and 
Augustine (2000) .    



127

permitting fluorescence resonance energy transfer 
(FRET) between CFP and YFP. Thus, illumination of 
Clomeleon with blue light ( � 430 – 460       nm, blue light-
ning bolt in  Fig. 7.1a ) excites CFP, resulting in radia-
tionless FRET (red dotted arrow in  Fig. 7.1a ) to YFP. In 
this case, CFP fluoresces weakly while YFP produces 
a robust emission (cyan and yellow lightning bolts in 
 Fig. 7.1a ). After cleavage of the linker peptide by rTEV 
protease, illumination with blue light results only in 
emission of cyan fluorescence but no more yellow 
emission, directly demonstrating that YFP must be 
excited via FRET from the excited CFP ( Fig. 7.1b ). The 
ratio between the YFP (530       nm) and CFP (480       nm) peak 
emissions decreases as the YFP acceptor is removed 
from the CFP donor, until the spectrum of CFP alone 
defines a minimal ratio ( R  min ). The maximal ratio 
( R  max ) is set by the FRET efficiency, mostly limited by 
the minimal distance between the two fluorophores 
imposed by the barrel structure of GFP. The protease 
sensitivity was engineered into Clomeleon for calibra-
tion purposes and is not required for its function as a 
Cl  �   indicator.  

    B .      Cl  �   Sensing 

 The   sensor function of Clomeleon is mediated by 
an intrinsic sensitivity of YFP to halides ( Wachter 
and Remington, 1999 ;  Kuner and Augustine, 2000 ). 
Exposing YFP protein to solutions with increasing 
concentrations of Cl  �   causes a reduction of YFP emis-
sion, while CFP emission remains largely unaffected 
( Fig. 7.1c ). How does Cl  �   reduce YFP fluorescence? 
Cl  �   binding puts the YFP fluorophore into a non-
absorbing state, as can be seen by the reduced light 
absorbance of YFP at increasing Cl  �   concentrations 
( Fig. 7.1d ). This is consistent with the crystal structure 
of YFP, which shows that one of the two Cl  �   binding 
sites of YFP is close to the chromophore and, in fact, 
the chromophore contributes to coordination of halide 
ions ( Fig. 7.1e ). Binding of Cl  �   alters the protonation 
state of the fluorophore, and thereby prevents its exci-
tation ( Wachter et al., 2000 ). Hence, Cl  �   binding to 
Clomeleon removes YFP as an acceptor for CFP and 
therefore changes the YFP/CFP emission ratio, similar 
to the effect caused by rTEV cleavage of Clomeleon 
into its constituent fluorescent proteins, as described 
above. These features provide the basis for Clomeleon 
as a ratiometric indicator for Cl  �  . 

 When   linked with CFP, YFP can act as a FRET accep-
tor for CFP in the nominal absence of Cl  �  , evident as 
a large peak of YFP fluorescence emission and a small 
peak of CFP fluorescence emission ( Fig. 7.1f ). Increasing 
concentrations of Cl  �   progressively remove YFP as an 

acceptor and thereby increase CFP fluorescence. The 
YFP to CFP peak ratios change with the concentration 
of Cl  �   and can be described by the Hill equation ( Fig. 
7.1g ). Therefore, the ratio of YFP and CFP  fluorescence 
emission can be directly translated into [Cl  �  ] using an 
appropriate calibration curve, and thus Clomeleon can 
be used as a ratiometric indicator for [Cl  �  ].  

    C .      Comparison to Other Genetically Encoded 
Indicators 

 Clomeleon   differs from most other genetically 
encoded indicators ( Hasan et al., 2004 ;  Pologruto et al., 
2004 ;  Reiff et al., 2005 ), because the sensor function is 
provided by the fluorescent protein itself and not by 
a distinct sensing moiety. Apart from pHluorin, a pH-
sensitive variant of GFP that can be used for detection 
of H  �   ( Miesenb ö ck et al., 1998 ), all other genetically 
encoded indicators are based on the principle that 
binding of the ligand results in changes in the distance 
and/or orientation between CFP and YFP. For exam-
ple, Ca 2 �   binding to Cameleon results in a confor-
mational change mediated by the M13 helix, pulling 
CFP and YFP closer together ( Miyawaki et al., 1997 ). 
Because FRET efficiency changes with the 6th power 
of the radius between the fluorophores, minute con-
formational changes caused by ligand binding can be 
detected. While sensing of Cl  �   by Clomeleon is based 
on FRET, the Cl  �  -induced change in FRET does not 
require any such conformational change.  

    D .      Ionic Selectivity 

 In   addition to Cl  �  , the halides F  �  , I  �   and Br  �   also 
bind to YFP and change Clomeleon’s fluorescence 
emission ( Fig. 7.2a   ). The sequence of affinities is 6    �    2, 
46    �    14, 111    �    21 and 167    �    13       mM (mean    �    SEM) for 
F  �  , I  �  , Br  �   and Cl  �  , respectively ( Kuner and Augustine, 
2000 ). Among these, Cl  �   is the only physiologically rel-
evant halide because most tissues and cells do not con-
tain F  �  , I  �   or Br  �   in concentrations relevant for binding 
to Clomeleon. However, we frequently use the high-
affinity binding of F  �   to Clomeleon as a way to conve-
niently define  R  min  in cellular calibration experiments 
(see below). 

 Other   intracellular anions  –  such as glutamate, 
ATP, HCO 3   �  , PO 4  2 �  , SO 4  2 �   and NO 3   �    –  do not affect 
Clomeleon at their physiological concentrations 
( Fig. 7.2b ). Also anions commonly used in electro-
physiology, such as gluconate and methylsulfate, do 
not affect the readout of Clomeleon. Hence, under 
physiological conditions, Cl  �   is the only anion that is 
sensed by Clomeleon.  

II. PROPERTIES OF CLOMELEON
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    E .      Effects of pH 

 The   changes in absorbance caused by Cl  �   binding 
to YFP are mediated by changes in the protonation 
state of the fluorophore ( Wachter and Remington, 
1999 ). Hence, changes in pH affect the apparent affin-
ity to Cl  �  . The IC 50  of Cl  �   increases with pH ( Fig. 7.2c ) 
over a wide concentration range. For example, the 
IC 50  ranges from 15       mM at pH 6, up to 900       mM at 
pH 8. The p K  a  of the YFP variant used as a sensor in 
Clomeleon will influence the IC 50  of Cl  �   and define 
the extent of pH dependence. For example, the Topaz 
variant (p K  a  of  � 6.4) has a larger IC 50  but is less 
affected by physiological changes in pH ( Kuner and 
Augustine, 2000 ), while the YFP (H148Q) variant (p K  a  

of 7.14) has a smaller IC 50  but is more susceptible to 
pH changes ( Jayaraman et al., 2000 ). 

 In   a cellular environment pH is usually tightly 
regulated, but intracellular pH can change under cer-
tain functional states ( Chesler and Kaila, 1992 ). If such 
changes remain undetected, Clomeleon will report 
[Cl  �  ] erroneously. To minimize such errors, it is nec-
essary to determine intracellular pH under the condi-
tions in which Clomeleon is being used to measure 
[Cl  �  ]. However, for many experimental situations this 
may not be necessary, in particular when [Cl  �  ] is less 
than  � 25       mM. In this range, the readout error intro-
duced by inadvertent changes in pH of  � 0.2       pH units 
will remain below  � 20% ( Fig. 7.2d ) and may be com-
patible with the experimental goals. When measuring 
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[Cl  �  ] higher than 25       mM, however, the measurement 
error will increase to 50% for pH changes of  � 0.2       pH 
units. In such cases, pH should be measured indepen-
dently in the same experimental conditions; this can 
conveniently be done by using conventional, organic 
pH indicator dyes ( Pond et al., 2006 ). 

 The   known relationship between the IC 50  of Cl  �   
and the pH can be used to correct ratio readouts of 
Clomeleon for known changes in pH. For example, if 
an IC 50  has been obtained in a certain cell type at a pH 
of 7.2, it can still be used to accurately determine [Cl  �  ] 
in other cell types at different resting pH. The follow-
ing relation can be used to calculate the IC 50  at a given 
pH (pH 	 ): 

  IC IC (pH )	 	
50 50

0 82 7 210� 
 
 �. .
      

 The   corrected IC 	  50  can then be used to determine 
the actual [Cl  �  ] (for details see  Berglund et al., 2006 ; 
 Pond et al., 2006 ). This approach could also be used to 
correct the [Cl  �  ] readout dynamically in experiments 
where pH and [Cl  �  ] are measured simultaneously. 

 In   conclusion, the pH dependence of Clomeleon 
needs to be considered, in particular when working 
under conditions of high [Cl  �  ] i . In experimental condi-
tions when pH changes occur, corrections must be used 
to determine [Cl  �  ] i  under conditions of changing pH. 
When large pH shifts are known to be absent and when 
[Cl  �  ] i  is lower than approximately 25       mM, Clomeleon 
will accurately report [Cl  �  ] i  without requiring such 
corrections. Thus, judiciously used, Clomeleon can 
provide a reliable tool to measure [Cl  �  ] i  regardless of 
pH or [Cl  �  ] i  level.  

    F .      Temporal Resolution 

 The   temporal resolution of Clomeleon is limited by 
the kinetics of binding of Cl  �   to YFP. Kinetic analy-
ses of recombinant Clomeleon, based on stopped-
flow measurements, reveal binding time constants of 
500 – 600       ms at 20 ° C for physiologically relevant [Cl  �  ] 
( Fig. 7.2e ). The slow binding of Cl  �   is also evident 
in simultaneous imaging and electrophysiological 
recordings from cultured hippocampal neurons. While 
rapid application of GABA produces an immediate 
increase of the Cl  �   current, changes in [Cl  �  ] i  reported 
by Clomeleon are delayed by about 1       s (Fig. 5A in 
 Kuner and Augustine, 2000 ). For example, the limited 
temporal resolution would preclude direct visualiza-
tion of rapid, highly localized changes in [Cl  �  ] i  during 
inhibitory synaptic transmission. A faster binding time 
constant of 100 – 200       ms can be attained by increasing 
the temperature to 37 ° C ( Fig. 7.2e ). 

 The   slow binding of Cl  �   appears to be caused by 
steric constraints of the Cl  �   binding site ( Wachter 
et al., 2000 ), suggesting that an improved design of the 
Cl  �   binding site may accelerate Cl  �   binding. Indeed, 
mutations of YFP that confer faster binding kinetics 
have been identified ( Galietta et al., 2001 ). For exam-
ple, the YFP variant with I152L mutation has a bind-
ing time constant of 20       ms at 37 ° C. The use of such 
a mutant should be considered for cases where high 
temporal resolution is required.   

    III .      STRATEGIES FOR CLOMELEON 
EXPRESSION 

 A   rich variety of molecular genetic methods 
can be used to express Clomeleon in any cell type. 
Expression plasmids provide the simplest approach 
to express Clomeleon in cultured cells on a bulk scale 
using any standard DNA transfection protocol ( Kuner 
and Augustine, 2000 ) or electroporation ( Teruel et al., 
1999 ).  In vivo  electroporation ( Inoue and Krumlauf, 
2001 ;  Wei et al., 2003 ) of Clomeleon plasmids can be 
used to achieve widespread expression of Clomeleon 
in the intact brain. 

 For   the case of neurons, the main challenge is often 
to selectively express Clomeleon only in the type of 
neuron of interest. Due to the lack of cellular specific-
ity of the approaches described above, other strategies 
of expressing high levels of Clomeleon are required. 
For example, single-cell electroporation of plasmids 
( Rathenberg et al., 2003 ;  Kitamura et al., 2008 ) could 
allow expression of Clomeleon in morphologically 
identified neurons. Viral gene transfer combined with 
stereotaxic delivery ( Wimmer et al., 2004 ) can also 
yield some degree of control over the selectivity of 
Clomeleon expression ( Fig. 7.3a   ). For example, a neu-
ron-specific expression can be achieved with recombi-
nant adeno-associated virus (AAV) pseudotyped with 
the AAV-1 and AAV-2 serotypes ( McCown, 2005 ). 
Good spatiotemporal control of Clomeleon expres-
sion can be attained by precise stereotaxic delivery to 
certain brain areas. Particularly strong expression of 
Clomeleon can be accomplished using an expression 
cassette employing the CMV-enhancer-chicken- β -actin 
promoter (CBA), WPRE element and bGH polyad-
enylation site ( Klugmann et al., 2005 ). 

 Transgenic   approaches provide a powerful means 
of cell-type specific expression of Clomeleon in mice. 
A large set of BAC transgenic mice ( www.gensat.org ) 
provides a rich choice of cell- or tissue-specific expres-
sion patterns ( Heintz, 2004 ) that could be utilized for 
Clomeleon expression. Thus far, we have used three 
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 FIGURE 7.3          Methods for expressing Clomeleon 
in neurons. (a) Stereotaxic delivery of AAV1/2-
Clomeleon. AAV1/2 containing Clomeleon trans-
gene (left) was delivered to the neocortex of a mouse 
mounted on a stereotaxic device (middle). Clomeleon 
expression was observed in neocortical layer 5 neu-
rons (right). Projection of an image stack obtained 
with confocal microscopy of aldehyde-fixed tissue. 
(b – d) Differential expression of Clomeleon in thy1::
Clomeleon mouse lines. YFP fluorescence images 
of paramedial sagittal sections of fixed brains of 
adult mice were obtained from lines CLM11, 12 
and 13. Diagram below illustrates anatomy of the 
mouse brain at this plane of section. (e – g) Confocal 
images of sections taken from CLM11, shown as 
maximal projections of an image stack: hilus (e), 
dentate gyrus (f) and CA1 neurons (g) of the hip-
pocampus. (h) Clomeleon expression by combina-
tion of adenovirus and Cre recombinase. Stereotaxic 
injection of AAV1/2-STOPflox-Clomeleon (top) 
into a CaMKII-Cre mouse resulted in Clomeleon 
expression in neocortical layer 5 neurons (bottom). 
A wide-field epifluorescence image was obtained in 
live slice preparation. Panels a and h are reproduced 
from  Berglund et al. (2008) .      
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other strategies to achieve selective expression of 
Clomeleon in defined groups of neurons in mice. 

 The   first transgenic strategy was based on using 
the thy1 promoter, which is known to mediate strong, 
neuron-specific expression of transgenes within the 
brain ( Caroni, 1997 ). Pronounced positional variega-
tion of this promoter results in striking line-to-line 
variations in neuronal expression, which can be used 
to advantage for fluorescence imaging of individual 
neuron types ( Feng et al., 2000 ). We characterized 
seven thy1::Clomeleon mouse lines, each of them 
showing a unique pattern of neuronal Clomeleon 
expression. For example, line CLM11 shows strong 
Clomeleon expression in the CA1 area of the hip-
pocampus and in neocortical areas ( Fig. 7.3b ), line 
CLM12 shows strong expression in the superior and 
inferior colliculi ( Fig. 7.3c ) and line CLM13 shows 
intense Clomeleon expression in the dentate gyrus, 
cerebellar mossy fibers and piriform cortex ( Fig. 7.3d ). 
The number of Clomeleon-expressing cells in any 
brain region ranges from sparse patterns with only 
single neurons expressing Clomeleon to regions with 
dense expression ( Figs 7.3e  – g). Several studies of neu-
ronal [Cl  �  ] i  have been conducted with these thy1::
Clomeleon transgenic mice ( Berglund et al., 2006 ; 
 Duebel et al., 2006 ;  Pond et al., 2006 , see below). 

 The   second strategy for generating a Clomeleon 
indicator mouse line utilized the Cre-loxP system and 
mice lines with cell-type specific expression of the Cre 
recombinase. Clomeleon expression was rendered 
conditional by placing it after a loxP-flanked transcrip-
tional stop cassette. This cassette was targeted into the 
ROSA26 locus ( Soriano, 1999 ;  Srinivas et al., 2001 ) 
using homologous recombination ( Berglund et al., 
2008 ). This locus is active in all cells and can, in prin-
ciple, yield Clomeleon expression in any cell type. The 
transcriptional stop cassette restricts expression of 
Clomeleon to only those cells expressing Cre recombi-
nase. Hence, this universal Clomeleon indicator mice 
line (UniAct-Clomeleon) allows specific expression of 
Clomeleon in cell populations expressing Cre recom-
binase. The rather low levels of Clomeleon expression 
in neurons mediated by the ROSA26 promoter limits 
intensity-based ratiometric imaging, but suffices for 
two-photon lifetime imaging of the cyan donor fluo-
rescence ( Jose et al., 2007 ). 

 A   third strategy combines cell-type specific expres-
sion of Cre recombinase with viral expression of the 
STOPflox-Clomeleon cassette described above ( Fig. 
7.3h) . The advantage of this approach is that high lev-
els of Clomeleon expression can be attained through 
viral expression while achieving cell-type selectivity 
via the expression of Cre recombinase. The resultant 
strong expression of Clomeleon allows intensity-based 

ratiometric imaging to be conveniently employed. 
Stereotaxic delivery of virus provides an additional 
means of controlling expression density, for example 
by injecting only small amounts of virus. This strat-
egy is best suited in combination with BAC-mediated 
expression of Cre, because highly selective BAC pro-
moters often are rather weak and may not produce 
high levels of Clomeleon expression.  

    IV .      APPROACHES TO CLOMELEON 
IMAGING 

    A .      Microscopy 

 Clomeleon   imaging thus far has been successfully 
implemented via four different approaches: (1) wide-
field epifluorescence imaging, using either two PMT 
detectors ( Kuner and Augustine, 2000 ), a two-chan-
nel beam-splitter/filter-wheel and one CCD camera 
( Berglund et al., 2006 ;  Pond et al., 2006 ), or two CCD 
cameras; (2) confocal fluorescence imaging using a 
spinning disk microscope ( Berglund et al., 2006 ); (3) 
two-photon imaging ( Duebel et al., 2006 ); and (4) two-
photon lifetime imaging ( Jose et al., 2007 ). 

 Each   of these approaches offers distinct advantages 
and the method of choice to measure [Cl  �  ] i  depends 
on the specific questions to be addressed and the 
available experimental conditions. For example, the 
wide-field epifluorescence approach is suitable for 
imaging primary neuronal cultures or acute brain 
slices with few neurons expressing Clomeleon at high 
levels. Because of the relative efficiency of wide-field 
fluorescence imaging, the measurements sensitivity of 
this approach is high, allowing imaging at a high tem-
poral resolution of about 20       ms when using a highly 
efficient CCD camera. Imaging with a spinning disk 
confocal microscope makes it possible to define more 
precisely the volume from which the Clomeleon sig-
nal emerges, which is important in acute brain slices 
containing many neurons expressing high levels of 
Clomeleon. However, because of the relative inef-
ficient photon throughput of spinning disk confo-
cal microscopes, the signal-to-noise ratio is low even 
in cells with high levels of Clomeleon expression. In 
practice, this limits the temporal resolution to about 
200       ms per frame. Two-photon imaging of Clomeleon 
works well in cultured neurons, acute brain slices and 
in whole-mounted retinas. Two-photon microscopy 
has also yielded preliminary images of Clomeleon 
fluorescence in the intact brain of mice (see below). 
Finally, Clomeleon lifetime imaging could be useful to 
image cells with low levels of Clomeleon expression. 
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However, the presence of multiple decay components 
in the excited state lifetime of CFP may require design 
of new versions of Clomeleon based on a donor fluo-
rophore with a single excited state lifetime.  

    B .      Bleaching and Photophysics of Clomeleon 

 When   using Clomeleon, it is important to know that 
YFP bleaches more rapidly than CFP. Interestingly, 
this bleaching of YFP has been found to be reversible 
over time ( Dickson et al., 1997 ;  Berglund et al., 2005 ; 
 Sinnecker et al., 2005 ). Such differential bleaching will 
affect the fluorescence emission ratio of Clomeleon, 
leading to an apparent increase in [Cl  �  ] i  ( Berglund 
et al., 2005 ). Thus, to avoid this problem, the amount 
of excitation of Clomeleon should be reduced as much 
as practicable. The simplest means of avoiding this 
problem is to reduce the intensity of the excitation 
light; we have found that it is possible to obtain good 
signal-to-noise ratios when using levels of excitation 
light that yield stable Clomeleon fluorescence with 
minimal bleaching. Considering this issue, the level 
of Clomeleon expression is possibly one of the most 
important considerations for the outcome of Cl  �   imag-
ing experiments. The signal-to-noise ratio will be ideal 
if Clomeleon expression is high, to allow the excitation 
light to be dim. Because the levels of Clomeleon expres-
sion (typically micromolar) are orders of magnitude 
less than [Cl  �  ] i  (typically millimolar), buffering of [Cl  �  ] i  
by Clomeleon is not an issue ( Kuner and Augustine, 
2000 ). So the general goal should be to express as much 
Clomeleon as possible in the cell(s) of interest. In addi-
tion, to further increase the contrast between cells that 
express Clomeleon, ideally only few neurons in a given 
tissue should express the Cl  �   indicator.  

    C .      Calibration 

 The   calibration of [Cl  �  ] measurements in intact cells 
is challenging because cellular homeostasis mecha-
nisms make it difficult to clamp [Cl  �  ] i  at a defined 
concentration. Two main approaches have been used 
for this purpose: equilibration of [Cl  �  ] i  via a whole-
cell recording pipette or by treating the cell with 
Cl  �  -selective ionophores/antiporters that make the 
cell membrane permeable to Cl  �  . 

 With   the patch pipette calibration method, the cell is 
dialyzed with a solution containing a defined [Cl  �  ] and 
the Clomeleon emission ratio is measured at this defined 
[Cl  �  ]. The  R  min  value can be conveniently determined 
with 100       mM F  �   in the pipette, which abolishes YFP flu-
orescence completely (see  Fig. 7.2a ). Determining  R  max  

at low [Cl  �  ] i  is more difficult, because it is unclear to 
what extent the low [Cl  �  ] in the pipette can overwhelm 
cellular Cl  �   homeostatic mechanisms and thereby keep 
intracellular [Cl  �  ] low. The main difficulty with this 
method is that each experiment can determine only 
one point on the Clomeleon calibration curve, meaning 
that a substantial number of experiments are needed to 
establish a reliable calibration curve. 

 In   the ionophore/antiporter calibration approach, 
the cells are exposed to the Cl  �  /OH  �   antiporter tri-
butyltin, which forms pores in the cell membrane and 
allows external Cl  �   to equilibrate with intracellular 
Cl  �  . Because of the OH  �   permeability of tributyl-
tin, it is also necessary to clamp intracellular pH. For 
this purpose, the H  �  /K  �   ionophore, nigericin, must 
also be applied to the cells. This method ( Krapf et al., 
1988 ) has been widely used in brain slices (       Inglefield 
and Schwartz-Bloom, 1997, 1999 ;  Marandi et al., 2002 ; 
 Berglund et al., 2006, 2008 ;  Pond et al., 2006 ). Again, 
 R  min  values can be determined using an F  �   solution, 
while  R  max  and values for the ratio at other levels of 
[Cl  �  ] i  can be determined simply by manipulating 
[Cl  �  ]. One convenient feature of this approach is that 
several points on the calibration curve can be deter-
mined from each cell, making determination of the 
calibration curve much faster and easier. However, 
in our experience the ability of the tributyltin/nigeri-
cin treatment to control intracellular Cl  �   can be vari-
able. The precision of this approach depends critically 
on a number of factors, including how the ionophore 
solution is prepared and applied. For best results, 
freshly prepared nigericin should be fully dissolved 
in a saline where Na  �   has been replaced with K  �   and 
 N -methyl- D -glucamine (NMDG  �  ) to block Na  �   – H  �   
exchange and thereby maintain intracellular pH 
( Boyarsky et al., 1988 ). A detailed description of the 
use of this method to calibrate Clomeleon signals in 
brain slices can be found in  Berglund et al. (2006) .   

    V .      APPLICATIONS OF CLOMELEON 

 Clomeleon   has been used in a variety of studies of 
neuronal [Cl  �  ] i . In this section, we summarize all appli-
cations of Clomeleon that have been published so far. 

    A .       Measurement of Resting [Cl  �  ] i  in Mature 
Neurons 

 Many   studies have shown that resting [Cl  �  ] i  in 
mature central nervous system (CNS) neurons is 
generally maintained at low levels, i.e. below the 
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predicted electrochemical equilibrium. This allows 
inhibitory neurotransmitters that work by increas-
ing the membrane conductance to Cl  �  , such as GABA 
and glycine, to produce hyperpolarizing Cl  �   influx. 
However, a common problem with all these studies 
has been the difficulty in determining the absolute 
value of resting [Cl  �  ] i . The use of Clomeleon circum-
vents this problem allowing [Cl  �  ] i  to be measured and 
not just inferred from the reversal of GABA or glycine 
currents (see also Chapters 6 and 22 in this volume). 

 In   thy1::Clomeleon transgenic mice, Clomeleon 
is expressed in a wide variety of neurons, allowing 
direct measurements of resting [Cl  �  ] i  in mammalian 
neurons. Using this indicator, resting [Cl  �  ] i  has been 
measured in pyramidal cells in the hippocampus, 
pyramidal cells in the amygdala, granule cells in the 
cerebellum and premotor neurons in the superior col-
liculus ( Berglund et al., 2006, 2008 ). Resting [Cl  �  ] i  in 
these mature central neurons was found to range from 
5 to 10       mM, which is similar to the values estimated 
using indirect methods. These values are also consis-
tent with the observed hyperpolarizing inhibition pro-
duced by neurotransmitters that open Cl  �   channels in 
mature central neurons.  

    B .       Shift in [Cl  �  ] i  during Neuronal 
Development 

 Many   studies have documented that, over the 
course of development, GABAergic transmission in 
CNS neurons switches from depolarizing to hyper-
polarizing ( Ben-Ari et al., 1989 ;  Cherubini et al., 1991 ; 
 Owens et al., 1996 ). This transition is presumably 
due to a progressive decrease in [Cl  �  ] i  as suggested 
by experiments measuring the reversal potential of 
GABA- or glycine-induced Cl  �   currents using the 
gramicidin-perforated patch method (see Chapter 8 
in this volume). However, with the possible exception 
of amacrine and ganglion neurons in the developing 
mouse retina ( Zhang et al., 2006 ; see also Chapter 19 
in this volume), the hypothesis of the developmental 
shift in [Cl  �  ] i  had not yet been validated using direct 
measurement of [Cl  �  ] i  in cortical neurons. 

 Using   Clomeleon, it has been possible to directly 
measure [Cl  �  ] i  in developing CNS neurons. In ini-
tial studies, [Cl  �  ] i  was measured in rat hippocampal 
neurons that were cultured and subsequently trans-
fected with Clomeleon ( Kuner and Augustine, 2000 ). 
In these cultured cells, [Cl  �  ] i  was higher in younger 
neurons and then declined over the next 2 weeks. In a 
subsequent study, resting [Cl  �  ] i  was measured in CA1 
pyramidal neurons in slices of hippocampus of thy1::
Clomeleon transgenic mice ( Berglund et al., 2006 ). At 

postnatal day 5 (P5), [Cl  �  ] i  varied widely over, in the 
range of 20 – 30       mM. At older ages the distribution of 
[Cl  �  ] i  became narrower, suggesting a more homoge-
neous population of neurons at more mature stages. 
Mean [Cl  �  ] i  was 17       mM at P10 and further decreased 
to 6       mM at P20. This corresponds to a drop in the 
Cl  �   equilibrium potential of more than 30       mV between 
P5 and P20. 

 These   results are entirely consistent with the pre-
viously reported developmental changes in polarity 
of GABA-induced currents in CNS neurons. These 
developmental changes are associated with differen-
tial expression profiles of Cl  �   cotransporters KCC2 
and NKCC1 ( Rivera et al., 1999 ;  Stein et al., 2004 ), 
which presumably are responsible for the develop-
mental drop in [Cl  �  ] i . In conclusion, non-invasive 
optical imaging with Clomeleon provides direct mea-
surements of [Cl  �  ] i  that support the hypothesis that 
postnatal changes in the Cl  �   electrochemical gradient 
underlie the functional switch in GABAergic trans-
mission during development.  

    C .      Compartmentalization of [Cl  �  ] i  in Neurons 

 A   great advantage of Clomeleon is its spatial reso-
lution, which provides a new dimension of measure-
ment that can reveal [Cl  �  ] i  gradients between cell 
compartments (see also Chapter 19 in this volume). 

 The   first hint of such gradients in neurons came 
from the observation that [Cl  �  ] i  is higher in the den-
drites than in the soma of cultured hippocampal neu-
rons ( Kuner and Augustine, 2000 ). Measurements of 
[Cl  �  ] i  in hippocampal slices have reiterated this con-
clusion: resting [Cl  �  ] i  was 6 – 10       mM in apical dendrites 
of CA1 pyramidal cells and 8       mM in basal dendrites, 
whereas it was 5       mM in the cell bodies of these neurons, 
although the difference was not statistically different 
( Berglund et al., 2006 ). [Cl  �  ] i  gradients across cell com-
partments have been reported in other neurons as well 
( Derdikman et al., 2003 ;  Szabadics et al., 2006 ;  Khirug 
et al., 2008 ), as discussed below and in Chapter 19. 

 Imaging   resting [Cl  �  ] i  in ON-type bipolar neurons 
in the retina has revealed a particularly interesting and 
important type of [Cl  �  ] i  gradient. Although somewhat 
controversial ( Satoh et al., 2001 ;  Billups and Attwell, 
2002 ), it has been proposed that dendritic [Cl  �  ] i  of these 
cells is high enough for GABA to produce membrane 
depolarization ( Miller and Dacheux, 1983 ). To address 
this possibility,  Duebel et al. (2006)  used two-photon 
imaging to measure resting [Cl  �  ] i  in ON-type bipo-
lar neurons, employing retina from thy1::Clomeleon 
transgenic mice that express Clomeleon in these 
cells ( Haverkamp et al., 2005 ;  Berglund et al., 2006 ). 
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They found that resting [Cl  �  ] i  is relatively high in the 
dendrites of these cells (type 9 bipolar cells), averag-
ing approximately 45       mM. Remarkably, resting [Cl  �  ] i  
in the somata of these cells is 20       mM lower on aver-
age, leading to steep standing gradients in resting 
[Cl  �  ] i  between the soma and the dendrites ( Fig. 7.4a   ), 
as discussed in Chapter 19 in this volume. Thus, the 
ratiometric nature of Clomeleon imaging was key in 
providing the first direct demonstration of high [Cl  �  ] i  
in the dendrites of these neurons. Further, the effects 
of GABA on [Cl  �  ] i  in these cells were determined by 
applying GABA while using Clomeleon to measure the 
resulting changes in [Cl  �  ] i . GABA caused a reduction 
in [Cl  �  ] i  in the dendrites of these cells ( Fig. 7.4b , red 
trace), showing that dendritic [Cl  �  ] i  is actually higher 
than electrochemical equilibrium and thus GABA 
causes a depolarizing Cl  �   efflux. Although GABA is 
depolarizing in the dendrites of ON-type bipolar cells, 
GABA released on to axon terminals at the other end 

of the same cell has a conventional hyperpolarizing 
inhibitory action. This difference in polarity of GABA 
actions at the two ends of the ON-type bipolar neurons 
arises from differences in [Cl  �  ] i . Compared to the den-
drites, [Cl  �  ] i  at the soma is lower and thus the soma 
responds to puff application of GABA with an increase 
in [Cl  �  ] i  ( Fig. 7.4b , blue trace), consistent with hyper-
polarizing action of GABA in the axon.  

    D .       Imaging Cl  �   Fluxes Associated with 
Synaptic Inhibition 

 Major   forms of synaptic inhibition are due to trans-
mitters that activate receptors coupled to Cl  �   chan-
nels, resulting in transmembrane Cl  �   fluxes that 
should transiently change [Cl  �  ] i . One of the most 
promising applications of Clomeleon in neurons is to 
image these changes in [Cl  �  ] i  that are associated with 
synaptic inhibition. Several experiments evaluated the 
capacity of Clomeleon to detect synaptic inhibition 
by combining patch clamp recording and simultane-
ous Clomeleon imaging in hippocampal neurons. The 
first such experiments examined responses of disso-
ciated cultured neurons to application of GABA; the 
resulting activation of GABA A  receptors produced 
Cl  �   currents that could be measured by patch clamp 
recordings, and [Cl  �  ] i  changes that were detected 
by Clomeleon ( Kuner and Augustine, 2000 ). It was 
observed that both the polarity and magnitude of 
[Cl  �  ] i  changes were well correlated with the GABA-
induced Cl  �   currents, regardless of whether Cl  �   was 
entering a neuron or was leaving it. Changes in [Cl  �  ] i  
occurred with a delay of approximately 1       s, presum-
ably limited by the kinetics of Clomeleon, as described 
above. These changes in [Cl  �  ] i  returned to the baseline 
approximately 10       s after the Cl  �   current ceased, indi-
cating the relatively slow rate of Cl  �   removal from 
these cells by transporters ( Staley and Proctor, 1999 ). 

 To   examine the ability of Clomeleon to detect 
responses associated with activation of GABAergic 
inhibitory synapses, responses were measured in 
CA1 pyramidal neurons in hippocampal slices from 
thy1::Clomeleon transgenic mice ( Berglund et al., 2006 ). 
A local inhibitory pathway ( Freund and Buzs á ki, 
1996 ;  Somogyi and Klausberger, 2005 ) was activated 
by an extracellular stimulating electrode that was 
placed at the distal part of the pyramidal cell apical 
dendrites while excitatory synaptic transmission was 
eliminated by treating the slices with a glutamate 
receptor antagonist, kynurenic acid. Under voltage-
clamp conditions, a train of electrical stimuli evoked 
summating inhibitory postsynaptic currents (IPSCs). 
These IPSCs elevated [Cl  �  ] i  in the soma of individual 
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 FIGURE 7.4          Effect of GABA application on [Cl � ]i in retinal 
bipolar cells. (a) [Cl  �  ] i  in Clomeleon-expressing type 9 bipolar cells 
in the whole-mounted retina. Shown are morphology (top) of a 
group of type 9 bipolar cells (asterisks) in a collapsed image stack 
and [Cl  �  ] i  (pseudo-color scale; bottom) in the same cells. [Cl  �  ] i  was 
high in varicosities (arrowheads). (b) Traces showing dendritic (red) 
and somatic (blue) [Cl  �  ] i  in a type 9 bipolar cell during GABA appli-
cation (shaded time period). Images at top illustrate the location of 
the two measurement sites (arrowheads;  n       �      7 trials). Reproduced 
from  Duebel et al. (2006) .    
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pyramidal cells by as much as 4       mM; as was the case 
in cultured neurons, the [Cl  �  ] i  changes were well 
correlated with the total charge carried by Cl  �  . As also 
observed in cultured neurons, the rise in [Cl  �  ] i  lagged 
behind the current response by  � 1       s and the change 
in [Cl  �  ] i  lasted much longer than the duration of the 
Cl  �   current. 

 Such   results indicate that Clomeleon can report 
elevation of Cl  �   upon activation of GABA A  recep-
tors when the inwardly directed driving force on 
Cl  �   is kept relatively constant under voltage-clamp 
conditions. However, in physiological conditions the 
changes in membrane potential produced by inhibi-
tory postsynaptic potentials (IPSPs) will cause the 
driving force for Cl  �   influx to decline during the IPSP, 
thereby reducing net Cl  �   influx. Because this effect 
could limit the ability to image inhibitory transmission, 
we next asked whether Clomeleon could image inhibi-
tory synaptic transmission in neurons whose mem-
brane potential was not kept constant by voltage 
clamping ( Berglund et al., 2006 ). Under these condi-
tions, a single stimulus caused an IPSP that hyperpo-
larized the resting membrane potential from  � 71       mV 
to  � 76       mV. Trains of stimuli evoked summating IPSPs. 
However, simultaneous Clomeleon imaging revealed 
barely detectable changes in [Cl  �  ] i  in the soma of the 
same cell. The small magnitude of these responses is 
consistent with the expected reduction in Cl  �   driv-
ing force in unclamped cells. When [Cl  �  ] i  signals 
were collected and averaged from many somata, the 
signal-to-noise ratio of the measurement was greatly 
improved, allowing responses to brief trains of IPSPs 
to be detected. Maximal changes in [Cl  �  ] i  were of the 
order of 2       mM, which is smaller than those in volt-
age-clamped cells consistent with the reduced driv-
ing force on synaptic Cl  �   fluxes in unclamped cells. 
These results indicate that Clomeleon can report 
changes in [Cl  �  ] i  during inhibitory synaptic trans-
mission in unclamped neurons. Averaging [Cl  �  ] i  
signals from 10 – 20 cells over four trials doubles the 
signal-to-noise ratio, yielding a detection limit of 
a 90       μM rise in [Cl  �  ] i . This corresponds to the res-
ponse to approximately three IPSPs. The experiments 
above demonstrate that Clomeleon enables imaging of 
Cl  �  -mediated inhibitory transmission without any 
manipulation of the Cl  �   driving force. 

 Such   measurements can obviously be performed in 
the absence of any recording electrodes. In such condi-
tions, interneuron stimulation produces the expected 
increases in [Cl  �  ] i  in all layers of area CA1. The sensi-
tivity of the method is sufficient to detect recruitment 
of presynaptic interneurons: increasing stimulus inten-
sity, to activate larger numbers of interneurons, causes 
progressively larger changes in [Cl  �  ] i  ( Figs 7.5a – d   ). 

The magnitude of the spatially averaged [Cl  �  ] i  change 
is proportional to the stimulus intensity ( Fig. 7.5e ) and 
is blocked by GABA A -specific antagonist, SR95531, 
indicating that the [Cl  �  ] i  changes resulted from pro-
gressive activation of GABAergic interneurons by 
stronger stimuli. 

 The   spatiotemporal dynamics of inhibitory synap-
tic responses can be quantified by line scan analysis. 
This analysis displays the magnitude of synaptic [Cl  �  ] i  
changes as a function of both space and time ( Fig. 7.6   ). 
The area of analysis shown in  Fig. 7.6  covers several com-
partments within the hippocampal CA1 region, includ-
ing the distal parts of pyramidal cell apical dendrites 
(in the stratum lacunosum-moleculare), the proximal 

 FIGURE 7.5          Clomeleon imaging of Cl �  changes produced by 
synaptic inhibition. (a – d) Images showing Cl  �   changes (pseudo-
color scale) superimposed on YFP fluorescence image (gray scale) 
measured in CLM1 hippocampal slice. Electrical stimulation was 
delivered for 1       s with current intensities indicated in the upper 
right corner of each image through a concentric bipolar electrode 
(the black rod on the left). Images were acquired 4       s after each 
stimulus. (e) Relationship between [Cl  �  ] i  changes, averaged across 
the whole CA1 field, and stimulus intensity. Points (mean � SEM; 
 n       �      4) were measured before (control) and during application of the 
GABA receptor antagonist, SR95531 (SR; 10       μM). Reproduced from 
 Berglund et al. (2006) .    
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parts of apical dendrites (in the stratum radiatum), the 
pyramidal cell bodies (in the stratum pyramidale) and 
the basal dendrites (in the stratum oriens). This analy-
sis reveals that [Cl  �  ] i  changes are largest in the apical 
dendrites, the location closest to the site of stimulation 
( Fig. 7.6a ). The time course of these changes varies 
across compartments, as can be seen most clearly by 
superimposing plots of [Cl  �  ] i  changes over time within 

each compartment ( Fig. 7.6b ). While [Cl  �  ] i  changes in 
the distal part of apical dendrites rise rapidly and reach 
a maximum at the end of the train of stimuli, [Cl  �  ] i  
rises more slowly in basal dendrites and in the proxi-
mal part of apical dendrites. Changes in [Cl  �  ] i  rise more 
slowly in somata, probably due to slow diffusion of Cl  �   
from the dendrites and/or from the surface-to-volume 
ratio of the cell bodies.  Fig. 7.6c and d  show that [Cl  �  ] i  
changes associated with synaptic inhibition of CA1 
pyramidal cells are larger and faster in the apical den-
drites and smaller and slower in the somata and in the 
basal dendrites. These differences presumably reflect 
differences in the location of active inhibitory synapses 
on the pyramidal cells, in the surface-to-volume ratio of 
the different compartments, and/or in spatial variations 
in the driving force on Cl  �   ( Staley and Proctor, 1999 ). 

 In   conclusion, the above results document that 
Clomeleon can detect changes in postsynaptic [Cl  �  ] i  in 
hippocampal neurons that result from synaptic inhi-
bition mediated by GABA A  receptors. These results 
support the utility of Clomeleon as a tool for imaging 
Cl  �  -mediated synaptic inhibition in the brain.  

    E .       Pathological Changes of [Cl  �  ] i  Detected 
by Clomeleon 

 Abnormal   regulation of neuronal [Cl  �  ] i  contributes 
to the pathology of a multitude of diseases ( Payne et al., 
2003 ). For example, chronic pain is partly mediated by 
an increase in resting [Cl  �  ] i  in spinal nociceptive neu-
rons, resulting in disinhibition of these neurons (       Coull 
et al., 2003, 2005 ;  Torsney and MacDermott, 2005 ), as 
discussed in Chapter 23 in this volume. Hypoxia and 
ischemia also induce pathological alteration in neuro-
nal [Cl  �  ] i  and GABAergic transmission, leading to exci-
totoxicity in the brain ( Allen and Attwell, 2004 ;  Allen 
et al., 2004 ), as discussed in detail in Chapter 25 in this 
volume. Hippocampal slices from thy1::Clomeleon 
mice have been successfully used to track pathologi-
cal increases of [Cl  �  ] i  resulting from oxygen depriva-
tion. The ability to measure these changes in [Cl  �  ] i  also 
permitted identification of the source of the increased 
[Cl  �  ] i , which is an influx of Cl  �   resulting from activa-
tion of the NKCC1 transporter by phosphorylation 
( Pond et al., 2006 ).  

    F .      Clomeleon Imaging  in Vivo  

 The   high expression of Clomeleon in thy1::
Clomeleon transgenic mice also permits non-invasive 
brain imaging  in vivo  ( Helmchen and Denk, 2005 ). 
Two-photon microscopy has enabled the visualization 
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 FIGURE 7.6          Spatiotemporal profiles of synaptic Cl �  transients. 
Responses of hippocampal CA1 pyramidal cells to stimulation of 
presynaptic interneurons were imaged as in  Fig. 7.5 . (a) A line-scan 
of [Cl  �  ] i  changes measured across the layers of area CA1. Resting 
[Cl  �  ] i  measured before stimulation was subtracted to show relative 
changes caused by inhibitory synaptic activity (stimulus applied 
at time indicated by the arrow). White rectangle on the ordinate 
denotes the size and location of the stimulating electrode. (b) Time 
course of changes in [Cl  �  ] i  calculated from each layer. Colors of 
the plots correspond to those of the labels in (a). Duration of the 
2       s stimulus train (Stim) is indicated by bar. (c) Peak magnitude 
of [Cl  �  ] i  changes in the four compartments of pyramidal cells in 
each layer. Mean � SEM ( n       �      7); asterisk denotes a significant dif-
ference ( p      �       0.05) from other compartments. (d) Time to peak of 
[Cl  �  ] i  changes in the same four compartments of pyramidal cells. 
Reproduced from  Berglund et al. (2006) .    



137

of neocortical layer 5 pyramidal neurons in living mice 
( Fig. 7.7a   ;  Krieger et al., 2007 ;  Berglund et al., 2008 ). 
This approach has also been used to image across 
many cell layers in the whole cerebellum of thy1::
Clomeleon transgenic mice that express Clomeleon in 
granule cells ( Fig. 7.7b ). This approach opens the pos-
sibility of imaging synaptic inhibition in the brains of 
intact behaving mice.   

    VI .      OUTLOOK: OPTIMIZING 
CLOMELEON IMAGING 

 The   initial version of Clomeleon has provided a 
range of possibilities for directly measuring [Cl  �  ] i  in 
neurons and other cell types. Nevertheless, several 
features of Clomeleon could be further improved: 

    1.      Cl  �   sensitivity . Clomeleon has an IC 50  of 
approximately 160       mM, which is about 20 times 
higher than the resting [Cl  �  ] i  in mature CNS 
neurons. An IC 50  for Cl  �   of about 10       mM would be 
ideal for the range of [Cl  �  ] i  in mature neurons and 
would allow better detection of the small changes 
in [Cl  �  ] i  associated with synaptic inhibition. 
Variants of YFP with decreased IC 50  for Cl  �   have 
been already developed ( Galietta et al., 2001 ) and 
similar mutations improve the Cl  �   sensitivity of 

Clomeleon ( Markova et al., 2008 ; J. Casad and G.J. 
Augustine, unpublished results).  

    2.      pH dependence . Creating YFP variants with reduced 
sensitivity to protons, but unaltered Cl  �   sensitivity, 
would be ideal for measuring [Cl  �  ] i  in cells with 
fluctuating pH. However, because Cl  �   acts via the 
protonation of the YFP fluorophore, a dissociation 
of both properties may not be possible. 
Alternatively, an approach using a genetically 
encoded pH sensor simultaneously may yield 
an experimental situation in which both pH and 
Cl  �   could be measured in parallel to facilitate 
correction of Clomeleon signals for pH changes.  

    3.      Dynamic range . A larger change in the YFP/CFP 
emission ratio between Cl  �  -bound and Cl  �  -free 
forms of Clomeleon would provide better resolution 
of [Cl  �  ]. An optimized design of the CFP-YFP 
tandem and the use of CFP variants with higher 
quantum yields, such as Cerulean ( Rizzo et al., 2004 ), 
should improve the dynamic range of Clomeleon.      
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 FIGURE 7.7           In vivo  Clomeleon imag-
ing. (a) Neocortical layer 5 (L5) neurons 
were reconstructed from serial images 
obtained from the brain surface (L1) with 
 in vivo  two-photon microscopy applied to 
an anesthetized CLM1 transgenic mouse 
(in collaboration with Fritjof Helmchen, 
Max-Planck-Institute for Medical Research). 
Reproduced from  Berglund et al. (2008) . 
(b) Image of cerebellar granule cells was 
obtained with  in vivo  two-photon micros-
copy applied to an anesthetized CLM1 trans-
genic mouse (in collaboration with Ken D. 
McCarthy, University of North Carolina at 

Chapel Hill). ML: molecular layer; PCL: Purkinje cell layer; GCL: 
granule cell layer. Note expression of Clomeleon in ML and GCL, 
where granule cells reside, while Clomeleon expression is excluded 
from Purkinje cells in this mouse line.    
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O U T L I N E

    I .      INTRODUCTION 

 Developments   and improvements of the conven-
tional whole-cell patch technique during the last 
decades yielded many insights on various aspects 
of membrane physiology ( Akaike et al., 1978 ;  Hamill 
et al., 1981 ;  Kostyuk et al., 1975 ;  Lee et al., 1979 ). The 
patch clamp has permitted quantitative analysis of a 
variety of voltage-gated- and ligand-gated-ion chan-
nels, the electrogenic Na  �  /K  �   pump and the Na  �  /
Ca 2 �   exchanger to mention a few examples. While 
whole cell patch technique allows one to control the 
composition of the intracellular milieu by equilibrat-
ing it with that of the artificial pipette solutions, the 
dialysis or the dilution of intracellular components dis-
turbs the native cytoplasmic biochemical environment 
which contains substances that are key for regulation 
and function of various transporters, ion channels and 

metabotropic receptors ( Korn and Horn, 1989 ;  Kurachi 
et al., 1989 ;  Sims et al., 1991 ;  Ueno et al., 1992 ;  Wendt 
et al., 1992 ;  Ye and Akaike, 1993 ); G-protein and second 
messenger mediated responses ( Harata and Akaike, 
1993 ;  Shirasaki et al., 1994 ;  Uneyama et al., 1993 ); 
and intracellular Ca 2 �   buffering systems ( Akaike and 
Uneyama, 1994 ;  Mistry and Hablitz, 1990 ;  Omura et al., 
1993 ). These disadvantages of the conventional whole-
cell patch recording configuration were overcome by 
the development of the  ‘  ‘ perforated patch ’  ’  recording 
configuration using pore-forming antibiotics that are 
selectively permeable to certain ions. These antibiot-
ics include nystatin ( Akaike and Harata, 1994 ;  Horn 
and Marty, 1988 ), amphotericin B ( Rae et al., 1991 ) and 
gramicidin ( Abe et al., 1994 ;  Akaike, 1996 ;  Ebihara et al.,
1995 ;  Kakazu et al., 1999, 2000 ;  Nabekura et al., 2002 ; 
 Rhee et al., 1994 ;  Tajima et al., 1996 ;  Wake et al., 
2007 ). Nystatin forms small aqueous pores (radius 
0.4       nm) on the cell membrane that are permeable 
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to small monovalent cations with the following selec-
tivity sequence: Rb  �        �      K  �        �      Cs  �        �      Na  �        �      Li  �  , and to 
anions such as Cl  �  . When inserted into patch pipettes, 
the permeability properties of nystatin allow electrical 
access to the cell while preserving relatively large intra-
cellular molecules such as cAMP and ATP. Thus, the 
nystatin-perforated patch technique allows the study 
of functional channel responses in their native envi-
ronment, without altering the cellular contents which 
includes key second messenger molecules ( Akaike and 
Harata, 1994 ). However, since the nystatin pores are 
permeable to monovalent anions, the intracellular Cl  �   
concentration ([Cl  �  ] i ) is determined by the Cl  �   con-
centration in the patch pipette solution, and thus the 
native [Cl  �  ] i  is altered. 

 Cl    �   is one of the major and most important constitu-
ents of living cells; it participates in a number of func-
tions such as cell volume and pH i  regulation (Chapters 
15 and 4, respectively), salt secretion and absorption 
(Chapters 16 and 29), G-protein-coupled signal trans-
duction ( Higashijima et al., 1987 ) and modulation of 
network excitability via GABA and glycine receptor-
channel complexes (e.g. Chapters 14, 19 and 24 in this 
volume). Considering the functional significance of 
Cl  �  , a method that allowed electrophysiological mea-
surements of membrane currents carried by Cl  �   while 
preserving native [Cl  �  ] i  was required. These needs 
prompted the development of the gramicidin-perforated 
patch recording technique ( Akaike, 1996 ). Gramicidin 
is a polypeptide antibiotic that forms small pores in 
the cell membrane similar to nystatin, but allows only 
the movement of monovalent cations excluding anions 
( Hladky and Haydon, 1972 ). The cation selectivity 
sequence of gramicidin in cell membranes is similar 
to that measured in lipid bilayers: H  �        �      NH 4   �        �      Cs  �        
�      Rb  �        �      K  �        �      Na  �        �      Li  �   ( Myers and Haydon, 1972 ; 
 Tajima et al., 1996 ). Gramicidin is not permeable to Cl  �   
in lipid bilayers or in living cells ( Myers and Haydon, 
1972 ;  Tajima et al., 1996 ). Thus, by adding gramicidin 
to the patch pipette solution, we can observe native 
responses from electrically and chemically excitable 
cells, while maintaining native [Cl  �  ] i , independently of 
the Cl  �   concentration in the patch pipette solution.  

    II .      APPLICATION OF GRAMICIDIN 
PERFORATED PATCH TO CNS 

NEURONS 

    A .      Getting the Patch 

 The   stock solution of gramicidin is prepared by dis-
solving gramicidin D (Sigma), which is a mixture of 

gramicidin A, B and C, into methanol at 10       mg/ml. 
After ultrasonication for a few seconds, the stock 
solution is directly dissolved into the patch pipette 
solution, resulting in a final concentration 0.1       mg/ml. 
Patch pipettes are fabricated from glass tubes 
(Narishige, G-1.5) on a two-stage vertical pipette 
puller. The pipette tips are initially filled with grami-
cidin-free internal solution by immersion, and then 
the remainder of the pipette is backfilled with the 
same patch pipette solution containing gramicidin. 
The resistance of a pipette having an internal diam-
eter of about 1        μ m is 5 � 8       M Ω . As gramicidin diffuses 
to the pipette tip and enters the cell membrane, a 
time-dependent change in the capacitative current 
is observed ( Fig. 8.1   A). In small neurons dissociated 
from rat CNS, where the soma diameter is 10 – 15        μ m, 
the membrane perforation by gramicidin requires 
more than 30       min after making a G Ω  seal. However, 
when patch pipettes having larger internal diameter 
(2 � 3       M Ω  resistance) are applied to larger cell bod-
ies (diameter  � 30       μm) the current recording is initi-
ated some 20       min after the G Ω  seal formation. Once 
gramicidin ionophores are formed on the patch cell 
membrane, the ion conducting channels can be con-
stantly maintained for  � 2       h. It should be noted that 
gramicidin in the patch pipette solution loses its activ-
ity within 2       h. Thus the gramicidin pipette solution 
should be refreshed frequently.  

    B .      GABA Responses 

 It   is well established that both GABA and glycine 
are the most important inhibitory neurotransmit-
ters in the mammalian CNS ( Lynch, 2004 ;  Olsen and 
Sieghart, 2009 ). Application of the gramicidin-perfo-
rated patch technique to mammalian CNS neurons 
makes possible the recording of native GABA- or 
glycine-gated currents ( Abe et al., 1994 ;  Ebihara et al., 
1995 ;  Kakazu et al., 1999 ).  Figure 8.1B  shows the 
GABA-induced hyperpolarization observed in a neu-
ron dissociated from rat substantia nigra  pars reticu-
lata  (SNR) recorded under current-clamp by means 
of a gramicidin-perforated patch pipette. The rest-
ing membrane potential ( E  m ) in this cell was  � 58       mV 
( Ebihara et al., 1995 ). Under voltage-clamp condi-
tions, GABA elicited an outward current at a hold-
ing potential ( V  H ) of  � 50       mV. Since Cl  �   is an anion, 
the outward current implies Cl  �   flux into the cell. To 
change the recording mode to conventional whole 
cell patch configuration the patched membrane was 
ruptured by increasing suction in the pipette interior. 
This resulted in a clear-cut change in the direction of 
the GABA-induced current from outward to inward 
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( Fig. 8.1C ). These results clearly indicate that Cl  �   from 
the patch pipette solution (150       mM Cl  �   ) diffuses into 
the neuronal cell body of SNR following rupture of 
the membrane patch. The resulting increase in [Cl  �  ] i  
shifts  E  Cl  toward more depolarized values than  V  H  
causing Cl  �   efflux through GABA A  receptor-Cl  �   
channel complexes. Several observations have dem-
onstrated that Cl  �   cannot permeate the gramicidin-
formed pores, strongly suggesting that native [Cl  �  ] i  is 
unaltered under gramicidin patch conditions ( Akaike 
and Harata, 1994 ;  Hladky and Haydon, 1972 ). Further 
validation of the method has been provided by using 
independent measurements of [Cl  �  ] i  by means of 
fluorescent indicators. These reports show that [Cl  �  ] i  
inferred from the reversal of GABA responses mea-
sured through gramicidin patches is close to that 
measured with fluorescent dyes (see Chapter 7 in this 
volume and  Achilles et al., 2007 ).  

    C .       Developmental Change in Glycine and 
GABA Responses 

 The   lateral superior olive (LSO) neurons in rat 
brainstem, one of the central auditory nuclei, receives 

auditory information from both the contralateral side 
as inhibitory glycinergic inputs and the ipsilateral 
side as excitatory glutamatergic inputs. This arrange-
ment is important for sound localization. In immature 
LSO neurons (P0 – P2), glycinergic synaptic inputs or 
exogeneous application of glycine induces membrane 
depolarization in these neurons ( Kakazu et al., 1999 ; 
 Kandler and Friauf, 1995 ). The depolarizing response 
turns into a hyperpolarizing one with maturation 
( Fig. 8.2A   ). Using gramicidin perforated patch record-
ing it was possible to infer the native [Cl  �  ] i  of LSO 
neurons at each developmental stage, from the rever-
sal potential ( E  Gly ) of the glycine responses measured 
from current/voltage ( I / V ) curves before and during 
glycine application under voltage-clamp conditions 
( Ehrlich et al., 1999 ;  Kakazu et al., 1999 ). In  � 50% 
of LSO neurons at P0 – P2 and P6 – P8,  E  Gly  was more 
depolarized than the resting membrane potential ( E  m ). 
At P13 – P15  E  Gly  became more hyperpolarized than  E  m  
in 90% of LSO neurons. The differences in the mean 
values of  E  Gly  observed between P0 – P2 and P13 – P15 
and between P6 – P8 and P13 – P15 were statistically 
significant ( p       �      0.05) ( Fig. 8.2B ). The glycine-induced 
responses in rat LSO neurons were likely to result 
from Cl  �   gradients favoring the flux of Cl  �   through 
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 FIGURE 8.1          Gramicidin-perforated patch recording from substantia nigra  pars reticulata  (SNR) neurons.  A.  Relationship between the time 
after establishment of a G Ω  seal and the peak capacitative current amplitude. Transient capacitative currents were elicited by 10       ms hyper-
polarizing voltage steps from  � 60 to  � 70       mV every 30       s. The inset shows the capacitative currents 1 – 40       min after forming the G Ω  seal. The 
holding potential ( V  H ) was  � 60       mV.  B.  Recording of membrane potentials using gramicidin-perforated patch technique under current-clamp 
conditions. GABA (10  � 5        M) was exogenously applied during the period indicated by the horizontal bar. Resting membrane potential ( E  m ) was 
 � 58       mV.  C.  GABA-induced outward (upper panel) and inward (lower panel) currents at a  V  H  of  � 50       mV before and after the rupture of the 
patch membrane, respectively. The upper panel shows GABA-induced outward current recorded by the gramicidin-perforated patch tech-
nique. Under these conditions, the intracellular Cl  �   concentration ([Cl  �  ] i ) was not disturbed by the 150       mM Cl  �   concentration in the patch 
pipette solution. The lower panel illustrates GABA-induced inward current in the same neuron after rupture of the patch membrane by 
increasing the negative pressure of the patch pipette interior. The patch pipette Cl  �   rapidly diffused into the cell interior within 5       min of the 
rupture and the [Cl  �  ] i  reached 150       mM. (Reproduced from  Ebihara et al., 1995 , with permission.)    
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glycine-operated Cl  �   channels, and thus  E  Gly  was 
considered to be equal to  E  Cl.  Under this assumption 
it was possible to calculate [Cl  �  ] i  for each individual 
neuron using the Nernst equation.  Figure 8.2B  also 
shows significant differences in [Cl  �  ] i  between P0 –
 P2 and P13 – P15 ( p       �      0.01), and between P6 – P8 and 
P13 – P15 ( p       �      0.01). These results clearly indicate that 
glycine’s effect switches with maturation from depo-
larizing to hyperpolarizing due to a fall in [Cl  –  ] i  in 
LSO neurons during the second week after birth. 

 Age  -related changes in [Cl  �  ]i were also observed in 
the nucleus basalis of Meynert which is populated by 
large cholinergic neurons and is a major source of cho-
linergic input to the cerebral cortex. The Meynert neu-
rons receive GABAergic inputs. The  E  GABA  measured 
from  I / V  curves became more negative with matu-
ration. The mean [Cl  �  ] i  calculated from the Nernst 
equation using both the known [Cl  �  ] o  and the mea-
sured  E  GABA  had the following values: 34.8, 22.3 and 
13.1       mM for P0, 2-week- and 6-week-old rat neurons, 
respectively ( Akaike, 1996 ).  

    D .      Effect of Neuronal Trauma 

 When   rat embryonic 18-day hypothalamic neu-
rons are cultured for 24 – 35 days, GABA application 
induces a hyperpolarization. In neurons traumatized 
by neurite transection, or osmotic challenges or excess 
heat, synaptically released or exogenously applied 
GABA was depolarizing ( Fig. 8.3A)    and this depolar-
ization produced an increase in [Ca 2 �  ] i   ( van den Pol, 
1996 ) . The depolarization after trauma lasted longer 
than a week.  

    E .      Effect of H 2 O 2  Treatment 

 During   application of H 2 O 2  for 1 – 6       h GABA-
induced outward currents decreased with time and 
finally reversed to inward currents after 9       h ( Fig. 
8.3 Ba). This phenomenon appears to be due to loss of 
tyrosine phosphorylation of KCC resulting in func-
tional down-regulation of this cotransporter and 
consequent increase in [Cl  �  ] i . Accordingly, during 

 FIGURE 8.2          Developmental changes in glycine responses in lateral superior olive (LSO) neurons.  Aa.  At P0, 3      
      10  � 5        M glycine ( solid bar ) 
induced a depolarization that generated an action potential. The record was obtained though a gramicidin-perforated patch under current-
clamp configuration.  Ab.  At P15, glycine induced a hyperpolarization, resulting in blockage of action potentials. Resting membrane potentials 
( E  m ) were  � 53 and  � 60       mV in  a  and  b , respectively. The reversal potentials of the glycine-induced currents ( E  Gly ) measured from the current/
voltage ( I / V ) relationships in the LSO neurons of P0 and P15 rats were  � 35 and  � 70       mV, respectively, at a  V  H  of  � 50       mV.  B.  Developmental 
changes in intracellular Cl  �   concentration ([Cl  �  ] i ) in LSO neurons. Histograms of the percentages of LSO neurons are indicated as a function of 
 E  Gly  ( a ) and [Cl  �  ] i  ( b ) at P0 – 2, P6 – 8 and P13 – 15 rats. (From  Kakazu et al., 1999 , reproduced with permission.)    
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continuous H 2 O 2  incubation  E  GABA  is shifted towards 
more positive potentials and finally the GABA-
induced current becomes inward ( Fig. 8.3 Ba). A more 
gradual depolarizing shift in  E  GABA  also occurred after 
successive application of H 2 O 2  ( Fig. 8.3 Bb), presum-
ably corresponding to a time when total KCC protein 
levels are decreased ( Wake et al., 2007 ).  

    F .      Effect of Furosemide on Intracellular [Cl  �  ] i  

 Since   Cl  �   cannot permeate the gramicidin pores, 
the constancy of GABA- or glycine-induced currents 
reflect the existence of [Cl  �  ] i  regulatory mechanisms 
that maintain a stable [Cl  �  ] i . One of these mechanisms 
is KCC, which extrudes Cl  �   actively under physiolog-
ical conditions (Chapter 17). As shown in  Fig. 8.4A   , in 
dissociated neurons from the lateral superior olive of 
rats the glycine-induced Cl  �   currents recorded with 
gramicidin patches gradually decrease in amplitude 
in the presence of 1       mM furosemide ( Kakazu et al., 
1999, 2000 ), a finding that is in agreement with pre-
vious observations made in hippocampal neurons 

( Thompson and Gahwiler, 1989 ). The [Cl  �  ] i  inferred 
from  E  gly  indicated that [Cl  �  ] i  increased approach-
ing the values that would have if it was passively 
distributed across the plasma membrane ( Fig. 8.4B ). 
These results are in agreement with the notion that a 
furosemide-sensitive Cl  �   extrusion mechanism plays 
an important role in maintaining [Cl  �  ] i  below elec-
trochemical equilibrium in mature CNS neurons. 
The furosemide-sensitive mechanism may be KCC. 
The electro-neutral operation of this cotransporter 
precludes direct observation of ion translocation by 
electrophysiological techniques. However, using the 
gramicidin-perforated patch method it is possible to 
indirectly assess its function by estimating [Cl  �  ] i .   

    III .      CONCLUSIONS 

 The   development of the whole-cell patch technique 
has contributed enormously to our current under-
standing of membrane physiology. However, the dis-
turbance of cell constituents by the artificial patch 

 FIGURE 8.3          Change in polarity of GABA response induced by trauma or H 2 O 2 .  Aa.  10  � 5        M GABA-induced membrane hyperpolariza-
tion from  � 60 to  � 72       mV in a rat hypothalamic neuron cultured for 33 days.  b.  In a traumatized neuron GABA depolarized the cell mem-
brane from  � 60 to  � 38       mV and produced an action potential (AP). All recordings were made using gramicidin-perforated patch configuration. 
(Reproduced with permission from  van den Pol et al., 1996 ).  B.  Changes in  E  GABA  in primary cultured hippocampal neurons during continuous 
incubation with H 2 O 2 .  a.  Representative whole-cell membrane currents recorded using the gramicidin-perforated patch technique, in response 
to application of GABA (3      
      10  � 5        M; thick horizontal bars), recorded at a  V  H  of  � 50       mV, before and at different times during H 2 O 2  (5      
      10  � 5        M) 
incubation as indicated. The GABA-evoked outward currents gradually decreased in amplitude, and eventually after 9       h incubation with H 2 O 2  
they changed to an inward current.  b.  Averaged  E  GABA  measured in neurons incubated with H 2 O 2  for up to 9       h as indicated. H 2 O 2  incuba-
tion caused  E  GABA  to rapidly ( � 1       h) shift to a more depolarized level at a  V  H  of  � 50       mV. **  p       �      0.01. (From  Wake et al., 2007 ; reproduced with 
permission.)    
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 FIGURE 8.4          Neuronal [Cl  �  ] i  maintained below electrochemi-
cal equilibrium by a furosemide-sensitive Cl  �   transport mecha-
nism.  A.  In the presence of 1       mM furosemide the amplitude of 
glycine-induced outward currents recorded in LSO neuron by using 
gramicidin-perforated patch method decreased gradually. In these 
experiments  V  H  was  � 50       mV.  B.  The [Cl  �  ] i  values inferred from 
Egly were plotted as a function of time before, during and after 
the application of furosemide. The dashed line indicates the [Cl  �  ] i  
(15.7       mM) estimated for a passive distribution at  V  h       �       � 50       mV. The 
lower than electrochemical equilibrium [Cl  �  ] i  was increased by 
furosemide, and returned to its original value after the removal of 
furosemide, suggesting that the furosemide-sensitive [Cl  �  ] i  KCC 
actively extruded Cl  �   maintaining it below electrochemical equilib-
rium. (Reproduced with permission from  Kakazu et al., 2000 .)    

pipette solution limits the use of this method; it does 
not allow the study of native cell responses. The per-
forated patch recording mode using antibiotics such 
as nystatin, amphotericin B and gramicidin permits 
electrical access to the inside of the cell with minimal 
dialysis of the patch pipette solution and washout of 
intracellular contents. Gramicidin-perforated patch 
recording configuration allows the study of native 
GABA- or glycine-gated currents and at the same 
time it permits estimations of [Cl  �  ] i . This is possible 
because gramicidin pores are permeable to cations but 
not to Cl  �  . Further, gramicidin patches have allowed 
the study of cation-coupled Cl  �   cotransporters such as 
KCC and NKCC, which play a major role in determin-
ing neuronal [Cl  �  ] i . Gramicidin patch recording is a 
useful tool of broad applicability, which has provided 
important information on Cl  �   channels and carriers in 
cells that preserve their physiological contents.   
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O U T L I N E

    I .      INTRODUCTION 

 Physiologists   have developed several methods to 
measure the concentration of intracellular Cl  �   ([Cl  �  ] i ) 
in living cells. These techniques include Cl  �  -selective 
microelectrodes ( Alvarez-Leefmans et al., 1988, 1990 ; 
 Coles, 1995 ), gramicidin-perforated patch recordings 
( Akaike, 1996 ;  Lu et al., 2008 ), Cl  �  -sensitive fluorescent 
dyes ( Jayaraman and Verkman, 2000 ;  Munkonge et al., 
2004 ;  Stern et al., 1995 ), and Cl  �  -sensitive fluorescent 
proteins ( Kuner and Augustine, 2000 ). Some of these 
methods are discussed in more detail in Chapters 6 – 8 
in this volume. Besides measurement of basal [Cl  �  ] i , 
these methods can be used to determine  net  Cl  �   fluxes 
from changes in [Cl  �  ] i  ( Rocha-Gonzalez et al., 2008 ). 

However, these methods assume that the changes in 
[Cl  �  ] i  are solely due to transmembrane Cl  �   fluxes, 
and that no buffering, sequestration or consumption/
production of Cl  �   occurs. Flux, in membrane trans-
port, is defined as the amount of solute moving across 
a unit area of plasma membrane (typically 1       cm 2 ) 
per unit time (typically 1 minute). The flux is directly 
proportional to the permeability, surface area and 
solute concentration gradient (or difference) across 
the plasma membrane ( Schultz, 1980 ). The  net  Cl  �   
flux is the algebraic sum of the unidirectional fluxes 
(i.e. influx and efflux). By measuring the two compo-
nents of  net  flux separately, it is possible to study the 
kinetics of  one-way  movement of Cl  �   by a given trans-
porter. Moreover, unidirectional flux measurements are 

  9   9 
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particularly powerful when there are multiple path-
ways capable of effecting transport of the solute of 
interest, which could obscure results obtained from 
techniques relying upon  net  flux measurements. 

 The   permeability of the plasma membrane to solutes 
that could not normally cross the hydrophobic core of 
the phospholipid bilayer is increased by the presence 
of integral membrane transport proteins. Solutes are 
carried across membranes through pumps, channels, 
cotransporters, and exchangers. In general, organic 
molecules (e.g. sugars, amino acids) transported across 
biological membranes are often accompanied by inor-
ganic ions such as sodium (Na  �  ), potassium (K  �  ), 
chloride (Cl  �  ) and bicarbonate (HCO 3   �  ). Some exam-
ples are the Na  �  -glucose cotransporter ( Hediger and 
Rhoads, 1994 ), monoamine transporters (e.g. serotonin, 
dopamine) ( Torres and Caron, 2003 ), and the amino 
acid cotransporters (e.g. glutamate, glycine) ( Kanai 
and Hediger, 2004 ). In the latter case, Cl  �   movement 
is also associated with the movement of these amino 
acids. The electrogenic movement of solutes (i.e. the 
transfer of a net charge across the membrane) can be 
followed using various electrophysiological methods 
by measuring the transmembrane currents carried 
by the charged solute that is transported (i.e.  net  flux) 
( Alvarez-Leefmans et al., 1990 ). 

 When   solute movement occurs with an electroneu-
tral stoichiometry via membrane transporters (e.g. 
Cl  �  /HCO 3   �   exchanger, Na  �  -HCO 3   �   cotransporters, 
Na  �  -K  �  -2Cl  �   cotransporters) unidirectional flux mea-
surements are an invaluable tool ( Hebert et al., 2003 ; 
 Romero, 2005 ;  Soleimani, 2002 ). Unidirectional sol-
ute movement through these transport proteins can 
be measured either as an influx or an efflux. Influx 
experiments are a direct measure of solute movement 
into the cell from the extracellular space per unit time, 
whereas efflux experiments are an indirect measure as 
they are calculated by multiplying the rate constant of 
solute movement ( k ) by the intracellular concentration 
of the particular solute. In this chapter, using the elec-
troneutral cation-chloride cotransporters as examples, 
we will describe the methodology of unidirectional 
ion fluxes (i.e. influxes and effluxes). 

 Although   measurements of ion fluxes are regularly 
performed using native cells, there are often advan-
tages in using  ‘  ‘ foreign ’  ’  cell systems to express a 
transporter of interest. Advances in molecular biology 
have provided investigators with the tools (e.g. restric-
tion enzymes, expression vectors, DNA polymerases) 
to clone and mutate genes and their encoded proteins 
for the study of their function and dysfunction. Two 
factors to consider for the characterization and study 
of electroneutral chloride-dependent ion flux are the 
choice of heterologous expression system (cultured 

cells versus frog oocytes), and the type of tracer ion 
utilized (i.e. radiolabeled isotope versus non-labeled 
or non-native solute).  

    II .      HETEROLOGOUS EXPRESSION 
SYSTEMS 

 Heterologous   expression is the introduction of 
either complementary DNA (cDNA) or RNA (cRNA) 
encoding for a protein of interest from one species 
into the cell of another species, such that the hosts ’  
cellular machinery expresses the foreign protein. 
Cultured immortalized cells can be transfected with 
cDNA short term (transiently), or long term (stable), 
depending on whether the foreign DNA is integrated 
into the host genome. Transient DNA expression typi-
cally lasts 24 – 72 hours, whereas stable DNA expres-
sion potentially allows permanent overexpression of 
the protein. 

 Cells   from bacteria ( Escherichia coli ), yeast ( Saccha-
romyces cerevisiae ), insects ( Spodoptera frugiperda ) and 
frogs ( Xenopus laevis ) can be used as hosts to heterolo-
gously express foreign proteins. However, mamma-
lian cell lines are more appropriate for the expression 
of membrane proteins like transporters and channels, 
as the proper function of these proteins often requires 
post-translational modifications that can only fully 
occur in mammalian cells (e.g. glycosylation, deamin-
dation, isoprenylation). 

 There   are several well-established mammalian cell 
lines that have been used for heterologous expres-
sion of membrane proteins: the COS-7 cell line 
derived from the kidney of the African green mon-
key ( Cercopithecus aethiops ) ( Yasumura and Kawakita, 
1963 ), the CHO cell line derived from the ovaries of 
the Chinese hamster ( Cricetulus griseus ) ( Tjio and 
Puck, 1958 ), and the HEK293 cell line generated by 
transformation of normal human embryonic kidney 
cells with sheared adenoviral DNA ( Graham et al., 
1977 ). HEK293 cells have been used as a heterologous 
expression system for both the transient and stable gen-
eration of functional mammalian and non-mammalian 
proteins. The amenability to a wide variety of trans-
fection techniques, the high efficiency and accuracy 
in the translation and processing of proteins, and the 
easy reproduction and maintenance of this cell line are 
attributes which have made the HEK293 cell so popu-
lar among investigators for structural and functional 
analyses ( Thomas and Smart, 2005 ). 

 In   addition to mammalian cell lines, there is another 
widely used system to express membrane proteins: 
the unfertilized oocyte from the South African clawed 
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frog ( Xenopus laevis ). The frog oocyte has become a 
popular choice for heterologous expression since it was 
first used in the expression of acetylcholine receptors 
( Barnard et al., 1982 ;  Kusano et al., 1982 ;  Miledi et al., 
1982 ). Five factors which make frog oocytes an impor-
tant heterologous expression system for modern molec-
ular physiology are: (i) female  Xenopus laevis  produce 
oocytes year round; (ii) the low endogenous expres-
sion of many transport systems in oocytes; (iii) the high 
fidelity of translation in oocytes; (iv) the ease of micro-
injection of mRNA; and (v) the ability to measure mem-
brane transport in a single cell ( Wagner et al., 2000 ). 
However, experimental results obtained from overex-
pressing mammalian proteins in  Xenopus laevis  oocytes 
must be interpreted with caution. Heterologous pro-
teins may interact with unique  Xenopus  oocytes ’  endog-
enous proteins and act much differently than when 
expressed in mammalian cells. For instance, it has 
been reported that some human genes are not correctly 
translated in  X. laevis  oocytes giving rise to heteroge-
neous N-terminal proteins ( Fernandez et al., 2003 ;  Fiers 
et al., 1982 ). Another concern is that nearly all mam-
mals are diploid with two homologous copies of each 
chromosome, whereas approximately 30 million years 
ago, the  Xenopus  lineage underwent an allotetraploid-
ization event and has four homologous copies of each 
chromosome ( Bisbee et al., 1977 ;  Evans et al., 2004 ). 
This extra chromosomal material may not have faced 
the same selection pressure as the original, and pro-
teins derived from this material may have evolved to 
serve a different function. Therefore, if the mammalian 
proteins overexpressed in the frog oocyte have specific 
regulatory signaling cascades, then extra controls need 
to be added to these studies to validate the results.  

    III .      TRACER VERSUS NON-TRACER 
FLUX MEASUREMENTS 

 Cl    �   flux across the plasma membrane through 
channels and electrogenic transporters can be mea-
sured electrophysiologically. However, when Cl  �   
moves through transporters without carrying a net 
charge, the electroneutral movement requires another 
measurement technique. George Karl von Hevesy, a 
Hungarian radiochemist and Nobel laureate, was rec-
ognized in 1943 for his key role in the development of 
the tracer method, which uses radioactive tracers, to 
study chemical processes ( Levi, 1976 ). Tracers can be 
used to measure the speed of chemical processes and 
to track the movement of a substance through a nat-
ural system such as a cell or a tissue ( Rennie, 1999 ). 
Tracers may be artificially induced (i.e. radioisotope) 

or may be naturally occurring (i.e. K  �   efflux from a 
cell in an extracellular solution with zero K  �  ). 

 Radiolabeled   tracers move through membrane 
pumps, transporters and exchangers along with the 
ions they mimic. They can be the ion themselves (e.g. 
 22 Na for sodium,  42 K for potassium, or  36 Cl for chlo-
ride) ( Alper et al., 2006 ;  Gamba et al., 1993 ;  Hawke 
et al., 2001 ) or another ion with a similar ionic radius 
(e.g.  86 Rb as a congener for potassium) ( Gagnon et al., 
2007 ). In the case of a cotransport mechanism, the move-
ment of Cl  �   can also be mathematically determined 
from the movement of another cotransported ion spe-
cies (e.g. Na  �   for the Na  �  -Cl  �   cotransporter) ( Gamba 
et al., 1993 ). Non-labeled tracers (i.e. naturally occurring 
ions or solutes) also move through pumps, transport-
ers and exchangers, but because of the zero trans con-
ditions of the experiment, the amount of solute moved 
across the plasma membrane to the zero trans side can 
be directly measured ( Delpire et al., 1991 ;  Lauf et al., 
2006 ). Investigators have also used both cation and 
anion replacements for sodium, potassium and chloride 
that are not native to the cell being studied ( Armsby 
et al., 1995 ;  De Franceschi et al., 1995 ;  Gusev et al., 1999 ). 
Given a known extracellular or intracellular ion concen-
tration, influx or efflux of these non-native ions into or 
out of cells can be determined by measuring the concen-
tration differential across the plasma membrane. 

 The   most frequent method used to measure non-
labeled ionic concentrations is flame absorption spec-
trophotometry for Na  �  , K  �   and Rb  �   ( Gagnon et al., 
2007 ;        Lauf et al., 2006, 2008 ) and chloridometry for Cl  �   
( Ng et al., 1985 ;  Slaunwhite et al., 1977 ). Another non-
radioactive method for detecting the flux of solutes 
across cell membranes involves the use of fluorescent 
dyes. One example of this uses thallium (Tl  �  ) as a sur-
rogate for K  �  . Cell dye loading is accomplished by 
removing the culture medium and replacement with 
the AM ester of a thallium-sensitive dye. Cells loaded 
with dye are then excited using an argon laser to mea-
sure influx of Tl  �   as an increase in fluorescence above 
baseline (established prior to addition of Tl  �  ). The 
duration of Tl  �   flux experiments (e.g. 3 – 5 minutes) 
combined with the significant extracellular to intracel-
lular Tl  �   concentration gradient make the amount of 
Tl  �   backflux negligible. Therefore, in this particular sit-
uation, increased fluorescence indicates both the  unidi-
rectional  and  net  movement of Tl  �   through a membrane 
pump, transporter, channel, or exchanger ( Weaver et al.,
2004 ). This application has the advantage of rapid, 
facile, precise measurements of solute flux in isolated 
cells under a microscope (Geng et al., 2009), as well 
as confluent cells for screening large chemical librar-
ies in multi-well plates using robotic high-throughput 
screening assays (Delpire et al., 2009).  

III. TRACER VERSUS NON-TRACER FLUX MEASUREMENTS
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    IV .      ELECTROCHEMICAL DRIVING 
FORCE OF ION FLUX 

 The   electrochemical potential difference is the driv-
ing force for carrier-mediated passive transport of a 
charged solute x across the membrane. The electro-
chemical potential difference,  Δ  μ  x , is the sum of the 
chemical potential difference of solute x across the 
membrane (determined by the concentration gradient 
of the charged solute) and the electrical potential dif-
ference across the membrane (determined by the sign 
of the charge of the solute and the voltage difference 
across the membrane). The  Δ  μ  x  for a charged solute is 
defined by the following equation: 

  � � �μx i o xln([x] /[x] )RT z FVm      

  where  R  is the universal gas constant;  T  is the abso-
lute temperature;  z  x  is the valence of solute x,  F  is the 
Faraday constant, and  V  m , the membrane potential 
(electrical potential difference across the membrane).   

 The    Δ  μ  x  for an uncharged solute is solely depen-
dent on the chemical component ( RT  ln([x] i /[x] o )) 
as the electrical component ( Z  x  FV  m ) reduces to zero. 
Whether charged or uncharged, carrier-mediated 
passive transport transfers solutes across the plasma 
membrane from areas of higher concentration to areas 
of lower concentration. 

 Cotransporters   and exchangers are secondary active 
transport mechanisms that couple the  ‘  ‘ uphill ’  ’  move-
ment of one solute to the  ‘  ‘ downhill ’  ’  movement of one 
or more solutes for which a favorable electrochemical 
potential difference exists, as discussed in detail in 
Chapter 5 in this volume. For example, the  electroneutral  
Na  �  -K  �  -2Cl  �   cotransporter derives its energy mainly 
from the inwardly directed Na  �   electrochemical gra-
dient (generated by the Na  �  /K  �  -ATPase) to drive the 
 ‘  ‘ uphill ’  ’  movement of Cl  �   and K  �   against their respec-
tive electrochemical potential gradients. This results in 
active uptake and accumulation of Cl  �   above its elec-
trochemical equilibrium potential (Chapter 5).  

    V .      TECHNIQUES 

 Regardless   of the model system involved (e.g. sus-
pended cells, attached cells, or individual oocytes) 
measurement of unidirectional influx and efflux must 
be determined from the linear components of the 
flux. Influx experiments are initiated by replacing the 
extracellular solution with an osmotically equivalent 
salt solution (i.e. isosmotic with the control extra-
cellular solution) containing the tracer compound. 

Removal of the extracellular medium and rinsing by 
an ice-cold MgCl 2  solution terminates the influx. The 
ice-cold wash also removes any exogenous extracel-
lular tracer, allowing for an exact measurement of 
the amount of tracer that was transported into the 
cell. An important consideration when determining 
the unidirectional influx is to measure uptake dur-
ing the non-saturating phase of solute uptake.  Figure 
9.1    illustrates the results of a hypothetical experiment 
for Rb  �   uptake versus time where during the first 10 
minutes the amount of rubidium uptake is linear, then 
saturates over the next 10 minutes. As illustrated, the 
amount of rubidium uptake divided by time at either 
of the short dashed lines in the light gray shaded 
area result in equivalent solute influx (i.e.�6       nmol 
Rb  �        
      mg protein  � 1       
      minute  � 1 ). However, determin-
ing the rubidium uptake at two different time points in 
the saturating phase (longer dashed lines in the dark 
gray shaded area) results in both a considerable under-
estimation and different values for influx (i.e.�4 vs. 
3.1       nmol Rb  �        
      mg protein  � 1       
      minute  � 1 ). 

 Efflux   experiments, on the other hand, involve 
either preloading the tracer into the cells until steady-
state equilibrium of the tracer is achieved (i.e. no 
apparent increase or decrease of tracer inside the cell), 
or using the native ion transported under zero- trans  
conditions (i.e. absence of the native ion at the  trans  
side of the membrane). The amount of solute efflux 
measured per a given unit of time is added to an ear-
lier measurement to reconstruct the solute efflux. The 
slope of the linear portions is the rate constant ( k ) of 

 FIGURE 9.1          Tracer uptake at linear versus saturating phase. Plot 
of  86 Rb uptake at different time points demonstrating both initial 
velocity of rubidium uptake (light gray area) and saturated uptake 
(dark gray area). Small dashed lines demonstrate an equivalent Rb 
influx ( � 6       nmol Rb  �        
      mg protein  � 1       
      minute  � 1 ) at both 5 and 7 
minutes, respectively. The large dashed lines demonstrate an under-
estimation of unidirectional flux, and a non-equivalent amount of 
Rb influx ( � 4 vs. 3.1       nmol Rb  �        
      mg protein  � 1       
      minute  � 1 ) in the 
saturating phase at 14 and 19 minutes, respectively.    
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solute efflux. Multiplying the rate constant ( k ) by the 
internal ion concentration (measured at the beginning 
of the experiment) gives the total solute efflux. 

    A .      Suspended Cells 

 Let   us consider red blood cells as an example of 
unidirectional flux measurement in a cell suspension. 
In this example we want to assess the activity of the 
red blood cell K  �  -Cl  �   cotransporter by measuring the 
chloride-dependent Rb  �   uptake using non-radioactive 
Rb  �   (surrogate for K  �  ) as a tracer. 

 Whole   blood is first collected in heparinized 
syringes and centrifuged to separate the plasma and 
buffy coat layers from red blood cells. The isolated 
red blood cells are then washed several times in an 
isotonic solution by re-suspension/centrifugation. 
Next, equal amounts of red blood cells are incubated 
in either isotonic RbCl or RbNO 3  for 1 hour (linear 
phase). Rb  �   uptake is halted by re-suspension/cen-
trifugation of the red blood cells in ice-cold isotonic 
MgCl 2  solution. The washed cells are then hemo-
lyzed with a cation-free detergent so the cell hemo-
globin and [Rb  �  ] can be measured. Cell hemoglobin 
is determined by flame absorption spectrophotom-
etry at 527       nm. The cell hematocrit (or packed cell vol-
ume) is then estimated as a percentage by tripling the 
hemoglobin concentration in g/dL and dropping the 
units. [Rb  �  ] i  is measured by atomic emission spectro-
photometry at 780.1       nm. The packed cells OD 527       nm  is 
obtained by dividing the OD 527       nm  of a known dilution 
of whole blood by its hematocrit value (see  Fig. 9.2   ). 
The volume of cells is calculated from the ratio of 
sample OD 527       nm  divided by packed cells OD 527       nm  
multiplied by total sample volume. Cl  �  -dependent 
Rb  �   influx (difference in Rb  �   influx in Cl  �   and NO 3   �  ) 
is expressed in mmoles      
      liter cells  � 1       
      hour  � 1 . 

 The   greatest advantage to using the mature red cell 
for structure and function studies of plasma mem-
brane transport proteins is its simplicity and elegance. 
The non-nucleated erythrocyte is unique among 
human cells in that the plasma membrane accounts 
for all of its antigenic, transport and mechanical char-
acteristics ( Mohandas and Gallagher, 2008 ). Examples 
of red cell membrane transport proteins include 
band 3 (anion transporter), aquaporin 1 (water trans-
porter), Glut1 (glucose and L-dehydroascorbic acid 
transporter), Kidd antigen protein (urea transporter), 
RhAG (gas transporter, probably of carbon dioxide), 
Na  �  -K  �  -ATPase, Ca  � 2 -ATPase, Na  �  -K  �  -2Cl  �   cotrans-
porter, Na  �  -Cl  �   cotransporter, K  �  -Cl  �   cotransporter 
and the  ‘  ‘ Gardos Channel ’  ’  (see reviews in  Brugnara, 
1997 ;  Lew and Bookchin, 2005 ;  Milanick and Hoffman, 

1986 ). Ironically, the greatest advantage of using 
mature red cells for membrane transport studies is 
also its greatest disadvantage. The lack of a nucleus 
prevents genetic manipulation and thus eliminates the 
use of molecular biology to manipulate signaling cas-
cades or protein expression at the genetic level.  

    B .       Attached Cell Influx (Mammalian 
Cultured Cells) 

 Cultured   mammalian cells can also be grown to 
confluent monolayers in 6-well plates (or 35       mm 
dishes) to measure ion fluxes. Cell cultures are ini-
tially washed three times with a balanced salt solu-
tion. The monolayer is then pre-incubated in a saline 
solution containing different pharmacological agents. 
Following aspiration of the pre-incubation solution, a 
similar solution containing either a radiolabeled tracer 
(i.e.  42 K  �  ,  86 Rb  �  ,  22 Na  �  ,  36 Cl  �  ), or a non-radioactive 
cation (i.e.  85 Rb  �  ) is added to the culture dishes for a 
specific amount of time. Unidirectional influx is then 
halted and remaining extracellular tracer is removed 
by several washes with an ice-cold solution. Cells are 
then lysed in sodium hydroxide, neutralized with acid 
and the ion flux is determined either by scintillation 
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 FIGURE 9.2          Chloride-dependent rubidium tracer influx in sus-
pended red blood cells. Black and white bars represent the total 
Rb influx in control and N-ethylmaleimide treated red blood cells 
in the presence of chloride and nitrate, respectively. Gray bars are 
the chloride-dependent difference in each condition. Adapted from 
 Lauf et al. (1984) .    

V. TECHNIQUES
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counter if radioactivity is used, or by flame absorp-
tion spectrophotometry if non-radiolabeled cations 
are employed. When Rb  �   is used to follow K  �   move-
ment, the K  �   flux is calculated in nmol K  �        
      mg 
protein  � 1       
      min  � 1  (see  Fig. 9.3   ).  

    C .       Efflux Measurement in Cells Attached to a 
Substrate 

 Mammalian   cells are first grown to confluency on 
plastic cell culture dishes. Cells are then pre-loaded 
with either a radiolabeled tracer (i.e.  42 K  �  ,  86 Rb  �  , 

 22 Na  �  ,  36 Cl  �  ) or a non-radioactive cation (i.e.  85 Rb  �  ) for 
2 hours at 37 ° C. In the example illustrated in  Fig. 9.4   , 
the intracellular K  �   concentration of both media and 
cells was measured by atomic absorption spectropho-
tometry. For the washout kinetics, the cells are moved 
every minute into a fresh scintillation vial. At the end 
of the washout, the remainder of tracer in the cells is 
measured and the content of tracer at each time point 
is then reconstructed based on the amount of tracer 
lost. The slope of the linear components represents the 
rate constant of K  �   efflux ( k ). Efflux values can be cal-
culated by multiplying the rate constant by the intra-
cellular concentration of the ion (i.e. efflux      �       k  
  [K  �  ] i ).  

 FIGURE 9.3          Rubidium tracer influx in cultured cells. Rb influx in untreated (control) and treated (2       mM furosemide) mammalian cell cul-
tures. Adapted from  Gagnon et al. (2007) .    
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  D .      Flux Measurements in  Xenopus  Oocytes 

 Harvesting   of  Xenopus laevis  oocytes involves surgi-
cal removal of unfertilized eggs through a small diag-
onal incision ( � 1 – 1.5       cm long) in the lower quadrant 
of the frog abdomen. The frog is first anesthesized 
with 0.2% tricaine methane sulfonate in deionized 
water. Frog skin is quite tough and therefore skin and 
abdominal muscle incisions should be made in two 
stages. After the initial incision through the skin, the 
muscle layer should be lifted with surgical forceps 
before creating the second incision to avoid inadver-
tently wounding any internal organs. Lobes of oocytes 
are then exteriorized, and the desired numbers of 
oocytes can be removed. The remainder of the oocyte 
mass is then carefully replaced into the coelomic cav-
ity, and the incision is closed with silk sutures. 

 Stage   V – VI oocytes require either manual or enzy-
matic defolliculation prior to injection with  in vitro  
transcribed cRNA. Heterologous expression of cRNA 
in frog oocytes requires the use of a frog-specific 
expression vector. Before the cDNA vector can be tran-
scribed into cRNA, it needs to be linearized with an 
enzyme (typically  Mlu I) that leaves an adenine (A) at 
the end of an existing polyadenine stretch. Following 
linearization, the cDNA is transcribed into cRNA, 
purified, quantitated and checked by gel electropho-
resis (1% agarose/0.693% formaldehyde). 

 The   ion flux procedure involves groups of  � 20 – 30 
oocytes in 35       mm dishes. First, oocytes are washed with 
isosmotic saline, and then pre-incubated in isosmotic 
saline containing different pharmacological inhibitory 
agents. Next, the pre-incubation solution is replaced 
with a flux solution (isotonic or otherwise) containing 
a radiolabeled tracer (e.g.  36 Cl  �   or  86 Rb  �  ). After one 
hour of uptake, the radioactive solution is aspirated 
and the oocytes are washed several times with ice-cold 
solution. Single oocytes are then transferred into glass 
vials, lysed with sodium hydroxide, neutralized with 
glacial acetic acid, and tracer activity is measured by 
scintillation counter. Ion flux is expressed in nanomoles 
K  �        
      oocyte  � 1       
      hour  � 1  (see  Fig. 9.5   ).   

    VI .      CONCLUSION 

 Measurement   of [Cl  �  ] i  in living cells can be 
achieved through the use of microelectrodes, fluores-
cent dyes and tracer fluxes. Every method has advan-
tages and limitations depending on the experimental 
model and objective. In this chapter, I have presented 

 FIGURE 9.4          Radiolabeled tracer efflux in cultured pheochromo-
cytoma cells (PC12). Cultured PC12 cells were pre-loaded with  86 Rb 
for 2 hours at 37 ° C then moved every minute into a fresh scintil-
lation vial of isosmotic or hyposmotic (indicated by arrow) saline 
solution. After 45 minutes the remainder of  86 Rb in the cells is mea-
sured and the content of  86 Rb at each time point is reconstructed. 
The slope of the linear components represents the rate constant 
( k ). The efflux can be calculated by multiplying the rate constant  k  
by the intracellular concentration of potassium. Inset: the first five 
measurements of  86 Rb efflux were normalized (by subtracting the 
linear component of efflux) and the exponential component became 
linear. The extremely fast rate constant indicates that this initial 
component represents washout of radiolabeled tracer.    

 FIGURE 9.5          Radiolabeled tracer influx in  Xenopus laevis  
oocytes. Tracer flux experiments with either  86 Rb (gray bar) or  36 Cl 
(black bar) were performed on two groups of stage VI frog oocytes 
( n       �      20) injected with Na-K-2Cl cotransporter cRNA to measure ion 
influx. Note the 1:2 ratio of K to Cl ion influx, consistent with the 
potassium/chloride stoichiometry of the cotransporter.    

VI. CONCLUSION
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the pros and cons of different heterologous systems 
(i.e. cultured mammalian cells versus frog oocytes) 
and different techniques for the measurement of uni-
directional movement (both influx and efflux) of sol-
utes across the plasma membrane. When multiple 
pathways capable of transporting a specific solute are 
present in the cell membrane (e.g. channels, exchang-
ers and transporters), then unidirectional flux mea-
surements are particularly powerful for identifying 
and isolating individual solute transport pathways.   
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O U T L I N E

    I .      INTRODUCTION 

 Over   the past three decades, the biological sciences 
have undergone a true revolution with the develop-
ment of highly sophisticated molecular tools. These 
advances now allow investigators to easily modulate 
protein expression in individual cells and/or whole 
animals, and to address many questions related to 
protein function using novel approaches. Change in 
protein expression can be obtained through a vari-
ety of methods, such as overexpression of wild-type 
or mutant proteins, suppression of genes using anti-
sense oligonucleotides and small interference RNAs, 
and random genome mutagenesis. One of the best 
ways to study the function of a known protein in 
the context of the whole organism is directed gene 
manipulation in embryonic stem cells. In this  chapter, 
we will review implementation of this technique in 
mouse ES cells, and specifically focus on the creation 

of mouse models to study the function of cation-
 chloride cotransporters. 

 Every   model organism has a particular set of 
advantages and disadvantages which factor into 
assessing its usefulness for particular scientific stud-
ies. Published genomic sequences through  ‘  ‘ shotgun ’  ’  
sequencing initiatives have rapidly advanced genetic 
manipulation of these fully sequenced organisms. 
Additionally, such genetic tractability has allowed the 
development of a wide variety of genetics informat-
ics tools. Of course, other considerations in choosing 
a model organism include cost, time of reproduc-
tive cycle and, perhaps most importantly, the type 
of research that will be pursued in the laboratory. 
While invertebrates such as  C. elegans  and  Drosophila  
have the advantage of quick generation cycles and 
inexpensive maintenance, there are several areas of 
research which benefit from studies of vertebrate 
and  mammalian model organisms. Thus, the mouse 
emerges as a  premier candidate for a mammalian 
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model organism. It shares 99% of human genes, and 
can be used to study diseases present in humans, such 
as hypertension, diabetes, cancer, heart disease and 
neurological illnesses. Compared to mammals such 
as dogs or primates, the mouse is advantageous due 
to its small size, relatively shorter gestation period 
and cost of upkeep ( Peters et al., 2007 ;  Waterston 
and Consortium, 2002 ). Compared to rats, mouse 
strains have a longer history of genetic study and 
ES cell manipulation. Additionally, a wide variety of 
resources on mouse genetics are rapidly growing and 
publicly available (for review, see  Peters et al., 2007 ). 

 Before   we examine the various methods of gene 
manipulation in mice, a few general comments and 
definitions will be made. First, all the genetic work 
relevant to this chapter is performed in one specific 
murine species:  Mus musculus.  Within that species, 
there are many strains available, both outbred and 
inbred. An inbred strain, such as the widely used 
C57BL/6 ( ‘  ‘ C57 black 6 ’  ’  also called  ‘  ‘ black 6 ’  ’  or  ‘  ‘ B6 ’  ’ ) 
mouse, is typically genetically pure, i.e. all individuals 
share the same identical genetic make-up. Although 
this is true in principle, in reality, there has been some 
drifting between large populations of C57BL/6 mice 
(as well as within other strains) bred for many gen-
erations by large vendors. Second, it is important to 
note that genetic differences between inbred mouse 
strains can result in divergent phenotypes. However, 
since this is a known phenomenon, mouse geneticists 
have been able to use longitudinal studies of these 
strains to their advantage. Using inbred lines such as 
C57BL/6 (B) and DBA/2       J (D), geneticists have created 
a panel of recombinant inbreds (homogeneous popu-
lations of mice descending from two parental inbred 
strains) that can be used to map traits and phenotypes 
to specific chromosomal regions ( Crabbe et al., 1994 ; 
 Hsu et al., 2007 ). BxD recombinant inbreds were first 
used to map genes to specific chromosomal locations. 
Prior to the sequencing of the entire mouse genome, 
this approach represented a solid method for chromo-
somal localization of genes. It was using this method 
that we localized the secretory Na  �  -K  �  -2Cl  �   cotrans-
porter, NKCC1, on mouse chromosome 18 ( Delpire 
et al., 1994 ). 

 For   clarity in the next few sections, we define 
a transgenic mouse as a mouse carrying a specific 
and foreign transgene. Insertion of the transgene in 
the mouse genome is typically random, although 
there is some technology under development allow-
ing the insertion of a transgene into a specific locus. 
Additionally, we define knockout and knock-in mice 
as mutant mice in which a specific gene has been 
mutated by homologous recombination in embryonic 
stem cells, with a knockout resulting in the absence of 

a functional RNA transcript and protein, and a knock-
in resulting in the expression of a mutant protein. 
Note that a knock-in mutation can result in a pheno-
type similar to that of a knockout if the mutation also 
results in impaired protein function.  

    II .      STRAIGHT KNOCKOUT VERSUS 
CONDITIONAL KNOCKOUT MOUSE 

MODELS 

 In   creating a knockout animal, the first consider-
ation is making a straight knockout versus a condi-
tional knockout. This distinction rests on whether 
the deletion of the exon occurs in the germline: that 
is, prior to the development of mouse (for the straight 
knockout), versus during mouse development or 
later (for the conditional knockout). There are two 
main subtypes of conditional knockouts: a tissue-
specific knockout where protein disruption is tar-
geted to a specific tissue or cell type, or an inducible 
knockout where protein disruption can be induced, 
generally through diet manipulation. In other words, 
conditional knockouts can be designed in order to 
allow either spatial control or temporal control of 
genetic modification. Additionally, these subtypes 
can be combined such that protein disruption can 
be induced for temporal control of expression in a 
limited subset of cell/tissue types. Design of these 
targeting constructs will be discussed in detail in 
a later section.  

    III .      KNOCK-IN MOUSE MODELS 

 Investigators   may sometimes seek to study the 
effect of a particular protein mutation on mouse 
physiology. In order to  ‘  ‘ knock in ’  ’  the expression of 
an altered protein, the mutation can be introduced 
into the mouse genome, again using homologous 
recombination to integrate the mutant protein into 
the mouse genome. In this case, rather than target 
an exon for deletion, the wild-type exon is substi-
tuted with the mutated exon. The exon can also be 
flanked by loxP sites to allow for swapping of DNA 
cassettes. There are many ways to use recombination 
sites that allow sophisticated exchanges of DNA frag-
ments through recombination (for review, see  Garc í a-
Ot í n and Guillou, 2006 ). These recombination events 
are done in embryonic stem cells with very high rates 
of recombination, streamlining the process of ES cell 
clone selection.  
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    IV .      TARGETING A GENE BY 
HOMOLOGOUS RECOMBINATION 

 The   creation of a knockout (or knock-in) mouse 
starts with the design of a cDNA construct for electro-
poration in embryonic stem cells. Historically, libraries 
of mouse genomic clones inserted in lambda phages 
were screened with  32 P-labeled cDNA fragments, pos-
itive clones were mapped by digestion with restriction 
enzymes, and exons then located using Southern blot 
analysis. This long process allowed investigators to 
draw rough restriction maps of genes and plan their 
targeting construct based on available and rare restric-
tion sites. Today, with the sequencing of the whole 
genome, restriction maps and sequences are just a few 
mouse clicks away, and constructs can be designed in 
record time. Once designed, the constructs can be cre-
ated from fragments of genomic DNA, either from rel-
atively small lambda phage clones, or more recently 
from larger bacterial artificial chromosome (BAC) 
clones. An alternative is to amplify a large genomic 
DNA fragment by using polymerase chain reaction 
(PCR). The danger with this method is the possible 
insertion of multiple PCR errors that can affect the 
rate of recombination. As the insertion of the mutation 
occurs through homologous recombination, it is also 
important that the genomic fragments are derived 
from the same mouse strain as the ES cells. Using a 
different strain might reduce the rate of recombina-
tion due to differences in strain sequences. After iden-
tifying the exon target, constructs can be created by 
standard molecular subcloning procedures (restriction 
digests followed by ligation into plasmids), or more 
recently through recombineering methods in bacteria 
(reviews for further detailed reading:  Copeland et al., 
2001 ;  Sawitzke et al., 2007 ). 

 Whichever   way the construct is assembled, it 
will typically contain a large genomic fragment that 
drives the recombination (long arm), the region being 
mutated, and a shorter homologous arm. In our first 
example ( Fig. 10.1A   ), one exon is omitted in the con-
struct and recombination results in the exchange of the 
construct with one wild-type allele (straight knock-
out). In our second example shown in  Fig. 10.1A , 
one exon is flanked by Cre recombinase recognition 
sites, or loxP sites, which will allow for deletion at a 
later time (inducible/conditional knockout). 

 Many   exons within a specific gene can be targeted 
for deletion. However, it is advantageous to target a 
5 	  exon, as expression of a truncated protein might 
have undesirable effects, such as partial protein activ-
ity as opposed to truly complete protein deletion. 
Furthermore, to avoid deletion of an exon that results in 

a smaller but otherwise identical protein, it is important 
to avoid targeting an exon that undergoes alternative 
splicing, or an exon that disrupts the translation frame 
of the protein when omitted. Finally, it is also judicious 
to stay away from the first exon, as many genes have 
alternative promoters and protein translation may start 
at a downstream transcription initiation site. 

 Because   recombination is a rare event, a selec-
tion marker is added to the construct to eliminate 
 embryonic stem cells that have not incorporated the 
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 FIGURE 10.1          A. Schematic representation of the embryonic 
stem cell alleles for a straight knockout and conditional knockout 
mouse.  B.  Different strategies to create constructs for straight and 
conditional knockout mice: (1) The exon is substituted by a neo-
mycin resistance gene cassette driven by its own promoter. (2) 
Promoter-less cassettes are fused to an exon of the gene of inter-
est, and expression is driven by the native promoter of the gene. In 
this example, both GFP and neomycin are inserted with an inter-
nal ribosomal entry site (IRES, blue diamond) inserted between the 
two open reading frames. (3) Variation of (1) with thymidine kinase 
killer (TK) gene cassette placed after the long arm of recombina-
tion, to enhance selection of proper recombination. Errant recom-
bination/random insertion of the construct therefore results in 
TK integration into the genome, and abrogates ES cell viability. (4) 
Placement of 3 loxP sites around targeted exon and neomycin. (5) 
Placement of loxP sites around the targeted exon and placement of 
FRT sites around the neomycin cassette. Thin arrows represent pro-
moters, large arrowheads represent loxP sites, and stars represent 
FRT sites.    
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construct. Although many selection markers can 
be used, the neomycin resistance gene cassette con-
stitutes the most commonly used selection marker 
( Fig. 10.1B , i). As  construct integration into the genome 
can occur by random insertion, the neomycin resis-
tance gene cassette can be designed without a pro-
moter as a fusion protein driven by the promoter of 
the targeted gene. This strategy can be more efficient 
than the traditional method of having a stand-alone 
promoter for neomycin, but can only be used if the 
gene of interest is expressed in embryonic stem cells. 
Furthermore, as the neomycin cassette is fused to the 
protein of interest, this method can also be combined 
with the use of a foreign expression marker such as 
 β -galactosidase, luciferase, or as shown in the figure, 
green fluorescent protein (GFP) ( Fig. 10.1B , ii). This 
method of fusing the neomycin cassette to the protein 
of interest was successfully used by our laboratory to 
generate the knockouts of NKCC1 and KCC3 ( Delpire 
et al., 1999 ;  Howard et al., 2002 ). 

 As   an alternative to the promoter-less neomycin, 
many constructs include a killer gene which is located 
outside the region of recombination ( Fig. 10.1B , iii). 
If the construct inserts itself randomly in the genome 
rather than recombining in the proper locus, the killer 
gene is inserted and affects the viability of the ES cell. 
The most commonly used system uses the thymidine 
kinase (TK) gene. It is our experience that this step can 
be eliminated, as it does not increase significantly the 
percentage of properly recombined neomycin-resistant 
clones. 

 The   presence of the neomycin resistance gene cas-
sette in the gene locus is without consequence for a 
straight knockout as the transcript is often unstable. In 
contrast, as a conditional knockout starts with a mutant 
mouse normally expressing the protein of interest, the 
neomycin resistance gene cassette is eliminated prior 
to the creation of an animal carrying two copies of the 
mutant allele (homozygous). There are multiple strate-
gies to eliminate the neomycin resistance gene cassette. 
The first strategy is to insert a third loxP site in the 
construct, selectively flanking the exon and neomy-
cin ( Fig. 10.1B , iv). This allows for the loss of neomy-
cin through CRE recombination. The second strategy 
is to use a different set of recombinase/recombinase 
recognition sites flanking the neomycin cassette, for 
example Flp ( ‘  ‘ flip ’  ’ ) recombinase with FRT recombi-
nation sites, as depicted in  Fig. 10.1B , v. Recombinases 
can be transfected in embryonic stem cells, or injected 
in the mouse embryo. However, the most convenient 
and efficient method of introducing the recombinase is 
through mating the conditional mouse with a recom-
binase-expressing transgenic mouse. This requires that 
the recombinase be expressed in the zygote. If three 

loxP sites are present, multiple combinations of recom-
bination occur leading to four possible genotypes, as 
shown in  Fig. 10.2   : three loxP or no recombination 
(parental genotype), two loxP with loss of neomycin 
(desirable line), two loxP with loss of the exon, and 
one loxP (straight knockout). Genotypes can be sorted 
out using multiple PCR genotyping strategies. If FRT 
sites are used in combination of loxP sites, elimination 
of neomycin can be done efficiently without affecting 
the  ‘  ‘ floxed ’  ’  exon ( Fig. 10.1B , v). 

 Following   creation of the targeting construct, this 
cDNA is then linearized and incorporated into embry-
onic stem cells through electroporation. Next, ES cells 
are plated on a fibroblast feeder layer in the pres-
ence of recombinant leukemia inhibitory factor (LIF, 
1000       U/ml). After several days of antibiotic selection, 
surviving clones are picked and grown in 96-well 
plates again on feeder cells. The plates are then dupli-
cated and DNA is isolated from a set of plates for 
analysis. The most reliable method to confirm proper 
recombination is through Southern blot analysis 
(see  Fig. 10.3A)   . PCR can also be used, but requires 
the amplification of rather large fragments, as the 
region amplified needs to encompass both arms of 
recombination in entirety. Note that partial recombi-
nation in the proper locus is also possible, especially 
when the exon (or middle region) can serve as the 
short arm of recombination. This is particularly true 
with recombination sites such as loxP or FRT sites 
that can easily be omitted from recombination events 
( Fig. 10.3B ). While the Southern blot strategy guar-
antees that the construct is recombined in its proper 
locus, it is nevertheless wise to follow up with PCR 
and sequencing to ensure the proper placement of 
the recombination sites. The site located closer to the 
long arm is generally inserted, but the presence of the 
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 FIGURE 10.2          Schematic representation of all allele products 
generated by random recombination events after a mouse carrying 
the 3 loxP allele is mated to a transgenic mouse carrying the CRE 
recombinase in the zygote. Four genotypes can be observed: 3 loxP 
(parental allele), loss of neomycin (2 loxP), loss of the exon (alterna-
tive 2 loxP) and loss of both neomycin and exon (1 loxP). Note that 
the wild-type allele is also present.    
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recombination site further away from the long arm 
needs to be validated. 

 Historically  , one of the favorite ES cell lines utilized 
is derived from a 129/Sv inbred mouse. Once the ES 
cell is injected in a pseudo-pregnant C57BL/6 female, 
contribution of 129/Sv ES cell and parental C57BL/6 
cells to the skin will result in a chimeric mouse with 
patches of brown (agouti) and black hair. Thus, the 
contribution of the 129/Sv ES cells can be easily visu-
alized in the chimeric mouse progeny  –  the browner 
the chimeric offspring, the larger is the contribution 
of the 129/Sv ES cells, and the more likely that these 
129/Sv cells will also produce gametes. Germline 
transmission is obtained at the next generation, when 
the chimeric mouse is mated to a C57BL/6 mouse 
and an agouti pup is generated. Note that although 
the agouti pup is derived from the injected ES cells, it 
may or may not carry the mutant allele. 

 Once   germline transmission is obtained, the animal 
is of mixed background C57BL/6:129/Sv. The chimeric 

mouse can then be re-mated to 129/Sv mice to obtain 
progeny that are close to 100% 129/Sv. However, this 
mouse strain is difficult to work with, as the litters 
are of very small sizes (1 – 4 pups). Typically, investi-
gators first study the phenotype of the mouse in a 
mixed background while backcrossing to C57BL/6. 
This takes more than ten generations or typically two 
years of backcrossing. Many laboratories are now 
using C57BL/6 ES cell lines to circumvent this prob-
lem. However, it is worth noting that mice are usually 
stronger in a mixed background and that the pheno-
type can be  ‘  ‘ lost ’  ’  in a pure background, especially if 
it results in weaker pups. 

 Homozygous   mice can be easily made from mating 
two heterozygous animals. If the viability of the mice 
is not affected during embryogenesis, homozygous 
mice will be found at a 1:4 ratio (Mendelian distribu-
tion). It is relatively rare that a strong phenotype such 
as lethality is seen in heterozygous animals, although 
there is plenty of evidence showing a gene dosage 
effect. In the KCC2 knockout mouse for instance, 
heterozygous mice with 50% KCC2 expression lev-
els show brain hyperexcitability in a behavioral test 
using phenyltetrazole ( Woo et al., 2002 ), as well as in 
untreated brain slices, or slices treated with 4-amino 
pyridine ( Zhu et al., 2008 ).  

    V .      KNOCKOUTS OF CATION-CHLORIDE 
COTRANSPORTERS 

 All   seven members of the cation-chloride cotrans-
porter family have been knocked out (see  Table 10.1   ), 
and with the exception of KCC1, and all of them exhibit 
remarkable phenotypes. Two knockouts result in post-
natal lethality due to severe impairments: the NKCC2 
knockout exhibits volume depletion, weight loss and a 
failure to thrive, as well as severe anion-gap metabolic 
acidosis, renal insufficiency, hypernatremia and hyper-
kalemia ( Takahashi et al., 2000 ). The KCC2 knock-
out dies shortly after birth due to respiratory failure 
( Hubner et al., 2001 ). Interestingly, by targeting exon 1 
of the mouse KCC2 gene, we obtained not a complete 
knockout of the cotransporter, but 95% reduction in 
its expression ( Woo et al., 2002 ). The presence of 5% 
expression is likely due to the presence of an alterna-
tive promoter ( Uvarov et al., 2007 ). The KCC2 hypo-
morph mice survive for up to 17 days after birth and 
experience frequent and massive seizures triggered by 
movement in the cage. The seizures could be prevented 
from birth up to 12 days by an injection twice a day of 
phenytoin (Dilantin), but they surprisingly reappeared 
at P12 leading to death by days P15 – P17 ( Woo et al., 
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 FIGURE 10.3           A . The wild-type (top) and mutant (bottom) 
alleles can be separated on Southern blot analysis after a restric-
tion digest. In this example, a restriction site (X) is located upstream 
of the short arm of recombination and at the end of the long arm. 
A cDNA probe outside the recombination region labels the X0 – X1 
genomic DNA fragment. Note that in the mutant allele, insertion 
of neomycin introduces an additional X site (X 2 ), which decreases 
the size of the X0 – X2 genomic fragment labeled by the probe. ES cell 
clones with proper recombination will demonstrate two fragments 
on Southern blot, whereas wild-type ES cells will display only the 
shorter fragment.  B.  As the long arm of the construct targets the 
construct to recombine in its proper location, the flanked exon can 
serve as a short arm, leaving the loxP site and short arm outside the 
recombination event. Thin arrows represent promoters, large arrow-
heads represent loxP sites.    
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2002 ). As expected, based on the human phenotype 
of Gittleman syndrome ( Simon et al., 1996 ), knockout 
of NCC results in hypokalemic alkalosis with hypo-
magnesemia and hypocalciuria ( Morris et al., 2006 ; 
 Schultheis et al., 1998 ). Consistent with chronic thiazide 
treatment associating with high bone mass density, 
NCC knockout mice exhibit higher renal tubular Ca 2 �   
reabsorption, higher bone mass density, and lower 
bone remodeling than control mice ( Nicolet-Barousse 
et al., 2005 ). Disruption of NKCC1 is interesting as it 
results in a wide variety of phenotypes, mirroring the 
wide expression pattern of the cotransporter. First and 
foremost, the NKCC1 knockout is deaf and exhibits a 
waltzer/shaker phenotype characteristic of inner ear 
defect ( Delpire et al., 1999 ). The knockout suffers from 
intestinal transit problems ( Flagella et al., 1999 ;  Wouters 
et al., 2006 ), deficits in salivary production ( Evans et al., 
2000 ), deficits in sperm formation ( Pace et al., 2000 ), 
blood pressure reduction ( Castrop et al., 2005 ;  Wall 
et al., 2006 ), deficits in sensory perception ( Sung et al., 
2000 ) and changes in brain excitability ( Dzhala et al., 
2005 ;  Zhu et al., 2008 ). The phenotype of the KCC3 
knockout greatly mirrors the phenotype of patients car-
rying truncating mutations in KCC3. Both the knockout 
mouse and humans with KCC3 truncation mutations 
have a severe early onset locomotor phenotype, nerve 
pathologies and decreased nerve signaling velocity 
( Boettger et al., 2003 ;  Byun and Delpire, 2007 ;  Howard 
et al., 2002 ). Additionally, KCC3 knockout mice exhibit 
age-related hearing loss ( Boettger et al., 2003 ), high 
blood pressure ( Adragna et al., 2004 ;  Rust et al., 2006 ) 

and impaired acid/base balance in the kidney proxi-
mal tubule ( Wang et al., 2003 ). Finally, the knockout of 
KCC4 results in renal tubular acidosis as well as deaf-
ness ( Boettger et al., 2002 ). 

 To   this date, no study has been published taking 
advantage of recombination sites or driving the knock-
out of cation-chloride cotransporters in specific tissues. 
Given the importance of the cation-chloride trans-
porter family, as demonstrated by phenotypes of the 
full knockouts described above, studies of conditional 
cation-chloride cotransporter knockouts would be ben-
eficial to understanding their contribution to physi-
ological regulation. This is particularly true regarding 
CCCs with early death phenotypes. Inducible condi-
tional knockout mice will allow investigators to study 
acute effects of cotransporter disruption, apart from the 
role of the cation-chloride cotransporters during devel-
opment. Additionally, there has been a great increase of 
information regarding both alternative splice isoforms 
of the cation-chloride cotransporters and the role of dif-
ferent domains in the cotransporter. Knockout models 
of one specific cation-chloride cotransporter isoform 
can help determine function particular to that subset 
of cotransporter. Knock-in of mutant cotransporter can 
add a physiological context to newly identified inter-
action and phosphorylation domains. While the stan-
dard full knockout mice already generated continue to 
yield important information, such additional varieties 
of mouse genetic engineering will continue to comple-
ment the growing body of knowledge of the cation 
chloride-cotransporter family.   

 TABLE 10.1          Knockouts of cation-chloride cotransporters  

   Gene  Transporter  Year  Targeted exon  KO  Citation 

   Slc12a1  NKCC2  2000  exons 1 – 3  Full   Takahashi et al. (2000)  

     NKCC2A  2007  exon 4A  partial   Oppermann et al. (2007)  

     NKCC2B  2006  exon 4B  partial   Oppermann et al. (2006)  

   Slc12a2  NKCC1  1999  exon 18  Full   Delpire et al. (1999)  

       1999  natural  *    Full   Dixon et al. (1999)  

       1999  exon 6  Full   Flagella et al. (1999)  

   Slc12a3  NCC  1998  exon 12  Full   Schultheis et al. (1998)  

   Slc12a4  KCC1  2007  exons 4,5  Full   Rust et al. (2007)  

   Slc12a5  KCC2  2001  exon 5  Full   Hubner et al. (2001)  

         exon 1  95%   Woo et al. (2002)  

   Slc12a6  KCC3  2002  exon 6  Full   Howard et al. (2002)  

       2003  exons 3,4  Full   Boettger et al. (2003)  

   Slc12a7  KCC4  2002  exons 4,5  Full   Boettger et al. (2002)  

   *   Natural mutation in the NKCC1 gene isolated at the Jackson laboratories.  
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11.   THE NKCC AND NCC GENES: AN  IN SILICO  VIEW170

    I .      AN  IN SILICO  VIEW OF THE NKCC 
AND NCC GENES 

    A .      Databases and Definitions 

 Genes  , genomes, transcripts and protein sequences 
are organized in and maintained by several publicly 
available databases. For instance, the  Reference Sequence  
( Pruitt et al., 2007 ) and  GenBank  ( Benson et al., 2008 ) 
databases are built and distributed by the National 
Center for Biotechnology Information (NCBI). Both 
databases together with the European Molecular 
Biology Laboratory Nucleotide Sequence Database 
(EMBL) ( Cochrane et al., 2008 ) and the DNA DataBank 
of Japan (DDBJ) ( Sugawara et al., 2008 ) form part of 
the International Nucleotide Sequence Database 
Collaboration (INSDC) ( Galperin, 2008 ). 

 The   NCBI’s  GenBank  database annotates and orga-
nizes nucleotide sequences and their  predicted  protein 
translations through direct submissions of nucleotide 
sequences from individual laboratories and batch sub-
missions of expressed sequence tags ( ESTs ), sequence 
tagged sites ( STS ), genome survey sequences ( GSS ) 
and high-throughput genome sequences ( HTGS ) from 
large-scale sequencing projects. 

 The   Reference Sequence ( RefSeq ) Database annotates 
and identifies, with a unique number, DNA, RNA and 
protein sequences derived from records in the  GenBank  
database. However,  RefSeqs  differ from the  GenBank  
accession numbers in that each  RefSeq  is a synthesis 
of information,  not  related to primary research data. 
 RefSeq  accession numbers are distinguished from the 
 GenBank  ones by their distinct prefix format of two 
characters followed by an underscore character (i.e. 
NC_, NM_, NP_, XM_, XP_, etc). The  RefSeq  NC_( n ) 6 – 9  
format, where  n  is any number with six to nine dig-
its, represents a complete genomic molecule whereas 
the NM_( n ) 6 – 9  makes reference to transcript prod-
ucts, mature messenger RNA (mRNA) transcripts. 
A detailed description of the  RefSeq  database was 
recently published ( Pruitt et al., 2007 ) and a full defi-
nition of the  RefSeq  is available on the  RefSeq  website 
( www.ncbi.nlm.nih.gov/RefSeq/key.html#accessions ). 

 All   members of the SLC12A family, as DNA, cDNA, 
mRNA or protein sequences, are clearly identified 
and cross-referenced in the  GenBank ,  RefSeq  and other 
databases ( Table 11.1   ).  

    B .       Nomenclature and Members of the 
SLC12A Family 

 The   nomenclature of the electroneutral cation-
 chloride cotransporters (CCCs) gene family was 

proposed and approved by the Human Genome 
Organization (HUGO) Gene Nomenclature Committee 
(HGNC) ( www.genenames.org ) ( Eyre et al., 2006 ;  Ren 
et al., 2007 ;  Wain et al., 2004 ). The accepted nomen-
clature for membrane transporter proteins have the 
SLC n X m  format where SLC stands for  s o l ute  c arrier, 
 n  is the number that represents the family (12, defines 
the CCC family), X is any letter representing the sub-
family (A, first subfamily) and  m  represents the actual 
member of the family. Each symbol is unique and 
identifies the gene and each gene has a unique acces-
sion number in  RefSeq .  

    C .      Homology, Identity and Similarity 

 When   referring to amino acid or nucleotide 
sequences there are two concepts that are often 
confused:  identity  and  similarity . Percentage of 
sequence  identity  is defined based on the num-
ber of places where two sequences have the  exact  
same residue or nucleotide. For instance, when the 
aligned sequences match exactly the same residues 
or nucleotides, they are 100% identical.  Similarity  is 
a concept that goes beyond  identity . It means that 
the aligned amino acid pair may consist of an amino 
acid that is not the same but has similar chemical, 
physicochemical and thermodynamical properties 
(e.g. hydrophobicity, charge, partition coefficient, 
etc.). Clearly, all identities are similarities. As differ-
ent amino acids may share identical thermodynami-
cal properties, similarity will always be higher than 
identity. Two protein sequences with low percentage 
of identity may exhibit similarities in their physio-
chemical properties, tertiary structure and/or bio-
logical properties. 

 The   nine CCC gene members of the SLC12A fam-
ily (SLC12A1-9) are organized and classified by 
 homology , not by similarity or degree of identity (see 
below, section I.D). By definition, two nucleotide or 
protein sequences are homologous  if and only if  the 
two sequences evolved or acquired that state  directly  
from the same ancestor gene. As shown in  Fig. 11.1   , 
phylogenetic analysis of aligned human SLC12A pro-
tein sequences using  PHYLIP  (evolution.genetics.
washington.edu/phylip.html) demonstrate that all 
SLC12A proteins are evolutionary related or share a 
common ancestor. The phylogenetic distance between 
genes is defined as the fraction of mismatches 
at aligned positions, with gaps either ignored or 
counted as mismatches ( Mount, 2004 ). It is impor-
tant to note that phylogenetic distance values do not 
represent the degree of identity or similarity among 
genes, as highly similar protein sequences may arise 
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 TABLE 11.1          Database accession numbers for all members of the human SLC12A family. Each human SLC12A gene is identified with an NC_ number indicating the 
complete genomic molecule (chromosome) followed by two numbers separated by two dots which indicate the nucleotide position in the chromosome. Accession numbers 

for transcripts or proteins of reference for each SLC12A gene are indicated with the prefix NM_ or NP_, respectively. Note that only one reference transcript may be 
annotated when only one full-length transcript cDNA of unique sequence is known, regardless of inferred splicing variants or the number of cloned cDNAs. Each SLC12A 
gene is also identified with mapped data supplied by NCBI ( GeneID ) providing descriptive information (i.e. genetic loci, official nomenclature, aliases, sequence accessions, 

phenotypes, homology, map locations, related Web sites, etc.). The  RefSeq  status indicates if the gene is classified as  Validated  (the  RefSeq  record has undergone an initial 
review to provide the preferred sequence standard),  Reviewed  (the  RefSeq  record has been reviewed to provide the preferred sequence standard and to add additional functional 

descriptive information and feature annotation, as relevant) or  Provisional  (an automatically provided record based on  GenBank  sequence data; there is support for the 
transcript and protein. This is the default status code applied to some genomes for which there is no clear information about the method used to define the sequence). The 
 PubMed  identification number (PMID) for each SLC12A gene links to published articles relevant to the entry in the NCBIs whereas the  Ensembl  accession number links to 
the current gene build of the Ensembl database. The  Online Mendelian Inheritance in Man  (OMIM) identification number provides links between human genes and genetic 

disorders. OMIM also contains textual information and references, copious links to Medline and sequence records. The  UniProt  identifier is provided by the EBI and is 
described as a curated protein sequence database. The HUGO Gene Nomenclature Committee (HGNC) assigns a unique and ideally meaningful name and symbol to every 

human gene.  GenBank  accession numbers of cDNAs relevant to the SLC12A gene are identified in the far left column.  

   Human Gene  Acronym 
 Reference 
Transcripts 

 Reference 
Protein  GeneID  RefSeq status  PMID  Ensembl  OMIM  UniProt ID  HGNC  GenBank 

   SLC12A1 
(NC_000015) 
46285790..46383567         
    

 NKCC2 
  

  

  

 NM_000338 
  

  

  

 NP_000329 
  

  

  

 6557 
  

  

  

 Validated 
  

  

  

 8640224 
  

  

  

 ENSG00000074803 
  

  

  

 600839 
  

  

  

 Q13621 
  

  

  

 10910 
  

  

  

 BX647067 
 BX647484 
 EF559316 
 U58130 

   SLC12A2 
(NC_000005) 
127447382..127553279             

 NKCC1   
  

  

 NM_001046   
  

  

 NP_001037   
  

  

 6558   
  

  

 Validated   
  

  

 7629105   
  

  

 ENSG00000064651   
  

  

 600840   
  

  

 P55011   
  

  

 10911   
  

  

 AY280459   
 BC033003 
 U30246 

   SLC12A3 
(NC_000016) 
55456643..55504850     

 NCC    NM_00339    NP_000330    6559    Reviewed    8812482    ENSG00000070915    600968    P55017    10912 
  

 AK315298 
 AK223133 

   SLC12A4 
(NC_000016) 
66560026..665356731         
    

    

 KCC1 
  

  

  

  

 NM_005072 
  

  

  

  

 NP_005063 
  

  

  

  

 6560 
  

  

  

  

 Provisional 
  

  

  

  

 8663127 
  

  

  

  

 ENSG00000124067 
  

  

  

  

 604119 
  

  

  

  

 Q9UP95 
  

  

  

  

 10913 
  

  

  

  

 AF047338 
 AF054505 
 AF054506 
 AK097808 
 BC021193 

   SLC12A5 
(NC_000020) 
44091245..44122196 
    

            

    

 KCC2 
  

  

  

  

  

 NM_020708 
  

  

  

  

  

 NP_065759 
  

  

  

  

  

 57468 
  

  

  

  

  

 Reviewed 
  

  

  

  

  

  –  
  

  

  

  

  

 ENSG00000124140 
  

  

  

  

  

 606726 
  

  

  

  

  

 Q9H2X9 
  

  

  

  

  

 13818 
  

  

  

  

  

 AB033002 
 AF208159 
 AK289758 
 BC132668 
 BC132670 
 U79245 

(Continued)
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   SLC12A6 
(NC_000015) 
32417557..32309489 
    

        

        

        

        

    

    

    

    

    

    

    

    

 KCC3 
  

    

    

    

  

  

  

  

  

  

  

  

  

  

 NM_1042495 
(KCC3c) 
 NM_1042496 
(KCC3d) 
 NM_1042494 
(KCC3c) 
 NM_1042497 
(KCC3e) 
 NM_133647 
(KCC3a) 
 NM_005135 
(KCC3b)   
      

    

    

    

  

  

 NP_01035960 

 NP_01035961 

 NP_01035959 

 NP_01035962 

 NP_598408 

 NP_005126   
  

  

      

  

    

  

  

  

 9990 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 Reviewed 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 10187864 
 10347194 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 ENSG00000140199 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 604878 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 Q9UHW9 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 10914 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 AF105366 
 AF108831 
 AF116242 
 AF477977 
 AF531258 
 AF531259 
 AF531260 
 AK128133 
 AK292550 
 AK315283 
 BC033894 
 BC051709 
 BC051744 
 BC070107 
 BC126241 
 BC126243 
 BX648195 
 DQ138323 

   SLC12A7 
(NC_000005) 
1165172..1103489         

    

 KCC4 
  

  

  

 NM_006598 
  

  

  

 NP_006589 
  

  

  

 10723 
  

  

  

 Validated 
  

  

  

 10347194 
  

  

  

 ENSG00000113504 
  

  

  

 604879 
  

  

  

 Q9Y666 
  

  

  

 10915 
  

  

  

 AF105365 
 BC007760 
 BC018982 
 BC098390 

   SLC12A8 
(NC_000003) 
126414299..126284170 

        

        

    

 CCC9 
  

  

  

  

  

 NM_024628 
  

  

  

  

  

 NP_078904 
  

  

  

  

  

 84561 
  

  

  

  

  

 Validated 
  

  

  

  

  

 11863360 
  

  

  

  

  

 ENSG00000163848 
  

  

  

  

  

 611316 
  

  

  

  

  

 Q96RF9 
  

  

  

  

  

 15595 
  

  

  

  

  

 AF345197 
 AF390442 
 AK123001 
 BC126158 
 BC126160 
 AK026841 

   SLC12A9 
(NC_000007) 
100288294..100302569 

    

    

        

        

    

    

    

 CIP 
  

  

  

  

  

  

  

  

  

 NM_020246 
  

  

  

  

  

  

  

  

  

 NP_064231 
  

  

  

  

  

  

  

  

  

 56996 
  

  

  

  

  

  

  

  

  

 Validated 
  

  

  

  

  

  

  

  

  

 10871601 
 11239002 

  

  

  

  

  

  

  

  

 ENSG00000146828 
  

  

  

  

  

  

  

  

  

  –  
  

  

  

  

  

  

  

  

  

 Q9BXP2 
  

  

  

  

  

  

  

  

  

 17435 
  

  

  

  

  

  

  

  

  

 AB033284 
 AF284422 
 AK024420 
 AK024421 
 AK024466 
 AK024494 
 AK090458 
 AK128873 
 BC000154 
 CR594298 

   Human Gene  Acronym 
 Reference 
Transcripts 

 Reference 
Protein  GeneID  RefSeq status  PMID  Ensembl  OMIM  UniProt ID  HGNC  GenBank 
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    D .       How Similar are the Members of the 
SLC12A Family? 

 Homologous   genes may share very different 
degrees or percentages of identity ( Doolittle, 1981 ). 
The percentage of identity ( %ID ), defined as the num-
ber of aligned positions where the matching amino 
acids or nucleotides are identical ( May, 2004 ), is cal-
culated in many ways depending on the alignment 
algorithm used ( Raghava and Barton, 2006 ). The 
SLC12A family of proteins shares a wide range of 
 %ID . For instance, SLC12A1 (NKCC2) is  � 62% and 
52% identical to SLC12A2 (NKCC1) and SLC12A3 
(NCC), respectively; but less than 25% identical to 
the other members of the family ( Fig. 11.2   ). However, 
the SLC12A4 (KCC1) protein is 69%, 76% and 68% 
identical to SLC12A5 (KCC2), SLC12A 6 (KCC3) and 
SLC12A 7 (KCC4), respectively (inset,  Fig. 11.2 ). 

 What   is the meaning of the percentage of identity? In 
general terms, protein sequences belonging to the same 
homologous family (e.g. SLC12A proteins, which are 
evolutionary related ( Fig. 11.1 )) can be aligned to pro-
duce a  %ID  equal or greater than 30% ( Murzin et al., 

from different ancestor genes. Homology between 
genes of  different species is  orthology  (SLC12A 
(human) vs.  slc12a  (mouse, rat, etc.)), whereas any 
difference within a specie is  paralogy  ( slc12a1  (rat) 
vs.  slc12a2  (rat)). The SLC12A gene family members 
are paralogs among themselves since they derive 
from a same ancestral gene. A detailed phylogenetic 
analysis for SLC12A members can be found in the 
 Tree Families Database  (TreeFam,  www.treefam.org ), 
whereas the genetic alignment of all known SLC12A 
gene sequences are in  Ensembl  ( www.ensembl.org , 
acc. number). 

 Estimation   of the phylogenetic distances between 
SLC12A proteins allows the subclassification of the 
SLC12A gene family into three subgroups, as shown 
in  Fig. 11.1 : SLC12A4-7 (KCC1-KCC4), SLC12A1-3 
(NKCC2, NKCC1 and NCC) and SLC12A8-9 (CCC9 
and CIP) which in the figure are labeled in blue, 
green and black, respectively. The protein sequences 
of each member of these subgroups share a high 
degree of identity and may also share similar func-
tions, although the latter needs further experimental 
demonstration.  

SLC12A3 (NCC)

SLC12A2 (NKCC1)

SLC12A1 (NKCC2)

SLC12A9 (CIP)

SLC12A8 (CCC9)

SLC12A4 (KCC1)

SLC12A6 (KCC3)

SLC12A5 (KCC2)

SLC12A7 (KCC4)

0.38

0.42

0.19

0.18

0.24

0.12

0.11

0.13

0.14

0.05

Expression Disease/Phenotype

Kidney, osteoclasts,
placenta

Broad, including CNS

Kidney, DRG

Widespread

Widespread

Ubiquitous

Broad, CNS

CNS

Broad

Gitelman’s Syndrome

KO mice: Deafness, male infertility, 
imbalance, altered nociception

Bartter’s Syndrome
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 FIGURE 11.1          Unrooted phylogenetic cladogram tree of the SLC12A2 protein family. Cladogram drawn with  Phylodendron  (iubio.bio.indi-
ana.edu/treeapp/) using phylogenetic data obtained with PHYLIP (evolution.genetics.washington.edu/phylip.html), a software package 
that calculates phylogenetic distances between aligned protein sequences. The human SLC12A protein sequences were aligned using  ClustalW  
( www.ebi.ac.uk/clustalw/ ). The length of each branch (red lines) to the next node (red circles) is scaled in terms of expected numbers of nucle-
otide substitutions that occurred prior to the next level of separation (e.g. a branch of length 0.14 is 14 times as long as the one which would 
show a 1% difference between the nucleotide sequences at the beginning and the end of the branch). Gene expression patterns are also sum-
marized together with their associated diseases/phenotypes in humans and/or mice.    
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1995 ). This is clearly the case for SLC12A1-7 proteins 
(       Figs 11.1 and 11.2 ). However, when this threshold is 
not reached (i.e.  %ID       �      30%) the probable common 
evolutionary origin of the proteins within a family 
must be  inferred  on the basis of shared structural and 
functional features ( Murzin et al., 1995 ). This is the 
case for SLC12A8 (CCC9) and SLC12A9 (CIP). These 
two proteins with less than 30% identity with respect 
to the other members are still part of the SLC12 family 
because their predicted structural properties are  similar  
to the ones predicted for the other SLC12A members, 
although their function remains to be elucidated. 

 The   degree of identity permits the  inference  of 
structural and functional relationships and also iden-
tifies critical residues involved in functional proper-
ties as well as motifs, profiles, patterns, domains, etc. 
( Blundell et al., 1987 ). For instance, multiple sequence 
alignments of the SLC12A family have revealed com-
mon sequence patterns named  “ signature sequences ”  
(i.e. the most evolutionary conserved regions). These 
sequences appear to be in the form of TX [L,I,V] SX 
[S,C] A [L,I,V] XT [N,D] X 2 VX 2 GG and SRXLG [P,A] 
EXGX 2  [L,I,V] G [L,I,V] 2  F ( Park and Saier, 1996 ). 
Further, amino acid sequence analyses shows the 
presence of three different regions in the SLC12A 
proteins, two less conserved hydrophilic regions (i.e. 
N-terminal and C-terminal) and a most conserved 
hydrophobic core, predicted to be organized in several 
transmembrane  α -helixes ( Park and Saier, 1996 ).  

    E .       Predicted but not Demonstrated Topologies 
of SLC12A1, 2 and 3 Proteins 

 A   protein  topology  predicted  in silico  is halfway from 
the peptide sequence to the real three-dimensional 
structure of the protein (von  Heijne, 2006 ). Hence, 
computer algorithms developed to predict protein 
topology or structure based on physicochemical prop-
erties of amino acid sequences as well as by compari-
son with known protein structures (e.g. threading 
and homology modeling) are invaluable tools to  infer  
topology and/or function – structure relationships. 

 Most   of the SLC12A proteins appear to share simi-
lar predicted structures with several transmembrane 
domains and long intracellular N- or C-termini. This 
assumption is based on the estimated hydrophilic-
ity/hydrophobicity profiles of deduced SLC12A pro-
tein sequences according to Kyte-Doolittle’s algorithm 
( Kyte and Doolittle, 1982 ). A key feature of this algo-
rithm is the so-called  “ window size ” , i.e. the number 
of amino acids examined at a time to determine a 
point of hydrophobic character ( Kyte and Doolittle, 
1982 ). Hence, it is critical to choose a window size 
that corresponds to the expected size of the struc-
tural motif under investigation (i.e. a window size of 
19 – 21 (about the size of a membrane spanning  α -helix) 
will make hydrophobic, membrane-spanning domains 
stand out on the Kyte-Doolittle scale (typically 
 � 1.6)). However, windows sizes ranging from 11 to 
15 amino acids were used to generate hydropathy 
plots  predicting 12 transmembrane (TM) domains in 
mammalian members of the SLC12A family ( Caron 
et al., 2000 ;  Delpire et al., 1994 ;  Gamba et al., 1994 ; 
 Gillen et al., 1996 ;  Hiki et al., 1999 ;  Moore-Hoon and 
Turner, 1998 ;  Payne and Forbush, 1994 ;  Payne et al., 
1996 ;  Yerby et al., 1997 ). Although alternative topo-
logical models for members of the SLC12A family 
have been proposed ( Park and Saier, 1996 ) and sev-
eral transport protein families include members that 
probably have more or less than 12 TM domains 
( Espanol and Saier, 1995 ;  Paulsen and Skurray, 1993 ), 
it is accepted that the SLC12A family are proteins of 
12 TM domains. 

 It   is now clear that the most important factor in 
determining membrane insertion is the hydrophobic-
ity of 19 – 21 amino acid sequences ( Zhao and London, 
2006 ). This concept is better represented by using the 
experimentally determined transfer-free energies 
( Δ  G ) for each amino acid (i.e. a thermodynamic scale 
of hydrophobicity) originally proposed by Wimley 
and White ( Wimley and White, 1996 ). Hence, the 
hydrophobicity plot of Wimley-White (also known 
as the  octanol  plot) identifies the position of trans-
membrane  α -helices in protein sequences with less 
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 FIGURE 11.2          Alignment scores of the predicted protein 
sequences of SLC12A members expressed as percentage of iden-
tity. Gray bars represent the percentage of identity of members of 
the human SLC12A family (from SLC12A2 through 9) with respect 
to SLC12A1 (hNKCC2F (U58130)) whereas black bars indicate the 
percentage of identity of SLC12A5-7 (hKCC2, hKCC3 and hKCC4) 
with respect to SLC12A4 (KCC1). Progressive multiple alignments 
of SLC12A protein sequences were performed using  ClustalW .    
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ambiguity than the Kyte-Doolittle plot. As shown in 
 Fig. 11.3   ,  octanol  plots obtained for SLC12A1 (NKCC2), 
SLC12A2 (NKCC1) and SLC12A3 (NCC) are different 
to the ones originally proposed for these gene prod-
ucts using the Kyte-Doolittle algorithm with a win-
dow size of 11 – 15 ( Delpire et al., 1994 ;  Gamba et al., 
1994 ;  Payne and Forbush, 1994 ;  Yerby et al., 1997 ). 
However, the  octanol  plot correlates very well with the 
Kyte-Doolittle plot if the latter is constructed using a 
window size of 19 – 21 amino acids ( Fig. 11.3 ). 

 Prediction   algorithms based solely on hydropho-
bicity plots ( Kyte and Doolittle, 1982 ) or thermody-
namic scales of hydrophobicity ( Wimley and White, 

1996 ) are somewhat incomplete and innacurate. 
The fact that  � 5% of the transmembrane  α -helices in 
the known structures are very short ( � 15 residues) 
and only partially span the membrane, together 
with the lack of critical thermodynamic data, have 
made transmembrane prediction algorithms some-
what unsatisfactory. It was not until recently that 
the free energy contributions from individual amino 
acids in different positions along the membrane was 
reported ( Hessa et al., 2007 ). Hence, the accuracy of 
algorithms predicting TM helixes has been recently 
improved by the development of new tools such as 
 MemBrain  ( Shen and Chou, 2008 ),  TopPred  Δ G  ( Hessa 
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et al., 2007 ),  SCAMPI  ( Bernsel et al., 2008 ),  ZPRED  
( Granseth et al., 2006 ) and  PRO/PRODIV-TMHMM  
( Viklund and Elofsson, 2004 ). Most of these algo-
rithms are part of  TOPCONS  protein topology predic-
tion server (topcons.cbr.su.se). By using  MemBrain  or 
 SCAMPI , human SLC12A1, SLC12A2 and SLC12A3  

proteins (i.e. NKCC2, NKCC1 and NCC) it can be pre-
dicted that these proteins may have 13 TM domains, 
whereas  PRODIV ,  PRO  or  OCTUPUS  predicts 12 TM 
domains ( Fig. 11.4   ). It should be mentioned that the 
model having 13 TM domains places the N- and C-
termini in different compartments (inside and outside, 
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respectively), which is not supported by current 
experimental evidence.   

    II .      THE SLC12A1 GENE ENCODING 
FOR Na  �  -K  �  -2Cl  �   COTRANSPORTER 2 

(NKCC2) 

    A .       Genomic Organization of Mammalian 
SLC12A1 (NKCC2) Gene 

 The   genomic organization of the mammalian 
NKCC2 gene is known for several species ( Homo 
sapiens  (NC_000015),  Pan troglodytes  (NC_006482), 
 Canis lupus familiaris  (NC_006612),  Mus musculus  
(NC_000068),  Rattus norvegicus  (NC_005102),  Macaca 
mulatta  (NC_007864),  Bos taurus  (NC_007308) and 
 Equus caballus  (NC_009144)). The mammalian NKCC2 
genes are represented in  Fig. 11.5   A. The putative mam-
malian NKCC2 homologs are genes of  � 80 – 120       kb 
that encode for proteins of 1095 – 1100 residues. 
Bioinformatic DNA sequence analysis and molecu-
lar alignment with EST/cDNA clones show that the 
human NKCC2 gene contains 35 different GT-AG 
introns and the potential to transcribe 12 different tran-
scripts (nine alternatively spliced variants and three 
unspliced forms). Further, the human NKCC2 gene 
contains five non-overlapping alternative last exons 
and ten validated alternative polyadenylation sites. 

 Comparative   genomic analysis of mammalian 
NKCC2 genes using  ElDorado  (Genomatix,  www.
genomatix.de ) reveals conserved sequences and 
highly similar structures in all NKCC2 gene orthologs 
( Fig. 11.5 ). The 5 	  distal genomic region (i.e.  � 2       kb 
upstream the putative A 1 TG) of most mammalian 
NKCC2 genes contains at least two predicted promot-
ers and a myriad of discrete nucleotide sequences that 
are  � 80% identical to consensus binding sequences 
for a wide variety of transcription factors (see  Table 
11.2    and  Fig. 11.6   ). It is important to note that  in silico  
predicted individual transcription binding sites in 
a gene promoter are  never  sufficient to indicate tran-
scriptional function ( Cartharius et al., 2005 ). However, 
all known mammalian NKCC2 promoter regions 
share nucleotide sequences which are 100% identi-
cal to the core consensus sites for many transcription 
factors. This appears to be the case for CREB (cAMP-
responsive element binding proteins), HIFF (hypoxia 
inducible factor), HEAT (heat shock factors), GRE 
(glucocorticoid responsive and related elements), 
E2FF (E2F-myc activator/cell cycle regulator), HNF-1 
(hepatic nuclear factor 1) to name a few of them. 
These findings suggest common and conserved 

regulatory mechanisms for the transcriptional regula-
tion of the NKCC2 gene.  

    B .      Expression of NKCC2 Genes 

 When   some of the NKCC2 cDNAs were first 
cloned, Northern blot analysis of rat, rabbit and mouse 
tissues revealed expression of NKCC2 transcripts only 
in kidney ( Gamba et al., 1994 ;  Igarashi et al., 1995 ; 
 Payne and Forbush, 1994 ). Moreover, cloning and 
characterization of several different full length mouse 
NKCC2 cDNAs obtained from kidney have provided 
conclusive evidence that at least four mNKCC2 iso-
forms are expressed in mouse kidney ( Igarashi et al., 
1995 ;  Mount et al., 1999 ). 

 Today  , it is widely accepted that NKCC2, regard-
less of species and/or variant, is expressed exclu-
sively in the apical membrane of the thick ascending 
loop of Henle (TALH) in the kidney ( Gamba, 2005 ). 
This tissue-restricted expression has been attributed 
to the presence of a tissue-specific promoter located 
upstream of the mouse NKCC2 gene. Partial func-
tional characterization of this genomic region ( nt  
-3585 to -1300 (numbered with respect to A 1 TG)) 
revealed the presence of a transcription initiation 
site located at  nt  -1330        bp in the mouse NKCC2 gene 
( Igarashi et al., 1996 ). This mNKCC2 promoter region 
exhibited a strong transcriptional activity in kidney 
cells but not in 3T3 mouse fibroblasts ( Igarashi et al., 
1996 ). This observation was interpreted as proof of 
tissue specificity of NKCC2 expression in kidney. 

 However  , several lines of evidence suggest that 
NKCC2 may not be restricted to kidney. For instance, 
two cloned full-length human NKCC2 cDNAs, one 
from kidney (U58130) and another from rat and 
human dorsal root ganglia (EF577032 and EF559316, 
respectively) argue against kidney-specific expression 
of NKCC2. Moreover, the hNKCC2 gene is supported 
and defined by 199  GenBank  accessions from 195 
cDNA clones, most of which were obtained from 
kidney but others came from brain tissues, pooled 
germ cell tumors, skeletal muscle and other tissues. 
Similarly, the mouse  slc12a1  gene (NC_000068) is sup-
ported by more that 200 EST/cDNA clones obtained 
from a variety of mouse tissues and protein expression 
by immunolabeling of non-renal tissues using antibod-
ies against NKCC2 ( Gavrikov et al., 2006 ;  Kakigi et al., 
2008 ). Admittedly, these immunolocalization studies 
in non-renal tissues have not been validated following 
rigorous criteria like, for example,  showing antibody 
specificity in NKCC2 knockout mice ( Rhodes and 
Trimmer, 2006 ;  Saper, 2005 ). NKCC2 transcripts have 
also been detected in olfactory epithelium ( Nickell 
et al., 2007 ). 

II. THE SLC12A1 GENE ENCODING FOR NA�-K�-2Cl� COTRANSPORTER 2 (NKCC2)
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 FIGURE 11.5          Comparative genomics of mammalian NKCC2 genes.  A.  In-scale exon-intron organization of known mammalian NKCC2 
genes. Coding exons are represented as black boxes superimposed in horizontal lines representing introns. Left or right red boxes and lines 
represent sequences encoding for 5 	 - or 3 	 -UTRs, respectively. Dotted lines mark the exonic regions involved in coding three main protein 
regions (bottom): N-terminal (gray lane), hydrophobic core (horizontal red box) and C-terminal (brown line). The N- and C-termini are pre-
dicted to be intracellular whereas the hydrophobic core is predicted to contain 10 – 12 TM  α -helixes.  B.  Genomic comparison between known 
mammalian NKCC2 genes using  ElDorado  suite for Comparative Genomics ( www.genomatix.com ). Genomic sequences are represented for 
 Macaca mulatta  (mml),  Pan troglodytes  (ptr),  Homo sapiens  (hsp),  Mus musculus  (mmu),  Rattus norvegicus  (rno),  Cannis lupus familiaris  (cfa),  Bos 
taurus  (bta),  Equus caballus  (eca) and  Gallus gallus  (gga). Each NKCC2 gene shows exons (green), predicted start sites (orange), putative pro-
moter regions (yellow), 5 	 - and 3 	 -UTRs (dark green), the longest predicted primary transcript (gray) and the conserved regions (black).    

 The   concept that the NKCC2 gene may be 
expressed in extra-renal tissues is further supported 
by a published database which provides microarray 
expression data from more than 12,000 probes and 
hybridized to hundreds of different samples from a 
wide variety of normal human tissues and cell lines 
( Su et al., 2002 ). This dataset provides a description of 
the normal mammalian transcriptome and is posted in 
the  GEO Profiles  under the accession number GDS596 
( www.ncbi.nlm.nih.gov/geo ). This database stores 

individual gene expression and molecular abun-
dance profiles assembled from the  Gene Expression 
Omnibus  (GEO) repository. The hNKCC2 expres-
sion data is summarized in  Fig. 11.7   . This profiling 
clearly  demonstrates that hNKCC2 transcripts are 
detected in tissues outside the kidney, although 
these extra renal NKCC2 transcripts appear to be 
expressed at low levels when compared to kidney. 
Although the presence of part of a transcript in a 
given tissue is not proof of NKCC2 protein expression, 
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 TABLE 11.2           In silico analysis of transcription binding sites for the promoter region of the human NKCC2 gene using MatInspector 
7.7.3 (Genomatix). The SLC12A1 genomic sequence analyzed encompasses  � 620       bp located  � 1.3       kb upstream the proposed initiation 

codon A 1 TG (exon 1) and � 100       bp downstream the potential initiation sequence (see Fig. 11.6). The sequences in hNKCC2 gene 
promoter predicted to bind particular transcription factors are at least 80% identical to the described core consensus sequence for the 

transcription factor. 

   Transcription 
factor  Description  Sequence 

 Promoter’s 
Position 

   PAX6  PAX-4/PAX-6 paired domain binding sites  attccACTCttaatctgct  1931 

   HOXF  Factors with moderate activity to homeo domain consensus sequence  ctctTAATctgcttact  1925 
   PTF1  Pancreas transcription factor 1, heterotrimeric transcription factor  ttaaTCTGcttacttcccatg  1922 
   RBPF  RBPJ  –  kappa  tgcaTGGGaagtaag  1930 
   OCT1  Octamer binding protein  cccATGCaaaagagt  1907 
   SF1F  Vertebrate steroidogenic factor  gagtCAAGgtaat  1896 
   EVI1  EVI1-myleoid transforming protein  caagcaAGATaaaatca  1875 
   GATA  GATA binding factors  gcaaGATAaaatc  1872 
   EVI1  EVI1-myleoid transforming protein  aagatAAAAtcatttca  1870 
   GATA  GATA binding factors  aaaTGATtttatc  1864 
   GFI1  Growth factor independence transcriptional repressor  taaAATCatttcaga  1866 
   HEAT  Heat shock factors  tactctgtaactAGAAagtagtgtc  1865 
   ATBF  AT-binding transcription factor  actactttctAGTTaca  1850 
   BCL6  POZ domain zinc finger expressed in B-Cells  ctgtaacTAGAaagtag  1842 
   OCT1  Octamer binding protein  agtatagaAATTgtc  1825 
   OCT1  Octamer binding protein  cacATGCtaaacaat  1788 
   FKHD  Fork head domain factors  acatgcTAAAcaatagg  1787 
   SORY  SOX/SRY-sex/testis determinig and related HMG box factors  gctaaaCAATaggaggt  1783 
   RORA  v-ERB and RAR-related orphan receptor alpha  acaataggaGGTCactaggactc  1778 
   EREF  Estrogen response elements  ggagGTCActaggactcat  1772 
   AP1R  MAF and AP1 related factors  tacagaTGAGtcctagtgacc  1769 
   AP4R  AP4 and related proteins  tcttacaGATGagtcct  1762 
   EVI1  EVI1-myleoid transforming protein  tcttacaGATGagtcct  1762 
   HNF6  Onecut homeodomain factor HNF6  ggtggaacTCAAtttat  1744 
   SORY  SOX/SRY-sex/testis determinig and related HMG box factors  ataAATTgagttccacc  1744 
   EVI1  EVI1-myleoid transforming protein  gggaataGATAaattga  1736 
   CLOX  CLOX and CLOX homology (CDP) factors  caatttATCTattcccaaatgac  1735 
   GATA  GATA binding factors  aataGATAaattg  1735 
   PIT1  GHF-1 pituitary specific pou domain transcription factor  caatTTATctatt  1735 
   PERO  Peroxisome proliferator-activated receptor  agtcatttgggaatAGATaaatt  1734 
   IKRS  Ikaros zinc finger family  atttGGGAataga  1728 
   PAX6  PAX-4/PAX-6 paired domain binding sites  tatTCCCaaatgactaatg  1726 
   AP1R  MAF and AP1 related factors  ttgccaTTAGtcatttgggaa  1726 
   BRNF  Brn POU domain factors  cccaaatgacTAATggcaa  1722 
   TCFF  TCF11 transcription factor  GTCAttt  1719 
   HOXF  Factors with moderate activity to homeo domain consensus sequence  tgacTAATggcaatgct  1716 
   NR2F  Nuclear receptor subfamily 2 factors  tgactaatggcaatGCTCatatttt  1716 
   THAP  THAP domain containing protein  actaatGGCAa  1714 
   OCT1  Octamer binding protein  ctAATGgcaatgctc  1713 
   SRFF  Serum response element binding factor  atgctcaTATTttttggac  1704 
   NKXH  NKX homeodomain factors  tcccTTAAcagcaat  1684 
   NKXH  NKX homeodomain factors  gctgTTAAgggatcc  1681 
   ATBF  AT-binding transcription factor  tctccttatgAATTaaa  1663 
   SORY  SOX/SRY-sex/testis determinig and related HMG box factors  tttAATTcataaggaga  1663 
   BRNF  Brn POU domain factors  tccttatgaATTAaagaaa  1661 
   HOXF  Factors with moderate activity to homeo domain consensus sequence  tcttTAATtcataagga  1661 

(Continued)
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TABLE 11.2 Continued

   Transcription 
factor  Description  Sequence 

 Promoter’s 
Position 

   BRNF  Brn POU domain factors  gtttcttTAATtcataagg  1660 
   LHXF  Lim homeodomain factors  agtttctTTAAttcata  1657 
   NKX6  NK6 homeobox transcription factors  tTTAAttcata  1657 
   RBIT  Regulator of B-Cell IgH transcription  tatgaATTAaaga  1657 
   HOMF  Homeodomain transcription factors  gagtttcttTAATtcat  1656 
   HNF6  Onecut homeodomain factor HNF6  aaagaaacTCTAtgtta  1649 
   OCT1  Octamer binding protein  tctatgttACTTcct  1641 
   ETSF  Human and murine ETS1 factors  tttagacAGGAagtaacatag  1640 
   CLOX  CLOX and CLOX homology (CDP) factors  ccatTAATccttttagacaggaa  1631 
   HOXF  Factors with moderate activity to homeo domain consensus sequence  ccatTAATccttttaga  1625 
   BRNF  Brn POU domain factors  aaaccatTAATccttttag  1624 
   HOXC  HOX - PBX complexes  aaaaGGATtaatggttt  1622 
   HOXF  Factors with moderate activity to homeo domain consensus sequence  ggatTAATggtttacta  1618 
   HNF1  Hepatic Nuclear Factor 1  gATTAatggtttactac  1617 
   NKX6  NK6 homeobox transcription factors  aTTAAtggttt  1616 
   HOXF  Factors with moderate activity to homeo domain consensus sequence  ctagtagTAAAccatta  1614 
   ATBF  AT-binding transcription factor  gtttactactAGTTacc  1609 
   NKXH  NKX homeodomain factors  aaaCTTAagtaccac  1585 
   NFAT  Nuclear factor of activated T-cells  tgaGGAAacttaagtacca  1584 
   TBPF  TATA-binding protein factor  tggtactTAAGtttcct  1584 
   RU49  Zinc finger transcription factor RU49, zinc finger proliferation 1 - Zipro1  aAGTAcc  1583 
   NKXH  NKX homeodomain factors  gtaCTTAagtttcct  1582 
   RORA  v-ERB and RAR-related orphan receptor alpha  gccccaccagGTCAttagccctg  1567 
   FXRE  Farnesoid X - activated receptor response elements  AGGTcattagccc  1565 
   GREF  Glucocorticoid responsive and related elements  gtggggcttacaGTACtat  1551 
   PLZF  C2H2 zinc finger protein PLZF  gctTACAgtactatt  1546 
   RU49  Zinc finger transcription factor RU49, zinc finger proliferation 1 - Zipro1  cAGTAct  1541 
   COMP  Factors which cooperate with myogenic proteins  caatgATTGgcctggaatagtac  1539 
   ZF35  Zinc finger protein ZNF35  gcctggAATAgta  1538 
   CLOX  CLOX and CLOX homology (CDP) factors  ttccaggcCAATcattgcacagt  1533 
   PBXC  PBX1 - MEIS1 complexes  gcaaTGATtggcctgga  1532 
   CAAT  CCAAT binding factors  caggCCAAtcattgc  1530 
   GFI1  Growth factor independence transcriptional repressor  gccAATCattgcaca  1527 
   AP1R  MAF and AP1 related factors  aagagaTGACtgtgcaatgat  1523 
   HEAT  Heat shock factors  tcatctctttcaAGAAagtttctaa  1511 
   BCL6  POZ domain zinc finger expressed in B-Cells  aactttcTTGAaagaga  1508 
   MYT1  MYT1 C2HC zinc finger protein  agaaAGTTtctaa  1499 
   CLOX  CLOX and CLOX homology (CDP) factors  tttctaacCAATaagcagaagcc  1493 
   CAAT  CCAAT binding factors  ctaaCCAAtaagcag  1490 
   CLOX  CLOX and CLOX homology (CDP) factors  ccaaTAAGcagaagcctaacttt  1488 
   HEAT  Heat shock factors  tagctttcagccAGAAagttaggct  1474 
   MYT1  MYT1 C2HC zinc finger protein  agaaAGTTaggct  1474 
   NF1F  Nuclear factor 1  tttcTGGCtgaaagctaagtg  1466 
   BRAC  Brachyury gene, mesoderm developmental factor  gggacacttAGCTttcagcca  1462 
   BRAC  Brachyury gene, mesoderm developmental factor  ctgaaagctAAGTgtcccata  1459 
   MYT1  MYT1 C2HC zinc finger protein  tgaaAGCTaagtg  1458 
   NKXH  NKX homeodomain factors  aaagctaAGTGtccc  1456 
   CLOX  CLOX and CLOX homology (CDP) factors  cgtcacccaggaatatATGGgac  1446 
   RUSH  SWI/SNF related nucleophosphoproteins with a RING finger DNA 

binding motif 
 tcCCATatatt  1445 

(Continued)
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TABLE 11.2 Continued

   Transcription 
factor  Description  Sequence 

 Promoter’s 
Position 

   TEAF  TEA/ATTS DNA binding domain factors  ataTATTcctggg  1441 
   ZF35  Zinc finger protein ZNF35  cccaggAATAtat  1441 
   AP1R  MAF and AP1 related factors  tcagcgTCACccaggaatata  1440 
   CREB  cAMP-responsive element binding proteins  attcctgggTGACgctgaagc  1437 
   CREB  cAMP-responsive element binding proteins  cctgggTGACgctgaagcagg  1434 
   WHNF  Winged helix binding sites  gtgACGCtgaa  1429 
   NFAT  Nuclear factor of activated T-cells  tgaGGAAatgtaacctgct  1419 
   PARF  PAR/bZIP family  tgaggaaatGTAAcctg  1417 
   ETSF  Human and murine ETS1 factors  tcttctgaGGAAatgtaacct  1416 
   STAT  Signal transducer and activator of transcription  cttcTTCTgaggaaatgta  1412 
   STAT  Signal transducer and activator of transcription  acatTTCCtcagaagaagg  1411 
   HEAT  Heat shock factors  catttcctcagaAGAAggctccttg  1410 
   BRAC  Brachyury gene, mesoderm developmental factor  aaggctcctTGGTggtaagtt  1396 
   CAAT  CCAAT binding factors  accaCCAAggagcct  1395 
   SNAP  snRNA-activating protein complex  ttcaaCTTAccaccaagga  1391 
   P53F  p53 tumor suppressor  tttacCCTGcccagaaatgttca  1376 
   MEF2  MEF2, myocyte-specific enhancer binding factor  gggcagggTAAAaatcatactta  1365 
   FKHD  Fork head domain factors  gcagggTAAAaatcata  1363 
   HOXC  HOX - PBX complexes  agtaTGATttttaccct  1361 
   BRNF  Brn POU domain factors  aaatCATActtaatattat  1354 
   NKXH  NKX homeodomain factors  aatattAAGTatgat  1352 
   NKXH  NKX homeodomain factors  atactTAATattatg  1349 
   OCT1  Octamer binding protein  gaCATAatattaagt  1347 
   CREB  cAMP-responsive element binding proteins  actttaTGACataatattaag  1346 
   FKHD  Fork head domain factors  tatgacATAAtattaag  1346 
   PARF  PAR/bZIP family  taatattatGTCAtaaa  1344 
   PARF  PAR/bZIP family  ctttatgacATAAtatt  1343 
   HOXF  Factors with moderate activity to homeo domain consensus sequence  tatgtcaTAAAgtagat  1338 
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 FIGURE 11.6          The promoter region of the human NKCC2 gene. 
Two promoter sequences (P) in the form of TATA boxes are shown 
in the 5 	  distal genomic region (i.e. -1931 to -1443, upstream A 1 TG). 
Gene transcription is predicted to start at  Inr , the initiator sequence 
located  � 1440       bp upstream A 1 TG. Potential binding sites for 
selected transcriptions sites (e.g. CREB, PIT1, HEAT, GREF, FXRE 
and HNF1) are represented as blue circles over the promoter region 
comprising sequences -2000 to -1400. A detailed list of potential 
binding sites for transcription factors is shown in  Table 11.2 .    

the functional sigificance of NKCC2 outside the 
kidney is unknown.  

    C .      How Many NKCC2 Variants? 

    1 .      Mouse NKCC2 Variants 

 The   presence of more than one mouse NKCC2 tran-
script is supported by cloning and functional charac-
terization of several mNKCC2 cDNAs. Comparative 
analysis of full-length mouse NKCC2 cDNAs (U20973, 
U20974, U20975 ( Igarashi et al., 1995 ), U61381 ( Mount 
et al., 1999 ), U94518 and BC016888 ( Strausberg et al., 
2002 )) with respect to the mouse NKCC2 genomic 
sequence demonstrates that these transcripts are the 
result of an alternative combination of three exons 
(exon 4 (NKCC2B); exon 5 (NKCC2A); and exon 
6, (NKCC2F)) and an independent alternative stop 
codon expressed in exon 18, which would encode for 
a shorter NKCC2 protein at the C-terminus ( Mount 
et al., 1999 ) ( Fig. 11.8A   ). 
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 The   mNKCC2A mRNA (U20973 ( Igarashi et al., 
1995 )) can be reconstructed from 66 cDNA clones 
obtained from kidney and one from eye/retina 
(EL606477). This transcript covers 28 exons (when 
counting exon -1, see below section II.D) and is 
predicted to encode for a protein of 1095 residues 
( � 120       kDa). Comparative  in silico  analysis of this cDNA 
sequence with the mouse gene reveals that U20973 
(mNKCC2A) encodes some amino acid variations 
(e.g. A30S, D48G, M97F, D98G, A99H and others) that 
could be the result of polymorphic nucleotides present 
in the mice gene. An additional cDNA obtained from 
mouse kidney also encodes for mNKCC2A: BC016888 
( Strausberg et al., 2002 ). This transcript contains some 
amino acid variations when compared with the mouse 
genomic sequence (e.g. M97F, D98G, A99H, V100N, 
P101T) and is 25        bp shorter than U20973 	  5 	 -UTR 
(210       bp vs. 232        bp). The 3 	 -UTR of the cDNAs encod-
ing for mNKCC2A contains a typical polyadenylation 

signal (AATAAA) located 31        bp before the polyA tail 
(only present in BC016888). 

 Two   shorter variants of mNKCC2A (here named 
mNKCC2A- s1  (U61381) ( Mount et al., 1999 ) and 
mNKCC2A- s2  (AK052750)) were cloned from 
mouse kidney ( Fig. 11.8A ). The mNKCC2A- s1  tran-
script starts with 200       bp of 5 	 -UTR, continues with 
a sequence encompassing exons 1 to 18 and ends 
with  � 600       bp of 3 	 -UTR encoded by intron 17. This 
last portion of the transcript encodes for 56 unique 
residues and two potential polyadenylation sig-
nals located 97        bp and 420       bp downstream of the 
stop codon. The polyA tail is located  � 30       bp from 
the last putative polyA signal. The cDNA coding for 
mNKCC2A- s2  starts with a 5 	 -UTR of 252       bp and 
ends with exon A (exon 5). The 3 	 -UTR of this tran-
script is  � 0.9       kb long and matches exactly intron 5, 
exon F (exon 6) and intron 6 of the mouse NKCC2 
gene. Interestingly, this 3 	 -UTR region does not 
appear to encode for potential polyA signals. It is not 
known if this transcript encodes for a protein  in vivo  
(predicted to be of 247 residues,  � 27       kDa). 

 Only   one full-length cDNA clone encoding for 
mNKCC2B has been cloned: U20974 ( Igarashi et al., 1995 ) 
( Fig. 11.8A ). This cDNA can be entirely reconstructed 
from 37 kidney cDNA clones as well as three clones 
from liver (i.e. AW259785, AW259766 and AW260385). 
The mNKCC2B transcript covers 28 exons of the gene 
and predicts encoding of a protein of 1095 residues 
( � 120       kDa) with some amino acid variations that could 
reflect genetic polymorphisms of the mice NKCC2 gene. 
The 5 	 -UTR of the mNKCC2B mRNA is 230        bp long 
whereas the 3 	 -UTR is  � 1.1       kb which encodes for a stan-
dard polyadenylation signal at 31       bp before the polyA. 

 The   mNKCC2F is encoded by two cDNAs cloned 
from mouse kidney: U20975 ( Igarashi et al., 1995 ) and 
U94518 ( Fig. 11.8A ). Both transcripts encompass 27 
exons and can be reconstructed from ten cDNA clones 
obtained from kidney. Their nucleotide sequences 
only differ in a few base pairs. However, when com-
pared to the mouse NKCC2 genomic sequence both 
transcripts encode amino acid variations (i.e. U94518: 
M97F, D98G, A99H, V100N, P101T and U20975: A30S, 
D48G, M97F, D98G, A99H). The 5 	 - and 3 	 -UTRs of 
both transcripts are  � 233       bp and  � 1.1       kb long, respec-
tively. Both 3 	 -UTRs encode for a classical polyadenyl-
ation signal. 

 A   non-coding mNKCC2 cDNA (named here 
mNKCC2A-S ( Fig. 11.8A ), probably incomplete at its 
5 	 -end) was cloned from kidney (BC051100 ( Strausberg 
et al., 2002 )). There is no recognizable 5 	 -UTR in this 
transcript and sequences comprising exons 1 – 8 are 
missing. The BC051100 transcript starts from the 75th 
nucleotide of exon 9 and ends at mNKCC2A, B or F 
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 FIGURE 11.7          Expression profile of hNKCC2 transcripts. 
Expression results were obtained from GEO Profiles (record 
GDS596). The gene expression profile of hNKCC2 transcripts was 
established by using the  Affymetrix  probe  220281_at , created from 
the hNKCC2 EST AI632015 which sequence corresponds to the 
3 	 -UTR sequences of all known hNKCC2 transcripts. Results are 
shown as percentage of expression with respect to kidney (100%).    
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transcripts. As it is, this transcript is not predicted to 
encode for a protein. The functional role of this tran-
script as well as whether the region comprising intron 
8-exon 9 has promoter activities are unknown. 

 The   mNKCC2 splice variants A, B, F and A- s1  appear 
to be differentially expressed in the mouse kidney 
( Mount et al., 1999 ;  Payne and Forbush, 1994 ) as dis-
cussed in Chapter 16 in this volume. They differ among 
themselves in the amino acid sequence of most of the 
predicted transmembrane (TM) domain 2 and in the 
intracellular loop interconnecting TM2 and TM3 (       Figs 
11.3 and 11.4 ). This region is encoded by exons A, B or F, 
which has been proposed to be involved in ion binding 
and translocation of the transporter ( Plata et al., 2002 ).  

    2 .      Human NKCC2 variants 

 Five   full-length human NKCC2 cDNAs have been 
cloned from different sources (adult and fetal kidney 
and dorsal root ganglion cells). Two of them, U58130 
( Simon et al., 1996a ) and EF559316, differ only in the 
presence of a unique 96        bp encoded by exon 6 (exon 
F) or 5 (exon A), respectively, whereas the cDNA 

clones BX647067 (hNKCC2BA) and BX647484 (hNKC-
C2BAF, from human fetal kidney) are two variants 
that may be produced by the election of two potential 
alternative promoters located in the third intron of the 
human NKCC2 gene ( Fig. 11.8B ). 

 The   hNKCC2F splice variant appears to be encoded 
by the U58130 cDNA ( Simon et al., 1996a ). It can be 
reconstructed from more than 100 cDNA clones, most 
of them obtained from kidney and others from nervous 
tissue (brain (AL036755), corpus callosum (DA286101), 
and hippocampus (DA324269)) and liver (DB182625). 
The hNKCC2F mRNA expresses 26 exons and is 
predicted to encode for a protein of 1099 residues 
( � 120       kDa). When the coding region of U58130 cDNA 
is compared to the genomic sequence, it can be seen 
that the cDNA encodes for an hNKCC2F protein with 
some amino acids variations (e.g. Q75H, G211L, A212G, 
Y213V, Y214I,  www.uniprot.org/uniprot/Q13621 ). 
This could reflect genetic polymorphisms in the human 
NKCC2 gene. The 5 	 -UTR of hNKCC2F transcript is 
216       bp long whereas its 3 	 -UTR contains  � 0.5       kb fol-
lowed by the polyA tail. There is no standard polyad-
enylation signal in the transcript. However, there are 
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 FIGURE 11.8          The transcripts encoded by mouse, human and rat NKCC2 genes. Diagramatic representation of full-length NKCC2 tran-
scripts cloned from mouse  A . human  B . and rat  C . sources. Each exon is represented as a colored box when coding whereas gray boxes repre-
sent 5 	 - or 3 	 -UTRs. Each transcript is identified by its unique GenBank accession number which is indicated.    
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several canonical polyadenylation sites located in the 
last exon of the hNKCC2 gene, suggesting that the 
U58130 cDNA clone may be incomplete at its 3 	 -UTR. 

 There   are two additional cDNAs encoding for 
hNKCC2: hNKCC2BAF and hNKCC2BA which con-
tain very long ( � 5       kb long) 5 	 -UTRs ( Fig. 11.8B ). They 
are among the 5% longest UTRs posted in  GenBank  
and, as such, they may be poorly translated ( Davuluri 
et al., 2000 ). The 3 	 -UTR region of hNKCC2BAF and 
hNKCC2BA contain  � 1.1       kb followed by a polyA 
tail implying that they are full-length cDNA clones. 
A classical polyadenylation signal in these cDNAs 
is expressed  � 20        bp before the polyA. Both hNKC-
C2BAF (BX647067) and hNKCC2BA (BX647484) 
mRNAs are predicted to encode for proteins of 870 
and 826 residues, respectively. 

 The   potential of the hNKCC2 gene to generate 
additional transcripts, besides the ones mentioned 
above with alternative stop codons, is supported by a 
full-length hNKCC2A-s cDNA (BC040138), obtained 
from kidney ( Strausberg et al., 2002 ). The 5 	 -UTR 
of this hNKCC2A cDNA is 186       bp long whereas its 
3 	 -UTR is 285       bp followed by the polyA. The standard 
AATAAA polyadenylation signal is seen about 21       bp 
before the polyA tail. This cDNA would encode for a 
shorter protein of 430 amino acids as a result of the 
inclusion of an alternative stop codon located in exon 
11. The function of all these additional hNKCCs, if 
any, is unknown. 

 Full  -length hNKCC2A and hNKCC2B cDNAs have 
not yet been cloned from kidney. However, analysis of 
human EST database using exon 5 (exon A) or 4 (exon 
B) of the hNKCC2 gene reveals the existence of three 
 “ A ”  and two  “ B ”  clones from kidney (A: DC328468, 
DB471453 and DB479842, B: DC362459 and BG433923) 
suggesting that hNKCC2A and hNKCC2B, as expected, 
may be expressed in the human kidney ( Fig. 11.8B ). 
As mentioned above a full length hNKCC2A cDNA 
has been cloned from human dorsal root ganglion 
cells (EF559316 (Di Fulvio et al.)). The function of 
hNKCC2A remains to be elucidated.  

    3 .      Rat NKCC2 Variants 

 Two   full-length rat NKCC2 cDNAs have been 
cloned from two different sources, one from kidney 
(U10096 ( Gamba et al., 1994 )) and another from the 
dorsal root ganglia (EF577032 ( Di Fulvio et al., 2007 )) 
( Fig. 11.8C ). When these two cDNAs are compared 
 in silico  with the genomic sequence of the rat NKCC2 
gene it is found that: U10096 encodes for rNKCC2F, 
whereas EF577032 encodes for rNKCC2A. The 
transcript EF577032 includes a 5 	 -UTR of 199       bp, a full 
open reading frame encoded by the following exons: 

1-3, A, 7 – 17, 20 – 26 and 28 – 30, and  � 700        bp of 3 	 -UTR. 
Although rNKCC2A and rNKCC2F cDNA sequences 
have a high percentage of identity ( � 98%), they show 
differences in their primary nucleotide sequence 
beyond the presence/absence of exon A or F, respec-
tively. Indeed, three CG � GC changes are found in 
rNKCC2A which affect codons R 261 , R 267  and R 430  
(R � A) as known for the rNKCC2F sequence (U10096) 
( Gamba et al., 1994 ). These dinucleotide changes 
are also found in rat and mouse kidney ESTs (e.g. 
AI411202, AW012023, BF781835, CK482708, CK481236 
and CK481074). It is not known if these changes are 
polymorphic. Interestingly, a GT dinucleotide inser-
tion in position 3565 of rNKCC2A which modi-
fies a GU-rich region in the 3 	 -UTR of the NKCC2A 
transcript (5 	 -UGUAGAUGU-3 	 ), is located 32        bp 
upstream of a potential polyA signal region. This 
raises the possibility that additional polyA sites exist 
giving 3 	 -UTR heterogeneity to NKCC2 transcripts. 
The rNKCC2F has been extensively characterized by 
functional expression in oocytes ( Gamba, 2005 ). The 
functional properties of rNKCC2A have not yet been 
studied.   

    D .      Are there More NKCC2 Variants? 

 The   answer is yes. The 5 	 -UTR of mouse, human 
and rat NKCC2 transcripts may be subjected to 
additional alternative splicing events. The transcrip-
tion initiation site of the mouse NKCC2 gene was 
mapped -1330       bp from A 1 TG ( Igarashi et al., 1996 ). 
However, full-length NKCC2 cDNAs cloned from 
mouse, rat or rabbit kidneys contain  � 200 – 280        bp 
of 5 	 -UTR ( Di Fulvio et al., 2007 ;  Gamba et al., 1994 ; 
 Igarashi et al., 1995 ;  Payne and Forbush, 1994 ). This 
suggests that  � 1.1       kb of genomic DNA is absent in 
5 	 -ends of mammalian NKCC2 transcripts.  In silico  
analysis of  � 2       kb genomic sequence upstream of the 
mammalian NKCC2 gene using several algorithms 
( GeneSplicer  ( Pertea et al., 2001 ),  NetGene2  ( Brunak 
et al., 1991 ),  TwinScan  ( Korf et al., 2001 ),  GenScan  
( Burge and Karlin, 1997 ),  FirstEF  ( Davuluri et al., 
2001 ) and  NetUTR  ( Eden and Brunak, 2004 )) predicts 
the existence of a potential non-coding first exon 
(here referred to as  exon -1 , of  � 80       bp in the rat, and 
its  intron -1  of  � 1       kb) located  � 70       bp from the puta-
tive TATA box and  � 40        bp from a potential initia-
tor sequence ( Fig. 11.9A   ). Although the existence of 
this exon was previously recognized in mNKCC2 
gene ( Igarashi et al., 1996 ), its potential implications 
have not been addressed (see below). Evidence for 
this 5 	 -UTR splicing comes from  in silico   alignment 
of full-length NKCC2 transcripts cloned from rodent 
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kidney cDNA libraries and its comparison with their 
respective genomic sequences. As shown in  Fig. 
11.9A ,  in silico  results demonstrate that rat, mouse 
and rabbit NKCC2F cDNAs lack  � 1.1       kb of genomic 
sequence due to alternative splicing. A similar result 
was obtained when aligning human ESTs (DC362018, 
DA636429, DA636076, DA629993, DA629479, 
DA629375, AI792946, BX092569, BP276654 and 
BP274908). Furthermore, evidence that exon -1 (i.e. 
splicing of intron -1, from  nt  -1159 to -194 in the rat 
NKCC2 gene) is expressed  in vivo  is supported by the 
existency of a rat EST clone (CK483746 ). 

 Interestingly  , the genomic sequence encompassing 
 nt  -1270 to -194 (i.e. the sequence containing exon -1 
and intron -1) in rat NKCC2 gene contains several reg-
ulatory sequences that resemble a typical promoter. 

This region contains a potential TATA-binding pro-
tein (TBP) element at  nt  -246, and binding sites for 
transcription factors such as the ubiquitous SP-1, USF, 
YY1, AP-1, NF �-B, tissue-restricted transcription fac-
tors such as C/EBP α , HNF-1, Oct-6, HNF-3, SRY, as 
well as hormone-regulated transcription factors (e.g. 
GRE, GR, PR, ER). Most of these binding elements are 
conserved in mouse, rat and human; they are found 
in their corresponding regions of the NKCC2 genes 
(i.e.  nt  -1295 to -198 for mouse and -1389 to 186 for 
human) ( Fig. 11.9B ). The presence of conserved and 
highly identical TBP sites, together with several bind-
ing sites for regulatory factors in the genomic region 
comprising exon/intron -1 of the NKCC2 genes may 
confer promoter activity to this region or regulatory 
properties to transcribed mRNAs.  
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 FIGURE 11.9          The 5 	 -UTR splicing of NKCC2 cDNAs.  A.  5 	 -UTR of rat, mouse and rabbit NKCC2s (rNKCC2F (U10096), mNKCC2F 
(U20975) and rbNKCC2 (U07549), respectively) compared against the genomic sequence of rat or mouse NKCC2 genes. The nt positions of 
TATA box and the first codon ATG are indicated based on the rat NKCC2 gene sequence (NC_005102). Exon -1 and 1 (blue and green boxes, 
respectively) are shown, as well as the consensus alternative splicing sites.  B.  Potential binding sites for transcription factors predicted to be 
located between  nt  -1270 and -194 of the rat NKCC2 gene (equivalent positions in the mouse and human NKCC2 gene are indicated). The 
TATA box-binding protein element (TBP) is indicated in red. Information obtained at high astringency (minimum matrix conservation  � 80%, 
minimum number of sites      �      3, matrix with in bp      �      10 and pairsim to known sites      �      50) by using  AliBaba v2.1  server and TRANSFAC database 
v2.3.1.0 ( www.gene-regulation.com ).    
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    E .      Regulators of NKCC2 Function 

 The   regulation of NKCC2 protein function at the 
molecular level has been studied in detail in  Xenopus 
laevis  oocytes expression system. However, most of 
what we know about NKCC2 function comes from 
expression of rNKCC2F in  Xenopus  oocytes ( Gamba, 
2005 ), as discussed in Chapter 16 in this volume. It is 
important to note that there are many studies on regu-
lation of NKCC2 done prior to the  ‘  ‘ cloning age ’  ’ , but 
discussing them is beyond the scope of the present 
chapter. 

 Pharmacological   manipulations of phosphatases 
or kinases modulate NKCC2 activity in oocytes over 
expressing rNKCC2F. This has been the basis for pro-
posing that phosphorylation of NKCC2 modulates its 
cotransport activity. Unlike other SLC12A members, 
attempts to heterologously express NKCC2 cDNAs 
in mammalian cells have failed ( Isenring et al., 1998 ; 
 Payne and Forbush, 1994 ), until recently ( Benziane 
et al., 2007 ). Although  Xenopus  oocytes are still widely 
used as heterologous expression system, results 
obtained from this kind of cell must be interpreted 
with caution; proteins expressed in oocytes can act 
very differently when expressed in mammalian cells 
( Hendriks et al., 2004 ) as discussed in Chapter 9 in 
this volume.  

    F .       Predicted Regulators of NKCC2 Gene 
Expression 

 Little   is known about the mechanisms controlling 
NKCC2 gene expression ( Gamba, 2005 ). Regulation 
of gene expression can be effected at many levels in 
the pathway from DNA to RNA to protein: (1) tran-
scriptional, (2) post-transcriptional, e.g. splicing, 
translation, etc. and (3) post-translational, e.g. N-glycos-
ylation, phosphorylation, etc. ( Watson, 2004 ). The 
initiation of RNA transcription is the most important 
point of control. As shown in  Table 11.2 , the promoter 
of the human NKCC2 gene contains several consen-
sus binding sites for a wide variety of transcription 
factors. While all of the binding sites are  � 85% identi-
cal to canonical consensus sites for transcription fac-
tors, some of them are conserved in all mammalian 
NKCC2 gene promoters (e.g. HNF-1, CREB, SP-1, AP-
1) whereas others are not, suggesting that ortholog 
genes may not be identically regulated. 

 The   HNF-1, a transcription factor involved in the 
regulation of several genes in various tissues, was 
proposed to participate in the  ‘  ‘ tissue-specific ’  ’  expres-
sion of NKCC2 in mouse kidney ( Igarashi et al., 
1996 ). However, deletion of the putative HNF-1 

responsive element located  � 160       bp downstream 
of the TATA box in the mNKCC2 gene promoter ( nt  
 � 1520 upstream of A 1 TG) did not affect its basal 
transcriptional activity ( Igarashi et al., 1996 ). Further, 
mice with homozygous deletions of HNF-1 present a 
Lignac-de Toni-Debr é -Fanconi syndrome character-
ized by polyuria, glucosuria, phosphaturia and gen-
eralized aminoaciduria. This syndrome results from 
multiple transport  dysfunctions mainly restricted to 
the renal proximal tubules ( Pontoglio et al., 1996 ) but 
it is not related to NKCC2, which is expressed in the 
thick ascending loop of Henle ( Payne and Forbush, 
1994 ). 

 Mammalian   NKCC2 promoters share a conserved 
and highly identical 21       bp nucleotide sequence that 
may be recognized by the cAMP-responsive element 
binding protein (CREB). Two overlapping CREB 
sites are located very close to the TATA box in the 
human NKCC2 gene promoter. However, the role of 
cAMP in transcriptional regulation of NKCC2 gene 
is unknown. Interestingly, a predicted CREB binding 
site is located at -1332       bp (with respect to A 1 TG), but 
 � 80       bp downstream of the TATA box of the human 
NKCC2 gene (       Figs 11.6 and 11.9B ). Indirect evidence 
suggest that NKCC2 protein and activity increase 
after chronic administration of synthetic antidi-
uretic hormone, a known upregulator of cAMP in 
the kidney ( Hebert et al., 1981 ;  Molony et al., 1987 ). 
Interestingly, the CREB site appears to be spliced 
out in human, mouse, rat and rabbit NKCC2 5 	 -
UTRs raising the possibility that cAMP may regu-
late this splicing. Taken together these observations 
suggest that CREB may have differential post-tran-
scriptional and/or translational regulatory properties 
at the mRNA level. In line with this idea is the finding 
that only  � 3% of total NKCC2 protein is at the cell 
surface of the thick ascending loop of Henle (TALH) 
under basal conditions and that surface-accessible 
NKCC2 increases dramatically in response to brief 
incubation with dibutyryl-cAMP or forskolin/IBMX 
( Ortiz, 2006 ). 

 Database   analysis reveals that only  � 15% of all 
human promoters contain consensus binding sequences 
for the farnesoid X activated receptor (FXR,  � 
110       bp downstream TATA), the TCF11 transcription 
factor (TCFF,  � 260       bp downstream TATA) and THAP 
domain containing protein (THAP,  � 260       bp down-
stream TATA), and the mammalian NKCC2 gene pro-
moter appears to be one of them. Indeed, FXR, TCFF 
and THAP are predicted to bind human NKCC2 pro-
moter sequences at  � 110       bp and  � 260       bp downstream 
TATA box, respectively (ElDorado, Genomatix.com) 
This suggests that the NKCC2 gene may be transcrip-
tionally regulated by lipids.  
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    G .       Predicted Modulators of NKCC2 
Function: Phosphorylation 

 Regulation   of NKCC2 transport activity is associ-
ated with phosphorylation and/or dephosphoryla-
tion events as discussed in detail in Chapter 18 in this 
volume. Several consensus phosphorylation sites in 
human, rat, mouse and rabbit NKCC2A proteins are 
predicted  in silico  ( Fig. 11.10   ). However, some con-
sensus sites may not be conserved in all homologs or 
are predicted to be expressed within potential trans-
membrane or extracellular domains (see  Fig. 11.3A ). 
A few phosphoresidues (T 96 , T 101  and T 111 ) located in 
the N-terminus of rNKCC2F cotransporter have been 
implicated in the modulation of NKCC2 function 
( Ponce-Coria et al., 2008 ). 

 When   expressed in  Xenopus laevis  oocytes, rNKCC2F, 
rabbit and mouse NKCC2s typically exhibit a high 
basal level of activity that can be enhanced by oocyte 
shrinkage and pharmacological maneuvers aimed at 
increasing intracellular phosphorylation reactions 
( Gamba, 2005 ). The first evidence of a role of phos-
phorylation in the regulation of NKCC2s function 
was obtained using whole kidneys of mice treated 
with vasopressin ( Gimenez and Forbush, 2003 ) and 
an antibody (R5) predicted to recognize the phos-
phorylated threonines in hNKCC1 located within 
residues 208 – 223 (Y Y L R T F G H N T M D A V P R) 
( Flemmer et al., 2002 ). This region contains two con-
served threonine residues: T 212 /T 217 , corresponding 
to T 206 /T 211 , T 203 /T 208  and T 184 /T 186  in mouse, rat and 
shark NKCC1s, respectively, as well as to T 96 /T 101 , 
T 100 /T 105  and T 99 /T 104  in rat/mouse, human and rab-
bit NKCC2s, respectively. These T-residues in NKCC2 
are indicated with red arrowheads in  Fig. 11.10 . Since 
this hNKCC1 region is 93% identical to the corre-
sponding region of NKCC2 proteins, and residue T 189  
was found in the shark homolog NKCC1 (skNKCC1) 
to be necessary for the protein to function ( Darman 
and Forbush, 2002 ), it was reasonable to hypothesize 
that the R5 antibody cross-reacted with NKCC1s and 
NKCC2s and that similar phosphoregulatory mecha-
nisms could be implicated in the regulation of NKCC2 
function ( Gimenez and Forbush, 2005 ). 

 WNK3   (WNK, with no lysine (K) kinase ( Verissimo 
and Jordan, 2001 )) appears to be a potent activator 
of rNKCC2F-mediated transport when coexpressed 
in  Xenopus laevis  oocytes ( Rinehart et al., 2005 ). 
WNK3 has been proposed to regulate the activity of 
rNKCC2F by altering its expression at the plasma 
membrane. WNK3 increases rNKCC2F phosphoryla-
tion presumably at T 96 /T 101 , as assessed by R5 anti-
body ( Rinehart et al., 2005 ). However, in this study, 
the impact of phophorylation of T 96 /T 101  on surface 

expression was not specifically demonstrated with 
mutagenized rNKCC2F constructs. 

 It   has been shown that the metabolic sensing kinase 
AMPK (AMP-activated protein kinase) phosphorylates 
rbNKCC2A on its S 129   in vitro . Further, AMPK and the 
N-terminus of rbNKCC2A appear to be physically 
associated in rat kidney, and in the cell line MMDD1. 
The involvement of S 129  on rbNKCC2A activity was 
suggested based on the fact that rbNKCC2A S129A 
mutant shows reduced transport activity when 
expressed in  Xenopus  oocytes, regardless of basal/iso-
tonic or hypertonic conditions. Interestingly, coexpres-
sion of AMPK with rbNKCC2A in  Xenopus  oocytes 
did not have a measurable effect on transport activity 
( Fraser et al., 2007 ). These results suggest that either 
phosphorylation of S 129  and/or the residue itself are 
implicated in basal/isotonic rbNKCC2A activity. 
Interestingly, the rbNKCC2A protein sequence con-
taining S 129  (i.e. NRPS 129 LLE) conforms a consensus 
site for casein kinase I/II and PKG/PKA which are 
also present in mouse, human and rat NKCC2s ( Fig. 
11.10 ). Further, in rat TALH membrane-permeant 
cGMP analogs decreased NKCC2 surface expression 
without affecting the total pool of NKCC2 ( Ares et al., 
2008 ). It would be interesting to determine if residue 
S 129  is involved in NKCC2 trafficking.  

    H .       Predicted Modulators of NKCC2 Function: 
N-glycosylation 

 N  -linked glycosylation occurs at asparagines (N) 
within the consensus ( sequon ) NXS/T, where X is any 
amino acid except proline ( Ben-Dor et al., 2004 ;  Gavel 
and von Heijne, 1990 ;  Kornfeld and Kornfeld, 1985 ). 
Immunoblots of oocyte membranes in which human 
or rat NKCC2F were transiently expressed yielded 
two bands corresponding to non-glycosylated ( � 115 –
 125       kDa) and N-glycosylated ( � 150 – 160       kDa) proteins 
( Gamba et al., 1994 ;  Starremans et al., 2003 ). On the 
other hand,  in vitro  translation of rat NKCC2F yields 
a non-glycosylated protein of  � 110 – 120       kDa ( Gamba 
et al., 1994 ), suggesting that the higher electrophoretic 
mobility (i.e. lower MW) of NKCC2 bands in immu-
noblots may represent non-glycosylated proteins. 

 N  -glycosylation impacts rNKCC2F function when 
expressed in oocytes ( Gamba, 2005 ). Protein N-glyco-
sylation is a co- and post-translational modification 
crucial for folding, trafficking, insertion and func-
tion of many proteins ( Jones et al., 2005 ;  Kornfeld 
and Kornfeld, 1985 ). NKCC2s are glycoproteins 
( Haas and Forbush, 2000 ;  Paredes et al., 2006 ;  Payne 
and Forbush, 1994 ;  Payne et al., 1995 ), thus N-glyco-
sylation is expected to impact their functional and 
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pharmacological properties. Prevention of N-glyco-
sylation in rNKCC2F by site-directed mutagenesis 
produces a protein with reduced transport activity 
and decreased bumetanide sensitivity ( Paredes et al., 
2006 ). The impact of N-glycosylation on transport 
activity appears to be related to plasma membrane 
targeting ( Benziane et al., 2007 ;  Paredes et al., 2006 ). 

Interestingly, non-glycosylatable mutants of the rat 
 slc12a3  cotransporter (rNCC) cannot be efficiently 
targeted to the oocyte plasma membrane ( Hoover 
et al., 2003 ). The effect of N-glycosylation on the func-
tional activity and substrate affinity of other mem-
brane transporters has been studied. For instance, 
prevention of N-glycosylation resulted in decreased 
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r   PRKLCVKEMNSGMAKKQAWLMKNKIKAFYAAVAADCFRDGVRSLLQASGLGRMKPNTLVIGYKKNWRKAPLSELENYVGIIHDAFDFEIGVVIVRISQGFDISPVLQVQDELEKLEQERL 834

h   ALEATIKDNECEEESGGIRGLFKKAGKLNITKTTPKKDGSINTSQSMHVGEFNQKLVEASTQFKKKQEKGTIDVWWLFDDGGLTLLIPYILTLRKKWKDCKLRIYVGGKINRIEEEKIAM 959
rb  ALEATIKDNECEEGNGGIRGLFKKVGKLNITKPTPKKDSSINTIQSMHVGEFNQKLVEASTQFKKKQGKGTIDVWWLFDDGGLTLLIPYILTLRKKWKDCKLRIYVGGKINRIEEEKIAM 959
m   ALEAAIKDNECEEGKGGIRGLFKKAGKLNITKPAPKKDGNISSIQSMHVGEFNQKLVEASAQFKKKQGKGTIDVWWLFDDGGLTLLIPYILTLRKKWKDCKLRIYVGGKITRIEEEKISM 954
r   ALEAAIKDNDCEEGKGGIRGLFKKAGKLNITKPAPKKDSNISTIQSMHVGEFNQKLVEASAQFKKKQGKGTIDVWWLFDDGGLTLLIPYILTLRKKWKDCKLRIYVGGKINRIEEEKISM 954

h   ASLLSKFRIKFADIHIIGDINIRPNKESWKVFEEMIEPYRLHESCKDLTTAEKLKRETPWKITDAELEAVKEKSYRQVRLNELLQEHSRAANLIVLSLPVARKGSISDLLYMAWLEILTK 1079
rb  ASLLSKFRIKFADIHVIGDINIKPNKESWKFFEEMIEPYRLHESCKDLTTAEKLKRETPWKITDAELEAVKEKSYRQVRLNELLQEHSRAANLIVLSLPVARKGSISDLLYMAWLEILTK 1079
m   ASLLSKFRIKFADIHIIGDINIKPNKESWKVFEEMIEPYRLHESHKDLTTAEKLKRESPWKITDAELEAVKEKSYRQVRLNELLQEHSRAANLIVLSLPVARKGSISDLLYMAWLEILTK 1074
r   ASLLSKFRIKFADIHIIGDINIKPNKESWKVFEEMIEPYRLHESHKDLTTAEKLKRESPWKITDAELEAVKEKSYRQVRLNELLQEHSRAANLIVLSLPVARKGSISDLLYMAWLEILTK 1074

h   NLPPVLLVRGNHKNVLTFYS  1099
rb  NLPPVLLVRGNHKNVLTFYS  1099
m   NLPPVLLVRGNHKNVLTFYS  1095
r   NLPPVLLVRGNHKNVLTFYS  1095

PKC

CKI/II

PKG/PKA

X Unique residue among mammalian NKCC2As
X 

N-glycosylation site

X  Potential phosphorylated residue

PP1c binding site

Grb2-like SH2 binding motif

SH-PTP2 and PLCγ SH2 domains

SH2 binding domain

STAT3-SH2 binding domain

CDK

GSK3PIKK

Phosphorylase Kinase

MAPK SPAK binding site

Unique residue within NKCC2s of the same specie

 FIGURE 11.10          Alignment analysis of and predicted phosphorylation sites in the NKCC2A protein sequences. Predicted protein sequences 
corresponding to human (h), rabbit (rb), mouse (m) or rat (r) NKCC2As were obtained by translating the corresponding nucleotide sequences 
posted in the GenBank (EF559316 (hNKCC2A), U07547 (rbNKCC2A), U20973 (mNKCC2A) and EF577032 (rNKCC2A)). NKCC2A protein 
sequences were aligned by using  ClustalW . The amino acid sequences predicted to be encoded by exon  ‘  ‘ A ’  ’  are shown inside the yellow box. 
Unique residues found only in the mammalian NKCC2A variant are indicated in red letters, whereas boxed letters represent amino acids 
found in NKCC2A, but absent in NKCC2B or F splice variants of the same specie. The presence of consensus phosphorylation sites in the 
NKCC2A protein sequences was analyzed by using  ScanSite  (scansite.mit.edu),  KinasePhos  (kinasephos.mbc.nctu.edu.tw),  NetPhos  (cbs.dtu.
dk/services/NetPhos) and  NetPhosK  (cbs.dtu.dk/services/NetPhosK) tools. N-glycosylation sites were analyzed by using the  NetNGlyc  server 
(cbs.dtu.dk/services/NetNGlyc). Amino acids located within colored squares represent predicted phosporylation sites or binding motifs, as 
indicated. Additional predicted features were collected from the ELM database server (elm.eu.org) and  InterPro  ( www.ebi.ac.uk/interpro ), 
which are also indicated below the alignment.    
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substrate affinity of glucose transporter GLUT1 
( Asano et al., 1991 ) and an organic cation transporter 
( Ott et al., 1992 ). Although the molecular mechanisms 
underlying these effects are not understood, changes 
in N-glycosylation may result in impaired protein 
targeting to the plasma membrane and/or changes 
in substrate affinitites. N-glycosylation has also been 
shown to reduce transport velocity, but not the  Km  in 
some transporters (e.g. GLYT1 ( Olivares et al., 1995 ), 
Na  �  /H  �   exchanger ( Yusufi et al., 1988 ), Na/P i -2 
transporter ( Hayes et al., 1994 ) and serotonin trans-
porter ( Tate and Blakely, 1994 )). Hence, it is conceiv-
able that N-glycosylation of NKCC2s may affect basal 
transport activity due to altered plasma membrane 
insertion and/or modifications in ion affinities. 

 Five   potential N-glycosylation sites are present in 
NKCC2s, which are conserved among species (N 395 , 
N 442 , N 452 , N 579 , N 864  and N 875 ). Site-directed muta-
genesis of rNKCC2F suggests that N 442  and/or N 452  
are N-glycosylated ( Paredes et al., 2006 ). Although 
this is consistent with the idea that only extracellular 
sites may be N-glycosylated ( Hart, 1992 ;  Jenkins et al., 
1996 ;  Kornfeld and Kornfeld, 1985 ), mutation of one of 
these residues renders rNKCC2F totally N-deglycosyl-
ated ( Paredes et al., 2006 ). This suggests that N 442  may 
interfere with N-glycosylation of N 452  or vice versa. 
Although N-linked glycosylation occurs at the sequon 
NXS/T ( Gavel and von Heijne, 1990 ;  Kornfeld and 
Kornfeld, 1985 ), many NXS/T sequons are inefficiently 
or not glycosylated, even among different molecules 
of the same protein ( Jenkins et al., 1996 ;  Jones et al., 
2005 ). This may be related to the amino acid compo-
sition of the NXS/T neighborhood and/or structural 
constraints ( Jones et al., 2005 ). Several N-glycosyl-
ation consensus sites have been found to be poor oli-
gosacharide acceptors (e.g. NWS, NDS, NGS or NLS); 
they are rarely N-glycosylated ( Kasturi et al., 1997 ). 
Interestingly, residues N 442  and N 452  in rNKCC2s 
are encoded within the context N 442 DT and N 452 GS, 
respectively. This suggests that N 452  in rNKCC2s may 
not be N-glycosylated. In line with this argument, 
rNKCC2F N442Q, N452Q or N442/452Q mutants are 
completely N-deglycosylated proteins ( Paredes et al., 
2006 ). It is tempting to speculate that N-glycosylation 
of N 442  of NKCC2s may be influenced by N 452  and/or 
distal residues on the amino acid sequence. This idea 
is based on the following facts: (i) Ns less than 12 – 14 
residues apart are poorly glycosylated ( Gavel and von 
Heijne, 1990 ); (ii) NXT sequons are preferred over NXS 
ones ( Gavel and von Heijne, 1990 ); (iii) the presence of 
cysteine residues (e.g. C 451  and C 457  in rNKCC2) close 
to the NXS/T sequon may inhibit glycosylation ( Bause 
et al., 1982 ;  Bulleid et al., 1992 ;  Hasegawa et al., 1992 ; 
 Kane, 1993 ); (iv) some of the hNKCC2F mutants in 

Bartter’s syndrome (A267S, G319R, A508T, D526N, 
Y998X) are not N-glycosylated when expressed in 
 Xenopus  oocytes ( Starremans et al., 2003 ). Although the 
mechanisms involved in N-glycosylation of NKCC2 
are still not known, differences in N-glycosylation 
among closely related NKCC2 proteins may determine 
their functional and pharmacological diversity. 

    I .       What Happens if NKCC2 is not 
Functionally Expressed? 

 Inactivating   homozygous mutations of the human 
NKCC2 gene product are the cause of antenatal 
Bartter syndrome type 1 ( Simon et al., 1996a ). This 
syndrome is characterized by renal tubular hypo-
kalemic alkalosis, hypercalciuria, profound hydro-
electrolytic imbalance and polyuria leading to 
polyhydramnios ( Deschenes et al., 1993 ;  Proesmans 
et al., 1985 ;  Seyberth et al., 1985 ). Similarly, mice with 
targeted disruption of the promoter (3.5       kb upstream 
A 1 TG) and first 3 exons (8.5       kb downstream A 1 TG) of 
the NKCC2 gene results in a phenotype with many 
similarities to human Bartter’s syndrome ( Takahashi 
et al., 2000 ). However, homozygous deletions of exons 
A or B of the mNKCC2 gene do not result in mice 
with Bartter’s syndrome ( Oppermann et al., 2006, 
2007 ). Indeed, NKCC2B-deficient mice are viable 
and fertile with a mild impairment of renal diluting 
function which is accompanied by a slight decrease 
of osmotic urine concentration and a significant 
right shift of the tubuloglomerular feedback func-
tion curve ( Oppermann et al., 2006 ), as discussed in 
detail in Chapter 18 in this volume. The NKCC2A-
deficient mice are also viable and fertile with no 
apparent abnormalities beyond a mild impairment of 
renal function after acute intravenous saline loading 
( Oppermann et al., 2007 ). It is not known if the pheno-
types of these knockout mice are related to the partic-
ular localization of mNKCC2A and mNKCC2B within 
the nephron and/or if mNKCC2F can supply most if 
not all of the NKCC2 function. 

 The   Human Gene Mutation Database (HGMD, 
 www.hgmd.cf.ac.uk/ac/index.php ) posts all known 
mutations of the hNKCC2 gene. A total of 22 muta-
tions (15 missense, six deletions and one insertion) are 
known. Some of these mutations detected in patients 
with Bartter’s syndrome were tested by heterolo-
gous expression in  Xenopus  oocytes of  in vitro  muta-
genized hNKCC2F . These mutations were proven to 
be  inactivating of hNKCC2F protein function ( Simon 
et al., 1996a ;  Starremans et al., 2003 ;  Vargas-Poussou 
et al., 1998 ). For instance, hNKCC2F G193R, A267S, 
G319R, A508T, del526N, and Y998X resulted in low 
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expression of functionally impaired hNKCC2F pro-
teins when expressed in  X. laevis  oocytes. Some of 
these mutants were poorly N-glycosylated and/or did 
not localize to the oocyte plasma membrane ( Starremans 
et al., 2003 ). Although the impact of the above-men-
tioned mutations on the function of hNKCC2A or 
hNKCC2B isoforms is unknown, they are predicted 
to cause similar defects on these protein variants, 
although they may not play a role in the phenotypic 
outcome of Bartter’s syndrome.    

    III .      THE SLC12A2 GENE ENCODING 
FOR Na  �  -K  �  -2Cl  �   COTRANSPORTER 1 

(NKCC1) 

    A .       Genomic Organization of Mammalian 
NKCC1 Genes 

 The   SLC12A2 gene encodes for the bumetanide-
sensitive sodium-potassium-chloride cotransporter 1, 
also known as the basolateral Na-K-Cl symporter, BSC2 
or NKCC1. Several NKCC1 genes were identified as 
putative orthologs of one another during the construction 
of  HomoloGene  (acc #20283). This database is a system for 
automated detection of gene homologs (including para-
logs and orthologs) among the annotated genes of com-
pletely sequenced eukaryotic genomes ( www.ncbi.nlm.
nih.gov/sites/entrez?db      �      homologene ). 

 The   hNKCC1 gene is located on chromosome 5 
at 5q23.3 and covers  � 106       kb of genomic sequence 
( nt  position 127,447,382 to 127,553,278 ( Ensembl  
ENSG00000064651)). The nucleotide sequence of the 
hNKCC1 gene is defined by more than 250 cDNA 
clones obtained from colon, trachea, brain, stomach, 
eye, testis, lung and other tissues.  AceView , a data-
base that coalignes experimentally determined cDNA 
sequences (from  GenBank ,  dbEST  and  Trace ) with 
genomes ( Thierry-Mieg and Thierry-Mieg, 2006 ), 
annotates the hNKCC1 gene with 32 different introns 
(31 GT-AG and 1 GC-AG splicing consensus) and 
the transcriptional potential to generate 13 differ-
ent mRNAs, eight alternatively spliced variants and 
five non-spliced variants. The hNKCC1 gene has at 
least four probable alternative promoters, three non-
overlapping alternative last exons and three vali-
dated alternative polyadenylation sites ( Fig. 11.11A   ). 
Although the functional properties of the hNKCC1 
promoter were not experimentally tested, a potential 
transcription start site was proposed to be located at 
-190       bp upstream A 1 TG ( Ibla et al., 2006 ). 

 As   posted in  AceView , the mouse NKCC1 gene 
is located in chromosome 18 (NC_000084,  Ensembl  

ENSMUSG00000024597) and is defined by 422 cDNA 
clones, some obtained from mammary tissue, small 
intestinal epithelial progenitors, colon epithelial pro-
genitor cells, prostate and other tissues. This mNKCC1 
gene contains 26 different introns (25 GT-AG, 1 
GC-AG consensus slicing sites) and is predicted to 
produce four different mNKCC1 mRNAs, two alter-
natively spliced variants and two non-spliced vari-
ants, probably due to the presence of two validated 
alternative polyadenylation sites ( Fig. 11.11B ). 

 The   rat NKCC1 gene is located in chromosome 
18 (18q12.1) and has a provisional  RefSeq  status. 
By using  Gnomon  ( www.ncbi.nlm.nih.gov/genome/
guide/gnomon.shtml ), the genomic organization of 
rNKCC1 gene covers  � 75        kb and can be organized, 
annotated and modeled (model number  hmm76891 ) 
as displayed in  Fig. 11.11C . The series of cDNA clones 
that appears to be originated from the same rNKCC1 
gene is  represented by  UniGene  (UGID 11523) with a 
full-length cDNA (AF051561), three partial sequences 
(AF086758, AF071863 and AF061084) and 98 ESTs 
obtained from a wide variety of rat tissues such as 
kidney, brain, muscle, eye, ovary, placenta, heart, dor-
sal root ganglion, prostate, colon, lung, inner ear and 
others. According to  Ensembl , rNKCC1 gene has 29 
well-defined exons, three of which are  ab initio  pre-
dicted exons, and a single gene promoter located 
upstream of exon 1.  

    B .      How Many Variants of NKCC1? 

 In   spite of the potential of the hNKCC1 gene to 
transcribe many spliced mRNAs which may encode 
or not for functional NKCC1 proteins, only two dif-
ferent full-length hNKCC1 cDNAs have been cloned: 
hNKCC1 a  (U30246 ( Payne et al., 1995 ) and AY280459 
( Liedtke et al., 2005 )), and hNKCC1 b  (BC033003 
( Strausberg et al., 2002 )). The first two hNKCC1 a  
cDNA clones (i.e. U30246 and AY280459) encode for 
identical proteins of 1212 amino acids ( � 131       kDa), 
but differ from each other at their 5 	 -UTRs; AY280459 
and U30246 are 190       bp and 164       bp long, respectively. 
The 3 	 -UTR of both hNKCC1 a  cDNA clones contains 
 � 3       kb of sequence followed by the polyA tail. The 
standard AATAAA polyadenylation signal is not pres-
ent, but the variant ATTAAA is located  � 26       bp before 
the polyA tail. The functional properties of hNKCC1 a  
proteins have been partially established ( Payne et al., 
1995 ). 

 hNKCC1   a  differs from hNKCC1 b  in that the  “  a  ”  
variant does not express the first 67        bp of exon 26, 
resulting in the exclusion of an alternative stop codon 
( Fig. 11.12   ). Thus, hNKCC1 b  is a slightly shorter 
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hNKCC1 variant with the unique C-terminal sequence 
FYEPC. Further, hNKCC1 b  lacks the first 2.2       kb of exon 
27, only expressed in hNKCC1 a , resulting in a unique 
3 	 -UTR sequence with an alternative polyadenylation 
site ( Fig. 11.12 ). The hNKCC1 b  mRNA is a  � 4.2       kb 
long mRNA with a probable incomplete 5 	 -UTR and 
thus predicted to be target for nonsense mediated 
mRNA decay. This hNKCC1 b  mRNA is predicted to 
encode for a protein of 1204 amino acids ( � 130       kDa). 
The 3 	 -UTR of this transcript contains  � 0.65       kb of 
nucleotide sequence followed by the polyA tail. As for 
hNKCC1 a , no standard polyadenylation signal exists 
in the 3 	 -UTR region of the hNKCC1 b , but the vari-
ant TATAAA is expressed at  � 22       bp before the polyA 
tail. The functional properties of hNKCC1 b  variant are 
unknown. 

 Several   human cDNA clones in the form of 
hESTs, some from trachea (DB234759, DB241343 and 
DB217363), brain (AI124709), breast (BE084576), colon 
(AW859514), eye (AF439152), pterygium (DR421672) 
and other tissues (DB050295), suggest that exon 21 in 
hNKCC1 gene may also be spliced out in some cDNAs 
encoding for hNKCC1. On the other hand, inclusion 

of the 3 	 -end of exon 19 expressing an alternative stop 
codon supports the existence of an hNKCC1 variant 
lacking most of its C-terminus. This is supported by 
one cDNA clone from prostate (BP327886), which may 
be incomplete at its 5 	  end. 

 So   far, only one full-length mouse NKCC1 has 
been cloned and characterized (U13174 ( Delpire et al., 
1994 )). This mNKCC1 is 87% identical to hNKCC1 a  
( Fig. 11.12 ). Partial molecular characterization of an 
incomplete mNKCC1 cDNA variant (named here 
mNKCC1- s ) suggests alternative exclusion of exon 
21 of the mNKCC1 gene. This exon 21 would encode 
for 16 amino acids located in the C-terminal tail of the 
cotransporter protein ( Randall et al., 1997 ). The expres-
sion of mNKCC1- s  is also supported by mESTs encod-
ing for mNKCC1 sequences where exon 21 is spliced 
out (e.g. CJ315514, DV071389, CN715009, AW412359 
and BQ715209). The full-length cDNA encoding for 
mNKCC1- s  has not been cloned and/or posted in the 
 GenBank  and the physiological significance of this par-
ticular mNKCC1 variant is unknown. 

  In   silico  analysis of the rat NKCC1 gene predicts 
the generation of several alternative spliced variants. 

* *

mNKCC1

B 1 2 3 4 5 6 7 8 9 101112131415161718 19 20212223 242526 27

rNKCC1

1 2 3 4 5 6 7 8 9 101112131415161718 19 20 21 22 23 242526 27C

* *

1 2 3 4 5 6 7 8 9 10 1112 13 1415 16 17 18 19 20 21 2223 2425 26 27

* * *

*

hNKCC1

A

*

 FIGURE 11.11          Promoters, exons, splicings and alternative ends of NKCC1 genes. Representation of human ( A ), mouse ( B ) and rat ( B ) 
NKCC1 genes (NC_000005, NC_005117 and NC_000084, respectively). Broken black lines represent introns with standard boundaries (GT-
AG or GC-AG) that are exactly and experimentally supported (i.e. a cDNA sequence that exactly matches the genome over 16        bp, eight on 
both sides of the intron). Protein coding exons are represented by colored boxes whereas gray boxes represent the 5 	 -UTR (on the left) and 
3  	  -UTR (on the right). Asterisks identify validated 3 	  ends represented by polyadenylation sites in the form of AATAAA or similar and sup-
ported by cDNA accessions in the  GenBank . Black circles represent potential promoters. Data obtained from  AceView  ( www.ncbi.nlm.nih.
gov/IEB/Research/Acembly ).    
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These spliced variants could result from the election 
of potential alternative stop codons or exons, as it 
may occur in human or mouse NKCC1 gene products. 
The existence of more than one rNKCC1 variant is 
supported, but not demonstrated, by the fact that sev-
eral rNKCC1 mRNAs were detected by Northern blot 
analysis ( Moore-Hoon and Turner, 1998 ). However, 
only one full-length rNKCC1 cDNA (AF051561) was 
cloned and partially characterized ( Moore-Hoon 
and Turner, 1998 ). This rNKCC1 cDNA is 83% and 
88% identical to human and mouse NKCC1 a  vari-
ants, respectively. Two incomplete rNKCC1 cDNAs 
(AF086758 ( Fu et al., 1999 ) and AF086758 ( Anzai et al., 
1999 )) were also cloned and posted in the  GenBank . 
The expression of an rNKCC1- s  variant (i.e. similar to 
mNKCC1- s  lacking exon 21) in rat tissues is supported 
by the existence of rESTs encoding rNKCC1 sequences 
where exon 21 is not present. Some of these rESTs 
were obtained from dorsal root ganglion (BG666200, 
BG663902, CB717052 and BG672434) and others from 
brain (CO397329), colon (CB750614 and CB768404), 
prostate (BM385644) and lung (CF112886). The full-
length rNKCC1- s  variant has not yet been cloned, and 
its function is unknown. 

 Interestingly  , the 5 	 -end of exon 26 (known to be 
included in the hNKCC1 b  variant) of rat, mouse and 
human NKCC1 genes have a high percentage of iden-
tity ( � 95%). However, there is no EST-based evidence 
supporting the expression of an analogous NKCC1 b  
variant in rat or mice. Furthermore, in spite of the fact 
that exon 19 in human, mouse and rat NKCC1 genes 
is highly identical ( � 95%), there is no evidence in rats 
or mice for their 3 	 -end inclusion which encodes for 
an alternative stop codon and 3 	 -UTR in hNKCC1s. 
Hence, even though NKCC1 genes are highly similar 
among species, human, mice and rat NKCC1 genes 
may produce different variants.  

    C .      Expression of NKCC1 Genes 

 The   detection of several NKCC1 transcripts in 
mouse, rabbit and human tissues ( Delpire et al., 1994 ; 
 Payne et al., 1995 ) has been interpreted as proof of 
ubiquity of expression of NKCC1 gene products 
( Kaplan et al., 1996 ). Moreover, NKCC1 was intro-
duced as the  “ housekeeping ’  ’  isoform of the Na  �  -K  �  -
2Cl  �   cotransporters ( Payne et al., 1995 ) in spite of the 
fact that NKCC1 mRNAs were detected neither in 
liver nor in spleen ( Delpire et al., 1994 ;  Payne et al., 
1995 ). However, tissue expression profiling of the 
hNKCC1 gene ( GeoProfile  record: GDS596 SLC12A2) 
supports the notion that hNKCC1 is indeed ubiq-
uitously expressed. NKCC1 gene expression is 
extremely low in some tissues and varies between 
species ( Fig. 11.13   ). 

 By   definition, a  housekeeping gene  is a gene that is 
always constitutively expressed in any tissue, and that 
is involved in routine cellular metabolism. However, 
based on ubiquity, stability and relatively high levels 
of expression, no single gene may qualify as  housekeep-
ing  since the expression levels of those genes may fluc-
tuate ( de Jonge et al., 2007 ). A list of suggested human 
housekeeping genes has been published ( Eisenberg 
and Levanon, 2003 ). Interestingly, this list does not 
include NKCC1.  

    D .       Is NKCC1 Gene Expression 
Transcriptionally Regulated? 

 This   is a question that remains unanswered. 
Mammalian housekeeping genes show significantly 
lower promoter sequence conservation with respect 
to putative transcription start-sites of tissue-specific 
genes, e.g. NKCC1 vs. NKCC2 ( Farre et al., 2007 ). 

31 2 19//7 8 9 18 // 2624 27254

31 2 19//7 8 9 18 // 2624 27254

hNKCC1a

hNKCC1a

hNKCC1b

AY280459

U30246

BC03300331 2 19//7 8 9 18 // 2624 254 27

mNKCC1a U1317431 2 19//7 8 9 18 // 2321 27224 //

rNKCC1a AF05156131 2 19//7 8 9 18 // 2321 27224 //

 FIGURE 11.12          Human, mouse and rat 
full-length NKCC1 variant cDNAs. Protein 
coding exons are represented by filled and 
numbered green boxes whereas gray boxes 
represent the 5 	 -UTR (on the left) and 3 	 -UTR 
(on the right). The  GenBank  accession num-
bers for each cDNA are shown.    
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Interestingly,  in silico  analysis of human, rat and 
mouse NKCC1 distal sequences ( � 3       kb upstream the 
putative A 1 TG) shows poor percentage of identity 
among them ( � 35%). However, the weak TATA box 
(TTTAAA) located at  nt  -208       bp from A 1 TG in mouse 
NKCC1 gene promoter ( Randall et al., 1997 ) is con-
served in rat and human NKCC1 promoter sequences. 

 The   NKCC1 promoter may be subject to transcrip-
tional regulation. Using  ProScan  ( www-bimas.cit.nih.
gov/molbio/proscan ) and  AliBaba v2.3  ( www.gene-reg-
ulation.com ) several conserved elements for SP-1 and 
AP2 binding factors are predicted in NKCC1 gene pro-
moters suggesting that NKCC1 genes may be subjected 
to basal (constitutive) transcriptional regulation ( Suske, 
1999 ;  Wierstra, 2008 ). The presence of GC-rich sequences 
in NKCC1 gene promoters predicts binding of nega-
tive modulators of basal transcription (e.g. GCF) ( Faisst 
and Meyer, 1992 ). Further, EGF is a positive modula-
tor of hNKCC1 gene transcription above basal levels. 
Increased expression by EGF is actinomycin D-depen-
dent, supporting EGF-mediated transcriptional con-
trol of human NKCC1 mRNA expression ( O’Mahony 
et al., 2008 ). Interestingly, hNKCC1 gene expres-
sion appears to be down-regulated in differentiated
human colon adenocarcinoma cell line HT29. The 

mechanisms of this down-regulation are unknown 
( Matthews et al., 1998 ). 

 Decrease   in hNKCC1 mRNA expression has been 
proposed to occur via functional binding of the 
hypoxia-inducible factor 1 (HIF-1) to responsive ele-
ments located at  nt  -38 (relative to A 1 TG). The nature 
of HIF-mediated decrease of hNKCC1 mRNA was not 
studied ( Ibla et al., 2006 ). However, the specific loca-
tion of the HIF-1 responsive element (i.e. the 5 	 -UTR 
of hNKCC1 mRNAs) suggests that HIF-1 may be 
involved in the regulation of hNKCC1 mRNA expres-
sion at the post-transcriptional or translational level. 

 NKCC1   gene expression has been proposed to be 
developmentally regulated in the CNS ( Clayton et al., 
1998 ) as discussed in Chapters 19 and 24 in this vol-
ume. However, the mechanisms involved in NKCC1 
gene expression during CNS development remain to 
be determined.  

    E .       Post-transcriptional Regulation of NKCC1 
Transcripts 

  In   silico  analysis of the 5 	 -UTR sequences of 
hNKCC1 mRNAs using  RegRNA  (regrna.mbc.nctu.
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 FIGURE 11.13          Expression profile of mouse and human NKCC1 transcripts. Expression results were obtained from  GEO Profiles  (Gene 
Expression Omnibus) records GDS596 and GDS868 from human or mouse databases, respectively. Expression levels of mNKCC1 transcripts 
(black bars) were assessed by using the mNKCC1 sequence GAT CCG AGT ATT CAT TGG TG corresponding to exon 23 whereas hNKCC1 
expression levels (gray bars) were determined by using the  Affymetrix  probe  204404_at  specifically designed for hNKCC1 (transcript NM_
001046, UniGene Hs.162585). Results are expressed as percentage relative to the NKCC1 mRNA levels in the corresponding tissue with the 
highest level of expression (dorsal root ganglion in mouse or prostate in human).    
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edu.tw/html/prediction.html) reveals interesting fea-
tures regarding possible post-transcriptional regula-
tory mechanisms. The 190       bp long 5 	 -UTR of hNKCC1 
mRNAs expresses two terminal oligopyrimidine 
tracts (TOPs) and a  γ IFN-activated inhibitor of mRNA 
translation (GAIT element). TOPs are known ele-
ments present in class II mRNAs that are regulated in 
a growth-dependent manner and that are involved in 
translational control according to the growth stage of 
the cell ( Davuluri et al., 2000 ), whereas GAIT elements 
are involved in translational silencing ( Sampath et al., 
2003 ). The presence of these elements suggests that 
NKCC1 transcripts may be regulated at the transla-
tional level. 

 Interestingly  , hNKCC1 activity is regulated via  
re-expression of the hNKCC1 transporter in response 
to some agonists in a cyclohexymide-dependent 
manner ( Reynolds et al., 2007 ). This suggests a trans-
lational regulation of the transporter’s transcript. 
Further, NKCC1 gene expression was reported to be 
involved in the control of normal cell proliferation and 
cell cycle (         Panet et al., 2006, 2002, 2000 ) as discussed in 
detail in Chapter 27 in this volume.  

    F .       Post-translational Control of NKCC1: 
Phosphorylation 

 Most   of our knowledge regarding phosphorylation-
mediated functional regulation of NKCC cotransport-
ers comes from experiments performed in  Xenopus 
laevis  oocytes using skNKCC1, the NKCC1 isoform 
of shark ( Gamba, 2005 ). It is accepted that phos-
phorylation of the N- and/or C-terminal domains of 
the NKCC1 protein modulates its transport activity 
( Flemmer et al., 2002 ;  Gamba, 2005 ;  Haas and Forbush, 
2000 ;  Matthews et al., 1998 ), as discussed in detail in 
Chapter 18 in this volume. To date, phosphorylation of 
duck, shark and human NKCC1s have been demon-
strated to occur only on serine and threonine residues 
( Lytle, 1997 ;  Lytle and Forbush, 1992 ). Although  in silico  
analysis of predicted amino acid sequences of mam-
malian NKCC1 reveals consensus phosphorylation 
sites for tyrosine kinases, so far there is no evidence for 
NKCC1 phosphorylation on tirosine residues. 

 NKCC1   is phosphorylated in response to a number 
of stimuli including changes in cell volume, intracel-
lular Cl  �   concentration and pharmacological treat-
ments, as discussed in detail in Chapter 18. At least 
three residues in the skNKCC1 protein (T 184 , T 189  and 
T 202 ) have been biochemically identified as phospho-
acceptors ( Darman and Forbush, 2002 ). It is worth 
noting that T 184 /T 189 /T 202  of skNKCC1 corresponds to 

T 212 /T 217 /T 230  in hNKCC1; T 206 /T 211 /T 224  in mNKCC1 
and T 203 /T 208 /T 221  in rNKCC1. Interestingly, although 
the three threonine residues are conserved in the N-
terminus of NKCC1 among species, the N-terminal 
region of skNKCC1 is only  � 27% identical to that of 
NKCC1 from other species. 

 The   N-terminal region of skNKCC1 contains a 
motif (RVXFXD) predicted to bind PP-1, protein phos-
phatase-1 ( Darman et al., 2001 ). PP-1 was proposed as 
a modulator of skNKCC1 based on the pharmacologi-
cal effects of calyculin A and okadaic acid ( Lytle and 
Forbush, 1996 ). In line with this concept disruption or 
elimination of the PP-1/skNKCC1 interaction by site-
directed mutagenesis resulted in skNKCC1 mutants 
with higher activity than wild type   ( Darman et al., 
2001 ). Interestingly, the binding site for SPAK/OSR1 
partially overlaps with the binding site for PP-1 on 
mNKCC1 ( Piechotta et al., 2002 ). However, the func-
tional significance of this overlap is unknown. For fur-
ther discussion on phosphoregulation of NKCC1 see 
Chapters 16 and 18 in this volume.  

    G .       Post-translational Control of NKCC1: 
N-glycosylation 

  In   silico  analysis of the mNKCC1 amino acid 
sequence reveals at least five potential N-glycosyl-
ation sites: N 164 , N 500 , N 547 , N 556  and N 684 . These five 
N-glycosylation sites are conserved among species 
with the possible exception of skNKCC1, which has 
only four sites (it lacks the equivalent of N 556 ). Of 
the five conserved N-glycosylation sites two (N 547  
and N 556 ) are located in the large extracellular loop. 
Clearly, some of the N-glycosylation sites may fall 
within predicted intracellular or TM domains, and 
thus they may not be glycosylated  in vivo  ( Hart, 1992 ; 
 Jenkins et al., 1996 ;  Kornfeld and Kornfeld, 1985 ). The 
impact of N-glycosylation on NKCC1 function has 
not been studied. 

 Evidence   that NKCC1s are N-glycosylated  in vivo  
comes from Western blot analyses in several species 
including frog, rat, cat and human brain and dorsal 
root ganglia ( Alvarez-Leefmans et al., 2001 ;  Marty 
et al., 2002 ;  Mu ñ oz et al., 2007 ), human cell lines 
( Payne et al., 1995 ), shark rectal gland ( Lytle et al., 
1992 ),  rabbit parotid gland and kidney, and duck red 
cells ( Lytle et al., 1995 ). These analyses show proteins 
with molecular weight higher than predicted for the 
core protein which decrease to the core molecular 
weight upon enzymatic deglycosylation. The func-
tional role of N-glycosylation on NKCC1 expression 
and/or function is unknown.  



195

    H .      What happens if NKCC1 is not 
Expressed? 

 So   far, there are no reports of a disease related 
to NKCC1 gene abnormalities in humans. A criti-
cal role of NKCC1 in human deafness has been pro-
posed ( Delpire et al., 1999 ) as NKCC1 is essential for 
the production of endolymph in the inner-ear ( Dixon 
et al., 1999 ). Several mice lacking NKCC1 gene expres-
sion were created by targeting different parts of the 
NKCC1 gene ( Delpire et al., 1999 ;  Dixon et al., 1999 ; 
 Flagella et al., 1999 ;        Pace et al., 2000, 2001 ). In all of 
these NKCC1 knockout mice, the most common phe-
notype is loss of hearing and inner ear dysfunction 
( Delpire and Mount, 2002 ). The impact of NKCC1 
ablation in mice models is discussed in detail in 
Chapters 10, 16 and 21 in this volume.   

    IV .      THE SLC12A3 GENE ENCODING FOR 
Na  �  -Cl  �   COTRANSPORTER (NCC) 

    A .       Genomic Organization of Mammalian 
NCC Genes 

 The   human SLC12A3 (hNCC) gene maps on chro-
mosome 16 (NC_000016) at 16q13 ( Mastroianni 
et al., 1996 ;  Simon et al., 1996b ) and spans  � 50       kb 
from  nt  position 55,456,621 to 55,506,104 ( Ensembl  
ENSG00000070915). This gene codifies for the thiazide-
sensitive NaCl cotransporter (TSC), also known as 
NaCl cotransporter (NCC). The hNCC gene is defined 
by 54  GenBank  cDNA sequences. Half of these cDNA 
sequences are derived from human kidney, whereas 
the other half is derived from other tissues and cell 
lines (e.g. cervix, placenta, liver, colon, stomach and 
cervical carcinoma cells). According to  AceView , the 
hNCC gene contains at least 29 different introns with 
standard splicing sites (GT-AG). This gene is predicted 
to produce several different mRNAs, some alterna-
tively spliced variants and other non-spliced forms. 
The hNCC gene contains two non-overlapping alter-
native last exons (exons 26 and 27), an overlapping 
exon with different boundaries (exon 24) and a unique 
exon (exon 20) with no similar  counterpart either in 
rat or in the mouse NCC genes. The hNCC gene does 
not express an obvious consensus polyadenylation site 
on the 3 	  side of exons 25 – 27 (see  Fig. 11.14A ). 

 The   promoter region of the hNCC gene ( � 2        kb 
upstream A 1 TG) has been cloned and partially char-
acterized ( MacKenzie et al., 2001 ). Transcription of 
the hNCC gene starts somewhere between  nt  -18 and 
-6 (with respect to A 1 TG) and the hNCC promoter 

appears to be constitutively active in the Madin-Darby 
canine kidney (MDCK) cell line, but not in Chinese 
hamster ovary (CHO) cells. Two typical promoter ele-
ments are present in the hNCC gene (e.g. TATA and 
CCAAT boxes). The canonical TATA box located at 
 nt  -61 is responsible for most, but not all, the tran-
scriptional activity of the hNCC gene ( MacKenzie 
et al., 2001 ). Two inverted binding elements for SP-
1 transcription factors are also present at  nt  -90 and 
-30. Several other elements are present in the hNCC 
gene promoter, some of them with the potential to 
bind transcription factors involved in tissue-specific 
expression or to be regulated by hormones or signal-
ing pathways. Interestingly, a strong transcriptional 
repressing activity was mapped at position  nt  -1880 to 
-1000 in the hNCC gene promoter ( MacKenzie et al., 
2001 ).  In silico  analysis of the promoter region (2       kb 
downstream A 1 TG) of human, mouse and rat NCC 
genes demonstrate a high degree of identity between 
them ( � 80% identical). 

 The   mouse NCC gene covers 37        kb of genomic 
DNA on chromosome 8 ( Pathak et al., 1996 ) ( Ensembl  
ENSMUSG00000031766). According to  AceView , the 
sequence of this gene is defined by more than 80 
cDNA clones posted in  GenBank/dbEST , most of them 
obtained from mouse kidney and some from inner 
ear, spleen and many other mouse tissues. The mNCC 
gene contains 25 well-defined GT-AG introns and 
contains at least three non-overlapping alternative last 
exons (exons 17, 19 and 25). Three possible alterna-
tive polyadenylation sites are located in exons 17, 19 
and 25 (see  Fig. 11.14B ). The mNCC mRNAs appear 
to differ by truncation of the 3 	  end, by overlapping 
exons with different boundaries, and by alternative 
splicing or retention of one intron. The mNCC gene 
is predicted to produce several different mRNAs (i.e. 
six alternatively spliced variants and one non-spliced 
form). Although the promoter region of the mNCC 
gene has not been cloned and characterized, a clas-
sical TATA-box element is located at  nt  -61       bp and 
 transcription of this gene is predicted to start from at 
least  nt  -30. 

 The   rat NCC gene (NC_005118) is located in 
chromosome 19 at 19p14-12 ( Taniyama et al., 2001 ) 
and covers  � 38       kb of genomic DNA sequence, 
from  nt  position 11,071,790 to 11,109,622 ( Ensembl  
ENSRNOG00000018607). The rNCC and mNCC 
genes are  � 70% identical. They contain 26 exons 
with the conventional GT-AG consensus splice sites 
and each rat or mouse NCC exon is  � 90% identi-
cal. Transcription of the rNCC gene is known to start 
from  nt  -18 ( Taniyama et al., 2001 ) and is predicted to 
produce several variants according to the election of 
alternative exons. 
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 The   rNCC promoter region ( � 2       kb of distal genomic 
sequence,  GenBank  accession number AB024534), 
was cloned and partially characterized. The rNCC 
promoter is active in the human embryonic kidney-
derived (HEK293) cell line, but not in the human 
hepatocellular carcinoma (HepG2) or the rat embry-
onic thoracic aorta vascular smooth muscle (A10) cell 
lines, respectively ( Taniyama et al., 2001 ). This pattern 
of expression supports the notion that NCC is active 
in kidney cells.  

    B .      How many Variants of NCC? 

 The   potential of the hNCC gene to generate sev-
eral variants is supported by at least four full-length 
human cDNAs cloned so far, more than 70 hESTs and 
incomplete cDNA clones (e.g. truncated, with no 5 	 - or 
3 	 -UTRs). Three different full-length hNCC transcripts 
coming from the same gene are anotated in  RefSeq : 
NM_000339, NM_001126107 and NM_001126108. Here 
we denote each of these clones as hNCCa, hNCCb 
and hNCCc, respectively. The hNCCa ( RefSeq  NM_
000339) is supported by two full-length hNCC cDNAs 
(i.e. U44128 ( Simon et al., 1996b ) and BC111850). The 

predicted full-length mRNA for hNCCa can be recon-
structed from 33 cDNA clones obtained from differ-
ent human tissues. These hNCCa mRNAs correspond 
to the first 26 exons of the hNCC gene and are pre-
dicted to encode for a protein of 1030 amino acids 
( � 114        kDa) (       Figs 11.14A and 11.15A     ).  In silico  compar-
ison of the hNCCa cDNAs with genomic sequences 
demonstrate that hNCC gene transcription starts at 
 nt  -6 ( MacKenzie et al., 2001 ) and ends at exon 26. 
There is neither a standard (AATAAA) nor a variant 
polyadenylation signal in the last exons of the hNCC 
gene. Exon 27 is not included in hNCCa transcripts. 
This exon encodes for most of the 3 	 -UTRs in some 
hNCC transcripts. The hNCCa clone U44128 contains 
two changes when compared to BC111850 hNCCa 
cDNA and the human gene (i.e. A264G and D766E). 
Whether or not this represents genetic polymorphisms 
is unknown. 

 The    RefSeq  sequence NM_001126107 corresponds 
to hNCCb variant that lacks codon 95 (AGC, Q 95 ). 
The hNCCb transcripts appear to use an alternate 
in-frame splice site in the 5 	  coding region of exon 2, 
resulting in a protein that is one residue (Q 95 ) shorter 
than variant hNCCa. The hNCCb variant is also 
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 FIGURE 11.14          Promoters, exons, splicings and alternative ends of SLC12A3 genes. Representation of the human  A. , mouse  B.  and rat  C.  
NCC genes (NC_000016, NC_000074 and NC_005118, respectively). Broken black lines show introns with standard boundaries (GT-AG) that 
are exactly supported (i.e. a cDNA sequence exactly matches the genome over 16       bp, eight on both sides of the intron). Protein coding exons 
are represented by filled colored boxes, whereas gray boxes represent the 5 	 -UTR (on the left) and 3 	 -UTR (on the right). Asterisks identify 
validated or potential 3 	  ends represented by polyadenylation sites and supported by cDNA accessions in the GenBank. Black circles represent 
potential promoters. Data obtained from  AceView  ( www.ncbi.nlm.nih.gov/IEB/Research/Assembly ).    
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characterized by alternative inclusion of 20       bp of intronic 
sequence connecting exons 26 and 27 ( Fig. 11.15B ). 
The hNCCb transcript NM_001126107 is supported 
by the hNCCb cDNA clone AK315298. This mRNA 
starts at  nt  -28 and ends at the stop codon in exon 26. 
The cDNA predicts the encoding of a protein having 
1029 residues ( � 114        kDa).  In silico  analysis of hNCCa 
and hNCCb cDNAs demonstrate additional distinc-
tive features. For instance, those found in codons 539 
(TCC     �     CCC (S539P)), 778 (GAG     �     TAG (E778Y)) and 
1017 (ATC     �     ATT (I 1017 )). It is not clear if these changes 
in hNCC cDNAs are polymorphic. A complete list of 
single nucleotide polymorphisms (SPNs) of the hNCC 
gene is available at  www.ncbi.nlm.nih.gov/SNP . 

 The    RefSeq  NM_001126108 predicts the encod-
ing of the third hNCC variant: hNCCc. This hNCC 
variant uses an alternate in-frame splice site in the 
3 	  coding region of exon 20 resulting in a transcript 
that lacks 27       bp in this exon (       Figs 11.14A and 11.15C ). 
Consequently, NM_001126108 encodes for an hNCCc 
protein which is nine amino acids shorter than hNCCa 
(1021 residues,  � 113       kDa). The existence of this vari-
ant is supported by the full-length hNCCc cDNA 
X91220 clone ( Mastroianni et al., 1996 ). The transcript 

for hNCCc starts at  nt  -25 and includes genomic 
sequences of exons 1 – 26, intron 26 and exon 27. This 
hNCCc cDNA contains several potential polymorphic 
changes in codons 445 (CAG     �     CGG (Q445R)), 459 
(GCT     �     GTG (A459V)), 460 (GGC     �     GTC (G460V)) and 
641 (TAC     �     TAT (Y 641 )). Its 3 	 -UTR is  � 1.1       kb long and 
does not encode for a standard or a variant polyade-
nylation signal. 

 A   fourth hNCC variant (AK223133), denoted here as 
hNCCd, was cloned from human kidney ( Maruyama 
and Sugano, 1994 ). This transcript excludes hNCC 
genomic sequences encompassing the last 92       bp of 
exon 13 to exon 26 ( Fig. 11.15D ) and would encode 
for a protein of 534 amino acids ( � 57       kDa). Its func-
tion, if any, is unknown. Other transcript variants of 
the hNCC gene may exist. For instance, the hNCC 
EST clone BG428750 obtained from human kidney 
includes sequences corresponding to intron 24, exon 
24 – 25 and part of intron 25. 

 The   mouse NCC gene expresses at least four dif-
ferent transcripts as demonstrated by five full-length 
cDNA clones: U61085 ( Kunchaparty et al., 1999 ), 
AK052691, AK085496, AK052755 ( Katayama et al., 
2005 ) and BC038612 ( Strausberg et al., 2002 ).  In silico  

B
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...CTG CAC TCC TTC CTC AAG gtaagtgctgtc...  ...tgtggtctctgggctgccag CAG GAA GGC AGA CAC CTG...

...Leu His Ser Phe Leu Lys Gln Glu Gly Arg His Leu...

..Leu His Ser Phe Leu L      ys Glu Gly Arg His Leu...

31 2 19//7 8 9 18 // 2 624 254hNCCa U44128
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hNCCb AK31529831 2 19//7 8 9 18 // 2624 254
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 FIGURE 11.15          The hNCC variants. Representation of the four different human NCC variants encoding for hNCCa, hNCCb, hNCCc and 
hNCCd. ( A ) hNCCa (U44128), ( B ) hNCCb (AK315298 and NM_001126107), ( C ) hNCCc (X911220) and ( D ) hNCCd (AK223133). Protein coding 
exons are numbered and represented by colored boxes. The relevant amino acid sequences are shown.    
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alignment of these full-length cDNAs reveals dif-
ferent lengths in their 5-UTRs ( Fig. 11.16A   ), sup-
porting the notion that mNCC gene transcription 
may start after  nt  -33. The mNCC clone U61085 
and the hNCCb clone AK315298 (see  Fig. 11.15B ) 
are 85% identical, they do not encode for Q95 
(Q93 in mouse) and do not contain the 3 	 -UTR 
encoded by the last exon of mNCC gene (exon 25, 
 Fig. 11.14B ). Hence, U61085 cDNAs would encode for 
mNCCb. Interestingly, mouse NCCs are distinguished 

from hNCCs by the absence of a sequence encoded 
by exon 20, which is only present in the human NCC 
gene. 

 Mouse   NCC clones AK052691 and BC038612 are 
almost identical in nucleotide sequence and dif-
fer only in two bps at the 3 	 -UTR. Both transcripts 
AK052691 and BC038612 can be reconstructed from 
19 cDNA clones obtained from mouse kidney. These 
mNCC mRNAs start at  nt  -33, continue with a nucle-
otide sequence corresponding to the first 25 exons of 
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 FIGURE 11.16          The mouse and rat NCC transcripts.  A.  Representation of the 5 	 -UTRs of mouse NCC transcripts suggesting variable initia-
tion of transcription.  B.  Four full-length mouse cDNAs encoding for different mNCCs: mNCCa, mNCCb, mNCC-S1 and mNCC-S2. Protein 
coding exons are represented by filled colored boxes, whereas gray boxes represent the 5 	 -UTR (on the left) and 3 	 -UTR (on the right). The 
symbol ^ shown between exons 1 and 2 of mNCCb (U61085) indicates the site of single-codon splicing, as shown in  Fig. 11.15A , whereas aster-
isks (*) under exon 12/13 of mNCC-S2 (AK085496) show single nucleotide insertions with respect to all other mNCC cDNAs.  C.  Shown is the 
only rNCCa full-length cDNA clone (U10097) in alignment with rEST clones.    
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the mNCC gene and end with  � 261       bp of 3 	 -UTR. The 
last exon of these cDNAs encodes for a potential poly-
adenylation site (AAAAAA) ( Fig. 11.14B ). Moreover, 
 in silico  comparison between AK052691/BC038612 
and U44128 (hNCCa) reveals  � 85% identity among 
them, suggesting that these transcripts encode for the 
mNCCa variant and a protein of 1002 amino acids 
( � 111       kDa). 

 The   mNCC cDNA clone AK052755 may be the 
result of the election of an alternative stop codon and/
or polyadenylation site located in exon 17 (see  Fig. 
11.16B ). This mRNA starts at  nt  -29, contains 17 exons 
and ends with a 3 	 -UTR of  � 700        bp. There are no evi-
dent signs for a standard or variant polyadenylation 
signal in the last exon (i.e. exon 17). Although mNCC 
AK052755 is  � 85% identical in nucleotide sequence 
to AK223133 (hNCCd), these two cDNAs come from 
splicing occurring at different exons. Therefore, the 
mNCC cDNA AK052755 does not correspond to 
hNCCd, in spite of its high degree of identity ( � 85%). 
The mNCC isoform encoded by AK052755 may rep-
resent a unique variant of mNCC expressed only in 
rodents. The AK052755 transcript predicts the encoding 
of a protein of 726 amino acids ( � 80       kDa) of unknown 
function. Because of its relatively short length it is here 
denoted as mNCC- S1  ( Fig. 11.16B ), to distinguish it 
from another short length mNCC variant (see below). 

 The   clone AK085496 is another full-length mNCC 
cDNA that, in this case, results from the election of a 
stop codon located immediately after the last codon of 
exon 24 in the mNCC gene. This mRNA can be recon-
structed from two additional cDNA clones (AI132066 
and CB599768) obtained from mouse kidney. This 
mRNA starts at  nt  -34, includes genomic sequences 
corresponding to exons 1 – 24 and ends with  � 1.4       kb 
of 3 	 -UTR. When compared to the genomic sequence 
of the mNCC gene and all full-length mNCC cDNAs, 
the AK085496 clone has three single nucleotide inser-
tions, T 1479 , C 1618  and G 2685  (numbered with respect to 
A 1 TG), in exons 12, 13 and 23, respectively. It remains 
to be determined if these changes are polymorphisms, 
mutations, or simple sequencing errors. The AK085496 
clone has neither a standard nor a variant polyadenyl-
ation signal in its last exon and intron 24. The mNCC 
cDNA AK085496 predicts the encoding of a shorter 
protein (i.e. 956 amino acids,  � 106       kDa) because of the 
lack of exon 25, which encodes for the last 46 amino 
acids in the full-length mNCCa and mNCCb. This 
short mNCC cDNA, here denoted as mNCC- S2,  does 
not appear to have a human counterpart (       Figs 11.14A 
and 11.15 ). Finally, there is another mNCC cDNA 
(clone AW701155), probably incomplete, that nev-
ertheless supports the idea that there are more than 
four variants of mNCCs. This mNCC clone AW701155 

would encode for a mNCC transcript starting in exon 
16 and ending at intron 19, which may contain an 
additional polyadenylation signal. 

 The   rat  slc12a3  gene predicts the encoding of at 
least two rNCC transcripts (see  Fig. 11.14C ). This is 
supported by one full-length rNCC cDNA (U10097 
( Gamba et al., 1994 )) and nine rESTs cloned from rat 
kidney and one rEST (CB737173) cloned from hypo-
thalamus ( Fig. 11.16C ). Two full-length rNCC cDNA 
clones of  � 4.4       kb (rNCCa) and  � 3.3       kb (rNCCb) 
were originally isolated from a rat kidney cDNA 
library. Both rNCC transcripts differ at their 3 	 -UTRs; 
rNCCb is shorter than rNCCa in 231       bp ( Gamba et al., 
1994 ). The rNCC cDNA posted in the  GenBank  with 
accession number U10097 corresponds to rNCCa. 
According to Gamba, the unique 3 	 -UTR sequence 
of rNCC1b appears to be the result of an alternative 
splicing ( Gamba, 2005 ); however, the sequence of 
this alternatively spliced variant is not available in 
the  GenBank  database and thus it cannot be analyzed 
 in silico . The rNCCa cDNA U10097 starts at  nt  -12 and 
ends with a long 3 	 -UTR ( � 1.4       kb) encoding a single 
polyadenylation site (see        Figs 11.14C and 11.16C ). Two 
additional polyadenylation sites are present  � 1.4       kb 
downstream exon 25 in the rNCC gene. Their signifi-
cance is unknown. 

 Comparative    in silico  analysis of rat, human and 
mouse NCC cDNAs sequences demonstrate  � 85% 
identity among them. The existence of a shorter 
rNCC version similar to mNCC-S1 (AK052755) ( Fig. 
11.16B ) has not yet been demonstrated, but can be 
inferred based on the rESTs BG376581, CK479778 and 
CK482756 which encode for exon 17 and/or its intron 
( Fig. 11.16C ).  

    C .      Expression of the NCC Gene 

 Tissue   distribution analysis by Northern blot 
has shown that hNCC is expressed in the kid-
ney ( Mastroianni et al., 1996 ). The kidney-specific 
 expression of hNCC transcripts is supported by the 
presence of hNCC promoter activity in HEK cells 
( MacKenzie et al., 2001 ) and the successful heterolo-
gous expression of the hNCC transcript in MDCK cells 
(de  Jong et al., 2003b ). However, low expression levels 
of hNCC transcripts were detected in other tissues 
such as small intestine, placenta, prostate, colon, 
spleen and leukocytes ( Abuladze et al., 1998 ;  Chang 
et al., 1996 ). Furthermore, the full-length cDNA clone 
AK315298 encoding for hNCCa was obtained from 
placenta ( Wakamatsu et al., 2008 ). Interestingly, the tis-
sue expression profiling of the hNCC gene ( GeoProfile  
record: GDS596 SLC12A3) using a probe derived from 
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the 3 	 -UTR of hNCCa, hNCCb and hNCCc, shows 
that the hNCC gene expression is not restricted to the 
human kidney (see  Fig. 11.17A   ). Interestingly, hNCCs 
are expressed more or equally abundantly in sensory 
ganglia such as trigeminal and DRG, as well as in the 
superior cervical ganglia. The functional significance 

of NCC expression in or outside kidney is discussed 
in detail in Chapter 18. 

 Although   the pattern of tissue expression of mNCC 
transcripts has not been reported, the EST database 
( www.ncbi.nlm.nih.gov/dbEST ),  UniGene  (Mm.25804) 
and the  Geo Profiles  contain accessible information 
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 FIGURE 11.17          Expression profile of human NCC transcripts. Expression results were obtained from  GEO Profiles  (records GDS596, 
GDS2226, GDS1455 and GDS1009).  A.  Expression levels of hNCC transcripts were assessed by using the  Affymetrix  probe  215274_at  derived 
from hEST AI627943 encoding for the 3 	 -UTR of hNCCa, hNCCb and hNCCc mRNAs. Results are expressed as percentage with respect to kid-
ney (100%).  B.  mNCCb mRNA expression analysis of hippocampi from eight inbred mice strains. Results obtained from platform GPL81 and 
by using the  Affimetrix  probe  93570_at  designed based on the mNCCb cDNA sequence (U61085).  C.  mNCC mRNA expression profile in mouse 
motoneurons and glandular tissues. Results obtained by using GPL81/93570_at (dark gray bars) or platform GPL1310 with probe 7544 (light 
gray bars) designed to recognize exon 24 and its intron in mNCC-S2.    
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about tissue distribution of mNCC transcripts. 
For instance, several mESTs encoding for mNCCs 
have been cloned from kidney, inner ear and spleen 
whereas the mouse  Geo Profile  records GDS2226 and 
GDS1455 (platform GPL81  93570_at ), and GDS1009 
(GPL1310/7544) show that mNCCb or mNCC-S2 
mRNAs are expressed in extra-renal tissues ( Figs 
11.17B and 11.17C ). 

 Definitive   proof of rNCC expression in the rat 
kidney has been provided by using transgenic rats 
harboring a transgene consisting in region -2077 to -1 
of the rNCC gene fused upstream of the LacZ ( β -
galactosidase) gene.  β -galactosidase immunoreactivity 
was detected in these rats at the distal collecting tubules 
in the renal cortical region. However,  β -galactosidase 
expression in other tissues of the same animal was not 
reported ( Taniyama et al., 2001 ). The tissue expres-
sion pattern of the rNCC gene was ascertained by 
Northern blot analysis of several rat tissues ( Gamba 
et al., 1994 ). Two rNCC transcripts were detected in 
 kidney but not in other tissues.  

    D .       Is NCC Gene Expression Transcriptionally 
Regulated? 

 Human   and rat NCC gene promoters have been par-
tially characterized ( MacKenzie et al., 2001 ;  Taniyama 
et al., 2001 ); however, virtually nothing is known about 
the molecular mechanisms involved in NCC gene 
transcription. Whole-animal studies have implicated 
aldosterone in the regulation of NCC expression. In 
rats, aldosterone significantly increases the number of 
thiazide-binding sites and NCC protein expression in 
renal cortical membranes ( Chen et al., 1994 ;  Kim et al., 
1998 ;  Velazquez et al., 1996 ). However, in other stud-
ies, aldosterone decreases rNCC abundance without 
altering its mRNA levels ( Wang et al., 2001 ). The rNCC 
promoter contains two putative glucocorticoid-respon-
sive elements (GRE), the mechanisms used by gluco-
corticoids and  mineralocorticoids to stimulate rNCC 
are unknown. The functional significance of aldoste-
rone on NCC activity is discussed in Chapter 18. 

 A   putative cAMP-responsive element (CRE) has 
also been identified in the rNCC gene promoter, sug-
gesting that rNCC transcription may be regulated 
by cAMP-inducing factors and/or drugs. The rNCC 
promoter region contains several binding elements for 
general transcription factors ( Taniyama et al., 2001 ).  In 
silico  analysis of the rNCC promoter region ( GenBank  
acc #AB024534, corresponding to  nt  -2077 to 35, rela-
tive to A 1 TG) using  AliBaba v2.1  ( www.gene-regula-
tion.com ) suggests the presence of additional binding 
elements for a wide arrange of transcription factors. 

For instance, binding sites for two retinoid X recep-
tors  α  (RXR α ) at  nt  -30 and  nt  -991, four NF�-B sites 
( nt  -475, -856, -942, -1563), ten TBP sites at  nt  -483, 
-1229, -1369, -1383, -1410, -1412, -1428, -1435, -1445, -1595, 
one activating transcription factor (ATF) at  nt  -1040, 
one cAMP-responsive element-binding protein 1 (CRE-
BP1) at  nt  -1044, one  c -jun transcription factor at  nt  -1046, 
one progesterone receptor (PR) at  nt  -1112, two thy-
roid hormone receptors  β  (T3R β ) at  nt  -1188 and -1523, 
three hepatocyte nuclear factors-3 (HNF-3) at  nt  -1258, 
-1751, -1935, one estrogen receptor (ER) at  nt  -1523 and 
ten sites for the ubiquitously expressed transcription 
factor SP-1 ( nt  -91 -149, -173, -655, -803, -839, -865, -969, 
-1107 and -1662). 

 The   initiation of transcription of the rNCC gene has 
been proposed to start at  nt  -20, very close to the clas-
sical TATA box (TATAA) located at  nt  -62 upstream 
of A 1 TG ( Taniyama et al., 2001 ). However, potential 
additional TATAA sequences located at  nt  -1440 and 
-1223 which overlap with predicted binding sites for 
TBP may suggest additional regulatory sites for the 
initiation of transcription. Deletion of  nts  between 
-2077 and -1123 (predicted to contain at least two 
TATA boxes and two TBPs) or -125 and -1 (contain-
ing a TATA box and a potential transcription initia-
tion site) in the rNCC promoter gene results in  � 50% 
and  � 75% reduction of basal transcriptional activ-
ity, respectively ( Taniyama et al., 2001 ). These results 
suggest that half of the rNCC gene promoter activ-
ity is located between  nts  -2077 and -1123 whereas a 
major promoter is located between  nts  -125 and -1. 
Interestingly, deletion of  nts  -2077 to -1007 or -2077 to 
-563 resulted in  � 25% and  � 50% reduction of basal 
transcription, respectively, suggesting the presence of 
repressor/silencer activity between  nts  -1007 and -563 
of the rNCC gene promoter. 

 The   rNCC gene promoter also contains an HNF-3/
homolog of the fork head-3 (HFH-3) binding site at  nt  
-419. HFH-3 (also known as  Foxi1 ,  Fkh10 , or  FREAC6 ) 
expression appears to be restricted to the epithelium 
of the renal distal tubule, at least at the transcript level 
( Overdier et al., 1997 ). This HFH-3 binding site is con-
served in mouse but not in human NCC gene promot-
ers. The kidney-specific expression of rNCC, in terms 
of gene transcription, was attributed to the presence 
of a functional HFH-3 binding site in the promoter 
region of the rNCC gene. Mutagenesis analysis of the 
HFH-3 binding ( nt  -419) dramatically reduced tran-
scriptional activity of the rNCC gene promoter region 
encompassing  nts  -564 to -1 as well as binding of an 
 in vitro  synthesized HFH-3 protein ( Taniyama et al., 
2001 ). 

 Although   the role of the HFH-3 binding site on the 
entire promoter sequence has not been studied, mice 
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lacking HFH-3 are deaf and display a phenotype very 
similar to that reported for the anion transporter pen-
drin knockout mice ( Everett et al., 2001 ;  Hulander 
et al., 2003 ) and the K  �  -Cl  �   cotransporter KCC4 
knockout mice ( Boettger et al., 2002 ). Interestingly, 
HFH-3 knockout mice do not express pendrin 
in the endolymphatic inner ear epithelium and 
anion exchangers 1 and 4 (AE1 and AE4) in kid-
ney. However, HFH-3 knockout do not affect KCC4 
expression, thus establishing HFH-3 as a direct or 
indirect upstream regulator of pendrin and AE1 and 
AE4 expression, in at least the inner-ear and kid-
ney ( Blomqvist et al., 2004 ;  Hulander et al., 2003 ). 
Surprisingly, the possible link between HFH-3 and 
NCC expression  in vivo  has not been studied.  

    E .       Post-translational Regulation of NCC 
Proteins: Phosphorylation 

 The   regulation of NCC function has been mainly 
studied in  Xenopus  oocytes ( Gamba, 2005 ). Although 
these studies have provided important new insights 
into the regulation of NCCs, a major drawback of the 
oocyte expression system is that it lacks the physio-
logical background and polarized structure of native 
epithelial kidney cell. It is widely accepted, how-
ever, that Na  �  -driven cotransporters (all NCCs and 
NKCC1s and NKCC2s) are activated by phosphory-
lation. Point and deletion mutants of NCC expressed 
in  Xenopus  oocytes have been extensively used as 
a model to elucidate the molecular mechanisms of 
NCC regulation by phosphorylation, as discussed in 
detail in Chapter 18 in this volume. These studies sug-
gest that WNK3 kinase increases NCC function and 
NCC regulation may result from antagonism between 
WNK3 and WNK4; while WNK3 stimulates NCC 
activity via the C-terminal domain of the cotrans-
porter whereas WNK4 inhibits. A note of caution in 
this kind of study is that detecting an effect of muta-
tions using the  X.  laevis  oocyte expression system may 
not recapitulate or reproduce with fidelity a genetic 
defect that occurs  in vivo . Furthermore, the C-termi-
nal portion of human, rat and mouse NCC proteins 
is not identical, as discussed, suggesting that there 
could be species differences between NCC regulatory 
mechanisms.  

    F .       Post-translational Regulation of NCC 
Proteins: N-glycosylation 

  In   silico  analysis of hNCCa protein sequence using 
 NetGlyc v1.0  server ( www.cbs.dtu.dk/services/

NetNGlyc ) predicts several N-glycosylation sequons 
which are conserved among species (i.e. N 72 , N 359 , 
N 406 , N 426 , N 544 , N 668  and N 781 ). However, some of 
these N residues may not be N-glycosylated  in vivo . 
  N 406  and N 426  are predicted to be located in the large 
extracellular loop between the TM7 and TM8 (see 
 Fig. 11.4 ). 

 Western   blot analyses of hNCC or rNCC kidney 
extracts (De        Jong et al., 2002, 2003a ) show bands at 
135  –  150       kDa molecular weight, which is higher than 
predicted ( � 110       kDa) for the core molecular weight 
of NCC proteins. Deglycosylation with N-glycosi-
dase F shifts the high molecular weight bands down 
to  � 110       kDa ( Hoover et al., 2003 ;  Plotkin et al., 1996 ). 
Moreover, the molecular weight of rNCCa (U10097) 
and mNCCb (U61085) are reduced to  � 115 – 120       kDa 
after enzymatic deglycosylation, when expressed in 
 X. laevis  oocytes ( Hoover et al., 2003 ;  Kunchaparty et 
al., 1999 ). Interestingly, the molecular size of mNCCb 
  expressed in oocytes ( � 115 – 120       kDa) is different 
to that of the proteins expressed in native renal tis-
sue, suggesting that the glycosylation machinery of 
oocytes may be different to that of distal convoluted 
tubular cells. 

 Definitive   proof that rNCCa is N-glycosylated 
when heterologously expressed in  X. laevis  oocytes 
was provided by experiments of site-directed muta-
genesis where N 404  and/or N 424  (equivalent to 
hNCC1 	  N 406  and N 426 ) were changed to glutamine 
(i.e. N404Q, N424Q and N404/424Q) ( Hoover et 
al., 2003 ). Expression of the single or double rNCCa 
mutants in  X. laevis  oocytes resulted in proteins of 
 � 110       kDa, suggesting that N 404  or N 424  are mutually 
and exclusively N-glycosylated ( Hoover et al., 2003 ). 
Interestingly, the single rNCCa mutants (N404Q and 
N424Q) were half active when compared to wild type  , 
whereas the double mutant (N404/424Q) was com-
pletely inactive. Taken together, these results suggest 
that N-glycosylation of N 404  and N 424  are necessary 
for a fully active rNCCa protein when expressed 
in  X. laevis  oocytes. Although the actual impact of 
N- glycosylation on the transport capacity of the 
rNCCa protein is unknown, the lack of activity in 
the double mutant rNCCa N404/424Q appears to be 
related to a deficient protein delivery to the oocyte 
plasma membrane ( Hoover et al., 2003 ). However, 
single and double rNCCa mutants had similar 
expression levels at the plasma membrane, although 
reduced ( � 50%), when compared to wild type rNCCa  . 
Taken together, these experiments suggested that 
N-glycosylation of rNCCa plays a critical role in its 
function when expressed in  X. laevis  oocytes. However, 
the mechanisms involved are yet not clear. Further dis-
cussion on this topic can be found in Chapter 18.  
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    G .       What Happens when NCC is not 
Expressed? 

 Mutations   of the hNCC gene cause Gitelman’s 
syndrome (GS, OMIM #263800, 600968), a condition 
similar to Bartter’s syndrome (see section II.I above) 
but characterized by hypokalemic alkalosis combined 
with hypomagnesemia, low urinary calcium, and 
increased renin activity associated with normal blood 
pressure. These metabolic abnormalities are second-
ary to deficient NaCl reabsortion in the kidney ( Simon 
et al., 1996b ). Known hNCC gene mutations related 
or linked to Gitelman’s syndrome are posted in the 
HGMD ( www.hgmd.cf.ac.uk/ac/index.php ). Out 
of 110 mutations of the hNCC gene, 81 are missense 
( � 74%), ten splicing mutants ( � 9%), 11 small dele-
tions (10%), five small insertions ( � 4%), a small inser-
tion-deletion ( indel ,  � 1%) and two gross deletions 
( � 2%). Interestingly, GS mutations have not been 
described within exon 20, the genomic region absent 
in mouse or rat NCC genes. Only 18% of the reported 
GS cases are homozygous whereas half are double 
heterozygous. Interestingly,  � 30% of the patients with 
GS had only one affected allele, or no mutation at all 
in the coding portion of the NCC gene in spite of clin-
ical and biochemical diagnosis of GS ( Riveira-Mu ñ oz 
et al., 2007 ;  Simon et al., 1996b ). Mutations in the pro-
moter region of the hNCC gene as well as 5 	 - and/or 
3 	 -UTRs may explain some of the GS cases that do 
not show mutations in the coding portion of the NCC 
gene but exhibit all the clinical and biochemical signs 
of the disease. These putative mutations in the pro-
moter region of the hNCC gene may affect the efficacy 
of transcription of the NCC gene. Mutations in the 
5 	 - and/or 3 	 -UTRs may destabilize NCC transcripts. 
Clearly, this is an interesting avenue for studies. 

 NCC   knockout mice were created by introducing 
the neomycin gene inside exon 12 in the mNCC gene 
( Schultheis et al., 1998 ). Interestingly, loss of NCC 
mRNA expression in the mouse causes mild pertur-
bations of sodium and fluid volume homeostasis that 
appear to be largely compensated. However, knock-
out mice exhibit morphological changes in cells of the 
distal convoluted tubule. Besides hypocalciuria and 
hypomagnesemia, the NCC knockout mice lack the 
characteristic features of GS, suggesting that either 
mNCC function may not be identical to that in the 
human homolog and/or that the ablation of mNCC 
expression does not reproduce the impaired functional 
properties of the point mutations observed in GS. 

 The   emerging picture of these studies is the 
decrease in cotransport activity when the mutant 
NCC proteins are expressed in  X. laevis  oocytes. It is 
not clear if the decrease in cotransport activity reflects 

decrease surface expression and/or a molecular defect 
in the translocation machinery. Some of the mutant 
NCC proteins are not glycosylated and do not appear 
to reach the oocyte plasma membrane. Because the 
NCC mutants may not be fully expressed in the 
plasma membrane, their transport activity cannot be 
determined.   
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O U T L I N E

    I .      INTRODUCTION 

 CLC   chloride channels and transporters are 
expressed from bacteria to humans. This highly con-
served family comprises nine members in mammals 
(reviewed in  Jentsch, 2008 ;  Zifarelli and Pusch, 2007 ), 
which were identified by homology cloning subse-
quent to the family’s founding member ClC-0 from 
 Torpedo marmorata  ( Jentsch et al., 1990 ). According to 
their sequence homologies, they can be grouped into 
three subfamilies ( Fig. 12.1   ). All members of the first 
subfamily, ClC-1, -2, -Ka and -Kb, have been shown 
to reside in the plasma membrane and function as 
Cl  �   channels that mediate, e.g. transepithelial Cl  �   
transport or are involved in stabilizing the resting 
potential of the plasma membrane. By contrast, the 

members of the second (ClC-3, -4 and -5) and third 
(ClC-6 and -7) subfamilies localize predominantly 
to intracellular organelles and vesicles. Here, they 
may play a role in the acidification of these compart-
ments by providing the shunt current for the vesicu-
lar H  �  -ATPase ( Jentsch, 2007 ). Intriguingly, just like 
the  E. coli  CLC, ecClC-1, the endosomal ClC-4 and 
-5 have been shown to function as Cl  �  /H  �   antiport-
ers rather than as Cl  �   channels. This, however, does 
not change their capability of electrically neutralizing 
endosomal acidification. Due to the presence of a criti-
cal amino acid that is conserved specifically between 
the Cl  �  /H  �   exchangers, this modus operandi has 
also been proposed for ClC-3 and the members of the 
third subfamily, but this has yet to be demonstrated 
experimentally. 

  12   12 
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 Members   of all three branches of the CLC family 
are expressed in the nervous system. Their physi-
ological importance has been demonstrated by the 
phenotypes of knockout mice and by identification 
of mutations in their respective genes in patients 
with neurological or other diseases ( Jentsch, 2008 ; 
 Jentsch et al., 2005b ). The loss of ClC-2 in mice leads 
to retinal degeneration and leukoencephalopathy, 
a widespread vacuolation of the white matter in 
the CNS, as discussed below in Section III.A. ClC-3 
knockout (KO) mice exhibit hippocampal and reti-
nal degeneration (Section III.B). Mice lacking ClC-6 
develop a lysosomal storage disease with symptoms 
resembling Kuf’s disease, an adult-onset form of 
neuronal ceroid lipofuscinosis (NCL), as discussed 
below in Section III.C. Likewise, loss of ClC-7 or its 
essential  β -subunit Ostm1 results in a severe NCL-
like neurodegeneration (besides osteopetrosis), 
which is also accompanied by retinal degeneration 
(Section III.D). 

 In   the first part of this chapter we discuss the gen-
eral features of CLC proteins, such as their structure, 
mode of operation (Section II.A) and their roles in cell 
biology and physiology (Section II.B). In the second 
part of this chapter we cover in more detail the physi-
ology and pathology of mammalian neuronal CLC 
proteins.  

    II .      GENERAL PROPERTIES OF THE CLC 
PROTEIN FAMILY 

    A .       Structure of CLC Proteins and Mechanism 
of Ion Translocation 

    1 .      The  ‘  ‘ Double-barreled ’  ’  Channel 

 CLC   proteins form rhombus-like dimers of two-
fold symmetry ( Dutzler et al., 2002 ) ( Fig. 12.2A)   . 
Although they function mostly as homodimers, het-
erodimerization has been shown within the first 
( Lorenz et al., 1996 ;  Scholl et al., 2006 ;  Weinreich and 
Jentsch, 2001 ) and second ( Suzuki et al., 2006 ) sub-
families upon heterologous expression. ClC-4 and -5 
have been reported to heteromerize  in vivo  as well 
( Mohammad-Panah et al., 2003 ), yet the physiological 
function of this remains unclear. 

 A   CLC dimer works as a  ‘  ‘ double-barreled ’  ’  trans-
location pathway in which each subunit provides its 
own pore ( Dutzler et al., 2002 ;  Weinreich and Jentsch, 
2001 ). The independent operation of the two ion trans-
location pathways was deduced first from the analy-
sis of the reconstituted  Torpedo  channel ( Miller, 1982 ), 
years before the crystal structure of the bacterial ortho-
log became available ( Dutzler et al., 2002 ) or even 
before the first CLC was cloned ( Jentsch et al., 1990 ). 

 FIGURE 12.1          Overview of the mammalian CLC family of chloride channels and transporters. For the nine mammalian CLC proteins 
(where applicable with their  β -subunits), the tissue expression and cell function are given. Known human and mouse pathologies are also 
listed. The first branch of the CLC proteins localizes to the plasma membrane, while the second and third subfamilies are localized predomi-
nantly to intracellular compartments of the endolysosomal pathway. Although not all vesicular CLC proteins have been characterized bio-
physically, they may all be Cl  �  /H  �   exchangers, in contrast to the plasma membrane Cl  �   channels of the first branch.    
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The observed two equidistant conductance steps in 
combination with long periods of no channel activity 
suggested a fast opening and closing of two identical 
pores (called  ‘  ‘ protopore gate ’  ’  or  ‘  ‘ fast gate ’  ’  in the case 
of ClC-0) which is superimposed by a slower common 
gate, which closes both pores simultaneously. These 
characteristics were also observed when the by-then-
cloned ClC-0 was expressed in  Xenopus  oocytes 
( Bauer et al., 1991 ). As a final proof of the  ‘  ‘ double-
barrel ’  ’  model, artificial dimers of wildtype (WT) ClC-0 
subunits with mutant ClC-0 ( Ludewig et al., 1996 ; 
 Middleton et al., 1996 ) or with ClC-2 ( Weinreich and 
Jentsch, 2001 ) were generated. As the mutant ClC-0 
and ClC-2 subunits possess lower conductance levels 
than WT ClC-0, the independent conductance lev-
els could be observed in single-channel recordings. 
Later on it was also shown that coupling of Cl  �   flux 
to H  �   countertransport is mediated by each subunit 
individually ( Nguitragool and Miller, 2007 ;  Zdebik et 
al., 2008 ). Due to this largely independent function of 
the two pores, which contrasts sharply with the situ-
ation for voltage-dependent K  �   channels, mutations 
that affect single-channel conductance or the  ‘  ‘ fast 
gating ’  ’  will generally not exert a dominant effect on 

WT subunits. This explains why dominantly inher-
ited CLC-linked diseases are generally less severe 
than the recessive variants, in which both subunits are 
mutated.  

    2 .       Subunit Topology and the Ion Translocation 
Pathway 

 The   crystal structures of prokaryotic CLC pro-
teins (       Dutzler et al., 2002, 2003 ) did not only confirm 
the dimeric structure with two translocation path-
ways, but also revealed the complex transmembrane 
topology. Each subunit possesses 18  α -helices of vari-
able lengths, 17 of which (helices B – R) penetrate the 
membrane, often not completely spanning the lipid 
bilayer ( Fig. 12.2B ). This complex arrangement explains 
the difficulties encountered in previous biochemi-
cal analysis of the transmembrane topology of the 
transmembrane domain ( Schmidt-Rose and Jentsch, 
1997 ). The amino termini (including the amino-termi-
nal  α -helix A) and carboxy termini protrude into the 
cytosol. 

 The   transmembrane domain of each subunit 
exhibits an antiparallel repeat of two similar halves 

 FIGURE 12.2          Structure and topology of CLC proteins.  A.  Ribbon presentation of the ecClC-1 crystal structure as seen from within the 
membrane with the extracellular side up (left) and from the extracellular face (right). The two subunits are in blue and green, respectively. 
The two red spheres in each subunit indicate the co-crystallized chloride ions in the permeation pathway. The pictures were generated with 
PyMOL using the coordinate 1OTS from the Protein Data Bank without the co-crystallized antibodies, and are based on the work of ( Dutzler et 
al., 2003 ).  B.  Topological presentation of a single CLC subunit. The different shadings of the 18  α -helices (A – R) indicate the two similar halves. 
The two cytoplasmic CBS subdomains are shown in yellow.    
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( α -helices B – I and J – Q). Three Cl  �  -binding sites 
were identified on each subunit. The high-resolution 
crystal structure revealed an  ‘  ‘ internal ’  ’  Cl  �  -binding 
site in the vestibule of the channel that opens to the 
cytoplasm ( Dutzler et al., 2003 ). The second Cl  �  , a 
centrally located ion, is coordinated by four amino 
acids from different  α -helices of the subunit, two con-
tributing with their main-chain nitrogen atoms and 
the other two, a serine and a tyrosine, with their side 
chains ( Dutzler et al., 2002 ). Interestingly, the coor-
dinating tyrosine lies in the beginning of  α -helix R, 
which links the transmembrane domain with the large 
cytoplasmic carboxy-terminus of most CLC proteins 
(see below). Thus it might mediate the regulation of 
transport activity by the cytoplasmic domain. As no 
positive charges take part in the coordination of the 
centrally located Cl  �  , it is proposed that this is accom-
plished by the dipoles of the four  α -helices ( Dutzler 
et al., 2002 ). Offering an alternative possibility, model 
calculations showed that a strictly conserved lysine 
in helix E, which is buried within the protein, could 
stabilize Cl  �   binding by a long-range electrostatic 
interaction with this anion ( Corry et al., 2004 ;  Faraldo-
G ó mez and Roux, 2004 ). Supporting this hypothesis, 
mutation of this lysine in ClC-0 affected the channel’s 
anion selectivity and fast gating (       Engh et al., 2007a, b ; 
 Zhang et al., 2006 ). 

 The   third,  ‘  ‘ external ’  ’  Cl  �   binding site was cre-
ated when a glutamate that blocked the access of Cl  �   
from the extracytosolic side ( Dutzler et al., 2002 ) was 
mutated to glutamine ( Dutzler et al., 2003 ). This glu-
tamate is conserved in most CLC proteins, with the 
exception of ClC-K channels, which possess a valine 
at this position and show little gating ( Est é vez et al., 
2001 ;  Waldegger and Jentsch, 2000 ). Voltage depen-
dence of channel activity was shown to be affected by 
introducing this glutamate in ClC-K1 ( Waldegger and 
Jentsch, 2000 ) or by neutralizing this position in other 
CLC proteins ( Dutzler et al., 2003 ;  Fahlke et al., 1997 ; 
 Friedrich et al., 1999 ). The opening of the access of 
anions from the extracellular side upon the glutamate-
to-glutamine mutation offers a beautiful explanation 
as to how this glutamate is involved in the  ‘  ‘ gating 
by the permeant ion ’  ’ . In this model, the external Cl  �  , 
which itself acts as a voltage sensor ( Chen and Miller, 
1996 ;  Pusch et al., 1995 ), competes for an anion bind-
ing side with the negatively charged side chain of the 
 ‘  ‘ gating glutamate ’  ’ . Thus, protonation of this gluta-
mate and the turning away of the side chain opens the 
otherwise closed channel. Along this line, low pH has 
been shown to promote channel opening ( Chen and 
Chen, 2001 ;  Pusch, 2004 ;  Rychkov et al., 1996 ;  Traverso 
et al., 2006 ). The mechanism of Cl  �  -dependent opening 
of CLC channels ( Niemeyer et al., 2003 ;  Pusch et al., 

1999 ;  Rychkov et al., 1998 ;  Schriever et al., 1999 ) may 
actually be mediated by  ‘  ‘ chloride-induced proton 
gating ’  ’  ( Bostick and Berkowitz, 2004 ). 

 Just   as potassium channels have multi-ion pores, 
the three Cl  �   binding sites in CLC proteins can be 
occupied simultaneously with affinities in the physio-
logically relevant range of 4 – 40       mM ( Lobet and 
Dutzler, 2006 ). As the mammalian cytosolic Cl  �   con-
centration is relatively low (5 – 40       mM), the internal 
binding site, which has the lowest binding affinity 
might only be occupied when the channel is open 
towards the higher external Cl  �   concentration (of 
about 100       mM). This might determine the directional-
ity of ion-dependent gating.  

    3 .      Cl  �   Channels and Cl  �  /H  �   Exchangers 

 When   ecClC-1 was reconstituted into lipid bilay-
ers, it yielded the unexpected finding that, in con-
trast to the well-studied ClC-0 Cl  �   channel, it actually 
mediates Cl  �  /H  �   exchange, most likely by trans-
porting one proton in exchange for two Cl  �   ( Accardi 
and Miller, 2004 ). Fluxes of these ions are obligatory 
coupled ( Nguitragool and Miller, 2006 ) and the gra-
dient of one ion can drive the transport of the other 
ion against its electrochemical gradient ( Accardi and 
Miller, 2004 ). 

 The   exchanger can be converted into a pure chlo-
ride conductance by neutralizing either of two glu-
tamates, the above-described  ‘  ‘ gating glutamate ’  ’  
( Accardi and Miller, 2004 ) and the  ‘  ‘ proton glutamate ’  ’  
( Accardi et al., 2005 ). The latter glutamate is located 
close to the cytoplasmic surface of the CLC protein, 
away from the Cl  �  -conducting funnel. Thus, the two 
ions have likely different pathways at the  ‘  ‘ internal ’  ’  
side that meet at the central  ‘  ‘ gating glutamate ’  ’ . 
As neutralizing the  ‘  ‘ proton glutamate ’  ’  in ecClC-
1 uncouples Cl  �   conductance from H  �   transport, it 
is clear that there is no obligatory Cl  �  /H  �   exchange 
site ( Accardi et al., 2005 ). Two lines of evidence 
show that the coupling to proton countertransport 
is somehow related to the occupation of the central 
anion binding site. First, some polyatomic anions are 
translocated without exchange for protons and they 
only occupy the internal binding site as determined 
crystallographically ( Nguitragool and Miller, 2006 ). 
Second, mutations in the anion-coordinating tyro-
sine that abrogated occupation of the central binding 
site led to an uncoupling of anion transport ( Accardi 
et al., 2006 ). 

 The   mammalian plasma membrane CLC chan-
nels of the first subfamily (and  Torpedo  ClC-0) have 
a valine at the position homologous to the ecClC-1 
 ‘  ‘ proton glutamate ’  ’ . They have all been shown not to 
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couple Cl  �   flux to H  �   countertransport. By  contrast, 
the intracellular CLC proteins of the second and 
third subfamilies possess a glutamate at this posi-
tion, raising the possibility that they may be Cl  �  /H  �   
exchangers as well. Indeed, this has been shown for 
ClC-4 and -5 ( Picollo and Pusch, 2005 ;  Scheel et al., 
2005 ), while it has not yet been determined for the 
others due to technical difficulties. In contrast to the 
situation with ecClC-1, neutralization of the  ‘  ‘ proton 
glutamate ’  ’  in ClC-4 and -5 does not just abrogate 
the coupling of Cl  �   flux from proton transport, but 
abolishes transport of both ions ( Zdebik et al., 2008 ). 
The combined neutralization of both the  ‘  ‘ gating glu-
tamate ’  ’  and the  ‘  ‘ proton glutamate ’  ’  allowed for Cl  �   
transport, again uncoupled from proton exchange 
( Zdebik et al., 2008 ), showing that these exchangers 
(when WT) have an obligatory Cl  �  /H  �   exchange site. 
Due to the strong outward rectification of their cur-
rents, which could also be overcome by neutralizing 
the  ‘  ‘ gating glutamate ’  ’  ( Friedrich et al., 1999 ), proton 
transport by ClC-4 and -5 only takes place at positive 
cytoplasmic voltages ( Picollo and Pusch, 2005 ;  Scheel 
et al., 2005 ). The mechanism of coupling still remains 
to be elucidated and there is more to it than simply 
the presence of a glutamate at the  ‘  ‘ proton glutamate ’  ’  
position, as introduction of this amino acid into chan-
nels does not convert them into Cl  �  /H  �   exchangers 
( Zdebik et al., 2008 ).  

    4 .      Function of the Cytoplasmic Domains 

 In   contrast to ecClC-1, most CLC proteins, includ-
ing the nine mammalian family members, possess 
long cytosolic carboxy-terminal portions of about 
150 – 400 amino acids ( Fig. 12.2B ). The carboxy-terminus 
contains a pair of cystathionine  β -synthetase (CBS) 
subdomains. These CBS subdomains are linked and 
flanked by sequences of variable length between the 
individual CLC proteins ( Est é vez et al., 2004 ). In bio-
chemical and electrophysiological studies on ClC-1 
( Est é vez et al., 2004 ) and later in crystallographical 
studies of the carboxy-terminal regions of ClC-Ka 
( Markovic and Dutzler, 2007 ), it was shown that the 
CBS motifs dimerize not only intra-molecularly, as 
also shown in the crystal structure of the carboxy-
terminal regions of ClC-0 ( Meyer and Dutzler, 2006 ) 
and -5 ( Meyer et al., 2007 ), but also inter-molecularly, 
supporting the idea that the carboxy-terminal domains 
are involved in dimerization. 

 A   well-known function of the CBS domain is its 
role in channel gating (reviewed in detail in  Chen, 
2005 ;  Zifarelli and Pusch, 2007 ). Large movements 
of the carboxy-termini of ClC-0 have been observed 
during slow (common) gating ( Bykova et al., 2006 ), 

in agreement with the large temperature dependence 
of the common gate ( Pusch et al., 1997 ). Recently, 
some CBS domains, those of ClC-2 and -5, have been 
found to bind adenosine nucleotides  in vitro  ( Meyer 
et al., 2007 ;  Scott et al., 2004 ). It is a matter of debate if 
these nucleotides affect the common gating of ClC-1 
( Bennetts et al., 2005 ) and possibly ClC-2 ( Niemeyer 
et al., 2004 ). Contradicting previous studies, ClC-1, for 
which nucleotide-mediated regulation of gating has 
even been reported to be pH dependent ( Bennetts et al., 
2007 ;  Tseng et al., 2007 ), has recently been shown to 
be completely independent of intracellular ATP at all 
tested pH values ( Zifarelli and Pusch, 2008 ). Since 
ClC-0, a close homolog of ClC-1, does not bind ATP 
( Meyer and Dutzler, 2006 ), it would be interesting to 
see whether the ClC-1 CBS domain binds ATP. That 
the CBS domain of ClC-5 could not be crystallized in 
the absence of nucleotides and the almost equal bind-
ing affinities of ATP, ADP and AMP ( Meyer et al., 
2007 ) argue against a regulatory role and suggest a 
structural function. Mutations in ClC-5 that render it 
incapable of nucleotide binding have no effect on its 
current/voltage relation, unless in the background of 
a neutralized gating glutamate when the mutations 
strongly decrease the currents at negative voltages 
( Meyer et al., 2007 ). The physiological meaning of this 
observation remains to be determined. 

 The   sequence amino-terminally adjoining the CLC 
transmembrane domain consists of up to 120 amino 
acids (in ClC-7) and contains  α -helix A. For ClC-2, 
this region is involved in gating. Its deletion leads to 
a constitutively open channel ( Gr ü nder et al., 1992 ). 
That it retains its function after  ‘  ‘ transplantation ’  ’  into 
the carboxy-terminal domain ( Gr ü nder et al., 1992 ) 
suggests that ClC-2 possesses an internal binding site 
for it. A candidate for such an intramolecular receptor 
is a positively charged region between  α -helices J and 
K ( Jordt and Jentsch, 1997 ). 

 The   amino- and carboxy-terminal domains are 
likely to bear sites for interaction with cytosolic pro-
teins that may modulate them or regulate their traffick-
ing, simply because they loom into the cytosol. Known 
transport signals include the PY ubiquitin – ligase bind-
ing motif between the two CBS subdomains of ClC-
5 ( Schwake et al., 2001 ), a dileucine motif in CBS2 of 
ClC-2 ( Pena-Munzenmayer et al., 2005 ) and an amino-
terminal dileucine cluster in ClC-3 ( Zhao et al., 2007 ).  

    5 .      Essential  β -subunits 

 For   three CLC proteins, essential  β -subunits have 
been identified, namely barttin for ClC-Ka and -Kb 
( Est é vez et al., 2001 ) and Ostm1 for ClC-7 ( Lange et al., 
2006 ). 
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 The    � 40       kDa protein barttin ( Birkenh ä ger et al., 
2001 ) spans the membrane twice and possesses a short 
amino- and a long carboxy-terminal cytosolic part. It 
interacts with either of the ClC-K channels, presum-
ably by binding separately to  α -helices B and J in 
either subunit of the dimer ( Tajima et al., 2007 ). Barttin 
stabilizes the ClC-K channels; it is involved in their 
trafficking ( Est é vez et al., 2001 ;  Scholl et al., 2006 ) and 
alters their biophysical properties, such as their Ca 2 �   
sensitivity ( Waldegger et al., 2002 ) and gating ( Scholl 
et al., 2006 ). 

 Ostm1   is a type-I transmembrane protein with a 
large, heavily glycosylated luminal and a short cyto-
plasmic domain that specifically interacts with the 
lysosomal ClC-7 ( Lange et al., 2006 ). In mice lacking 
Ostm1, the level of ClC-7 protein (but not that of the 
mRNA) is reduced by more than 90% ( Lange et al., 
2006 ). As the late endosomal/lysosomal ClC-7 is the 
only mammalian CLC protein that lacks consensus 
sites for N-linked glycosylation, it is assumed that 
Ostm1 protects ClC-7 from lysosomal degradation. 
Whether the binding of Ostm1 alters the biophysical 
properties of ClC-7 is unknown; it has not been pos-
sible to measure the currents carried by this protein 
because of its lack of cell surface expression.   

    B .       Cellular and Physiological Functions of 
CLC Proteins 

 CLC   proteins exhibit a vast range of functions 
depending on their subcellular localization (plasma 
membrane versus intracellular compartments such as 
vesicles, endosomes and lysosomes). Their functions 
have become evident not only from their subcellular 
localizations but from the various pathologies result-
ing from gene mutations in humans and from the phe-
notypes of various knockout mice ( Fig. 12.1 ) ( Jentsch, 
2008 ;  Jentsch et al., 2005b ;  Zifarelli and Pusch, 2007 ). 

    1 .      Plasma Membrane Channels 

 Cl    �   transport by CLC channels residing in the 
plasma membrane of various cell types serve key 
functions such as stabilization of transmembrane 
voltage, thereby affecting electrical excitability; cell 
volume control, counteracting cell swelling; and in 
epithelial cells making possible the transport of water 
and electrolytes. 

 ClC  -1 is expressed almost exclusively in skel-
etal muscle ( Steinmeyer et al., 1991b ), providing the 
unusually high Cl  �   conductance characteristic of 
skeletal muscle fibers, which accounts for about 80% 
of their resting membrane conductance ( R ü del and 

Lehmann-Horn, 1985 ; see also Chapter 1 in this vol-
ume). ClC-1 is important for transmembrane voltage 
stabilization and for membrane repolarization follow-
ing muscle activity. Consistent with this view, it was 
found that in the myotonic mouse strain  adr  the open 
reading frame of ClC-1 was destroyed ( Steinmeyer 
et al., 1991a ) and that ClC-1 is the gene affected in 
humans suffering from myotonia congenita ( Koch 
et al., 1992 ). 

 Multiple   roles have been assigned to the broadly 
expressed ClC-2, which is described in more detail in 
Section III.A. These include the regulation of cell volume 
and the pH of the extracellular space. The latter func-
tion may explain the testicular and retinal degeneration 
observed in ClC-2 knockout mice ( B ö sl et al., 2001 ). 

 The   highly homologous channels ClC-Ka and -Kb 
(in rodent -K1 and -K2, respectively) and their  β -
subunit barttin are expressed predominantly in kidney 
and the inner ear where they mediate transepithelial 
transport. In the kidney, ClC-Kb/barttin localizes to 
the basolateral membrane of cells of the thick ascend-
ing limb of Henle’s loop ( Est é vez et al., 2001 ). Here it 
enables Cl  �   exit to allow for salt reabsoption, as also 
seen from mutations that underlie the severe renal 
salt loss in Bartter syndrome type III ( Simon et al., 
1997 ). Mice lacking the ortholog of ClC-Ka, which is 
predominantly expressed in the thick limb of Henle’s 
loop ( Uchida et al., 1995 ;  Vandewalle et al., 1997 ), 
develop a defect in urinary concentration ability 
resembling human nephrogenic diabetes insipidus 
( Matsumura et al., 1999 ). Mutations in the barttin 
gene  BSDN  ( Birkenh ä ger et al., 2001 ), which should 
abrogate the function of both ClC-K channels, and the 
combined mutations of both ClC-K channels ( Nozu 
et al., 2008 ;  Schlingmann et al., 2004 ) cause the severe 
Bartter syndrome type IV, which is also accompanied 
by deafness ( Rickheit et al., 2008 ). Thus, only abroga-
tion of both ClC-K homologs results in deafness. This 
is consistent with their coexpression in the marginal 
cells of the stria vascularis and in the dark cells of the 
vestibular organ ( Ando and Takeuchi, 2000 ;  Est é vez 
et al., 2001 ). Here, their channel activity indirectly 
supports potassium secretion into the cochlear endo-
lymph of the scala media to sustain the high level of 
K  �   (150       mM), a prerequisite for hearing (see Section 
III.D in Chapter 21 in this volume).  

    2 .      Intracellular CLC Proteins 

 All   intracellular CLC transporters are presumed to 
fulfill similar subcellular functions, namely mediat-
ing Cl  �   flux to support luminal acidification of their 
respective intracytoplasmic compartment ( Faundez 
and Hartzell, 2004 ;  Jentsch, 2007 ). The members of 
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the second and third branch of mammalian CLC 
proteins localize predominantly to endosomal/lyso-
somal organelles and vesicles that are acidified by 
the vesicular H  �  -ATPase (V-ATPase) ( Jefferies et al., 
2008 ;  Mellman et al., 1986 ) ( Fig. 12.3   ). Proton import 
is electrogenic and requires a shunt current to pre-
vent the build-up of a too high inside-positive poten-
tial that would prevent further acidification. From 
ion-substitution and channel-blocking experiments it 
was deduced that this shunt current is mediated by a 
Cl  �   conductance (e.g.  Bae and Verkman, 1990 ;  Fuchs 
et al., 1989 ;  Mellman et al., 1986 ;  Schmid et al., 1989 ). 
Additional evidence supporting this view was the 
demonstration that pH decrease along the endocytic 
pathway is accompanied by an increase in luminal 
[Cl  �  ] ( Sonawane and Verkman, 2003 ). 

 Consistent   with their subcellular localization, the 
members of the second CLC subfamily have been 
shown to be required for the fast acidification of endo-
somes (ClC-4;  Mohammad-Panah et al., 2003 ), of early 

(but not of late) endosomes (ClC-5 ( Hara-Chikuma et 
al., 2005a )), and of early and late endosomes (ClC-3; 
 Hara-Chikuma et al., 2005b ) by examining cultured 
cells loaded with pH-sensitive dyes. In the latter 
two studies, the luminal [Cl  �  ] was also measured. 
In the respective knockout cells, an impairment of 
Cl  �   accumulation was observed that correlated with 
a decreased fall in pH ( Hara-Chikuma et al., 2005a, 
2005b ). In addition, an endosome-enriched prepara-
tion from liver of ClC-3-deficient mice showed an 
increased steady-state pH in comparison to that of WT 
mice ( Yoshikawa et al., 2002 ), and purified synaptic 
vesicles (to which ClC-3 also localizes) from a differ-
ent ClC-3 knockout line ( Stobrawa et al., 2001 ) as well 
as renal cortical membrane preparations from ClC-5 
knockout mice ( G ü nther et al., 2003 ) showed impaired 
acidification kinetics. For the more late endosomal/
lysosomal members of the third CLC subfamily, ClC-6 
and -7 which will be discussed in Sections III.C and III.D, 
respectively, no effect on steady-state lysosomal pH 
was observed in mice lacking either of them ( Kasper 
et al., 2005 ;  Poet et al., 2006 ). 

 ClC  -4 and -5 have been shown to be Cl  �  /H  �   
exchangers rather than Cl  �   channels ( Picollo and 
Pusch, 2005 ;  Scheel et al., 2005 ) and this may also 
be true for the other intracellular CLC proteins (see 
Section II.A). What difference would this make? When 
protons are exchanged for Cl  �  , with a stoichiometry 
of 2Cl  �  /1       H  �   this would obviously be electrogenic 
and could clearly supply the required shunt current 
for the V-ATPase ( Fig. 12.4   ). With a 2Cl  �  /1       H  �   stoi-
chiometry, one out of three protons pumped by the 
ATPase would leave the vesicle to achieve electri-
cal neutrality. Apart from the requirement of higher 
energy consumption by the V-ATPase to pump more 
protons into the lumen, there are two possible conse-
quences. First, it would open the possibility that early 
in endocytosis, fast acidification is actually mediated 
by a CLC Cl  �  /H  �   exchanger that allows for the ini-
tial proton influx driven by the efflux of chloride. The 
high extracellular [Cl  �  ] ( � 100       mM) is much larger 
than the relatively low cytoplasmic [Cl  �  ]. Within 
one minute after internalization, luminal [Cl  �  ] drops 
down to  � 20       mM ( Sonawane and Verkman, 2003 ). 
There is evidence that the negative Donnan poten-
tial, which results from negative charges of pro-
teins inside the newly formed vesicle, promotes Cl  �   
efflux ( Sonawane and Verkman, 2003 ). But whatever 
the driving force, if Cl  �   leaves through a CLC Cl  �  /
H  �   exchanger, this efflux would inevitably lead to a 
fast, V-ATPase-independent acidification. Second, 
Cl  �   gradients across the vesicular membrane will 
be coupled directly to the pH gradient, and not be 
accumulated only during acidification. This aspect is 

 FIGURE 12.3          Subcellular localization of the intracellular CLC 
proteins. The scheme shows the proposed subcellular localizations 
of the intracellular CLC proteins. ClC-5 localizes to  ‘  ‘ earlier ’  ’  com-
partments of the endocytic pathway, while ClC-3 and -6 localize 
to  ‘  ‘ later ’  ’  compartments. ClC-4 is thought to localize  ‘  ‘ between ’  ’  
these, and ClC-7/Ostm1 is the only one that resides on lysosomes. 
The drop in luminal pH (from extracellularly pH 7.4 to lysosomal 
pH 4.5) is generated by the ATP-consuming proton pump. The 
shunt current is provided by the CLC proteins. Although only for 
ClC-4 and -5 it is known that they exchange Cl  �   for H  �   (with an 
unknown stoichiometry), this function is also depicted for the other 
CLC isoforms.    

II. GENERAL PROPERTIES OF THE CLC PROTEIN FAMILY
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especially interesting as the luminal [Cl  �  ] itself might 
be involved in the regulation of membrane traffick-
ing, translocation of various molecules across the 
membrane, and enzymatic activities ( Faundez and 
Hartzell, 2004 ;  Jentsch, 2007 ). 

 ClC  -3 is expressed in a broad range of tissues and 
cells, where it localizes to endosomes and endosome-
related compartments, such as synaptic vesicles in 
neurons. Accordingly, diverse physiological functions, 
which will be discussed in Section III.B, have been 
assigned to it. 

 Very   little is known about the physiological role of 
the endosomal ClC-4. When ectopically co-expressed 
with its close relatives ClC-3 and -5, they co-localize 
and can be co-immunoprecipitated ( Suzuki et al., 
2006 ). Due to its co-localization and interaction with 
ClC-5 in renal proximal tubules (PT) ( Mohammad-
Panah et al., 2003 ) a role for endosomal acidification 
in PT cells was implicated. But ClC-4 is less impor-
tant (if at all) than ClC-5 (see below) in this process, 
as ClC-4 cannot compensate for the loss of ClC-5. ClC-
4-deficient mice showed no obvious phenotype that 
could be attributed to the lack of ClC-4 ( Rugarli et al., 
1995 ). Furthermore, an unpublished ClC-4 knockout 
mouse from our laboratory does not show proteinuria 
(unpublished data). 

 ClC  -5 is the best-studied member of the second 
CLC subfamily. It is predominantly expressed in kid-
ney and intestine ( Devuyst et al., 1999 ;  Steinmeyer 
et al., 1995 ;  Vandewalle et al., 2001 ). ClC-5 is expressed 
in endosomes where it co-localizes with the V-ATPase 
and endocytic cargo ( G ü nther et al., 1998 ;  Sakamoto 
et al., 1999 ). ClC-5 is important for apical endocyto-
sis in renal proximal tubule cells ( Piwon et al., 2000 ; 
 Wang et al., 2000 ), likely because it is required for 

the acidification of early endosomes ( G ü nther et al., 
2003 ;  Hara-Chikuma et al., 2005a ). The consequences 
of ClC-5 deficiency in KO mice and mutations in 
humans include the development of Dent’s disease 
with proteinuria and (indirectly via impaired vita-
min D metabolism ( Maritzen et al., 2006 )) hyperphos-
phaturia, hypercalciuria and kidney stones (recently 
reviewed in  Jentsch, 2008 ;  Jentsch et al., 2005a ). 

 ClC  -6 and -7 (which will be covered in Sections III.
C and III.D, respectively) reside on late endosomal/
lysosomal compartments ( Kasper et al., 2005 ;  Poet 
et al., 2006 ). The disruption of either Cl  �   transporter 
leads to neuronal lysosomal storage disease ( Kasper 
et al., 2005 ;  Poet et al., 2006 ). ClC-6 is highly expressed 
in dorsal root ganglia. In ClC-6 KO mice, these sen-
sory neurons exhibit high levels of storage material, 
which was correlated with a decrease in pain sensitiv-
ity as assayed by tail-flick analysis (see below). ClC-
7 expression is not restricted to the nervous system; 
it is also inserted into the acid-secreting membrane 
of osteoclasts. ClC-7 KO mice develop osteopetrosis 
( Kornak et al., 2001 ).    

    III .      PHYSIOLOGY AND PATHOLOGY OF 
THE NEURONAL CLC PROTEINS 

    A .       ClC-2: a Role in Extracellular Ion 
Homeostasis? 

 ClC  -2 is a broadly expressed plasma membrane Cl  �   
channel ( Thiemann et al., 1992 ). It mediates slowly 
activating inwardly rectifying currents that, depend-
ing on the expression system, activate at voltages 

 FIGURE 12.4          Electrical neutralization of acidification by CLC channels or transporters. The schematic drawing illustrates vesicular acidi-
fication by the V-ATPase. Under ATP consumption, it pumps protons into the lumen. Electrical neutralization could be achieved by a CLC 
chloride channel, which allows for a passive chloride influx ( A ).  B.  A CLC Cl  �  /H  �   exchanger will also provide shunt current. While the stoi-
chiometry for mammalian CLC Cl  �  /H  �   exchangers is not known, the model depicts a 2Cl  �  /1       H  �   stoichiometry (as known for ec-ClC-1).    
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between  � 40 and  � 80       mV ( Thiemann et al., 1992 ). 
This voltage dependence implies that only a small 
proportion of ClC-2 would be open at physiological 
resting membrane voltages. 

 ClC  -2 is inhibited by Cd 2 �   and Zn 2 �   ( Clark et al., 
1998 ), but is relatively insensitive to DIDS (4,4 	 -diiso-
thiocyanatostilbene-2,2 	 -disulfonic acid disodium salt) 
( Thiemann et al., 1992 ). When expressed in  Xenopus  
oocytes, ClC-2 currents are activated by cell swelling 
( Furukawa et al., 1998 ;  Gr ü nder et al., 1992 ;  Jordt and 
Jentsch, 1997 ), suggesting that they may play a role 
in cell volume regulation. Swelling activation of ClC-
2 has also been observed in native cells ( Clark et al., 
1998 ;  Comes et al., 2006 ;  Huber et al., 2004 ). However, 
ClC-2 does not underlie the swelling-activated cur-
rents (VRAC or  I  Cl,swell ) typically seen in most cells 
( Nilius et al., 1997 ;  Sardini et al., 2003 ). VRAC cur-
rent can be distinguished from ClC-2-mediated cur-
rents by its anion selectivity (I  �    �  Cl  �   for VRAC and 
Cl  �    �  I  �   for ClC-2) and by its outward rectification 
( Gr ü nder et al., 1992 ;  Nilius and Droogmans, 2001 ). 
Although ClC-2-mediated currents can be activated by 
swelling, salivary acinar cells from ClC-2-deficient 
mice do not exhibit impaired volume regulation 
( Nehrke et al., 2002 ). Thus, the physiological impor-
tance of the activation of ClC-2 by cell swelling is still 
an unresolved issue. 

 Like   other CLC channels, ClC-2 currents are sensi-
tive to pH and Cl  �  . ClC-2 current amplitude increases 
upon extracellular acidification up to pH 6.5 ( Jordt 
and Jentsch, 1997 ). However, further acidification 
leads to a decrease in amplitude of native ClC-2 cur-
rents in parotid acinar cells, suggesting the presence 
of two different proton-binding sites in the channel 
( Arreola et al., 2002 ). ClC-2 gating also depends on the 
[Cl  �  ] i  ( Haug et al., 2003 ;  Niemeyer et al., 2003 ;  Pusch 
et al., 1999 ); a rise in [Cl  �  ] i  increases ClC-2 open prob-
ability towards positive voltages. 

 In   contrast to its close homolog ClC-1, which dis-
plays a restricted tissue distribution, ClC-2 is broadly 
expressed. Its mRNA has been found in all tissues 
and cell lines investigated ( Thiemann et al., 1992 ). It is 
most highly expressed in brain and in epithelia. ClC-2 
has been reported to be present in apical ( Mohammad-
Panah et al., 2001 ;  Murray et al., 1995 ) or basolateral 
( Catalan et al., 2004 ;  Lipecka et al., 2002 ) membranes 
of lung and intestinal epithelia. Knockout-controlled 
immunocytochemistry strongly supports a basolat-
eral localization in mouse colon (Zdebik and Jentsch, 
unpublished data), which is also supported by func-
tional data ( Zdebik et al., 2004 ) (see below). ClC-2 
is also expressed in the kidney ( Morales et al., 2001 ; 
 Oberm ü ller et al., 1998 ;  Thiemann et al., 1992 ), but its 
intrarenal expression pattern is poorly defined. 

 The   broad tissue distribution of ClC-2 gave rise 
to several speculations on its physiological roles. 
Its expression in lung epithelia, pancreas and colon 
( Thiemann et al., 1992 ), all tissues affected in cystic 
fibrosis, led to the suggestion that ClC-2 may func-
tion as an alternative pathway for Cl  �   secretion in this 
disease ( Schwiebert et al., 1998 ). However, in the lung 
ClC-2 is expressed from early on and its expression 
declines after birth, whereas expression of the cystic 
fibrosis transmembrane conductance regulator (CFTR) 
increases postnatally ( Zdebik et al., 2004 ). In the intes-
tine, colonic cells take up Cl  �   via the basolateral Na-
K-2Cl cotransporter, NKCC1, and secrete it through 
apical CFTR channels ( Strong et al., 1994 ). If ClC-2 
localized together with CFTR to the apical membrane 
of the same colonic epithelial cells and mediated a 
parallel Cl  �   efflux, the additional impairment of ClC-2 
in CFTR-deficient mice would be expected to worsen 
the cystic fibrosis phenotype. However, this is not the 
case, and ClC-2/CFTR double-deficient mice survive 
even better than CFTR-deficient mice ( Zdebik et al., 
2004 ). This, together with data from Ussing cham-
ber experiments, suggests that ClC-2 does not reside 
in the apical, but rather in the basolateral membrane 
( Zdebik et al., 2004 ). 

 ClC  -2 has also been proposed to regulate [Cl  �  ] i  in 
neurons, an important determining factor for synap-
tic inhibition mediated through GABA A  and glycine 
receptors ( Clark et al., 1998 ;  Smith et al., 1995 ;  Staley 
et al., 1996 ). Since ClC-2 gating depends on [Cl  �  ] i  
( Niemeyer et al., 2003 ;  Pusch et al., 1999 ), a rise in 
intraneuronal [Cl − ] may open ClC-2 leading to depo-
larizing Cl −  efflux, if  E  Cl  is less negative than  E  m . 
Indeed, transfection of dorsal root ganglion neurons 
with ClC-2 shifted  E  Cl  (estimated from  E  GABA ) to val-
ues close to electrochemical equilibrium ( Staley et al., 
1996 ). Haug and colleagues identified three different 
mutations in  CLCN2  by screening families with idio-
pathic generalized epilepsies (IGE), which had been 
previously mapped to 3q26, a chromosomal region 
close to the locus of  CLCN2  (3q27) ( Haug et al., 2003 ). 
One mutation, reported to have a dominant-negative 
effect, truncates the ClC-2 protein at helix F (Gins597), 
leading to a loss of function. Although Haug and 
co-workers reported that the truncating mutation 
(Gins597) strongly suppressed currents when co-
expressed with wildtype ClC-2, the mutant lacked 
a dominant-negative effect when expressed in a 1:1 
ratio with wildtype ClC-2 in  Xenopus  oocytes, resem-
bling the situation in heterozygous patients ( Blanz et 
al., 2007 ). The second mutation leads to the deletion 
of 11 nucleotides of an intron (IVS2-14del11). This 
was reported to alter splicing, thereby increasing the 
quantity of a protein that lacks 44 amino acids in the 
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transmembrane portion. When expressed heterolo-
gously, this construct displayed a strong dominant-
negative effect ( Haug et al., 2003 ). Finally, Haug and 
colleagues identified a missense mutation (G715E) 
between CBS1 and CBS2 in the carboxy-terminus of 
ClC-2. This mutation was reported to shift the voltage 
dependence of ClC-2 towards more positive voltages 
in a Cl  �  -dependent manner. This would represent a 
gain of function, in contrast with the loss of function 
caused by the truncating mutations. However, work 
from other groups could not reproduce the func-
tional data of Haug et al. ( Blanz et al., 2007 ;  Niemeyer 
et al., 2004 ). The group of Sep ú lveda failed to detect 
an effect on splicing of the deletion IVS2-14del11 
( Niemeyer et al., 2004 ). Instead of a gain of function 
for the mutant G715E, they only found slower deac-
tivation kinetics of ClC-2 currents. Two additional 
screens for ClC-2 mutations in epileptic patients iden-
tified only two polymorphisms ( D’Agostino et al., 
2004 ;  Marini et al., 2004 ) which do not alter the bio-
physical properties of ClC-2 expressed in  Xenopus  
oocytes and that were also found in non-epileptic per-
sons ( Blanz et al., 2007 ). 

 To   elucidate the physiological role of ClC-2, its 
gene was disrupted in mice ( B ö sl et al., 2001 ). ClC-2 
KO mice were viable, grew normally and showed no 
immediately visible physical or behavioral abnor-
malities. Contrary to previous speculations ( Blaisdell 
et al., 2000 ;  Huber et al., 1998 ;  Malinowska et al., 1995 ; 
 Murray et al., 1995 ), disruption of ClC-2 did not lead 
to lung or kidney abnormalities, a gastric acid secre-
tion defect, or increased sensitivity to seizure-inducing 
agents ( Blanz et al., 2007 ;  B ö sl et al., 2001 ). Altogether 
these observations warrant skepticism towards the 
proposed role of ClC-2 in the etiology of epilepsy. 

 Unexpectedly  , disruption of ClC-2 in mice resulted 
in blindness, male infertility ( B ö sl et al., 2001 ;  Nehrke 
et al., 2002 ) and leukoencephalopathy ( Blanz et al., 
2007 ). Clcn2  � / �   males were infertile due to degenera-
tion of seminiferous tubules. Germ cells of any stage 
were missing in males older than six months and 
spermatids could not be identified in Clcn2  � / �   mice 
( B ö sl et al., 2001 ). Seminiferous tubules were filled 
with abnormal Sertoli cells. Knockout-controlled 
patch-clamp analysis of Sertoli cells showed that they 
indeed expressed a ClC-2 current. 

 Histological   analysis of the retina of Clcn2  � / �   mice 
showed a dramatic and early loss of photoreceptors. 
Starting from P14 in the outer nuclear layer (ONL), a 
great number of shady, pyknotic nuclei were observed 
and the number of cells decreased to 50% with respect 
to control (WT) mice. The width of the ONL was 
reduced further with time until only some scattered 
nuclei remained in old mice ( B ö sl et al., 2001 ). 

 Both   photoreceptors and germ cells depend on tran-
sepithelial transport, mediated by the retinal pigment 
epithelium (RPE) and Sertoli cells, respectively. Ussing 
chamber experiments revealed a decreased short-cir-
cuit current across the Clcn2  � / �   RPE. It is therefore 
tempting to speculate that ClC-2 is important for ion 
homeostasis of the subretinal space, which is formed 
between the RPE and photoreceptors. Similarly, ClC-
2 may be an important determinant of ion concentra-
tions in the extracellular cleft between Sertoli cells and 
germ cells. Changes in the extracellular ion concentra-
tion surrounding germ cells and photoreceptors might 
cause their degeneration ( B ö sl et al., 2001 ). 

 ClC  -2 knockout mice also show a widespread, pro-
gressive spongiform vacuolation of the white matter 
of the brain and spinal cord, accompanied by glial 
activation ( Blanz et al., 2007 ) ( Fig. 12.5   ). The CNS vac-
uolation was found within fiber tracts and developed 
during the period of myelination. Vacuole-like holes 
became evident at P28 in the white matter of the cere-
bellum and in fiber tracts of the brainstem of Clcn2  � / �   
mice. The area covered by vacuole-like structures 
increases with age primarily due to enlargement in 
vacuole size rather than an increase in their number. 
Unlike the CNS, peripheral nerves were not affected. 
Electron microscopy showed that vacuoles developed 
within the compact myelin sheets. The cell bodies of 
oligodendrocytes and axons did not show anoma-
lous morphology even when they were in close prox-
imity to vacuoles. Besides the above changes, gene 
expression profiling with whole-cerebellum RNA 
demonstrated an increase in several gene transcripts 
involved in inflammatory processes. 

 Although   ClC-2 knockout mice showed severe vac-
uolation of the cerebellum, they did not have obvious 
defects in motor performance, probably because of 
the lack of neuronal degeneration. As expected for a 
demyelinating disorder, there was a decrease in nerve 
conduction velocity determined by measuring audi-
tory brainstem responses. Similar results are found 
in other demyelinating mouse models ( Roncagliolo 
et al., 2000 ) and in humans with subclinical forms of 
CNS myelopathies ( Elidan et al., 1982 ;  Robinson and 
Rudge, 1975 ;  Starr, 1978 ). 

 In   the brain, ClC-2 is expressed in neurons and glia 
( Sik et al., 2000 ). In glial cells it is localized to the end-
feet of astrocytes surrounding blood vessels in the hip-
pocampus, and in Bergmann glia in the cerebellum. 
ClC-2-positive puncta have also been observed sur-
rounding oligodendrocytic somata. Double-immuno-
labeling with Cx47, a connexin selectively expressed in 
oligodendrocytes ( Altevogt and Paul, 2004 ), showed 
co-localization of ClC-2 along the circumference of oli-
godendrocyte cell bodies ( Blanz et al., 2007 ). 
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 The   widespread and extensive vacuolation 
observed in old mice lacking ClC-2 is reminiscent of 
the one observed in mice lacking the inwardly rectify-
ing K  �   channel Kir4.1, which is also localized in astro-
cytic endfeet and on the cell body of oligodendrocytes 
( Butt and Kalsi, 2006 ;  Neusch et al., 2001 ), and to the 
one observed in the double knockout of Cx47 and 
Cx32, two connexins thought to be involved in K  �   
homeostasis in astrocytic and oligodendrocityc syncy-
tiae ( Menichella et al., 2003 ). Although these knockout 
mice differ from ClC-2-deficient mice to some degree, 
for instance  Kir4.1  � / �    mice display neuronal cell loss 
that resulted in severe neurological deficits, altogether 
these observations suggest that ClC-2 may participate 
in buffering of extracellular ions, particularly K  �  . This 
attractive hypothesis has also been proposed for the 
ClC-2 function in retina and testis. Interestingly, the 
vacuolation observed in the optic nerve of Cx47/32 
double knockout mice began after eye opening and 
could be suppressed by inhibiting optic nerve activity 
with tetrodotoxin, suggesting that these connexins are 
needed to buffer extracellular K  �   that increases dur-
ing neuronal activity ( Menichella et al., 2006 ). As ClC-
2-deficient mice are blind, there is no activity in their 
optic nerves. Indeed, in analogy to the experiments of 
Menichella and collaborators, this nerve in particular 

did not degenerate in Clcn2  � / �   mice ( Blanz et al., 
2007 ). This suggests that ClC-2 is needed for oligo-
dendrocyte integrity when neuronal activity leads to 
dynamic changes of extracellular ion concentrations. 

 The   CNS pathology of Clcn2  � / �   mice resembles 
the clinical phenotype of some human leukodystro-
phy; several of these patients had vacuolation of the 
CNS, but only mild neurological deficits. However, 
none of the patients analyzed in the study of Blanz 
and collaborators displayed pathogenic  CLCN2  muta-
tions ( Blanz et al., 2007 ). Further, there are no reports 
of human leukodystrophy accompanied with retinal 
degeneration.  

    B .       ClC-3: Important for the Acidification of 
Endosomes and Synaptic Vesicles 

 ClC  -3 is a member of the second branch of the 
CLC family ( Fig. 12.1 ). Members of this branch local-
ize to the membranes of intracellular organelles, par-
ticularly those along the endocytic pathway ( Jentsch, 
2008 ). Cell fractionation and immunofluorescence 
studies showed that ClC-3 localizes to late endosomes 
and synaptic vesicles ( Salazar et al., 2004 ;  Stobrawa et 
al., 2001 ;  Yoshikawa et al., 2002 ). This localization on 
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 FIGURE 12.5          Spongiform vacuolation in the white matter of ClC-2 knockout mice. Semi-thin sections of the middle cerebellar peduncle of 
2-, 5-, and 14-month-old WT and ClC-2 knockout mice. Abundant vacuoles (asterisks) are visible in cerebellar white matter of 5- and 14-month-
old KO but not WT animals, in which capillaries (c) are indicated. Scale bar: 20       μm. Image from  Blanz et al. (2007) .    
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endosomes and synaptic vesicles is consistent with 
the fact that synaptic vesicles often recycle through 
an endosomal compartment ( S ü dhof, 2004 ). In ClC-
3-overexpressing cells, the protein localizes mainly to 
intracellular compartments, and less than 6% of the 
total protein is found at the cell surface ( Zhao et al., 
2007 ). Further, ClC-3 overexpression results in the for-
mation of large intracellular ClC-3-positive vesicular 
structures ( Li et al., 2002 ). 

 Several   interaction partners have been proposed for 
ClC-3. For instance, the interaction between an amino 
terminal dileucine motive and clathrin was suggested 
to be required for ClC-3 endocytosis ( Zhao et al., 2007 ). 
Additionally, the sorting of ClC-3 to synaptic vesicles 
is thought to be mediated by the adaptor protein 
AP-3 ( Salazar et al., 2004 ;  Seong et al., 2005 ). The human 
ClC-3 splice variant, ClC-3B, which possesses an addi-
tional PDZ-binding motif at the extreme carboxy-
terminus, can bind the PDZ domains of NHERF-1, 
PDZK1 and GOPC ( Gentzsch et al., 2003 ;  Ogura et al., 
2002 ). These interactions might be important for the 
correct trafficking of ClC-3B. When ClC-3B alone is 
heterologously expressed in C127 cells, it localizes dif-
fusely to intracellular compartments, which may rep-
resent Golgi and ER. But when ClC-3B is co-expressed 
with NHERF-1, it localizes to the leading edge of 
membrane ruffles ( Ogura et al., 2002 ). 

 The   biophysical properties of ClC-3 currents are still 
controversial. It has been proposed that ClC-3 medi-
ates time-independent, slightly outwardly-rectifying 
Cl  �   currents, which are inhibited upon activation of 
protein kinase C ( Kawasaki et al., 1994 ). In addition, 
it has been claimed for several years that activation of 
ClC-3 triggers swelling-activated Cl  �   currents ( Duan 
et al., 1997 ; von  Weikersthal et al., 1999 ;  Yamazaki 
et al., 1998 ). Another group proposed ClC-3 as a Ca 2 �  -
dependent, CamKII-activated channel ( Huang et al., 
2001 ). These currents do not resemble those observed 
for ClC-4 and ClC-5, with which ClC-3 shares 80% 

sequence identity, and they are also observed in cells 
from ClC-3 knockout mice ( Arreola et al., 2002 ;  Gong 
et al., 2004 ;  Stobrawa et al., 2001 ). In 2000, Weinman 
and co-workers recorded ClC-3 currents that seem to 
be truly mediated by ClC-3 ( Li et al., 2000 ). In ClC-3-
transfected cells, they observed currents that displayed 
a conductivity sequence with Cl  �    �  I  �  , which is typi-
cal of CLC proteins ( Li et al., 2000 ). A mutation of the 
gating glutamate (see Section II.A) in ClC-4 and -5 
abolished their strong outward rectification ( Friedrich 
et al., 1999 ), and exactly the same effect was observed 
when the corresponding ClC-3 mutant was expressed 
( Li et al., 2002 ). Recently, another study described out-
wardly rectifying Cl  �   currents upon ClC-3 overexpres-
sion in HEK-293 cells ( Matsuda et al., 2008 ). In this 
work, mutations in the gating glutamate also led to a 
loss of rectification. However, many groups have been 
trying extensively to measure ClC-3-mediated cur-
rents ( Friedrich et al., 1999 ;  Picollo and Pusch, 2005 ; 
 Weylandt et al., 2001 ), without reproducibly yielding 
currents. It now seems very likely that ClC-3, just like 
ClC-4 and -5, mediates Cl  �  /H  �   exchange. 

 ClC  -3 was detected in brain, retina, pancreas, kid-
ney, adrenal gland, liver, skeletal muscle and heart. 
Within the brain, ClC-3 is abundant in hippocampus, 
cerebellum and olfactory bulb ( Stobrawa et al., 2001 ). 
To elucidate the cellular and physiological role of ClC-
3, three groups have independently disrupted its gene 
in mice. All three groups observed that ClC-3-deficient 
mice exhibit severe neurodegeneration that leads to 
a complete loss of the hippocampus ( Fig. 12.6   ) and 
of photoreceptors ( Dickerson et al., 2002 ;  Stobrawa 
et al., 2001 ;  Yoshikawa et al., 2002 ). In spite of the severe 
neurodegeneration, ClC-3 knockout mice are viable 
and survive for more than a year. However, there is an 
overall higher mortality and a reduction in weight. 

 Our   laboratory showed that hippocampal degen-
eration starts in the CA1 region of the hippocam-
pus two weeks after birth ( Stobrawa et al., 2001 ). At 

 FIGURE 12.6          The hippocampus is degenerated in ClC-3 knockout mice. Nissl-stained frontal sections of 7-month-old wildtype (WT) and 
ClC-3 knockout (KO) mice show a clear degeneration of the hippocampus in ClC-3 knockout mice. Images from  Stobrawa et al. (2001) .    
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three months of age, the hippocampus is replaced by 
large cavities contiguous with the ventricular system. 
Degeneration is not restricted to the hippocampus, 
and is accompanied by an activation of microglia and 
astrogliosis. Interestingly, in the ClC-3 knockout line 
generated by Dickerson and colleagues, the hippo-
campal degeneration has a slower time course devel-
oping over months, instead of weeks, and progresses 
in a different sequence among neuronal subpopu-
lations ( Dickerson et al., 2002 ). These authors also 
reported that  Clcn3 −/−   mice are particularly sensitive 
to midazolam, a benzodiazepine that enhances activ-
ity of GABA A  receptors, pointing to an abnormality in 
GABA neurotransmission ( Dickerson et al., 2002 ). ClC-
3 knockout mice display increased basal locomotion 
accompanied by an overall reduced resting time. They 
have also difficulties in tests for motor skills ( Stobrawa 
et al., 2001 ;  Yoshikawa et al., 2002 ). However, they are 
able to improve their performances, showing that 
motor learning is not abolished ( Stobrawa et al., 2001 ). 

 Yoshikawa   and colleagues reported that their ClC-
3 knockout line displayed some features of neuronal 
ceroid lipofuscinosis (NCL), a subtype of lysosomal 
storage disease. They observed accumulation of sub-
unit c of the mitochondrial ATP synthase, a hydropho-
bic protein that is normally degraded in lysosomes, 
and a mild accumulation of intracellular electron-
dense material ( Yoshikawa et al., 2002 ). Comparison 
of ClC-7 knockout mice, which display severe lyso-
somal storage (see Section III.D), with mice disrupted 
for ClC-3 in our laboratory ( Stobrawa et al., 2001 ) 
showed that the latter mice did not exhibit intraneuro-
nal storage material and only minimally accumulated 
subunit c ( Kasper et al., 2005 ). The reasons for these 
subtle differences between phenotypes of the three 
ClC-3 knockout lines are not clear, but might be related 
to the genetic background. Indeed, back-crossing 
ClC-3 knockout mice to C57/Bl6 in our laboratory 
resulted in increased mortality (unpublished data). 

 Photoreceptors   in ClC-3-deficient mice degener-
ate, leading to complete blindness. Histological anal-
ysis of the retina showed a dramatic and selective 
loss of the outer nuclear layer (ONL) and of the outer 
 segments (OS) starting from P12 ( Stobrawa et al., 2001 ; 
 Yoshikawa et al., 2002 ). Electroretinograms showed 
that most of the ClC-3-deficient mice do not respond 
to flash light stimuli. The CNS degeneration affects 
most drastically the hippocampus, a region where 
ClC-3 is highly expressed. In the retina, the highest 
ClC-3 immunoreactivity was found in the inner and 
outer plexiform layers (IPL and OPL), consistent with 
the localization of ClC-3 to synaptic vesicles, whereas 
degeneration takes place in the ONL ( Stobrawa et al., 
2001 ). The selective degeneration observed in  Clcn3  −/−  

mice may be due to the high vulnerability of both the 
hippocampus and photoreceptors. The hippocampal 
CA1 region is the brain area that first degenerates in 
knockout mice, consistent with its well-known sensi-
tivity to other insults, e.g. cell death following anoxia, 
glutamate toxicity, or epileptic seizures ( Grooms et al., 
2000 ;  Nunn et al., 1994 ). 

 The   reason for the observed neurodegeneration is 
not clear but may be secondary to a defective acidifica-
tion of intracellular organelles. The V-type H  �  -ATPase, 
which is involved in vesicle acidification, needs a 
parallel anion conductance for efficient H  �   pump-
ing ( Jefferies et al., 2008 ), which may be mediated by 
ClC-3.  In vitro  acidification of synaptic vesicles from 
ClC-3-deficient mice was indeed reduced ( Stobrawa 
et al., 2001 ), and the intra-vesicular steady-state pH of 
an endosome-enriched preparation from liver of ClC-3 
knockout mice was slightly increased ( Yoshikawa 
et al., 2002 ). The electrochemical H  �   gradient across 
the membrane of synaptic vesicles is an important 
driving force for the uptake of neurotransmitters. 
Hence, neurotransmitter uptake might be altered in 
 Clcn3   � / �   mice, although initial experiments did not 
support this hypothesis ( Stobrawa et al., 2001 ).  

    C .       ClC-6: a Late Endosomal Chloride 
Transporter in Neurons 

 Like   ClC-3 and -7, ClC-6 localizes to the endo-
lysosomal pathway in neurons and its absence leads 
to neuronal pathology ( Poet et al., 2006 ). ClC-6 was 
cloned in parallel with ClC-7 ( Brandt and Jentsch, 
1995 ). These two proteins share about 45% sequence 
identity and form the third subfamily of mammalian 
CLC proteins. In contrast to the members of the sec-
ond subfamily, ClC-3 through -5, ClC-6 and -7 could 
not be co-immunoprecipitated with each other or with 
any other intracellular CLC protein ( Suzuki et al., 
2006 ). The fact that ClC-6 can complement the phe-
notype of the yeast gef1 mutant, in which the single 
yeast CLC gene is disrupted ( Greene et al., 1993 ), 
indicates that ClC-6 mediates Cl  �   flux ( Kida et al., 
2001 ). Nevertheless, no ClC-6 currents could be mea-
sured when the protein was expressed ectopically in 
 Xenopus  oocytes ( Brandt and Jentsch, 1995 ;  Buyse 
et al., 1997 ) or COS cells ( Buyse et al., 1998 ). This is likely 
due to its intracellular localization (see below), which 
so far has prevented the biophysical characterization 
of ClC-6. Therefore it is not known whether ClC-6 is 
a chloride channel or a Cl  �  /H  �   exchanger, although 
the presence of a  ‘  ‘ proton glutamate ’  ’  (see Section II.A) 
argues for the latter. 
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 The   mRNA encoding for ClC-6 shows broad tissue 
expression, including brain, kidney, testes, lung, skel-
etal muscle, thymus, intestine and pancreas ( Brandt 
and Jentsch, 1995 ;  Eggermont et al., 1997 ;  Kida et al., 
2001 ). Splice variants of the ClC-6 mRNA have been 
identified by RT-PCR ( Eggermont et al., 1997 ), but 
their physiological relevance is doubtful, as they 
encode severely truncated proteins. In spite of its 
ubiquitous transcription, the ClC-6 protein is almost 
exclusively expressed in the nervous system ( Poet 
et al., 2006 ). 

 Using   the overexpression of an epitope-tagged 
version, ClC-6 was at first reported to be an endo-
plasmic reticulum (ER)-resident protein ( Buyse 
et al., 1998 ). Later, however, it was shown to co-localize 
with markers of both early and late endosomes by 
another group ( Suzuki et al., 2006 ). From immuno-
cytochemistry and subcellular fractionation of native 
tissues, using knockout mice as control, it is now 
clear that native ClC-6 is an endosomal protein ( Poet 
et al., 2006 ). As it partially co-localizes with lamp-
1 (lysosome-associated membrane protein-1) and is 
partially shifted into lysosomal fractions in ClC-7 
knockout mice, it is believed to reside predominantly 
on late endosomes ( Poet et al., 2006 ). This localiza-
tion has also been described for endogenous ClC-6 in 
the human SH-SY5Y neuroblastoma cell line, while 
ectopically (over-)expressed ClC-6 was mislocalized 
to early and recycling endosomes ( Ignoul et al., 2007 ). 
ClC-6 is incorporated into detergent-resistant mem-
brane domains, depending on a stretch of basic amino 
acids. This incorporation seems to play a role in the 

localization of ClC-6, since alanine substitution of this 
stretch of amino acids shifts the overexpressed ClC-6 
from early endosomes to late endosomes/lysosomes, 
where it partially co-localizes with ClC-7 ( Ignoul et al., 
2007 ). 

 ClC  -6 knockout mice show no immediately appar-
ent changes in phenotype; they are of normal size and 
have a normal lifespan ( Poet et al., 2006 ). However, 
these mice accumulate lysosomal storage mate-
rial in central and peripheral neurons that becomes 
visible at four weeks of age ( Poet et al., 2006 ). This 
 autofluorescent storage material does not only include 
lysosomal markers, such as lamp-1 and cathepsin D, 
but also stains positive for saposin D and subunit c of 
the mitochondrial ATPase, both typical components 
of storage material in human neuronal ceroid lipo-
fuscinosis (NCL) ( Palmer et al., 1992 ;  Tyynel ä  et al., 
1993 ). In contrast to the lysosomal storage material in 
ClC-7 knockout mice, which accumulates in neuronal 
somata ( Kasper et al., 2005 ;  Poet et al., 2006 ) (see 
Section III.D), these deposits are found in the initial 
axonal segment in ClC-6 knockout neurons ( Fig. 12.7 ). 
It often (e.g. about 20% of cortical neurons) leads to a 
swelling of the proximal axon ( Poet et al., 2006 ). 

 Tail  -flick latencies (as a measure of pain threshold) 
are doubled in the ClC-6 knockout mouse. This might 
be due to impairment of dorsal root ganglion neurons 
that accumulate large amounts of storage material in 
ClC-6 KO animals ( Poet et al., 2006 ). 

 The   phenotype of the ClC-6 knockout mouse is 
less severe than that of the ClC-3 and -7 knockout 
mice (see Sections III.B and III.D, respectively); ClC-
6-deficient mice display neither neurodegeneration 
nor blindness. The phenotypes observed in the ClC-6 
knockout mouse resemble those of Kuf’s disease, a 
mild, adult-onset form of NCL. Two (out of 75 tested) 
patients were found to carry heterozygous missense 
mutations ( Poet et al., 2006 ). Interestingly, one of them 
displayed the mutation (V580M) within  α -helix R, 
which lines the anion permeation pathway (see 
Section II.A). But as no other  CLCN6  mutation was 
found in the other allele, there is no proof for a causal 
relation between the ClC-6 mutations and Kuf’s dis-
ease ( Poet et al., 2006 ). Due to the lack of an appro-
priate expression system, the biophysical properties of 
these mutants could not yet be tested. 

 In   spite of the lysosomal pathology, the steady-state 
lysosomal pH of cultured hippocampal neurons from 
ClC-6 knockout mice is not altered ( Poet et al., 2006 ). 
This does not exclude an altered pH of late endosomes 
(to which ClC-6 predominantly localizes), which in 
the long run (over several months) could lead to lyso-
somal storage, possibly by a slight trafficking defect in 
the endosomal/lysosomal system.  

 FIGURE 12.7          Lysosomal storage material in neurons from ClC-6 
and ClC-7 knockout mice. Electron micrographs of ClC-7-deficient 
cortical neurons ( A ) and ClC-6-deficient hippocampal neurons 
( B ) clearly show the accumulation of electron-dense storage mate-
rial (arrows). Note the difference in distribution, with the storage 
material scattered through the entire cell body in ClC-7 knockout 
and the restricted localization to the initial axon segment in ClC-
6 knockout. Modified from  Kasper et al. (2005)  ( A ) and  Poet et al. 
(2006)  ( B ). nuc  �  nucleus; scale bars: 2        μ m.    
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    D .       ClC-7/Ostm1: Role in Osteoclasts, 
Neuronal Lysosomes and Retina 

 ClC  -7, together with its  β -subunit Ostm1, has been 
shown to be engaged in various physiological pro-
cesses such as bone resorption by osteoclasts and 
lysosomal function in neurons, depending on its tis-
sue-specific subcellular localization. Accordingly, 
its loss or dysfunction leads to diseases as diverse as 
osteopetrosis, neuronal lysosomal storage with neuro-
degeneration and blindness ( Jentsch, 2008 ). 

 Together   with ClC-6, with which it shares 45% 
sequence homology ( Brandt and Jentsch, 1995 ) (see 
Section III.C), ClC-7 forms the third CLC subfamily 
( Fig. 12.1 ). Just like ClC-6, ClC-7 possesses the  ‘  ‘ pro-
ton glutamate ’  ’  common to CLC Cl  �  /H  �   exchangers 
(see Section II.A), indicating that ClC-7 might also be 
an exchanger. But as for ClC-6, no currents could be 
detected when ClC-7 was overexpressed in  Xenopus  
oocytes ( Brandt and Jentsch, 1995 ), and no biophysical 
characterization has been reported so far. 

 ClC  -7 mRNA is broadly expressed. By Northern 
blot it was detected in all tested murine tissues includ-
ing brain, liver, heart, placenta, lung, thymus, colon, 
testis and kidney ( Brandt and Jentsch, 1995 ). By  in situ  
hybridization of mouse embryos, ClC-7 was shown 
to be highly expressed in the nervous system (dor-
sal root and trigeminal ganglia and brain) ( Kornak 
et al., 2001 ). Hybridization of adult mouse sections 
also yielded a strong signal in cerebellar Purkinje cells 
as well as in other non-nervous tissues (e.g. renal prox-
imal tubules) ( Kida et al., 2001 ). Expression of X-Gal 
under the endogenous ClC-7 promoter in ClC-7 
knockout mice showed additionally expression in the 
eye (lens, retinal pigment epithelium and neuroretina) 
and in osteoclasts ( Kornak et al., 2001 ). A broad neu-
ronal expression of ClC-7 protein was confirmed by 
immunocytochemistry ( Kasper et al., 2005 ). 

 Endogenous   ClC-7 co-localizes strongly with the 
late endosomal/lysosomal marker lamp-1 in mouse 
fibroblasts ( Kornak et al., 2001 ) and hippocampal neu-
rons ( Kasper et al., 2005 ). Immunoblotting following 
subcellular fractionation revealed the presence of ClC-
7 in late endosomal and lysosomal fractions ( Kornak 
et al., 2001 ). Its presence on lysosomes has been 
demonstrated additionally by electron  microscopy 
of  immunogold-labeled cortical neurons ( Kasper 
et al., 2005 ). ClC-7 is also targeted to these compart-
ments when heterologously expressed ( Lange et al., 
2006 ;  Suzuki et al., 2006 ), hence likely impeding its 
biophysical characterization. ClC-7 is the only mem-
ber of the intracellular CLC proteins that localizes so 
 ‘  ‘ late ’  ’  in the endo-lysosomal pathway. Only when 
it is lacking in ClC-7 knockout tissue are the late 

endosome-localized ClC-3 and -6 partially shifted into 
the lysosomal fraction ( Poet et al., 2006 ). Just like ClC-6, 
ClC-7 did not co-immunoprecipitate with any other 
CLC protein of the second or third subfamily ( Suzuki 
et al., 2006 ). In osteoclasts, ClC-7 localizes not only 
to intracellular compartments but also to the ruffled 
border at the interface between these bone-resorbing 
cells and the bone ( Kornak et al., 2001 ), a localization 
important for the function of ClC-7 in bone resorption 
(see below). 

 The   stability of ClC-7 depends on its association with 
its  β -subunit Ostm1 ( Lange et al., 2006 ). Ostm1 was 
identified as a membrane protein of unknown function, 
the deletion or mutations of which lead to the severe 
osteopetrotic phenotype of the spontaneous grey-lethal 
mouse and to rare cases of human recessive, malignant 
infantile osteopetrosis ( Chalhoub et al., 2003 )  –  hence 
the name Ostm1, short for osteopetrosis-associated 
membrane protein 1. Independently, Ostm1 was cloned 
as GIPN (GAIP-interacting protein N-terminus), 
and a ubiquitin ligase activity was attributed to it 
( Fischer et al., 2003 ). However, such an activity is vir-
tually excluded in the light of our current knowledge 
about the topology of Ostm1 as a type-I transmem-
brane protein with a cleavable amino-terminal signal 
peptide, a long, heavily glycosylated extracytoplas-
mic domain (which contains a putative RING-finger 
domain;  Fischer et al., 2003 ) and a short, cytoplasmic, 
carboxy-terminal amino acid stretch ( Lange et al., 
2006 ). Just as for ClC-7, transcripts of Ostm1 could be 
detected in all examined tissues ( Chalhoub et al., 2003 ; 
 Fischer et al., 2003 ;  Lange et al., 2006 ). In native cells, 
ClC-7 and Ostm1 perfectly co-localize on late endo-
somes/lysosomes, on the way to (or in) which the 
glycosylated luminal part of Ostm1 is proteolytically 
cleaved, and in the ruffled border of osteoclasts ( Lange 
et al., 2006 ). Trafficking of heterologously expressed 
Ostm1 to lamp-1-positive compartments depends spe-
cifically on ClC-7, whereas heterologously expressed 
ClC-7 reaches those structures also in the absence of 
Ostm1 ( Lange et al., 2006 ). The two proteins can be co-
immunoprecipitated with each other and the protein 
level of either is strongly reduced in the mouse lack-
ing the other (ClC-7 knockout and grey-lethal, respec-
tively) ( Lange et al., 2006 ). As ClC-7 is not glycosylated, 
one can speculate that its interaction with the heavily 
glycosylated Ostm1  stabilizes it against degradation in 
lysosomes. At least in osteoclasts, transcription of the 
ClC-7-encoding gene,  Clcn7 , and that of its  β -subunit, 
 Ostm1 , are co-regulated by the same (namely, microph-
thalmia) transcription factor ( Meadows et al., 2007 ). As 
expected from the relationship of ClC-7 and Ostm1, the 
grey-lethal mouse, which lacks Ostm1, and the ClC-
7 knockout mouse show highly similar phenotypes, 
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such as gray fur in an  agouti  background (indicat-
ing a role of ClC-7/Ostm1 in melanocyte physiology) 
and the short lifespan of just a few weeks, as well as 
osteopetrosis, retina degeneration, lysosomal  storage 
and neurodegeneration (see below) ( Lange et al., 
2006 ). Accordingly, mutations in both human genes 
have been identified which cause the same diseases 
(see below). 

    1 .      Role in Bone Resorption by Osteoclasts 

 The   ruffled border of osteoclasts is a specialized 
plasma membrane domain that faces the resorption 
lacuna, an acidified space between the osteoclast and 
the bone ( Teitelbaum, 2000 ). Massive exocytosis deliv-
ers lysosomal enzymes into the resorption lacuna and 
the ruffled border itself gains features similar to the late 
endosomal/lysosomal membrane. Also the V-ATPase 
with its a3 subunit ( Nishi and Forgac, 2000 ) and ClC-
7/Ostm1 ( Kornak et al., 2001 ;  Lange et al., 2006 ) local-
ize to it. The V-ATPase actively acidifies the resorption 
lacuna ( Blair et al., 1989 ) and ClC-7/Ostm1 is believed 
to mediate the shunt current, in a manner equivalent 
to the general role of intracellular CLC proteins in 
enabling luminal acidification by charge compensation 
(see Section II.B). The ruffled border of osteoclasts from 
ClC-7 knockout mice is admittedly underdeveloped 
(raising the possibility that the lack of ClC-7/Ostm1 
rather leads to an impaired build-up of this mem-
brane), and these cells do not significantly degrade 
bone material ( Kornak et al., 2001 ). By staining ivory-
attached osteoclasts with the pH-sensitive dye acridine 
orange, it could indeed be demonstrated that acidifi-
cation of the resorption lacuna is greatly abrogated in 
ClC-7 knockout osteoclasts ( Kornak et al., 2001 ). 

 Deficient   bone resorption leads to osteopetrosis, 
which is characterized by dense, fragile bones that lack 
the bone marrow ( Tolar et al., 2004 ). Mutations in the a3 
subunit of the V-ATPase cause this disease in mice ( Li 
et al., 1999 ;  Scimeca et al., 2000 ) and men ( Frattini et al., 
2000 ;  Kornak et al., 2000 ). Consistent with the hypoth-
esis that Cl  �   transport by ClC-7/Ostm1 mediates the 
electrical neutralization for the acidification by the 
proton pump, the ClC-7 knockout and the grey-lethal 
mice also display severe osteopetrotic phenotypes with 
secondary effects like a lack of teeth eruption ( Kornak 
et al., 2001 ;  Lange et al., 2006 ). Furthermore, numerous 
mutations in ClC-7 ( Cleiren et al., 2001 ;  Frattini et al., 
2003 ;  Kornak et al., 2001 ;        Waguespack et al., 2007, 2003 ) 
and Ostm1 ( Chalhoub et al., 2003 ;  Maranda et al., 2008 ; 
 Pangrazio et al., 2006 ;  Quarello et al., 2004 ;  Ram í rez 
et al., 2004 ;  Souraty et al., 2007 ) have been found that 
cause various types of osteopetrosis.  

    2 .      Function in Lysosomes of the Nervous System 

 In   brain, ClC-7 is present in all cell types but is 
most prominently expressed in neurons ( Kasper et al., 
2005 ). Consistent with ClC-7 and Ostm1 being local-
ized to neuronal late endosomes/lysosomes ( Kasper 
et al., 2005 ;  Lange et al., 2006 ), both ClC-7 knockout 
( Kasper et al., 2005 ) and Ostm1-deficient grey-lethal 
( Lange et al., 2006 ) mice develop a neuronal pathology 
with clear symptoms of lysosomal dysfunction. Just as 
in ClC-6 knockout mice ( Poet et al., 2006 ) (see Section 
III.C), neurons of ClC-7- and Ostm1-deficient mice 
accumulate electron-dense lysosomal storage material 
that stains positive for subunit c of the mitochondrial 
ATPase. This indicates that also loss of ClC-7/Ostm1 
leads to NCL, which in this case is accompanied by 
microglial activation, astrogliosis and a widespread 
degeneration of the CNS. Also human osteopetrosis 
patients with mutations in either  CLCN7  ( Frattini 
et al., 2003 ) or  OSTM1  ( Maranda et al., 2008 ;  Pangrazio 
et al., 2006 ) have been described that show neuronal 
symptoms. The NCL-typical accumulation of subunit 
c of the mitochondrial ATPase is much more pro-
nounced in the ClC-7 knockout mouse ( Kasper et al., 
2005 ) than in a ClC-3 knockout mouse for which NCL-
like phenotypes have been reported ( Yoshikawa et al., 
2002 ) (see Section III.B). In contrast to the restriction 
of lysosomal storage material to the initial axon seg-
ments in ClC-6 knockout mice ( Poet et al., 2006 ) (see 
Section III.C), electron-dense deposits were scattered 
throughout the cell body of ClC-7 knockout and grey-
lethal mice ( Kasper et al., 2005 ;  Lange et al., 2006 ) ( Fig. 
12.7A)   . Storage material is not only found in neurons, 
but also in renal proximal tubules of ClC-7 knockout 
mice ( Kasper et al., 2005 ). 

 The   exact molecular mechanism underlying the 
accumulation of storage material in these mice is not 
clear. Although the phenotype suggests a lysosomal 
dysfunction, no impaired activity of the lysosomal 
enzyme TPP I in ClC-7-deficient neurons or fibro-
blasts was detected ( Kasper et al., 2005 ). Moreover, the 
steady-state lysosomal pH in ClC-7 knockout and grey-
lethal neurons is not altered ( Kasper et al., 2005 ;  Lange 
et al., 2006 ), just as in the case of ClC-6 deficiency 
( Poet et al., 2006 ). Again, a defect in the acidification 
kinetics, maybe during the transition from late endo-
somes to lysosomes, cannot be excluded. Likewise it 
is unknown whether the lysosomal chloride concen-
tration is normal. Conductive pathways negligible in 
the presence of ClC-7/Ostm1 could potentially neu-
tralize the charge generated during acidification in 
ClC-7/Ostm1-deficient lysosomes. In such a scenario, 
the altered luminal [Cl  �  ] might lead to the observed 
phenotypes (  Jentsch, 2007 ).  
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    3 .      Retinal Degeneration 

 Human   osteopetrosis is frequently accompanied by 
blindness, which often results from an osteopetrotic 
narrowing of the optical canal and a compression of 
the optic nerve ( Steward, 2003 ). Indeed, as seen with 
either ClC-2 and ClC-3 knockout mice ( B ö sl et al., 2001 ; 
 Stobrawa et al., 2001 ) (see Sections III.A and III.B), ClC-7 
knockout and grey-lethal mice display retinal degenera-
tion ( Kornak et al., 2001 ;  Lange et al., 2006 ). In both ClC-
7- and Ostm1-deficient mice, retinal degeneration starts 
at about two weeks after birth and rapidly progresses 
until there are hardly any photoreceptors left at four 
weeks of age. By this time, the number of ganglion cells 
is only weakly reduced, indicating that retinal degen-
eration is independent from the narrowing of the opti-
cal canal, which actually occurs in ClC-7 knockout mice 
( Kornak et al., 2001 ). Additional proof that in these ani-
mal models retinal degeneration is tissue-intrinsic and 
not a secondary effect of osteopetrosis was provided by 
examining the retinas of mice lacking the a3 subunit of 
the V-ATPase and of ClC-7-deficient mice whose osteo-
petrosis was rescued by osteoclast-specific expression of 
ClC-7 under the TRAP promoter ( Kasper et al., 2005 ). 
The former mice, despite exhibiting severe osteopetrosis, 
did not show retinal degeneration, whereas in the latter 
mice of the same age, the rescue of the bone phenotype 
did not affect retinal cell death. Also electroretinograms 
of ClC-7 knockout mice showed a primary reduction in 
photoreceptor function, whereas no dysfunction was 
detected in a3-deficient mice ( Kasper et al., 2005 ). 

 Thus  , ClC-7 is involved in at least two independent 
mechanisms that can lead to blindness. One is indi-
rect via its role in bone resorption, as also osteope-
trosis associated with mutations in the a3 subunit of 
the V-ATPase can be accompanied by visual impair-
ment ( Steward, 2003 ). The other is related to the NCL 
phenotype, as visual impairment is also observed in 
most subtypes of NCL ( Goebel and Wisniewski, 2004 ). 
While the former mechanism, which plays a minor 
role ( Kasper et al., 2005 ), is well understood, namely, 
constriction of the optic nerve, it is not clear how NCL 
leads to retinal degeneration. Finally, it cannot be 
excluded that the degeneration of the retina starts in 
the non-neuronal cells of the retinal pigment epithe-
lium, in which ClC-7 is also expressed ( Kornak et al., 
2001 ), and that due to the fast cell death no accumula-
tion of storage material can be found in these cells.    

    IV .      OUTLOOK 

 Due   to the intensive work in the field of CLC 
research, much knowledge about the CLC proteins 
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                 Calcium-activated Chloride Channels 
   Fiona C.   Britton  ,     Normand   Leblanc   and     James L.   Kenyon    

C H A P T E R

    I .      INTRODUCTION 

 Ca   2 �  -activated chloride currents ( I  Cl(Ca) ) mediated 
by a Ca 2 �  -activated Cl  �   conductance ( g  Cl(Ca) ) were first 
described in  Xenopus  oocytes ( Miledi, 1982 ;  Barish, 
1983 ) and rod inner segments from salamander retinas 
( Bader et al., 1982 ). By 1991,  I  Cl(Ca)  with similar proper-
ties had been described in central and peripheral neu-
ronal cell bodies ( Owen et al., 1984, 1986 ;  Mayer, 1985 ; 
 Bader et al., 1987 ;  Scott et al., 1988 ;  Schlichter et al., 
1989 ), developing skeletal muscle ( Hume and Thomas, 

1989 ), cardiac muscle ( Zygmunt and Gibbons, 1991 ), 
smooth muscle (       Byrne and Large, 1987, 1988 ;  Pacaud 
et al., 1989 ), lacrimal gland cells ( Marty et al., 1984 ;  Evans 
and Marty, 1986 ) and pituitary cells ( Korn and Weight, 
1987 ). These initial publications began investigations 
that continue today into the properties and function of 
 I  Cl(Ca) . Although intriguing candidate genes have been 
recently identified, the molecular identity of the Ca 2 �  -
activated Cl  �   channels that mediate  I  Cl(Ca)  is so far unre-
solved. Functional evidence points to the existence of 
at least two functional classes of channels that mediate 
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13.   CALCIUM-ACTIVATED CHLORIDE CHANNELS234

 I  Cl(Ca) : Cl  �   channels activated by Ca 2 �   without require-
ment for an intermediary kinase, i.e. Ca 2 �  -activated Cl  �   
channels (Cl Ca  channels), and Cl  �   channels activated by 
Ca 2 �  /calmodulin-dependent kinase II (CaMKII) phos-
phorylation, i.e. CaMKII-dependent channels. Cl Ca  chan-
nels are typically small conductance channels (5       pS or 
less) that are also commonly activated by depolarization. 
These channels, commonly found in oocytes, central and 
peripheral neurons,  cardiac muscle, smooth muscle and 
exocrine secretory cells are the topic of this review. The 
CaMKII-activated Cl  �   channels are best characterized in 
epithelial tissues where they are medium to large con-
ductance  channels (tens to hundreds of pS). Members of 
the CLCA gene family have been proposed to contribute 
to these  channels and are the subject of recent reviews 
( Hartzell et al., 2005a ;  Loewen and Forsyth, 2005 ). They 
are not considered in detail here. The unknown molecu-
lar basis of the Cl Ca  channels leaves open the possibility 
of a molecular relationship between the Cl Ca  channels 
and the CaMKII-activated Cl  �   channels, i.e. proteins 
encoded by CLCA may contribute to Cl Ca  channels. Our 
discussion of CLCA will be limited to consideration of 
this possibility. 

          Figures 13.1 and 13.2      illustrate two voltage clamp pro-
tocols used to elicit and characterize  I  Cl(Ca)  mediated by 
Cl Ca  channels.  Figure 13.1A  shows recordings of mem-
brane potential (upper traces) and membrane current 
(lower traces) and the activation of  I  Cl(Ca)  by increases in 
intracellular Ca 2 �   ([Ca 2 �  ] i ) mediated by voltage-gated 
Ca 2 �   channels in the plasma membrane of rat dorsal root 
ganglion (DRG) neurons in culture. As shown here, step 
depolarizations to  � 12 and  � 35       mV activated voltage-
gated inward Ca 2 �   current ( I  Ca ) that mediated a Ca 2 �   
influx that activates a delayed current that was inward at 
 � 12       mV (negative to  E  Cl ), outward at  � 35       mV (positive 
to  E  Cl ), and reversed at  E  Cl  (not shown). Repolarizations 
from steps that activated  I  Ca  and the delayed current 
 elicited large, slowly deactivating inward tail currents 
that also reversed at  E  Cl . That the delayed current and the 
tail currents are Ca 2 �   dependent can be inferred from the 
observation that both are greatly diminished if the depo-
larization is to  � 80       mV where Ca 2 �   entry is small due to 
a reduced driving force for Ca 2 �   (e.g. step to  � 80       mV in 
 Fig. 13.1A ). Taken together, these observations establish 
the delayed current and the tail current as  I  Cl(Ca)  based on 
their Cl  �   selectivity and activation by increased [Ca 2 �  ] i . 
In addition to activation by Ca 2 �   influx,  I  Cl(Ca)  can also 
be activated by release of Ca 2 �   from intracellular stores 
( Fig. 13.1B ) including Ca 2 �  -induced Ca 2 �   release ( Ayar 
and Scott, 1999 ;  Gillo et al., 1989 ;  Mart í nez-Pinna et 
al., 2000 ;  Lancaster et al., 2002 ), caffeine-induced Ca 2 �   
release ( Currie and Scott, 1992 ;  Ivanenko et al., 1993 ), or 
release activated by the endogenous agonists cyclic-ADP 
ribose ( Crawford et al., 1997 ;  Currie et al., 1993 ;  Pollock 

et al., 1999 ) or IP 3  ( Wang and Kotlikoff, 1997b ). A more 
detailed  consideration of the kinetics of activation and 
deactivation of  I  Cl(Ca)  as determined by the rise and fall 
of [Ca 2 �  ] i , the change in membrane potential, and the 
kinetics of the response of the Cl Ca  channels to these two 
 activators is given below. Lastly, we note that observa-
tions qualitatively similar to these have been made in 
each of the cell types cited above and more. 

    Figure 13.2  illustrates the protocol used to elicit and 
characterize  I  Cl(Ca)  in olfactory sensory neurons (OSN) 
where it is essential for olfaction, as discussed in more 
detail in Chapter 20 in this volume. This system is of 
particular interest because of the mounting evidence 
that they are mediated by the bestrophin family of 
proteins ( Pifferi et al., 2006 ). In these cells, odorant 

 FIGURE 13.1           I  Cl(Ca)  recorded from a rat dorsal root ganglion 
neuron.  A.  Membrane currents elicited in whole-cell patch clamp 
recordings of sensory neurons isolated from neonatal rats and 
kept in culture for 2 – 11 weeks. From holding potential ( V  h ) of 
 � 60       mV, four voltage clamp steps to potentials ranging from  � 118 
to  � 80       mV (upper traces) elicited whole-cell currents shown in the 
lower traces. The step to  � 118       mV produced no time-dependent 
current. The step to  � 12       mV evoked a brief transient inward Ca 2 �   
current ( I  Ca ) that was immediately followed by the development of 
a delayed secondary inward current that is consistent with  I  Cl(Ca) . 
Repolarization to  V  h  yielded a large inward tail current that reflects 
slow deactivation of  I  Cl(Ca)  following termination of Ca 2 �   influx at 
negative potentials. The step to  � 35       mV elicited a slowly develop-
ing outward  I  Cl(Ca) . Adapted from  Mayer (1985)  with permission 
from the Physiological Society (UK).  B.  Cartoon illustrating the 
roles of voltage-dependent Ca 2 �   channels and Ca 2 �   release from 
endoplasmic reticulum (ER) Ca 2 �   stores in the activation of Ca 2 �  -
activated Cl  �   channels in neurons. The diagram shows that  I  Cl(Ca)  
can be stimulated by Ca 2 �   entering the cell through  I  Ca  or via Ca 2 �  -
induced Ca 2 �   release (CICR) involving ryanodine receptors (RyR) 
located in the ER membrane.    
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molecules bind to specific receptors in the cilia that are 
coupled to the G-protein G olf  that activates a cascade 
that includes activation of membrane-bound adenylyl 
cyclase, increased concentration of cAMP, and activa-
tion of cyclic nucleotide-gated channels permeable to 
Na  �  , K  �   and Ca 2 �   (CNGC). Ca 2 �   entry through these 

channels increases [Ca 2 �  ] i  activating  I  Cl(Ca)  thereby 
amplifying the excitatory process ( Reisert et al., 2003 ; 
 Boccaccio and Menini, 2007 ). This cascade as charac-
terized in whole-cell patch clamp recordings from 
mouse OSNs is shown in  Fig. 13.2A . In each panel, the 
arrow indicates a flash of UV light that photoreleased 

 FIGURE 13.2          Ca 2 �  -activated Cl  �   currents evoked by Ca 2 �   entry through cyclic nucleotide-gated channels in olfactory sensory neurons. 
 A.  Whole-cell patch clamp currents recorded from two mouse olfactory sensory neurons (OSNs). Flash photolysis was used to release cAMP 
(indicated by arrows) to activate cyclic nucleotide-gated cation channel (CNGC) currents.  Panel A – a:  The dark and light gray traces were 
recorded respectively in the absence and presence of 500        μ M NFA, a blocker of Cl Ca  channels, at a holding potential of  � 50       mV.  Panel A – b:  In 
the same neuron as panel A – a, the top and bottom traces were recorded with 500        μ M NFA at  � 50 and  – 50       mV, respectively. Notice the smaller 
inward current relative to the outward current which is consistent with the outwardly rectifying properties of CNGCs.  Panel A – c:  Similar 
experiment in a different OSN which highlights the biphasic nature of the currents activated by cAMP.  Panel A – d:  Same current traces on 
an expanded scale. Notice that NFA blocked the delayed secondary inward current but had no effect on the initial current. These results are 
consistent with the idea that photorelease of cAMP activates CNGCs first and in turn allows Ca 2 �   to enter the cell and activate NFA-sensi-
tive  I  Cl(Ca) . Adapted from  Boccaccio and Menini (2007)  with permission of the American Physiological Society.  B.  Cartoon showing the signal 
transduction pathway involved in the activation of Ca 2 �  -activated Cl  �   channels (Cl Ca ) by CNGCs during olfaction. As shown, binding of an 
odorant molecule to a G-protein-coupled receptor (GPCR; step 1) stimulates the GTP-binding protein Golf (step 2) which stimulates mem-
brane-bound adenylyl cyclase (AC) leading to the synthesis of the second messenger 3 	  – 5 	  cyclic adenosine monophosphate (cAMP; step 3) 
from ATP. Newly formed cAMP then stimulates CNGCs (step 4). Ca 2 �   entry through CNGCs in turn activates Cl Ca  channels (step 5) leading to 
Cl  �   efflux (step 6) and membrane depolarization.    
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cAMP. The dark and light gray current traces were 
obtained in the absence and presence respectively of 
500        μ M niflumic acid (NFA), a non-selective Cl Ca  chan-
nel blocker. As shown in panel A – a, photorelease of 
cAMP in OSNs held at  – 50       mV induced a transient 
inward current inhibited by NFA thereby establishing 
the presence of  I  Cl(Ca) . Panel A – b shows a comparison 
of the amplitude and time course of currents recorded 
in the presence of NFA from a neuron held at  � 50       mV 
(negative to  E  Cl ) and  � 50       mV (positive to  E  Cl ). The 
NFA-insensitive, cAMP-dependent current displays 
the typical outward rectification for CNGC channels 
( Kleene, 1993 ). Panels A – c and A – d show the bipha-
sic activation of inward current at  � 50       mV at two dif-
ferent time scales, again in the absence and presence 
of NFA. These records illustrate the delayed nature of 
the NFA-sensitive component, i.e.  I  Cl(Ca) , implying that 
Ca 2 �   entry through CNGCs activates  I  Cl(Ca) . The ele-
ments of the signaling cascade linking odorant bind-
ing to activation of  I  Cl(Ca)  are illustrated in  Fig. 13.2B . 

 In   addition to activation by [Ca 2 �  ] i , Cl Ca  channels are 
commonly activated by depolarization. Thus, the acti-
vation and deactivation of  I  Cl(Ca)  depends on membrane 
potential, Ca 2 �   fluxes across the plasma membrane and 
intracellular membranes, cytoplasmic Ca 2 �   binding, 
and the activity of signaling cascades including kinases 
and phosphatases. Sorting out the individual contri-
butions of these mechanisms is complicated because 
each will modify the others. A productive experimen-
tal approach to study the gating and regulation of  I  Cl(Ca)  
is to record the current in a voltage-clamp protocol in 
which [Ca 2 �  ] i  is held at a known value with a Ca 2 �   buf-
fer (EGTA, HEDTA, BAPTA). This approach has been 
used extensively in smooth muscle myocytes ( Ledoux 
et al., 1999, 2003, 2005 ;  Piper et al., 2002 ;  Angermann et 
al., 2006 ) and other cell types ( Ishikawa and Cook, 1993 ; 
 Arreola et al., 1996 ;  Evans and Marty, 1986 ;  Nilius et al., 
1997 ;  Ward and Kenyon, 2000 ). Results obtained using 
this approach are reviewed below.  

    II .      THE Cl  �   EQUILIBRIUM POTENTIAL 
IN DEVELOPMENT AND INJURY 

 The   effect of Cl  �   currents on membrane potential 
depends on the amplitude of the Cl  �   conductance ( g  Cl ) 
and the value of the Cl  �   equilibrium potential ( E  Cl ). 
 E  Cl  differs from the equilibrium potentials of the physi-
ologically relevant cations in two ways. First, the equi-
librium potentials of the cations are at the extremes of 
the physiological range of membrane potentials (about 
 � 90       mV for  E  K ,  � 60 to  � 90 for  E  Na , and  � 80 to  � 130 
for  E  Ca , at 37 ° C) whereas physiological intracellular Cl  �   

concentrations ([Cl  �  ] i ) range from 4 to 45       mM (Chapters 
7, 19 and 22 in this volume) resulting in a broad spec-
trum of  E  Cl  values (from  �       �     89 to  � 24       mV at 37 ° C) cen-
tered in the physiological range of membrane potentials 
( Fig. 13.3   ). Thus, an increase in membrane permeability 
to Na  �   or Ca 2 �   reliably depolarizes cells, an increase in 
membrane permeability to K  �   reliably hyperpolarizes 
cells, but an increase in  g  Cl  can cause hyperpolarization, 
depolarization, or no change in membrane potential. 
The second difference is that the equilibrium poten-
tials for the cations are relatively constant over the life 
of the cell whereas  E  Cl  often varies during development 
and in response to injury as discussed below and in 
Chapters 7, 19, 22 and 23 in this volume. This is particu-
larly true in the case of central and peripheral neurons 
where there is abundant evidence of developmental and 
pathological changes in  E  Cl . Clearly, in order to under-
stand the biological function of Cl Ca  channels (or any 
other Cl  �   channel), one must first understand the trans-
port mechanisms that set [Cl  �  ] i  and  E  Cl  and how these 
 mechanisms change during development and injury. 

 Two   families of cation-chloride cotransporters 
actively accumulate or extrude Cl  �  , thereby shift-
ing  E  Cl  away from the resting potential (see Chapters 
2 – 4, 16 and 17 in this volume; as well as the  following 
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 FIGURE 13.3          Equilibrium potentials of the physiologically rel-
evant cations ( E  Na ,  E  K ,  E  Ca ) and  E  Cl  in relation to the physiological 
range of membrane potentials. The equilibrium potentials of the 
cations are positive to ( E  Na ,  E  Ca ) or negative to ( E  K ) physiological 
resting and action potentials. In contrast, physiological values of 
 E  Cl  lie within the range of the resting and action potentials. Two 
action potentials illustrate the effect of  E  Cl  on the afterpotential acti-
vated by Ca 2 �   entry during the depolarization. Increased activity 
of NKCC will shift  E  Cl  to less negative potentials ( � 24       mV in this 
illustration). In this case, increased activation of  g  Cl(Ca)  will result in 
an afterdepolarization (solid line). Increased activity of KCC will 
shift  E  Cl  to more negative potentials ( � 89       mV in this illustration). 
In this case, increased  g  Cl(Ca)  results in an afterhyperpolarization 
(dotted line). The equilibrium potentials were calculated using the 
Nernst equation for a temperature of 37 ° C and the following extra- 
and intra-cellular ion concentrations in mM: [K  �  ] i       �      140; [K  �  ] o       �      5; 
[Na � ] i       �      5; [Na  �  ] o       �      145; [Ca 2 �  ] i       �      0.0001; [Ca 2 �  ] o       �      1; [Cl  �  ] i       �      4 to 
45; [Cl  �  ] o       �      110.    
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reviews:  Russell, 2000 ;  Payne et al., 2003 ;  Adragna 
et al., 2004 ;  Price et al., 2005 ;  Gamba, 2005 ) . K  �  -Cl  �   
cotransporters (KCC) couple the extrusion of K  �   and 
Cl  �   from the cytoplasm thereby lowering [Cl  �  ] i  and 
shifting  E  Cl  to more negative potentials such that 
increases in  g  Cl  will stabilize or hyperpolarize resting 
membrane potential ( Fig. 13.3 ). Thus, KCC activity 
makes Cl  �   channels inhibitory. 

 Na    �  -K  �  -Cl  �   (NKCC) cotransporters couple the 
entry of Na  �  , K  �   and Cl  �   into the cytoplasm thereby 
increasing [Cl  �  ] i  above electrochemical equilibrium 
thereby shifting  E  Cl  to less negative potentials such 
that increases in  g  Cl  will depolarize the membrane 
potential ( Fig. 13.3 ). The functional consequence of 
this depolarization can be inhibition, excitation, or 
both excitation and inhibition depending on the cell 
in question. Inhibitory mechanisms include depolar-
ization-dependent inhibition of voltage-gated Na  �   
or Ca 2 �   conductances with consequent reduction in 
neurotransmitter release like in presynaptic inhibition 
( Willis, 1999 ), or shunting excitatory currents ( Purves 
et al., 2008 , as discussed in detail in Chapters 5 and 22 
in this volume). Excitatory effects include activation 
of voltage-gated Na  �   and Ca 2 �   channels triggering 
action potentials and activation of Ca 2 �   influx. A well-
characterized example of NKCC-mediated excitation 
is the excitatory action of GABA in developing cen-
tral nervous system (CNS) neurons, as discussed in 
Chapter 7 in this volume (reviewed also in  Cherubini 
et al., 1991 ;  Staley and Smith, 2001 ;  Price et al., 2005 ; 
 Ben-Ari et al., 2007 ). A complex mix of NKCC-medi-
ated inhibition and excitation has been character-
ized in dorsal root ganglion (DRG) neurons where a 
GABA A  receptor-mediated increase in  g  Cl  underlies 
both reduced neurotransmitter release (presynaptic 
inhibition) or enhancement of primary afferent depo-
larization that can trigger efferent action potentials 
leading to neurogenic inflammation and sensitization 
as discussed in Chapter 22 in this volume. Thus, the 
functional consequences of changes in NKCC and Cl  �   
channel activity are not easily predicted. 

 The   pattern of expression and development of 
NKCC1 and KCC isoforms differs in the central 
and peripheral nervous systems (CNS and PNS). In 
embryonic CNS ( Ganguly et al., 2001 ;  Li et al., 1998 ; 
 Owens et al., 1996 ;  Reichling et al., 1994 ) and PNS 
neurons ( Kenyon, 2000 ) active Cl  �   accumulation by 
NKCC1 sets  E  Cl  between  � 40 and  � 24       mV such that 
an increase in  g  Cl  depolarizes the neurons. As dis-
cussed below, the fraction of neurons expressing a 
large  I  Cl(Ca)  tends to be higher early in development 
raising the possibility that, like GABA A  receptors, 
Cl Ca  channels may cause depolarization that activates 
Ca 2 �   entry which is important for development of the 

CNS. This possibility has not been investigated to our 
knowledge. 

 In   late embryonic or early postnatal development, 
many CNS neurons (but not PNS neurons) reduce 
NKCC1 expression and activity while increasing KCC 
expression and activity. Thus, in adult CNS neurons 
 E  Cl  is typically shifted toward or negative to the rest-
ing potential (reviewed in Chapters 7, 19 and 22 in 
this volume; and in  Cherubini et al., 1991 ;  Staley and 
Smith, 2001 ;  Price et al., 2005 ;  Ben-Ari et al., 2007 ). As 
described above, in this situation an increase in  g  Cl  
will stabilize or hyperpolarize the resting potential 
thereby reducing excitability and Ca 2 �   influx via volt-
age-gated Ca 2 �   channels. Here, again, the physiologi-
cal impact of this developmental change in  E  Cl  is well 
documented in the context of Cl  �  -selective GABA A  
and glycine receptors but little is known about the 
potential function of  I  Cl(Ca)  as  E  Cl  becomes more 
negative. 

 In   addition to the developmental changes in cat-
ion-chloride-cotransporter function and  E  Cl  discussed 
above, studies of the responses by neurons in the dor-
sal horn of the spinal cord and in DRGs have identi-
fied changes in response to injury that are important in 
pain sensation as discussed in Chapters 20, 22 and 23 
in this volume. For instance, KCC2 expression in dor-
sal horn neurons is reduced following injury favoring 
a depolarizing shift in  E  Cl  such that GABA and glycine 
responses become depolarizing and potentially excit-
atory, an effect that has been linked to increased pain 
sensation ( Coull et al., 2003 ). In the PNS, effects con-
sistent with the complex function of NKCC have been 
described.  Morales-Aza et al. (2004)  found that NKCC 
disappeared from DRG neurons in an experimental 
arthritis model. These authors suggested that a prob-
able negative shift of  E  Cl  resulting from the decrease 
in NKCC could reduce presynaptic inhibition in the 
dorsal horn of the spinal cord leading to inflammatory 
pain. That the connection between NKCC activity and 
pain is complex is suggested by the data of  Valencia-
de Ita et al. (2006)  who found that NKCC activity and 
depolarized  E  Cl  are necessary for the development 
of neurogenic inflammation in response to capsaicin. 
This response is mediated by a cascade including 
the activation of dorsal root reflexes and the genera-
tion of efferent action potentials leading to the release 
of inflammatory mediators in the periphery ( Willis, 
1999 ). Other authors have found that NKCC activity 
contributes to the development of inflammation and 
sensation of pain ( Sung et al., 2000 ;  Laird et al., 2004 ; 
 Granados-Soto et al., 2005 ). Thus, NKCC activity can 
increase or decrease nociception depending on the 
neuron involved and the experimental model of pain, 
as discussed in Chapters 20, 22 and 23 in this volume. 

II .    THE Cl  �   EQUILIBRIUM POTENTIAL IN DEVELOPMENT AND INJURY
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 In   summary, there is a substantial literature describ-
ing developmental and pathological alterations in the 
expression and function of cation-chloride cotrans-
porters and the functional roles of GABA and glycine 
receptor-mediated increases in  g  Cl . This raises the pos-
sibility that Cl Ca  channel-mediated increases in  g  Cl  
have similar functions (discussed in Chapters 22 and 
23, and in  Granados-Soto et al., 2005 ). Observations 
reviewed below that Cl Ca  channel expression and 
activity decrease during development and increase 
following injury support this idea.  

    III .      EXPRESSION OF Cl Ca  CHANNELS IN 
DEVELOPMENT AND INJURY 

 Two   observations point to a specific function of 
 I  Cl(Ca)  in development and regeneration of periph-
eral neurons. First, Cl Ca  channels are preferentially 
expressed by peripheral neurons that are not in con-
tact with peripheral tissues (i.e. in developing or 
regenerating neurons). Second,  I  Cl(Ca)  in these neurons 
is often quite large ( � 100       pA/pF). We review these 
observations here. 

 The   majority of the earliest observations of  I  Cl(Ca)  
were made with neurons and skeletal muscle myo-
cytes isolated from embryonic birds and mammals 
( Bader et al., 1987 ;  Hume and Thomas, 1989 ;  Ivanenko 
et al., 1993 ;  Mayer, 1985 ;  Owen et al., 1984, 1986 ; 
 Schlichter et al., 1989 ;  Scott et al., 1988 ).  Bernheim et 
al. (1989)  found that the proportion of quail trigemi-
nal neurons expressing  I  Cl(Ca)  increased from 20% on 
the 5th day of embryonic development to near 100% 
by the 7th day and then fell to about 50% at the time 
of hatching at 17 days. The rise in the frequency of 
expression of  I  Cl(Ca)  correlated with axon outgrowth 
whereas the fall in the frequency of expression corre-
lated with the establishment of contacts with the tar-
get tissues.  Bernheim et al. (1989)  further found that 
expression was maintained or increased in culture 
in the absence of target tissue but declined if ganglia 
were incubated in the presence of target tissue. The 
implication is that a factor in the target tissue reduces 
expression or function of Cl Ca  channels. The identity 
of this factor remains unknown although  Bernheim et 
al. (1989)  ruled out the growth factors NGF, BDNF and 
CNTF individually or in combination. Mammalian 
DRG neurons undergo a qualitatively similar pattern 
of expression as the proportion of rat DRG neurons 
expressing  I  Cl(Ca)  is about 50% in neurons isolated 
from neonatal rats and kept in culture  � 1 week and 
then rises to about 64% for neurons kept in culture for 
 � 1 week ( Currie and Scott, 1992 ). In acutely  isolated 

adult rat DRG neurons,  I  Cl(Ca)  was undetected in small 
diameter neurons (i.e. a population enriched in noci-
ceptive neurons) and found in fewer than 50% of 
medium and large diameter neurons ( Abdulla and 
Smith, 1999 ). This last observation indicates that Cl Ca  
channel expression correlates with sensory modality. 
This is consistent with the observation in quail trigem-
inal neurons that  I  Cl(Ca)  is expressed less frequently in 
neurons positive for substance P-like immunoreactiv-
ity ( Schlichter et al., 1989 ). 

 Thus  , in the PNS  I  Cl(Ca)  is found most often in embry-
onic sensory neurons that have not yet contacted their 
targets or have lost contact with their target as a result 
of cell isolation and culture. Similarly, the proportion of 
adult rat sympathetic and sensory neurons expressing 
 I  Cl(Ca)  increases after the neurons have lost contact with 
their target as a result of axotomy ( Andr é  et al., 2003 ; 
 Hilaire et al., 2005 ;  Lancaster et al., 2002 ;  S á nchez-Vives 
and Gallego, 1994 ). In each of these studies, peripheral 
axons were cut and the animals allowed to recover 
for 4 to 10 days before the neurons were characterized 
electrophysiologically either in intact ganglia ( S á nchez-
Vives and Gallego, 1994 ) or following dispersal ( Andr é  
et al., 2003 ;  Hilaire et al., 2005 ;  Lancaster et al., 2002 ). In 
both protocols, a subset of neurons that do not express 
 I  Cl(Ca)  in control were found to express the current fol-
lowing axotomy during regeneration. Further, in the 
studies of sensory neurons, there was a tendency for 
 I  Cl(Ca)  to appear preferentially in large or medium diam-
eter neurons (i.e. a population enriched in low threshold 
mechanosensory neurons with few nociceptive neurons) 
( Abdulla and Smith, 1999 ;  Andr é  et al., 2003 ;  Hilaire et 
al., 2005 ;  Lancaster et al., 2002 ). These findings are addi-
tional evidence that expression of  I  Cl(Ca)  correlates with 
sensory modality ( Schlichter et al., 1989 ). Although 
these difficult and labor intensive studies are highly 
suggestive, it must be noted that they provide limited 
mechanistic information. In particular, only  Bernheim et 
al. (1989)  examined candidate signals that control  I  Cl(Ca)  
expression and there are no data on how  I  Cl(Ca)  functions 
in neurons growing toward their target tissues. 

 The   analyses of  I  Cl(Ca)  expression reviewed above 
are largely limited to comparison of the percentage 
of neurons expressing  I  Cl(Ca)  of magnitude over an 
arbitrary threshold. Thus, data that could be treated 
as continuous are instead treated as nominal (pres-
ent vs. absent) with the loss of information about the 
amplitude distribution of the current, i.e. the num-
ber of neurons with a given current. The single pub-
lished amplitude distribution (Fig. 8 in  Bernheim et 
al., 1989 ) shows  I  Cl(Ca)  amplitudes that do not follow 
a normal distribution but rather show a broad distri-
bution from no current to very large current. In order 
to illustrate the benefit of an extended analysis of 
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 I  Cl(Ca)  expression we have reanalyzed measurements 
of  I  Cl(Ca)  amplitude in embryonic chick DRG neurons 
that were dialyzed with minimal exogenous Ca 2 �   
buffer (control) or 2       mM of either EGTA or BAPTA 
in order to establish the spatial relationship between 
the voltage-gated Ca 2 �   channels and Cl Ca  channels 
( Ward and Kenyon, 2000 ). The distributions of the 
amplitudes of  I  Cl(Ca)  in the three conditions are plot-
ted in  Fig. 13.4A.    Analysis using a threshold of 9       pA/
pF finds that 13 of 13 control neurons expressed  I  Cl(Ca)  
with a mean amplitude of  � 125.6 � 22       pA/pF, 8 of 8 
neurons dialyzed with EGTA expressed  I  Cl(Ca)  with 
a mean amplitude of  � 28.5 � 7.5       pA/pF, and 3 of 11 
neurons dialyzed with BAPTA expressed  I  Cl(Ca)  with a 
mean amplitude of  � 17.5 � 7.9       pA/pF. Thus, treating 
the data as nominative finds that dialysis with EGTA 
does not affect the fraction of neurons expressing 
 I  Cl(Ca)  whereas dialysis with BAPTA reduces the frac-
tion of neurons expressing  I  Cl(Ca)  ( p       �             0.0001, Fisher’s 
exact test). Both treatments reduce the amplitude of 

the current compared with control (EGTA  p      �              0.001; 
BAPTA  p       �             0.05, Dunnett’s test). A complete picture 
of the data is shown in  Fig. 13.4  as a conventional dis-
tribution (panel A) or a cumulative  ‘  ‘ survival ’  ’  distri-
bution (panel B). Panel A shows in control a broad, 
non-Gaussian distribution of  I  Cl(Ca)  magnitudes rang-
ing from  � 35 to  � 250       pA/pF reflecting our expe-
rience that from cell to cell one expected to record a 
measurable  I  Cl(Ca)  but the magnitude was unpredict-
able. Panel A also shows the distributions of  I  Cl(Ca)  
amplitudes in neurons dialyzed with exogenous Ca 2 �   
buffers EGTA and BAPTA. The distributions of  I  Cl(Ca)  
amplitudes are clearly shifted to smaller currents with 
a higher fraction of neurons showing very small cur-
rents. The cumulative distribution in panel B plots 
the same data in a format convenient for a log-rank 
analysis, a powerful method to determine whether 
one group has a greater tendency to have a larger 
value than another ( McGehee and Oxford, 1991 ). A 
log-rank test finds that both Ca 2 �   buffers reduce  I  Cl(Ca)  
amplitude and that BAPTA significantly reduces  I  Cl(Ca)  
amplitude compared with EGTA ( p       �        0.009). 

 In   summary, there are many separate observations 
of parallel changes in  E  Cl  and expression of  I  Cl(Ca)  with 
development and injury. Although this is highly sug-
gestive of a functional importance, the nature of that 
function remains unknown. The literature is limited 
to speculation that  I  Cl(Ca)  contributes in some way to 
excitability or volume regulation or both (cf.  S á nchez-
Vives and Gallego, 1994 ). This is an area where more 
experiments and data are needed and where molecu-
lar data would be particularly valuable. Unfortunately, 
as described below, the molecular components of Cl Ca  
channels are unclear and the available transcript level 
data do not match the expression pattern described 
above. That is, the message encoding two candidates 
for Cl Ca  channels in DRG neurons (CLCA and TTHY) 
falls following axotomy ( Al-Jumaily et al., 2007 ), a 
treatment that increases  I  Cl(Ca)  expression ( Andr é  et 
al., 2003 ).  Al-Jumaily et al. (2007)  tested bestrophin 
expression but could not generate reliable results for 
mBest1 or mBest4. This is a particularly frustrating 
state of affairs.  

    IV .      BIOPHYSICAL PROPERTIES OF Cl Ca  
CHANNELS 

    A .      Permeation and Selectivity 

 Information   on the permeation and selectivity of 
Cl Ca  channels comes from measurements of shifts 
in the reversal potential of  I  Cl(Ca)  in response to ion 
substitution in whole-cell or macropatch recordings. 

 FIGURE 13.4          Distribution of  I  Cl(Ca)  amplitudes in embryonic 
chick DRG neurons. Data are replotted from Kenyon and Ward 
(2000). Panel A shows the distribution of  I  Cl(Ca)  amplitudes recorded 
in the presence of minimal exogenous intracellular Ca 2 �   buffer (con-
trol) or 2       mM of either EGTA or BAPTA. Panel B shows the same 
data plotted as a cumulative distribution (see text).    
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Although there is substantial variability in the abil-
ity of Cl Ca  channels to select Cl  �   over cations, there 
is a conserved selectivity sequence for Cl Ca  chan-
nels expressed by a range of cell types. The reversal 
potential of  I  Cl(Ca)  in neurons and smooth muscle is 
little affected by the replacement of extracellular Na  �   
with tetraethylammonium or choline ( Am é d é e et al., 
1990 ;  Mayer, 1985 ;  Owen et al., 1984 ;  Pacaud et al., 
1989 ). Similarly, replacement of extracellular Na  �   with 
N-methyl-d-glucamine has no effect on the rever-
sal potential of  I  Cl(Ca)  elicited by expression of mouse 
Best2 and TMEM16A ( Qu et al., 2004 ;  Schroeder et al., 
2008 ;  Yang et al., 2008 ). These observations imply that 
the Cl Ca  channels in these studies are highly selective 
for Cl  �   over cations. 

 In   contrast, Cl Ca  channels in cone photoreceptor 
cells ( Barnes and Hille, 1989 ) and olfactory sensory 
neurons ( Hallani et al., 1998 ) are somewhat less selec-
tive with P Cations /P Cl  of 0.071 and 0.035, respectively. 
Even less selective for Cl  �   over cations are Cl Ca  chan-
nels in salivary gland acinar cells (P Cations /P Cl       �      0.25; 
 Martin, 1993 ) and in  Xenopus  oocytes (P Cations /
P Cl       �      0.42 – 0.71;  Young et al., 1984 ; P Cations /P Cl       �      0.1; 
 Qu and Hartzell, 2000 ). The molecular basis for this 
range of selectivities is unclear and may reflect pores 
encoded by different gene products, different sub-
units, or different regulatory states of the channels. 

 There   is less variability in the ability of Cl Ca  chan-
nels expressed in a number of cell types to select 
among anions; most investigations find a permeability 
sequence for anions matching the lyotropic sequence 
SCN  �        �      I  �        �      Br  �              Cl  �        �      F  �  : smooth muscle myo-
cytes from portal vein ( Wang and Large, 1991 ), ear 
( Am é d é e et al., 1990 ) and pulmonary artery ( Clapp 
et al., 1996 ), chick skeletal muscle myotubes ( Hume 
and Thomas, 1989 ), lacrimal gland ( Ishikawa and 
Cook, 1993 ), rat and mouse olfactory receptor neu-
rons ( Reisert et al., 2003 ), OSNs ( Pifferi et al., 2006 ), 
epididymal cells ( Huang et al., 1993 ), and T84 ( Cliff 
and Frizzell, 1990 ) and B-TC3 ( Kozak and Logothetis, 
1997 ) lines. This sequence is also characteristic of Cl  �   
currents mediated by volume-regulated Cl  �   chan-
nels ( Jentsch et al., 2002 ), GABA A  and GABA C  recep-
tors ( Wotring et al., 1999 ), glycine receptors ( Bormann 
et al., 1987 ) and CFTR channels ( Anderson et al., 1991 ) 
as well as channels mediated by heterologous expres-
sion of CLCA, bestrophin and TMEM16A ( Caputo 
et al., 2008 ;  Hartzell et al., 2005a ;  Qu et al., 2004 ; 
 Schroeder et al., 2008 ;  Yang et al., 2008 ). The implica-
tion here is that these Cl  �   channels share a common 
mechanism for ion permeation characterized by a low 
electric field profile determined mainly by the dehy-
dration energy profiles of the permeant anions rather 
than by major differences in the ability of anions to 

interact with a binding site within the conductive 
pore. Measurements of Cl Ca  channel permeability to 
organic anions of various sizes has led investigators to 
conclude that the pore of Cl Ca  channels is quite large 
at 6        Å  ( Qu and Hartzell, 2000 ). This is similar to pore 
diameters reported for ClC channels, GABA A  recep-
tors, GABA C  receptors, glycine receptors and CFTR 
channels (4.5 to 6        Å ) ( Anderson et al., 1991 ;  Fahlke et 
al., 1997 ;  Linsdell et al., 1997 ;  McCarty and Zhang, 
2001 ;  Rychkov et al., 1998 ;  Wotring et al., 1999 ). 
Determination of the mechanism whereby the low 
electric field profile and relatively large pore dimen-
sions of Cl Ca  channels (and other Cl  �   channels) relate 
to their significant permeability to cations will require 
structural information.  

    B .      Single Channel Conductance 

 Measurements   of single channel currents and fluctu-
ation analysis of macroscopic currents have identified 
Cl Ca  channels with a wide range of unitary channel 
conductances. That being noted, observations of Cl Ca  
channels with conductances greater than 50       pS are 
relatively rare ( Bajnath et al., 1993 ;  Dixon et al., 1993 ; 
 Fahmi et al., 1995 ;  Hussy, 1992 ;  Suzuki, 2006 ;  Young 
et al., 1984 ). Most studies describe Cl Ca  channels with 
single channel conductances below 5       pS, i.e. at or below 
the resolution of most single channel recordings: ven-
tricular myocytes (1       pS) ( Collier et al., 1996 ), pituitary 
cells (2.5       pS) ( Taleb et al., 1988 ) and olfactory sensory 
neurons (0.5 to 1.6       pS) ( Kleene, 1997 ;  Larsson et al., 
1997 ;  Pifferi et al., 2006 ;  Reisert et al., 2003 ). These val-
ues are similar to unitary conductances of single Cl Ca  
channels encoded by mBest2 (0.26       pS) ( Pifferi et al., 
2006 ), the  Drosophila  ortholog of human Best1, dBest1 
(2       pS) ( Chien et al., 2006 ), and slightly smaller than the 
one encoded by TMEM16A (8.3       pS) ( Yang et al., 2008 ). 
Although there is clear evidence for the expression 
of large conductance Ca 2 �  -activated Cl  �   channels in 
some neurons and other cell types, a majority of stud-
ies suggest that the predominant Cl Ca  channel has a 
very small unitary conductance.  

    C .      Steady-state Activation by Voltage and Ca 2 �   

 The   activation of Cl Ca  channels by depolarization 
and Ca 2 �   has been characterized using voltage-clamp 
measurements of  I  Cl(Ca)  in experiments where [Ca 2 �  ] i  
is controlled by EGTA, BAPTA or HEDTA. While 
smooth muscle myocytes have been examined most 
extensively ( Angermann et al., 2006 ;  Greenwood et al., 
2001, 2004 ;  Ledoux et al., 2005, 2003 ), other cell types 
have provided similar data ( Arreola et al., 1996 ;  Evans 
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and Marty, 1986 ;  Ishikawa and Cook, 1993 ;  Kuruma 
and Hartzell, 2000 ;  Nilius et al., 1997 ;  Ward and 
Kenyon, 2000 ). These studies have established that 
the activation of Cl Ca  channels is qualitatively similar 
to the activation of large conductance Ca 2 �  -activated 
K  �   channels (BK channels). However, as we describe 
here, there are quantitative differences in the control 
of these two channel types. Further, the activation of 
 I  Cl(Ca)  by depolarization and Ca 2 �   resembles the acti-
vation of TRP family channels by multiple mecha-
nisms. Thus, concepts arising from studies of TRPV 
and TRPM channels may provide important insights 
into Cl Ca  channel gating. 

 The   activation of BK channels has two defining 
characteristics. First, at a given [Ca 2 �  ], depolarization 
increases BK channel conductance from 0 to the maxi-
mum value at which the open probability of the chan-
nels is near 1 ( Barrett et al., 1982 ;  Latorre and Brauchi, 
2006 ). This voltage-dependent activation is well char-
acterized by a Boltzmann function  : 

  

G
G

E E
s

�

�
�

max

mexp1 0 5.⎛
⎝
⎜⎜⎜

⎞
⎠
⎟⎟⎟⎟

⎧
⎨
⎪⎪
⎩⎪⎪

⎫
⎬
⎪⎪
⎭⎪⎪

  (Eq. 1)      

 where    G  is the conductance,  G  max  is the maximum 
conductance,  E  m  is the membrane potential,  E  0.5  is the 

membrane potential at which  G       �      0.5  ·   G  max , and  s  is 
the change in mV that produces an e-fold change in  G . 
The parameter  s  is determined by the number of effec-
tive charges that cross the membrane electric field as 
the channel opens or closes, i.e.  z       �       RT / sF  where  R , 
 T  and  F  have their usual meanings ( RT / F       �      25       mV 
at room temperature). For BK channels,  s       �      13 to 
35       mV and is only modestly dependent on [Ca 2 �  ] over 
the range 0.5 to 500        μ M ( Barrett et al., 1982 ;  Carl and 
Sanders, 1989 ;  Cui et al., 1997 ;  Latorre and Brauchi, 
2006 ;  Wei et al., 1994 ). 

 The   second characteristic of BK channel gating is 
that Ca 2 �   increases BK channel conductance by shift-
ing  E  0.5  to more negative potentials for 0.1 to 10        μ M 
[Ca 2 �  ]. This effect is described empirically by a linear 
relationship between  E  0.5  and the log of the Ca 2 �   con-
centration (log[Ca 2 �  ]) (cf.  Carl et al., 1996 ): 
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  (Eq. 2)      

 where    Δ  E  0.5  is the shift in  E  0.5  for a ten-fold change 
in [Ca 2 �  ] and Ca 0  is the [Ca 2 �  ] at which  G       �      0.5 at 
 E  m       �      0       mV. Thus,  Δ  E  0.5  is a measure of the Ca 2 �   sensi-
tivity of channel gating. For BK channels  Δ  E  0.5  values 
range from 2.5 to 297       mV with most determinations 
falling between 30 and 100       mV ( Kapicka et al., 1994 ). 

 FIGURE 13.5           E 0.5 values reported by  Angermann et al. (2006) ,  Arreola et al. (1996)  and  Kuruma and Hartzell (2000) . Straight lines are 
least squares fits to the data representing the lowest 3 ( Angermann et al., 2006 ;  Arreola et al., 1996 ) or 4 ( Kuruma and Hartzell, 2000 ) values of 
[Ca 2 �  ] described in those publications. The  E  0.5  value at 5       μM higher [Ca 2 �  ] shown for  Arreola et al. (1996)  was obtained by reading the relative 
conductance values as a function of [Ca 2 �  ] i  from Fig. 7 of that paper and fitting them to a modified Boltzmann function Eq. 3. The  E  0.5  values 
at 1.1 and 2.2        μ M [Ca 2 �  ] shown for  Kuruma and Hartzell (2000)  were obtained by reading the mean  V ½ values from Fig. 4B of that paper. The 
 Δ  E  0.5  values from the straight lines shown here are 97       mV for Arreola, 288       mV for Kuruma and 293       mV for Angermann.  Kuruma and Hartzell 
(2000)  fit data from a  ‘  ‘ typical patch ’  ’  finding  Δ  E  0.5  of 295       mV.    
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 Characterization   of the voltage and Ca 2 �   depen-
dence of Cl Ca  channel gating is difficult because the 
small single channel conductance of Cl Ca  channels 
precludes direct measurement of open probability and 
because the determination of a complete activation 
curve requires measurements spanning over 200       mV 
(see below). That being noted, data obtained in stud-
ies of  I  Cl(Ca)  expressed by parotid acinar cells,  Xenopus  
oocytes, and smooth muscle myocytes establish that 
across these cell types, Cl Ca  channels, like BK channels, 
are activated by depolarization and [Ca 2 �  ] ( Angermann 
et al., 2006 ;  Arreola et al., 1996 ;  Kuruma and Hartzell, 
2000 ). However, the activation of Cl Ca  channels does 
not share the defining characteristics of BK chan-
nel activation listed above. First, the slope parameter 
 s  increases with increasing [Ca 2 �  ] ( Angermann et al., 
2006 ;  Kuruma and Hartzell, 2000 ). Second, the range 
of [Ca 2 �  ] over which Ca 2 �   activates Cl Ca  channels by 
shifting  E  0.5  is limited to 0.1 to 1        μ M [Ca 2 �  ], i.e. Eq. 2 
does not hold for [Ca 2 �  ] greater than 1        μ M. As shown 
in  Fig. 13.5   , there is a linear relationship between  E  0.5  
and the log[Ca 2 �  ] for [Ca 2 �  ] less than 1        μ M observed 
in parotid acinar cells and  Xenopus  oocytes with  Δ  E  0.5  
values of 97       mV (acinar cells;  Arreola et al., 1996 ) and 
288       mV ( Xenopus  oocyte;  Kuruma and Hartzell, 2000 ). 
However, for higher [Ca 2 �  ]  E  0.5  is independent of 
[Ca 2 �  ]. Similarly,  Angermann et al. (2006)  in a study 
of  I  Cl(Ca)  in smooth muscle myocytes dialyzed with 
AMP-PNP to minimize protein phosphorylation found 
a linear relationship between  E  0.5  and log[Ca 2 �  ] with 
 Δ  E  0.5  equal to 293       mV for [Ca 2 �  ] less than 0.75        μ M. 
Here, again,  E  0.5  was independent of [Ca 2 �  ] for higher 
[Ca 2 �  ]. That is, each of these studies found that for 
[Ca 2 �  ]      �      1        μ M, Ca 2 �   activates Cl Ca  channels by shifting 
 E  0.5  to negative potentials and that the Ca 2 �   sensitivity 
of Cl Ca  channels is equal to or greater than that of BK 
channels. 

 Third  , high [Ca 2 �  ] does not increase  g  Cl(Ca)  to  G  max  
at negative potentials in parotid acinar cells ( Arreola 
et al., 1996 ) and in smooth muscle myocytes dia-
lyzed with ATP to promote protein phosphoryla-
tion ( Angermann et al., 2006 ). In contrast,  Kuruma 
and Hartzell (2000)  concluded that saturating [Ca 2 �  ] 
does increase  g  Cl(Ca)  to  G  max  independent of volt-
age in  Xenopus  oocyte membranes if a Ca 2 �  -depen-
dent  ‘  ‘ rundown ’  ’  of the conductance was minimized. 
Interestingly, in smooth muscle myocytes dialyzed 
with AMP-PNP to minimize protein phosphorylation, 
the ability of high [Ca 2 �  ] to increase  g  Cl(Ca)  toward 
 G  max  was enhanced ( Angermann et al., 2006 ). Taken 
together, the data of  Angermann et al. (2006)  and 
 Kuruma and Hartzell (2000)  suggest that the ability of 
Ca 2 �   to maximally activate  g  Cl(Ca)  is altered by channel 
regulation. 

 Fourth  , negative potentials cannot shut down  g  Cl(Ca)  
for [Ca 2 �  ]            1        μ M implying that high Ca 2 �   activates 
Cl Ca  channels by a voltage-independent mechanism 
( Angermann et al., 2006 ;  Arreola et al., 1996 ;  Kuruma 
and Hartzell, 2000 ). In this case, the activation of  g  Cl(Ca)  
is best described by a modified Boltzmann equation 
(cf.  Angermann et al., 2006 ;  Kuruma and Hartzell, 
2000 ;  Qu et al., 2003a ): 
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  (Eq.3)     

  where  G  v  is the voltage-dependent component of con-
ductance,  G  max  is the maximum conductance and  G  c  is 
the voltage-independent component of conductance. 
(Note that typographical errors are common in list-
ings of this equation ( Angermann et al., 2006 ;  Kuruma 
and Hartzell, 2000 ).) In all studies where Cl Ca  channel 
gating has been quantified ( Angermann et al., 2006 ; 
 Arreola et al., 1996 ;  Kuruma and Hartzell, 2000 ;  Qu et 
al., 2003a ),  G  c  increases with increasing Ca 2 �   such that 
 G  c  can be described by the Hill equation:   
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  where  G  c,max  is the maximum voltage-independent 
conductance, Ca 0.5  is [Ca 2 �  ] at which  G  c       �      0.5  ·     G  c,max  
and  n  is the number of Ca 2 �   ions that must bind to 
open the channel. Note that in this formalism  G  c,max  
and  G  max  will be the same if channels opened by 
the voltage-dependent mechanism and by the volt-
age-independent mechanism have the same single 
channel conductance and the same open probability. 
Observations described above that saturating Ca 2 �   did 
not activate  g  Cl(Ca)  to  G  max  are consistent with either a 
lower single channel conductance or open probability 
or both for channels opened by the voltage-indepen-
dent mechanism. 

 Because   the commonly studied voltage-dependent 
Na v , K v , Ca v , and BK channels do not have significant 
voltage-independent activation, there is little prec-
edent for the analysis of combined voltage-dependent 
and voltage-independent activation of ion channels. 
Voltage-gated ion channels where voltage-indepen-
dent activation has been considered is the transient 
receptor potential channel family, i.e. TRP.  Matta 
and Ahern (2007)  found that modulators of TRPV 
and TRPM activity (i.e. temperature, capsaicin, men-
thol) open the channels both by shifting  E  0.5  and by 
a mechanism that is independent of voltage leading 



243

them to use the modified Boltzmann equation (Eq. 
3) to describe their data. Matta and Ahern proposed 
an allosteric model in which voltage and modulators 
are independently coupled to TRP channel opening. 
We suggest that the conceptual framework devel-
oped to understand how capsaicin and lipids interact 
with voltage to open TRPV1 channels should also be 
applied to future studies of Cl Ca  channel gating by 
Ca 2 �   and voltage. More similarities between Cl Ca  and 
TRP channel gating are reviewed below. 

 The   value of the parameter s in Eqs 1 and 3 shows 
an interesting progression in voltage-gated chan-
nels:  s       �      4       mV for Na v  and K v  channels ( Aggarwal 
and MacKinnon, 1996 ;  Hodgkin and Huxley, 1952 ), 
 s       �      13 to 35       mV for BK channels ( Barrett et al., 1982 ; 
 Carl and Sanders, 1989 ;  Latorre and Brauchi, 2006 ), 
 s       �      31 to 35       mV TRPV and TRPM channels ( Nilius et 
al., 2005 ;  Voets et al., 2004, 2005 ), and  s       �      42 to 100       mV 
for Cl Ca  channels increasing with increasing [Ca 2 �  ] 
( Angermann et al., 2006 ;  Arreola et al., 1996 ;  Evans 
and Marty, 1986 ;  Kuruma and Hartzell, 2000 ;  Qu et 
al., 2003a ). Thus, of the channel families listed here, 
Cl Ca  channels are among the most sensitive to changes 
in Ca 2 �   (i.e. large  Δ  E  0.5  values) and the least sensitive 
to changes in voltage (i.e. large  s  values). A practical 
implication of the shallow voltage-dependence of Cl Ca  
channels is that activation from 10% to 90% of full 
activation usually spans over 200       mV. This combines 
with the large  Δ  E  0.5  and the technical difficulties of 
setting membrane potential outside  � 200 to  � 200       mV 
to limit the range of [Ca 2 �  ] where the minimum 
and maximum voltage-dependent activation can be 
directly determined. As a practical matter, the deter-
mination of  E  0.5 ,  k  and  G  max  depends on extrapolating 
a Boltzmann or modified Boltzmann function from 
a limited portion of the activation curve. As a result, 
there is often considerable uncertainty in the estima-
tions of these parameters ( Angermann et al., 2006 ). 

 More   interestingly, the shallow voltage-depen-
dent activation of  I  Cl(Ca)  implies that relatively few 
charges cross the membrane electric field as the chan-
nels open and close. Restating the  s  values in terms of 
 z       �       RT / sF :  z  � 4.5 to 6 for Na v  and K v  channels ( Hille, 
2001, p.58 ),  z  � 1.5 for BK channels ( Barrett et al., 1982 ; 
 Carl and Sanders, 1989 ;  Latorre and Brauchi, 2006 ), 
 z  � 0.75 for TRP channels ( Nilius et al., 2005 ;  Voets 
et al., 2004, 2005 ) and z � 0.59 to 0.25 for Cl Ca  chan-
nels ( Angermann et al., 2006 ;  Arreola et al., 1996 ; 
 Evans and Marty, 1986 ;  Kuruma and Hartzell, 2000 ). 
Thus, among the channels listed, Cl Ca  channel open-
ing involves the movement of the smallest amount of 
gating charge. As pointed out by Voets, Nilius, and 
co-workers ( Voets et al., 2005 ), but underappreciated 
( Zhu, 2007 ), a small gating charge means that a large 

shift in  E  0.5  requires only a small change in the Gibbs 
free energy of channel gating, i.e.  Δ  Δ  G       �       z   ·   F  ·    Δ  E  0.5 . 
Thus, the shallow voltage dependence of gating and 
the high Ca 2 �   sensitivity (i.e. large  Δ  E  0.5  values) of 
Cl Ca  channels are seen to be related. Further,  Zhu 
(2007)  points out in the context of the relationship 
between  z  and  Δ  Δ  G  that  ‘  ‘ many physiological stimuli 
could take advantage of this unique property to acti-
vate TRPs ’  ’ . Cl Ca  channels share that  ‘  ‘ unique prop-
erty ’  ’  raising the possibility that, like TRP channels, 
Cl Ca  channels respond to many physiological stimuli 
in addition to Ca 2 �   and voltage. As we discuss below, 
this concept is easily reconciled with regulation by 
phosphorylation/dephosphorylation. It also suggests 
that investigation of other regulators (temperature, 
lipids) might be profitable.  

    D .      Kinetics of Activation by Voltage and Ca 2 �   

 Three   groups ( Angermann et al., 2006 ;  Arreola 
et al., 1996 ;  Kuruma and Hartzell, 2000 ) carried out 
systematic studies of the kinetics of Cl Ca  channel 
and developed similar models of channel gating that 
account for the following observations. First, the Ca 2 �   
dependence of activation of Cl Ca  channels is charac-
terized by voltage-dependent Hill coefficients ranging 

 FIGURE 13.6          Kinetic schemes describing Cl Ca  channel gat-
ing. Panel A from  Arreola et al. (1996) . Panel B from  Kuruma and 
Hartzell (2000) . Panel C shows the voltage dependencies of the 
equilibrium constants of the closed to open transitions in the mod-
els in panels A and B.    
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from 1.2 to 3.5 implying that two or more Ca 2 �   ions 
bind during channel activation. Second, the inabil-
ity of high [Ca 2 �  ] to activate  g  Cl(Ca)  to  G  max  discussed 
above (i.e.  G  max       �       G  c,max ) led to models in which the 
transitions into and out of the open state (or states) do 
not involve Ca 2 �   binding. Third, the time courses of 
activation and deactivation of  I  Cl(Ca)  are Ca 2 �   and volt-
age dependent implying Ca 2 �  - and voltage-dependent 
rate constants. 

 These   considerations led  Arreola et al. (1996)  to pro-
pose the kinetic scheme shown in  Fig. 13.6A    in which 
Ca 2 �   binds to the channel in two sequential, moder-
ately voltage-dependent steps to create an activated 
channel that opens via a more strongly voltage-depen-
dent step that does not involve Ca 2 �   binding. Based 
on their data, these authors assigned the voltage 
dependence of the open – closed transition to the rate 
of channel closing ( β  2 ). With parameters determined 
from measurements of activation and  deactivation 

of  g  Cl(Ca)  in response to voltage-clamp steps at various 
levels of Ca 2 �  , the model accurately simulates  g  Cl(Ca)  
activation over a wide range of Ca 2 �   and voltage 
but is less successful at simulating deactivation. The 
inability of saturating Ca 2 �   to activate  g  Cl(Ca)  at nega-
tive potentials to levels achieved by Ca 2 �   plus depo-
larization arises in the model from the shallow voltage 
dependence of the equilibrium constant for the closed 
to open transition ( � 100       mV per e-fold change in 
 K  2       �       β  2 / α  2 ) and the relatively high values of  K  2  for 
potentials between  � 50 and  � 50       mV. That is, the open 
probability at saturating Ca 2 �   rises from about 0.5 to 
0.75 as voltage goes from  � 50 to  � 50       mV. 

    Kuruma and Hartzell (2000)  used measurements 
of  g  Cl(Ca)  responses to jumps of voltage and Ca 2 �   to 
develop the more complex gating scheme shown in 
 Fig. 13.6B  with three voltage-independent Ca 2 �  -bind-
ing steps and three open states. This model simulates 
channel activation well and is better at simulating 

 FIGURE 13.7          Simulation of  I  Cl(Ca)  activation and deactivation. Panel A: Simulated [Ca 2 �  ] i  transients elicited by Ca 2 �   influx (10, 50 or 
200       ms steps from  – 80 to 0       mV) calculated using parameters chosen to mimic diffusion and buffering in a rat DRG neuron (see  McHugh and 
Kenyon (2003)  for details). The solid lines are [Ca 2 �  ] in the cytoplasm next to the plasma membrane ([Ca 2 �  ] M ). The dashed lines are simu-
lated fura-2 measurements of global [Ca 2 �  ] i . Panel B: Simulated  I  Cl(Ca)  calculated using [Ca 2 �  ] M  in panel A to drive the four-state model of 
 Arreola et al. (1996)  modified by setting  α 1 equal to 3.8      
      104       M  � 1 msec  � 1  and  β  1  equal to 0.019       msec  � 1  at  � 80       mV and 0.013       msec  � 1  at 0       mV. 
 I  Cl(Ca) / I  Cl(Ca)max       �       g  Cl(Ca) / g  Cl(Ca)max   ·  ( E       �       E  Cl ) and  E  Cl  is  � 40       mV. Panel C: Time course of [Ca 2 �  ] M  and  g  Cl(Ca) / g  Cl(Ca)max  corresponding to the 
50       ms record in panels A and B. Panel D: Membrane currents dominated by Ca 2 �   current and  I  Cl(Ca)  recorded from a chick DRG neuron at 20 ° C 
as described in  Ward and Kenyon (2000) . Membrane potential was stepped from  – 70 to 0       mV for durations of 10, 50 and 170       ms (top traces).    
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deactivation than the Arreola et al. model. Similar to 
the Arreola et al. model, the voltage dependence of 
channel gating is in the closing rate constants ( β ( V )) 
with a shallow voltage dependence of the equilibrium 
constants for the transitions to the open states ( Fig. 
13.6C ). However, the absolute values of these equilib-
rium constants ( K  eq1       �       α  1 / β ( V ) 1 ,  K  eq2       �       α  2 / β ( V ) 2 , and 
 K  eq3       �       α  3 / β ( V ) 3 ) are smaller than  K  2  in the Arreola et 
al. model with  K  eq2  and  K  eq3  being 0.3 and 0.09 of  K  2 . 
 K  eq3  falls from 0.08 to 0.03 as voltage is shifted from 
 � 50 to  � 50       mV such that at saturating Ca 2 �   over 
90% of the channels will open into O 3 Ca 3  at physi-
ologically relevant potentials (the open probability 
increases from 0.92 to 0.97 as voltage goes from  � 50 
to  � 50       mV). Thus, in this model the simulated  g  Cl(Ca)  
has a large, essentially voltage-independent compo-
nent that can be described by Eq. 4 with  n       �      3, and 
 G  max       �       G  c,max . Modification of the model replacing the 
C 3 Ca 3  state with the O 3 Ca 3  state has little effect on its 
behavior at physiological potentials. 

 In   principle, measurements of the kinetics of Cl Ca  
channel activation and deactivation in response to 
steps in potential and [Ca 2 �  ] and measurements of 
[Ca 2 �  ] in the cytoplasm near the plasma membrane 
([Ca 2 �  ] M ) are sufficient to model  I  Cl(Ca)  responses elic-
ited in voltage-clamp experiments. Although the work 
described above provides parameters for Cl Ca  chan-
nel gating, direct measurements of [Ca 2 �  ] M  are not 
available. Accordingly,  Kenyon and Scott (2002)  used 
a calculated time course of [Ca 2 �  ] M  from  Sala and 
Hern á ndez-Cruz (1990)  to test the ability of a simple 
model in which the activation and deactivation of the 
Cl Ca  channels was rapid relative to changes in mem-
brane potential and [Ca 2 �  ] M  to simulate the activation 
and deactivation of  I  Cl(Ca)  in a voltage-clamp experi-
ment.  Figure 13.7    advances this work by combining 
the kinetic model of Cl Ca  channel gating developed 
by  Arreola et al. (1996)  with the model of Ca 2 �   buffer-
ing and diffusion developed by  McHugh and Kenyon 
(2003) . Panel A shows the predicted time course 
of [Ca 2 �  ] M  and the global [Ca 2 �  ] i  calculated using 
parameters chosen to mimic a rat dorsal root ganglion 
neuron (see  McHugh and Kenyon, 2003  for details). 
The three pairs of traces correspond to responses pre-
dicted for 10, 50 and 200       ms step depolarizations each 
of which raises [Ca 2 �  ] M  into the micromolar range 
that will activate  I  Cl(Ca)  based on properties of Cl Ca  
channels described above. The calculated [Ca 2 �  ] M  was 
used as the activating Ca 2 �   in a modified version of 
the four-state Arreola et al. model in which  α  1  and  β  1  
were chosen to set  K  1       �      500       nM (compared to 320       nM 
in  Arreola et al., 1996 ). The simulated  I  Cl(Ca)  are shown 
in panel B. Recordings of  I  Cl(Ca)  from an embryonic 
chick DRG neuron (from  Kenyon and Scott, 2002 ) are 

shown in panel D. The predicted behavior of  I  Cl(Ca)  
differs from observations in chick and rat DRG neu-
rons in that the model shows substantial  I  Cl(Ca)  at rest-
ing [Ca 2 �  ] i  and  � 80       mV and relatively large  I  Cl(Ca)  in 
response to the small [Ca 2 �  ] i  transient elicited by the 
10       ms depolarization. However, the predicted  I  Cl(Ca)  
mimics the time courses of activation and deactivation 
of  I  Cl(Ca)  during and after the 50 and 200       ms depolar-
izations quite well. In particular, unlike the simulation 
by  Kenyon and Scott (2002) , this model predicts that 
following depolarizations less than 200       ms in duration 
 I  Cl(Ca)  tail current amplitudes increase before deac-
tivating. As shown in panel C for the 50       msec depo-
larization, this time course results from the relatively 
slow activation kinetics ( α  2 ) that cause the current to 
lag the [Ca 2 �  ] i  transient, i.e. the current is still activat-
ing as the [Ca 2 �  ] i  transient starts to decline.   

    V .      REGULATION OF Cl Ca  CHANNELS 
BY KINASES AND PHOSPHATASES 

 Hormones   and neurotransmitters modulate synaptic 
potentials and action potential firing rate by regulating 
the activity of various classes of ion channels. As dis-
cussed above, Cl Ca  channels identified in oocytes, cen-
tral and peripheral neurons, cardiac muscle, smooth 
muscle and exocrine secretory cells are commonly acti-
vated directly by [Ca 2 �  ] i  and voltage without require-
ment for a Ca 2 �  -dependent enzyme. That being noted, 
signaling molecules such as kinases and Ca 2 �  /calmod-
ulin (CaM) might be expected to modulate channel 
gating by altering the sensitivities to these direct acti-
vators. In a recent study,  Kaneko et al. (2006)  showed 
that the Ca 2 �  -activated Cl  �   conductance in olfactory 
sensory neurons is stimulated by CaM by enhancing 
the Ca 2 �   sensitivity of the channels. The possibility 
that Cl Ca  channels in neuronal cells are modulated by 
kinases and phosphatases, G-protein-coupled receptor 
signaling, or protein – protein interactions has received 
little experimental attention. However, many studies 
have provided evidence that Cl Ca  channels in smooth 
muscle cells are regulated by phosphorylation and our 
discussion will thus focus on these data. 

 Early   speculation about the possibility of Cl Ca  chan-
nel regulation in smooth muscle and other cell types 
stemmed from the observation that macroscopic and 
unitary  I  Cl(Ca)  often ran down after seal rupture or 
patch excision. In the case of  I  Cl(Ca)  rundown observed 
in whole-cell patch clamp experiments, the rundown 
could reflect downregulation of the Cl Ca  channels 
or the loss of activating Ca 2 �  . The first observation 
 indicating that kinase activity regulated Cl Ca   function 
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was reported by  Wang and Kotlikoff (1997a)  who 
recorded [Ca 2 �  ] i  and  I  Cl(Ca)  in isolated tracheal smooth 
muscle myocytes during caffeine-mediated release of 
Ca 2 �   and during exposure to the Ca 2 �   ionophore ion-
omycin. In the caffeine experiments,  I  Cl(Ca)  declined 
more rapidly than the activating [Ca 2 �  ] i . In the iono-
mycin experiments,  I  Cl(Ca)  declined while [Ca 2 �  ] i  
remained elevated. Further, inhibition of CaMKII 
slowed the rate of decay of  I  Cl(Ca)  in the caffeine proto-
col and prevented the decay of  I  Cl(Ca)  in the ionomycin 
protocol. Taken together, these data provided strong 
evidence that the Cl Ca  channels of tracheal smooth 
muscle cells are inactivated by CaMKII-dependent 
phosphorylation of the channel or associated regula-
tory protein. However, they do not provide evidence 
with regard to the mechanism of this inactivation that 
could be a block of the channel pore or shift in the 
channel sensitivity to voltage and calcium. 

 Greenwood  , Leblanc, and co-workers carried out a 
systematic investigation of the regulation of smooth 
muscle  I  Cl(Ca)  by phosphorylation and dephosphor-
ylation that provides insight into the mechanism. 
 Greenwood et al. (2001)  compared  I  Cl(Ca)  recorded 
from myocytes dialyzed with Ca 2 �   buffers to control 
[Ca 2 �  ] i  and compared currents and their regulation by 
CaMKII in rabbit pulmonary artery, coronary artery 
and portal vein myocytes. Although the currents in 
each of these cell types had qualitatively similar acti-
vation and deactivation kinetics and sensitivities to 
voltage and Ca 2 �  , their responses to inhibition of 
CaMKII differed markedly. Inhibition of CaMKII activ-
ity at 500       nM [Ca 2 �  ] i  increased  I  Cl(Ca)  amplitude in 
pulmonary artery myocytes and coronary artery myo-
cytes by shifting the activation curve to more negative 
potentials. The observation that CaMKII activity shifts 
the voltage sensitivity of the channel rules out a sim-
ple block of the channel as the mechanism underly-
ing regulation of  I  Cl(Ca)  by this enzyme. In portal vein 
myocytes, inhibition of CaMKII reduced  I  Cl(Ca) . Thus, 
there are cell-specific mechanisms downstream of 
CaMKII-dependent phosphorylation that determine 
the effects of that phosphorylation on  I  Cl(Ca) : (1) the 
channels are composed of different homomeric or het-
eromeric subunits, some of which are phosphorylated 
in a distinct fashion by CaMKII; (2) the pore-forming 
subunits are not directly phosphorylated by CaMKII; 
they are instead associated with a distinct array of 
accessory subunits exhibiting differences in their 
regulation by CaMKII; or (3) the target of CaMKII is 
remote from the Cl Ca  channel or regulatory subunit, 
e.g. another kinase or a phosphatase, which results in 
a change in the state of phosphorylation of the chan-
nel, translocation of a scaffolding protein, or another 
signal transduction event. 

 The   regulatory actions of phosphorylation are typi-
cally balanced by phosphatase-dependent dephos-
phorylation.  Ledoux et al. (2003)  investigated the 
coordinate regulation of  I  Cl(Ca)  in rabbit coronary 
artery myocytes at constant [Ca 2 �  ] i  by CaMKII and 
calcineurin. Both enzymes were expressed in these 
myocytes and translocated to or near the plasma 
membrane in response to elevated [Ca 2 �  ] i . Inhibition 
of CaMKII activity increased  I  Cl(Ca)  amplitude at 1        μ M 
[Ca 2 �  ] i  but not at [Ca 2 �  ] i       �      500       nM. Inhibition of cal-
cineurin activity reduced  I  Cl(Ca)  amplitude at [Ca 2 �  ] i  
levels up to 500       nM but not at 1        μ M [Ca 2 �  ] i . Further, 
inhibition of calcineurin potentiated the effect of sub-
sequent inhibition of CaMKII indicating that both 
enzymes are active in the control situation. Thus, the 
kinase and phosphatase have antagonistic actions on 
 I  Cl(Ca)  amplitude but the relative activities of the two 
enzymes differ as a function of [Ca 2 �  ] i  with the bal-
ance tipping toward calcineurin at lower [Ca 2 �  ] i  and 
toward CaMKII at higher [Ca 2 �  ] i . 

    Greenwood et al. (2004)  further characterized 
the regulation of  I  Cl(Ca)  by calcineurin in pulmonary 
artery myocytes dialyzed with Ca 2 �   buffers. They 
found that the myocytes expressed both the  α  and  β  
isoforms of calcineurin and that  I  Cl(Ca)  amplitude was 
increased by dialysis with the  α  isoform of calcineurin 
but not the  β  isoform. Consistent with the later obser-
vation, the  α  isoform but not the  β  isoform translo-
cated toward the plasma membrane when [Ca 2 �  ] i  was 
raised to  � 500       nM Ca 2 �  . In addition,  I  Cl(Ca)  amplitude 
was reduced by inhibition of calcineurin by cyclospo-
rin with the effect being more reliable if the current 
was activated by Ca 2 �   influx vs. dialysis with 500       nM 
[Ca 2 �  ] i . This observation suggests that the activa-
tion and regulation of  I  Cl(Ca)  by an increase in [Ca 2 �  ] i  
depends on the location and kinetics of that increase. 
 I  Cl(Ca)  elicited by an elevated fixed level of [Ca 2 �  ] i  runs 
down to less than  � 30% of its initial level in pulmo-
nary artery myocytes, an effect attributed to CaMKII-
mediated phosphorylation because it is reversed by 
blocking CaMKII with KN-93 ( Greenwood et al., 2001 ) 
or by replacing the ATP substrate with its non-hydro-
lysable form AMP-PNP ( Angermann et al., 2006 ). This 
suggests that under these conditions, the regulation 
of Cl Ca  channels appears to be dominated by CaMKII 
activity. However, at lower levels of stimulation by 
transient and sporadic increases in [Ca 2 �  ] i  caused by 
activation of L-type Ca 2 �   channels, the regulation of 
 I  Cl(Ca)  may be under the control of a more balanced 
contribution by CaMKII and calcineurin. This con-
trasts with coronary artery myocytes where the phos-
phorylation balance seems to be shifted toward the 
phosphatase ( Ledoux et al., 2003 ). These findings sug-
gest very fine and distinct tuning mechanisms of the 
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same channel class in the two cell types due to local 
environmental differences determined by the pattern 
of expression of the two enzymes, their localization 
and translocation during signaling. 

 In   order to clarify the biophysical mechanisms 
by which phosphorylation regulates Cl Ca  channels, 
 Angermann et al. (2006)  carried out a systemic analy-
sis of the Ca 2 �   and voltage dependence of  I  Cl(Ca)  in pul-
monary artery myocytes dialyzed for 20 minutes with 
either 3       mM ATP or 3       mM AMP-PNP to induce general 
phosphorylation or dephosphorylation, respectively. 
At a given [Ca 2 �  ] i , phosphorylation decreased  I  Cl(Ca)  
amplitude and the rate of activation while speeding 
deactivation compared to currents recorded under 
the dephosphorylation condition. Over the range of 
potentials where the reduced amplitude of  I  Cl(Ca)  in 
the phosphorylation condition permitted comparison, 
the  K  D  for  I  Cl(Ca)  activation by Ca 2 �   was not different 
between the two protocols. In contrast, dephosphoryla-
tion shifted the voltage dependence of  I  Cl(Ca)  activation 
to more negative potentials and caused the appearance 
of a sustained  I  Cl(Ca)  that could not be shut off by mem-
brane hyperpolarization to potentials as negative as 
 � 200       mV.  Angermann et al. (2006)  applied the kinetic 
model of  Kuruma and Hartzell (2000)  with parameters 
appropriate for their pulmonary artery myocytes and 
were able to simulate basic properties of  I  Cl(Ca)  observed 
in their experiments. They found that the effects of 
general phosphorylation were simulated by converting 
the O2 and O3 states to closed states and increasing the 
values of the voltage-dependent rate constants ( β ( V ) in 
 Fig. 13.6B ) by shifting their  V  0.5  values to more positive 
potentials and increasing a scaling factor (parameter a 
in their Table 1). Based on these findings,  Angermann 
et al. (2006)  proposed that phosphorylation resulted in 
a state-dependent block of Cl Ca  channels, especially at 
elevated intracellular Ca 2 �   levels.  

    VI .      CLONING, STRUCTURE, AND 
FUNCTION OF Cl Ca  CHANNELS 

 The   advance of understanding with regard to the 
function, expression and gating of Cl Ca  channels 
now requires molecular information. Unfortunately, 
determination of the molecular nature of Cl Ca  chan-
nels is difficult because, unlike voltage-gated chan-
nels that can be identified by their homology in the 
voltage-sensing S4 domain and pore loop domains, 
there are no conserved motifs or shared membrane 
topology among the chloride channel families that 
have been cloned and identified thus far (reviewed 
by Jentsch, 2002; see also Chapter 12 in this volume). 

Thus,  candidate genes must be identified functionally 
and the bar is high to prove that a gene encodes an 
essential component of a Cl  �   channel. In addition to 
Cl Ca  channels, this is true for ligand-gated GABA and 
glycine receptors, the cystic fibrosis transmembrane 
conductance regulator (CFTR) and the voltage-gated 
chloride channel (ClC) superfamily. Further, there are 
no selective pharmacological modulators of  I  Cl(Ca)  that 
can be used to isolate ion channel proteins or to inves-
tigate the pore structure. That being noted, functional 
and mutational assays have identified four families of 
proteins that produce  I  Cl(Ca)  when expressed in het-
erologous systems: CLCA, bestrophin, Tweety and 
TMEM16A/B. We review these here. 

    A .       CLCA Proteins as Molecular Candidates 
for Cl Ca  Channels 

 Benos   and co-workers isolated a protein from 
bovine tracheal epithelium that mediated a CaMKII-
activated Cl  �   channel when incorporated into lipid 
bilayers ( Fuller et al., 1994 ;  Ran et al., 1992 ). The 
native 140       kDa protein forms an anion-selective, 4,4 	 - 
diisothiocyanatostilbene-2,2 	 -disulfonic acid (DIDS) 
and dithiothreitol (DTT)-sensitive, 25 – 30       pS channel 
with an anion selectivity of I  �        �      NO 3   �        �      Br  �        �      Cl  �  . 
The reconstituted channel is activated by CaMKII 
or by micromolar [Ca 2 �  ] ( � 3        μ M) in the absence of 
CaMKII ( Fuller et al., 1994 ). Further, DTT disrupted 
the 140       kDa protein yielding a 38       kDa subunit that was 
not associated with channel activity in bilayers. Using 
an antibody against the 38       kDa peptide,  Cunningham 
et al. (1995)  screened a bovine tracheal cDNA expres-
sion library and isolated a cDNA clone encoding a 
903-amino acid protein that showed no homology 
to other previously reported Cl  �   channel sequences. 
Expression of this clone, termed bCLCA1, in  Xenopus  
oocytes and COS cells resulted in the appearance 
of an  I  Cl(Ca)  that was not inhibited by NFA. Since the 
initial cloning of bCLCA1, numerous mammalian 
CLCA genes that mediate  I  Cl(Ca)  and have distinct, tis-
sue-specific expression patterns have been described 
( Loewen and Forsyth, 2005 ). The currents mediated 
by each of these CLCA genes differ from  I  Cl(Ca)  found 
in oocytes, central and peripheral neurons, cardiac 
muscle, smooth muscle and exocrine secretory cells 
described above in requiring millimolar Ca 2 �   for acti-
vation ( Fuller et al., 2001 ), are not activated by depo-
larization, and have different pharmacological profiles 
( Britton et al., 2002 ). 

 The   differences between native  I  Cl(Ca)  and currents 
generated by CLCA imply that if the CLCA protein 
forms a Cl Ca  channel, additional protein subunits are 
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required to produce native currents.  Greenwood et al. 
(2002)  took a shot in the dark and tested the ability of 
the regulatory  β 1-subunit of the BK channel to modify 
CLCA channel function. Co-expression of CLCA and 
the  β 1-subunit resulted in  I  Cl(Ca)  activated by 250 and 
500       nM [Ca 2 �  ] with kinetics and voltage dependence 
of activation resembling native  I  Cl(Ca)  expressed in 
oocytes, central and peripheral neurons, cardiac mus-
cle, smooth muscle and exocrine secretory cells. This 
work provides a proof of concept that auxiliary sub-
units modulate CLCA functional properties. 

 In   addition to the requirement for millimolar [Ca 2 �  ] 
for activation and lack of time- and voltage-dependent 
gating, there are other reasons to be skeptical about 
the role of the CLCA family in  I  Cl(Ca) . Briefly, CLCA 
proteins are proteolytically processed and several 
findings identify CLCA proteins as secretory proteins 
with physiological functions in cell adhesion, mucus 
production in asthma and cystic fibrosis, cell division 
and tumor metastasis (reviewed in detail by Loewen, 
2005 and by Hartzell, 2005a). Accordingly, here we 
will focus on the more recent candidates to encode 
Cl Ca  channels: bestrophin, Tweety and TMEM16A.  

    B .       Bestrophins as Molecular Candidates for 
Cl Ca  Channels 

 Bestrophin   was identified as the protein product 
of the  VMD2  gene mutated in Best vitelliform macu-
lar dystrophy, or Best disease ( Marquardt et al., 1998 ; 
 Petrukhin et al., 1998 ). Best disease is an autosomal 
dominant disorder characterized by an accumula-
tion of lipofuscin-like material in the macular area. 
It has an early onset leading to a progressive loss of 
vision ( Marquardt et al., 1998 ;  Petrukhin et al., 1998 ). 
The bestrophin family currently includes four human 
genes: Best1, Best2, Best3 and Best4 ( St ö hr et al., 2002 ). 
Highly conserved orthologs of the human genes have 
been identified in mouse ( Burkin et al., 2003 ;  Kr ä mer 
et al., 2004 ;  Qu et al., 2004 ),  Xenopus  ( Qu et al., 2003b ), 
 Drosophila  ( Tavsanli et al., 2001 ) and  Caenorhabditis ele-
gans  ( Sun et al., 2002 ;  Tsunenari et al., 2003 ). Although 
the sequence homology is high at the NH 2  terminus 
of each isoform, the carboxyl termini are unique pro-
viding regions for the design of isoform-specific anti-
bodies and probes. Thus, bestrophin expression and 
localization in a number of cell types, including DRG 
neurons and OSNs, has been determined (reviewed 
by  Hartzell et al., 2008 ). 

 Hydropathy   analysis predicts either four ( Bakall et al., 
2003 ;  Milenkovic et al., 2007 ;  Sun et al., 2002 ) or six 
( Petrukhin et al., 1998 ;  Qu et al., 2003b ) hydrophobic, 
putative transmembrane domains (TMDs) within the 

highly conserved 350 amino acid N-terminal region. 
 Tsunenari et al. (2003)  provided evidence from struc-
tural analysis experiments of human Best1 that TMD-
1, -2, -4 and -6 traverse the membrane, that TMD-3 is 
cytoplasmic and that TMD-5 is partially inserted into 
the extracellular side of the membrane. However, 
 Milenkovic et al. (2007)  suggested that TMD1, -2, -5 and 
-6 of hBest1 traverse the membrane and that a relatively 
hydrophobic segment (containing putative TMD-3 and 
-4) is cytoplasmic. Both of these studies located the 
NH 2  and COOH termini cytoplasmically. Further stud-
ies, including determination of the crystal structure of 
the bestrophin proteins, are required to establish the 
basis for the different proposed membrane topologies.  

    C .       Biophysical Properties and Permeation of 
Bestrophin Channels 

 Expression   of human, mouse,  Xenopus ,  C. elegans  
or  Drosophila  bestrophin in HEK cells results in the 
appearance of  I  Cl(Ca)  ( Chien et al., 2006 ;  O’Driscoll, 
2007 ;  Pifferi et al., 2006 ;  Qu et al., 2004, 2003b ; 
 Srivastava et al., 2008 ;  Sun et al., 2002 ;  Tsunenari 
et al., 2003, 2006 ). Although the current/voltage rela-
tionships and the rectification of the currents dif-
fer among the bestrophins tested (Table 13.1), the 
currents have an anion permeability sequence of 
I  �        �      Br  �        �      Cl  �        �      F  �   similar to native Cl Ca  channels 
( O’Driscoll, 2007 ;  Qu et al., 2003b ;  Qu and Hartzell, 
2004 ;  Sun et al., 2002 ). Similarly, the expressed currents 
are sensitive to the anion channel blockers that inhibit 
native  I  Cl(Ca) : DIDS, NFA and SITS ( O’Driscoll, 2007 ; 
 Pifferi et al., 2006 ;  Qu et al., 2003b ;  Qu and Hartzell, 
2004 ;  Sun et al., 2002 ) (Table 13.1). In the  Drosophila  S2 
cell line, single channel analysis of endogenous bestro-
phin-dependent currents were mediated by  � 2       pS 
single channels ( Chien et al., 2006 ). The single channel 
conductance of mouse Best2 heterologously expressed 
in HEK cells is  � 0.26       pS ( Pifferi et al., 2006 ). The 
small single channel conductances of the bestrophin-
mediated channels are consistent with single chan-
nel conductances of native currents described above 
and support the idea that bestrophin genes encode at 
least part of the native Cl Ca  channels in a variety of 
cell types. 

 All   the disease-causing bestrophin1 mutations that 
have been examined in expression systems alter Cl  �   
channel function. These include the T6P, A10V, Y85H, 
R92C, W93C, N99K, D104E, R218S, Y227N, A243T, 
Q293K, G299E, E300D, D301E, T307I and A243V muta-
tions, all of which produce currents with amplitudes 
 � 20% that of wildtype bestrophin ( Hartzell et al., 
2005b ). Further, point mutations in bestrophin proteins 
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produced currents that differ from wildtype currents in 
their relative conductance and permeability ( O’Driscoll, 
2007 ;  Qu et al., 2003b ;  Qu and Hartzell, 2004 ). This is 
noteworthy as it is strong evidence that bestrophin 
proteins comprise pore forming components of the 
Cl Ca  channel. Extensive site directed mutagenesis of 
the highly conserved putative second transmembrane 
domain (TMD2) of bestrophin proteins indicate that 
TMD2 is important in the permeation pathway and 
may form the Cl Ca  channel pore ( Qu et al., 2004, 2006 ; 
 Qu and Hartzell, 2004 ). Cysteine scanning of amino 
acids between positions 69 and 104 revealed that, 
unlike K v  channels, the amino acids forming the mBest2 
selectivity filter are not discretely localized but are dis-
tributed over approximately 20 amino acids within 
the transmembrane domain ( Qu et al., 2006 ). In addi-
tion, the ability of RNAi targeting bestrophin to reduce 
native  I  Cl(Ca)  in the  Drosophila  S2 cell line is further 
evidence for a role of bestrophins in Cl Ca  channels. In 
these experiments, native  I  Cl(Ca)  was abolished by RNAi 

constructs targeting dBest1 and dBest2 but was not 
affected by RNAi constructs to dBest3 or dBest4 ( Chien 
et al., 2006 ). Moreover, RNAi directed against hBest1 
suppressed endogenous  I  Cl(Ca)  in human airway epithe-
lial cells ( Barro Soria et al., 2006 ;  Duta et al., 2004 ). 

 The   Ca 2 �   sensitivity of expressed bestrophin cur-
rents has been examined in dose – response relation-
ships with various Ca 2 �   concentrations (Table 13.1). 
The expression of mouse and Xenopus Best2 in HEK 
cells generated  I  Cl(Ca)  activated by physiological lev-
els of intracellular Ca 2 �   ( K  D  of 210 – 400       nM) ( Pifferi 
et al., 2006 ;  Qu et al., 2004, 2003b ). Best3 cloned from 
mouse heart generated macroscopic  I  Cl(Ca)  with a  K  D  
of 174       nM ( O’Driscoll, 2007 ).  Tsunenari et al. (2006)  
demonstrated that hBest4 can be activated by Ca 2 �   
in a cell-free environment. A calculated  K  D  of 230       nM 
is similar to that reported for Best2 ( Qu et al., 2004, 
2003b ) and Best3 ( O’Driscoll, 2007 ) and would indi-
cate that Ca 2 �   binds directly to the channel without a 
requirement for an indirect protein. 

VI. CLONING, STRUCTURE, AND FUNCTION OF ClCa CHANNELS

 TABLE 13.1          Biophysical properties of heterologously expressed Bestrophins. From  O’Driscoll (2007)   

    

 Time and voltage 
dependence  l-V Relation  Permeability  Ca 2 �   Sensitivity  Pharmacology 

   hBest1*  ̂     Time-independent  Weak outward 
rectification 

 NO     3   �    �      l  �        �      Br  �        �      Cl  �    Ca 2 �   sensitive; K D  n.d.  DIDS 500        μ M 

   hBest2*  ̂     Time-independent  Almost linear  NO     3�       �      l  �        �      Br  �        �      Cl  �    Ca 2 �   sensitive; K D  n.d.   

   hBest3  ̂     Time dependent  Strong inward 
rectification 

   Ca 2 �   sensitive; K D  n.d.   

   hBest4  ̂  #   Time  &  voltage 
independent 

 Almost linear    K D  of 230       nM   

   dBestl* $   Time-independent  Outward rectification  SCN  �        �      Cl  �    Ca 2 �   sensitive; K D  n.d.   

   cBestl*  Some time-dependence  Inward rectification    Ca 2 �   sensitive; K D  n.d.   

   xBest2a %   Time  &  voltage 
independent 

 Linear  I  �        �      Br  �        �      Cl  �         �       � Asp  K D  of 210       nM   

   xBest2b %   Time  &  voltage 
independent 

 Linear  I  �         �      Br  �        �      Cl  �         �       � Asp  K D  of 228       nM   

   mBest1*      Time  &  voltage 
independent 

 Almost linear  SCN  �    �  l  �         �      Cl  �    Ca 2 � sensitive; K D  n.d.  DIDS 100        μ M 
NFA 100        μ M 

   mBest2  �  φ  ψ    Time  &  voltage 
independent 

 Almost linear  SCN  �        �      I �� Br  �        �      Cl  �         �      F�

I�      �      NO  �   3       �      Br  �        �      Cl  �        
�       �  MeS 

 K D  of 230       nM 

K D  of 400       nM 

 DIDS 300        μ M 
NFA 10        μ M 
SITS 400        μ M 

   mBest3  �  ϖ    Time  &  voltage 
independent 

 Almost linear  SCN  �        �      l  �        �      Cl  �    K D  of 174 nm  DIDS 100        μ M 
NFA 100        μ M 

   mBest3 
truncated  ξ   

 some time dependence 
and voltage 
independent 

 Linear  SCN  �    �  l  �         �      Br  �         �      Cl  Ca 2 �   insensitive   

  *( Sun et al., 2002 ),   ̂    ( Tsunenari et al., 2003 ), # ( Tsunenari et al., 2006 ), $ ( Chien et al., 2006 ), % (Qu et al., 2003), �  ( O’Driscoll, 2007 ),  φ  ( Qu et al., 
2004 ),  ψ  ( Pifferi et al., 2006 ),  ϖ  ( Srivastava et al., 2008 ),  ξ  (Qu et al., 2006).  
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 All   bestrophin proteins isolated to date have a con-
served highly acidic region composed of five consecu-
tive acidic residues  301 EDDDD 305  and three nearby 
negative charges. This motif is located after putative 
TMD6 on the cytosolic region of the protein. Sixteen 
mutations of hBest1 identified in patients with Best 
disease are located in this region and heterologous 
expression of some of these mutants in HEK293 cells 
resulted in  I  Cl(Ca)  substantially reduced compared to 
wildtype ( Marmorstein and Kinnick, 2007 ).  Tsunenari 
et al. (2006)  pointed out that this conserved stretch of 
negatively charged residues is a candidate Ca 2 �   bind-
ing domain based on its similarity to the high affin-
ity Ca 2 �   binding site of the BK channel, referred to as 
the  ‘  ‘ Ca 2 �   bowl ’  ’ , that contains ten negative charges of 
which five are consecutive ( Schreiber et al., 1999 ). 

 Clearly  , there is a great deal of interest in the 
expression and function of the bestrophin family. 
Ample data indicate that expression of bestrophin pro-
teins is sufficient to generate  I  Cl(Ca)  and that the bestro-
phin genes encode channels. However, the biological 
role or roles of this protein are unsettled. As pointed 
out by Hartzell ( Hartzell et al., 2005a ),  ‘  ‘ The troubled 
history of Cl  �   channel identification ( Clapham, 1998 ; 
 Jentsch et al., 2002 ) should make one exceedingly cir-
cumspect about the conclusion that mBest2 forms the 
Cl  �   channel pore, despite the fact that mBest2 selec-
tivity can be changed by mutation. ’  ’  Indeed, func-
tions other than encoding Cl Ca  channels have been 
proposed for bestrophins including modulation of 
voltage-dependent Ca 2 �   channels ( Marmorstein et al., 
2006 ;  Rosenthal et al., 2006 ;  Yu et al., 2008 ) and for-
mation of volume-sensitive Cl  �   channels ( Chien and 
Hartzell, 2007 ;  Fischmeister and Hartzell, 2005 ). Of 
particular importance is the lack of time and voltage 
dependence of most bestrophin-mediated  I  Cl(Ca)  ( Fig. 
13.8   ). The exceptions being human Best3 and  C. ele-
gans  Best1 currents ( Sun et al., 2002 ). As summarized 
above, mBest2 is a strong candidate to mediate  g  Cl(Ca)  

in OSNs where the native  g  Cl(Ca)  is similarly time and 
voltage independent. However, this gating contrasts 
sharply with the characteristic activation by Ca 2 �   and 
depolarization of  g  Cl(Ca)  in oocytes, central and periph-
eral neurons, cardiac muscle, smooth muscle and exo-
crine secretory cells. Although bestrophins seem less 
likely to underlie these currents, several observations 
indicate that they cannot be ruled out. As discussed 
in the context of CLCA, time and voltage dependence 
might arise from the action of as yet unidentified sub-
unit proteins. Similarly, some studies have found evi-
dence that bestrophins form dimers, tetramers and 
pentamers. Heteromeric combinations are possible 
( Stanton et al., 2006 ;  Sun et al., 2002 ;        Yu et al., 2006, 
2007 ). The time and voltage dependence of native 
currents might arise from the action of as yet uniden-
tified subunit proteins. Lastly, the time and voltage 
dependence of native smooth muscle  g  Cl(Ca)  is subject 
to regulation by kinases and phosphatases. As shown 
by  Angermann et al. (2006)  native  g  Cl(Ca)  tends to lose 
time and voltage dependence in conditions that favor 
dephosphorylation. Thus, it may be that the time and 
voltage dependence of native currents requires appro-
priate regulatory contribution.  

    D .       Tweety Channels as Molecular Candidates 
for Cl Ca  Channels 

 Tweety   proteins are a novel group of membrane 
proteins recently identified as putative chloride 
channels ( Suzuki, 2006 ). There are three members of 
the Tweety family in mammals, TTYH1 ( Campbell 
et al., 2000 ), TTYH2 ( Rae et al., 2001 ) and TTYH3 
( Suzuki and Mizuno, 2004 ) that have been identified 
based on sequence homology to the protein encoded 
by the  Drosophila melanogaster tty  gene. The topo-
logical structure for Tweety proteins was proposed 
from  hydrophobicity analysis and glycosylation 
site  mutagenesis ( He et al., 2008 ) to incorporate five 

 FIGURE 13.8          Different time- and voltage-dependent activation of native and bestrophin-induced  I  Cl(Ca) . Whole-cell currents recorded from 
a rabbit pulmonary artery smooth muscle myocyte (panel A) and from a HEK-293 cell expressing mBest3 (panel B). Currents were activated 
with pipette solutions containing 250       nM free [Ca 2 �  ] i . Voltage steps were applied in 10       mV steps from a holding potential of  � 50       mV to volt-
ages between  � 100 and  � 140       mV (A) and between  � 100 and  � 100       mV (B).    
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 membrane-spanning domains in which the NH 2  termi-
nus is located extracellularly and the COOH terminus 
is located cytoplasmically. This membrane topology is 
similar to BK channels ( Suzuki and Mizuno, 2004 ). 

    Suzuki and Mizuno (2004)  reported that human 
TTYH3 encodes a large-conductance Ca 2 �  -activated 
Cl  �   channel. Expression of human TTYH3 in Chinese 
hamster ovary cells generated a unique Cl  �   current 
activated by addition of a Ca 2 �   ionophore or with 
100        μ M Ca 2 �   in the pipette solution. The evoked cur-
rent was completely inhibited by DIDS (10        μ M), but 
was insensitive to NFA (300        μ M), SITS (10        μ M), ZnCl 2  
(10        μ M) and DTT (10        μ M). The current/voltage relation 
was linear in symmetrical Cl  �   with slope conductance 
of 260       pS. Like native large-conductance Ca 2 �  -activated 
Cl  �   channels, hTTYH3 channels show complex gating 
kinetics, voltage-dependent inactivation, require micro-
molar [Ca 2 �  ] for activation, and have a similar perme-
ability order of I  �        �      Br  �        �      Cl  �   determined from anion 
substitution experiments. Analysis of pore mutants 
suggested that the conserved positively charged amino 
acids (R366 and H370) contribute to anion selectivity. 
Similarly, hTTYH2 encodes a large-conductance Ca 2 �  -
activated Cl  �   channel. However, a splice variant of 
TTYH1 that lacks exon 11 acts as a volume-sensitive 
chloride channel ( Suzuki, 2006 ). Taken together, the 
functional properties of TTYH3 and the expression 
and localization of Tweety channels in neurons suggest 
that TTYHs are strong candidates to encode large-con-
ductance Cl  �   channels. Further studies on the hTTYH 
family should lead to the elucidation of their physi-
ological roles as novel Cl  �   channels.  

    E .       TMEM16 as Molecular Candidates for Cl Ca  
Channels 

 During   preparation of this review, three indepen-
dent groups identified the TMEM16 family of genes 
as encoding a novel membrane protein associated 
with Ca 2 �  -dependent Cl  �   channel activity ( Caputo et 
al., 2008 ;  Schroeder et al., 2008 ;  Yang et al., 2008 ). This 
family consists of ten paralogs that encode highly con-
served membrane spanning proteins with NH 2  and 
COOH termini located in the cytosol. When expressed 
in recombinant expression systems, human, mouse 
and Xenopus TMEM16A (Anoctamin 1 or ANO1; and 
mouse TMEM16B or ANO2) generate a chloride-selec-
tive Ca 2 �  -dependent conductance activated by agonists 
(endothelin-1, angiotensin II, carbachol, UTP, ATP, lyso-
phosphatidic acid and histamine) ( Yang et al., 2008 ), 
intracellular injection or photorelease of IP 3  ( Schroeder 
et al., 2008 ;  Yang et al., 2008 ), exposure to the Ca 2 �   iono-
phore ionomycin ( Caputo et al., 2008 ;  Yang et al., 2008 ), 

and fixed high [Ca 2 �  ] i  ( Caputo et al., 2008 ;  Schroeder et 
al., 2008 ;  Yang et al., 2008 ). The biophysical and phar-
macological properties of TMEM16A-mediated cur-
rents are consistent with native  I  Cl(Ca)  recorded from 
many secretory and retinal epithelia, smooth muscle 
and sensory neurons including similar anion permea-
bility (SCN  �        �       � NO 3   �        �      I  �        �      Br  �        �      Cl  �        �       � F  �        �       �  �  
gluconate) ( Caputo et al., 2008 ;  Schroeder et al., 2008 ; 
 Yang et al., 2008 ), a voltage-sensitive  K  d  for activation 
by intracellular Ca 2 �   of 2.6        μ M and 400       nM at  � 60 and 
 � 60       mV, respectively ( Caputo et al., 2008 ), and a single-
channel conductance of 8.3       pS ( Yang et al., 2008 ). In 
contrast to currents mediated by the molecular candi-
dates discussed above, TMEM16-induced currents are 
time and voltage dependent exhibiting outward recti-
fication, slow activation upon depolarization and slow 
deactivation kinetics following repolarization ( Caputo 
et al., 2008 ;  Schroeder et al., 2008 ;  Yang et al., 2008 ). 
TMEM16A-elicited currents were inhibited by the 
classical anion channel blockers niflumic acid, DIDS, 
NPPB and DPC at concentrations that inhibit native 
 I  Cl(Ca)  ( Caputo et al., 2008 ;  Schroeder et al., 2008 ;  Yang 
et al., 2008 ). In addition, two groups have mutated the 
channel at different locations within the putative trans-
membrane domains finding altered anion permeability 
sequence ( Caputo et al., 2008 ;  Yang et al., 2008 ) consis-
tent with TMEM16A being a pore-forming subunit. 
Lastly, TMEM16A expression has been identified in 
a number of cell types where  I  Cl(Ca)  has been recorded 
including sensory DRG neurons. Thus, we anticipate 
that the discovery of this family of ion channels will 
lead to exciting investigations into the expression and 
function of  I  Cl(Ca) .   

    VII .      CONCLUDING REMARKS 

 The   wide variety of cells expressing large  I  Cl(Ca)  which 
is regulated and often changes during development and 
in response to injury suggests that a Ca 2 �  -activated Cl  �   
conductance provides a broadly useful function (or func-
tions). However, more than 25 years after the discovery 
of  I  Cl(Ca) , the molecular identity of Cl Ca  channels is still 
unknown. We do not know whether the different cells 
obtain this function with the widespread expression of a 
single gene, expression of multiple members of a single 
gene family, or expression of multiple genes from mul-
tiple gene families. Although each of the first candidate 
genes (CLCA, bestrophin and Tweety) has merit (partic-
ularly the bestrophin family in the context of olfaction), 
none of them has so far cracked open the genomic door 
enabling molecular investigations. The latest candidate, 
TMEM16, appears to be stronger than any of these but 

VII. CONCLUDING REMARKS



13.   CALCIUM-ACTIVATED CHLORIDE CHANNELS252

remains to be tested. Until the molecular door can be 
opened, advances in a number of areas will be difficult 
as illustrated by the incremental advances in under-
standing Cl Ca  channel biology made since the last major 
reviews of Cl Ca  channels. These advances include inter-
esting but observational studies in neurons that corre-
late  I  Cl(Ca)  and cation-chloride cotransport expression in 
development and injury as well as the important char-
acterization of the regulation of  I  Cl(Ca)  in smooth muscle 
myocytes by kinases and phosphatases.  
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O U T L I N E

    I .      INTRODUCTION 

 Gamma  -aminobutyric acid (GABA) is the most 
abundant inhibitory neurotransmitter in the CNS. 
Following release from presynaptic vesicles, GABA exerts 
fast inhibitory effects by interacting with GABA 
receptors, whose primary function is to hyperpo-
larize neuronal membranes in mature CNS neu-
rons. GABA receptors are found both presynaptically, 
where they decrease the likelihood of neurotransmit-
ter release, and postsynaptically, where they decrease 
the likelihood of neuronal firing. There are two types 
of GABA receptor, termed GABA A  and GABA B  recep-
tors. GABA A  receptors are fast-activating Cl  �   chan-
nels from the Cys-loop family of ligand-gated ion 

channels ( Olsen and Tobin, 1990 ;  Macdonald and Olsen, 
1994 ;  Rabow et al., 1995 ). Activation of GABA A  recep-
tors causes membrane hyperpolarization by allowing 
Cl  �   influx, reflecting the relatively low concentration 
of Cl  �   found intracellularly in most adult CNS neu-
rons (see Chapters 7, 8 and 17). GABA A  receptors can 
also mediate depolarizing responses in most imma-
ture CNS neurons and in mature peripheral neu-
rons (e.g. primary afferent neurons), as discussed in 
Chapters 7 and 22 in this volume. In these cases the 
intracellular Cl  �   concentration is maintained above 
electrochemical equilibrium and activation of GABAA 
receptors causes a depolarizing Cl  �   efflux that can be 
either excitatory (Chapter 7) or inhibitory (Chapter 22). 
In contrast, GABA B  receptors are members of the 

  14   14 
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G protein-coupled receptor family and exert slow 
inhibitory effects either by activating outwardly 
rectifying voltage-gated potassium channels or by 
inhibiting voltage-gated calcium channels ( Mintz 
and Bean, 1993 ;  Wagner and Dekin, 1993 ;  Ulrich and 
Bettler, 2007 ). 

 Of   these receptor types, GABA A  receptors medi-
ate the majority of GABAergic signaling and are thus 
most important for maintaining inhibitory tone in the 
mammalian brain. Indeed, pharmacological blockade 
of GABA A  receptors rapidly induces seizures in ani-
mals ( Kapur and Macdonald, 1997 ;  Poulter et al., 1999 ) 
and epileptiform activity in neuronal slice prepara-
tions (De  Deyn and Macdonald, 1990 ;  Schneiderman, 
1997 ). Reduction of GABAergic inhibition due to 
mutation of GABA A  receptors has been shown to be 
associated with several types of idiopathic general-
ized epilepsies, including childhood absence epilepsy, 
generalized epilepsy with febrile seizures plus, and 
juvenile myoclonic epilepsy ( Macdonald et al., 2006 ). 
Enhancement of GABA A  receptor function is the basis 
of action of a number of antiepileptic, sedating, and 
intoxicating drugs including benzodiazepines (BZDs), 
barbiturates, anesthetics, neurosteroids, and ethanol 
( Olsen and Tobin, 1990 ;  Macdonald and Olsen, 1994 ; 
 Rabow et al., 1995 ). Targeting GABA A  receptors has 

thus been an effective approach for treating neuropsy-
chiatric disorders characterized by neuronal hyperex-
citability (e.g. epilepsy, anxiety and insomnia).  

    II .      MOLECULAR BIOLOGY OF GABA A  
RECEPTORS 

 Like   other members of the Cys-loop superfamily 
of ligand-gated ion channels (LGICs), which includes 
nicotinic acetylcholine receptors (nAChR) ( Noda et al., 
1983 ), 5-hydroxytryptamine type 3 serotonin receptors 
(5-HT 3 R) ( Maricq et al., 1991 ), zinc-activated chan-
nels (ZAC) ( Davies et al., 2003 ) and glycine recep-
tors (GlyR) ( Langosch et al., 1988 ), GABA A  receptors 
are heteropentameric ion channels assembled from 
a large family of homologous subunits ( Table 14.1   ) 
( Schofield et al., 1987 ;  Mamalaki et al., 1989 ;  Nayeem 
et al., 1994 ;  Knight et al., 1998 ;  Barrera et al., 2008 ). 
Molecular cloning studies have identified eight sub-
unit families ( α ,  β ,  γ ,  δ ,  � ,  θ ,  π  and  ρ ), thus providing 
enormous potential for receptor heterogeneity. Some 
of these families contain multiple subunit subtypes 
( α 1-6,  β 1-3,  γ 1-3,  ρ 1-3), splice variants (e.g.  β 2S and 
 β 2L;  β 3-v1 and  β 3-v2;  γ 2S and  γ 2L), and alternatively 

 TABLE 14.1          GABAA receptor subunit gene list (from Simon et al., 2004)  

   Subunit      Gene   

 Chromosome 

 Human  Mouse  Rat 

    α 1   GABRA1   5q34  11  10 

    α 2   GABRA2   4p12  5  14 

    α 3   GABRA3   Xq28  X  X 

    α 4   GABRA4   4p12  5  14 

    α 5   GABRA5   15q13.2  7  1 

    α 6   GABRA6   5q34  11  10 

    β 1   GABRB1   4p12  5  14 

    β 2   GABRB2   5q34  11  10 

    β 3   GABRB3   15q13.2  7  1 

    γ 1   GABRG1   4p12  5  14 

    γ 2   GABRG2   5q34  11  10 

    γ 3   GABRG3   15q13.2  7  1 

    δ    GARBD   1p36.3  4  5 

    �    GABRE   Xq28  X  X 

    θ    GABRQ   Xq28  X  X 

    π    GABRP   5q35.1  11  10 

    ρ 1   GABRR1   6q15  4  5 

    ρ 2   GABRR2   6q15  4  5 

    ρ 3   GABRR3   3q12.1  16  11 
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edited transcripts (e.g.  α 3I and  α 3M), further increas-
ing the potential for heterogeneity ( Levitan et al., 
1988 ;  Pritchett et al., 1989 ;  Shivers et al., 1989 ;        Ymer 
et al., 1989a, b ;  Whiting et al., 1990 ;  Herb et al., 1992 ; 
 Kirkness and Fraser, 1993 ;  Hedblom and Kirkness, 
1997 ;  Davies et al., 1997 ;  Bonnert et al., 1999 ;  Simon 
et al., 2004 ;  Ohlson et al., 2007 ). Sequence homology is 
 � 60 – 80% among members of the same GABA A  recep-
tor family,  � 20 – 40% among members of different fam-
ilies, and  � 10 – 20% among members of the GABA A  
receptor and other Cys-loop receptor families ( Olsen 
and Tobin, 1990 ). 

 Most   genes encoding human GABA A  receptor sub-
units are found in tight clusters comprising 1 or 2 
 α  subunits, 1  β  subunit and 1  γ  subunit gene (in the 
order  β - α -[ α ]- γ ). Chromosome 4 contains  α 2,  α 4,  β 1 
and  γ 1 subunit genes; chromosome 5 contains  α 1,  α 6, 
 β 2 and  γ 2 subunit genes; and chromosome 15 con-
tains  α 5,  β 3 and  γ 3 subunit genes ( Buckle et al., 1989 ; 
 Wilcox et al., 1992 ;  Russek and Farb, 1994 ;  Hicks et al., 
1994 ;  McLean et al., 1995 ;  Glatt et al., 1997 ;  Simon 
et al., 2004 ). The gene encoding the  α 3 subunit is found 
on the X chromosome near the genes encoding  θ  and 
 �  subunits ( Bell et al., 1989 ;  Wilke et al., 1997 ), which 
are most homologous to  β  and  γ  subunits, respectively 
( Wilke et al., 1997 ;  Bonnert et al., 1999 ). Thus, it is 
believed that the incredible diversity of GABA A  recep-
tor subunits arose following duplication of a progeni-
tor  α - β - γ  gene cluster ( Russek and Farb, 1994 ;  Hicks 
et al., 1994 ;  McLean et al., 1995 ;  Greger et al., 1995 ; 
 Wilke et al., 1997 ;  Darlison et al., 2005 ). The exceptions 
are the relatively isolated genes encoding the  δ  (chro-
mosome 1) ( Sommer et al., 1990 ),  π  (chromosome 5) 
( Bailey et al., 1999a ) and  ρ  (chromosomes 3 and 6) 
( Cutting et al., 1992 ;  Bailey et al., 1999b ;  Simon et al., 
2004 ) subunits, which given their lower degree of 
homology to other subunit subtypes, likely resulted 
from earlier gene duplication and transposition 
( Fig. 14.1   ) ( Simon et al., 2004 ). 

 While   the functional significance of gene clus-
tering remains uncertain, it may be important for 
coordinating transcription, and, consequently, for lim-
iting receptor heterogeneity ( Russek and Farb, 1994 ; 
 McLean et al., 1995 ;  Wilke et al., 1997 ;  Darlison et al., 
2005 ). Indeed, it is remarkable that the most abun-
dant GABA A  receptor isoforms in the cortex ( α 1 β 2 γ 2) 
( McKernan and Whiting, 1996 ;  Pirker et al., 2000 ) and 
cerebellum ( α 6 β 2 γ 2) ( McKernan and Whiting, 1996 ; 
 Pirker et al., 2000 ) are composed of subunits encoded 
by genes clustered on chromosome 5, and, similarly, 
that brain regions known to express the  α 3 subunit 
also express the  �  and  θ  subunits, which form the X 
chromosome cluster ( Fritschy et al., 1992 ;  Moragues 
et al., 2000 ). Additional support for this hypothesis 

comes from the observation that genomic disruption 
of  α 6 subunit expression leads to decreased transcript 
levels for co-clustered subunits ( Uusi-Oukari et al., 
2000 ). There are, however, many examples of receptor 
isoforms (see below) comprised of subunits encoded 
by non-clustered genes ( McKernan and Whiting, 
1996 ), reflecting the fact that individual neurons can 
simultaneously express as many as ten different sub-
unit subtypes ( Brooks-Kayal et al., 2001 ).  

    III .      ASSEMBLY OF GABA A  RECEPTORS 

 GABA   A  receptors, like other Cys-loop receptors, are 
assembled from homologous subunits ( Fig. 14.2A   ) as 
pseudo-symmetrical heteropentamers ( Fig. 14.2B ). 
Assembly occurs in the endoplasmic reticulum (ER) 
and is thought to be slow and relatively inefficient 
( Green and Millar, 1995 ), involving multiple assem-
bly intermediates and relying heavily on luminal 
and cytoplasmic molecular chaperones ( Bollan et al., 
2003 ;  Wanamaker and Green, 2007 ;  Sarto-Jackson and 

 FIGURE 14.1          Dendrogram showing the sequence relationships 
of the 19 known GABA A  receptor genes. The length of horizontal 
branches connecting any two GABA A  receptor subunits represents 
the fractional divergence in their amino acid sequence. Sequences 
used were those of the mature protein after signal peptide removal. 
The scale bar corresponds to 20% sequence divergence. Numbers 
at the junctions are bootstrap values for 100,000 replications. 
(Reproduced from  Simon et al., 2004 , with permission.)    
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Sieghart, 2008 ). Luminal chaperones include calnexin, 
which recognizes immature glycans ( Helenius and 
Aebi, 2004 ); immunoglobulin heavy-chain-binding pro-
tein (BiP), which recognizes exposed hydrophobic resi-
dues ( Gething, 1999 ); and protein disulfide isomerase, 
which catalyzes the formation of appropriate disul-
fide bonds ( Maattanen et al., 2006 ). Working together, 
these proteins facilitate folding and oligomerization 
of GABA A  receptor subunits and provide a stringent 
quality control system ( Bollan et al., 2003 ;  Ellgaard and 
Frickel, 2003 ). Although less is known about the role 
of cytoplasmic chaperones in GABA A  receptor assem-
bly, their involvement has been inferred based on the 
known interaction between  α 4 β 2 nAChRs and 14-3-3 η  
( Jeanclos et al., 2001 ;  Exley et al., 2006 ), a member of a 
large family of cytoplasmic regulatory, scaffolding and 
adaptor proteins ( Wang and Shakes, 1996 ). 

 In   addition to these cellular requirements, there 
are also specific subunit requirements for GABA A  
receptor assembly that serve to limit receptor hetero-
geneity ( Angelotti and Macdonald, 1993 ). While all 
subunit combinations appear capable of oligomeriza-
tion ( Connolly et al., 1996 ), sucrose density centrifuga-
tion studies indicate that only a small subset can form 
pentamers, a prerequisite for receptor function and 
surface expression (lower molecular weight oligo-
mers are retained in the ER and degraded) ( Connolly 
et al., 1996, 1999 ;  Gorrie et al., 1997 ;  Taylor et al., 2000 ; 
 Klausberger et al., 2001 ;  Bollan et al., 2003 ;  Sarto-
Jackson and Sieghart, 2008 ;  Lo et al., 2008 ). For example, 

when recombinant  α 1,  β 2 or  γ 2 subunits were expressed 
individually in heterologous cells, primarily mono-
mers and dimers were formed ( Gorrie et al., 1997 ; 
 Connolly et al., 1999 ;  Taylor et al., 1999 ;  Sarto-Jackson 
and Sieghart, 2008 ;  Lo et al., 2008 ). Similarly, coexpres-
sion of either  α 1 or  β 3 subunits with  γ 2 subunits yielded 
primarily dimers and trimers ( Tretter et al., 1997 ;  Sarto-
Jackson and Sieghart, 2008 ). In contrast, coexpression of 
 α 1 and  β 2/3 subunits formed pentamers, as did coex-
pression of  α 1,  β 2/3, and  γ 2 subunits ( Gorrie et al., 
1997 ;  Tretter et al., 1997 ;  Connolly et al., 1999 ;  Taylor 
et al., 2000 ;  Klausberger et al., 2001 ;  Sarto-Jackson and 
Sieghart, 2008 ;  Lo et al., 2008 ). Thus, the presence of both 
 α  and  β  subunits appears to be required for pentameric 
assembly ( Angelotti and Macdonald, 1993 ). Known 
exceptions are the  β 3 and  ρ 1 subunits, which efficiently 
form homopentameric receptors when expressed indi-
vidually ( Taylor et al., 1999 ;  Pan et al., 2006 ). 

 Interestingly  , ternary receptors appear to assemble 
with higher efficiency than binary receptors, suggest-
ing existence of an assembly hierarchy within the 
subunit family that further limits surface receptor 
heterogeneity. For example, coexpression of  α  and  β  
subunits with either  γ ,  δ ,  � , or  π  subunits yields a rela-
tively homogeneous receptor population with kinetic 
properties distinct from receptors formed following 
coexpression of only  α  and  β  subunits ( Angelotti and 
Macdonald, 1993 ;  Saxena and Macdonald, 1994 ;  Fisher 
and Macdonald, 1997b ;  Haas and Macdonald, 1999 ; 
 Neelands and Macdonald, 1999 ;  Neelands et al., 1999 ; 

 FIGURE 14.2          Structure of Cys-loop receptor ion channels.  A.  Individual subunits contain four hydrophobic transmembrane (TM) domains. 
The large N-terminal domain is located extracellularly and is believed to contain neurotransmitter and modulator binding sites. The C-termi-
nal domain is also located extracellularly; however, it is typically only a few amino acids long. The intracellular domain between TM3 and 
TM4 is the most divergent region and contains numerous consensus sites for the action of both serine/threonine and tyrosine protein kinases. 
 B.  Receptors are assembled as pseudo-symmetrical pentamers. The ion channel is formed by a ring of TM2 domains (blue). This is surrounded 
by a second ring composed of TM1 and TM3 domains, which is in turn surrounded by a third ring composed of TM4 domains. (Reproduced 
from  Moss and Smart, 2001 , with permission.)    
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 Lagrange et al., 2007 ). Similarly, while the functional 
and pharmacological signature of  α  β  receptors has 
been identified in a subset of hippocampal neurons 
( Mortensen and Smart, 2006 ), the overwhelming major-
ity of native receptors are composed of ternary subunit 
combinations ( McKernan and Whiting, 1996 ;  Olsen 
and Sieghart, 2008 ). The most widely expressed are  α  β  γ  
and  α  β  δ  receptors, though  α  β  � ,  α  β  θ  and  α  β  π  receptors 
may be important in certain brain regions (see below). 
The  α 1 β 2 γ 2 isoform is the most abundant, account-
ing for  � 40% of all GABA A  receptors ( McKernan and 
Whiting, 1996 ;  Olsen and Sieghart, 2008 ). 

 For    α  β  γ  receptors, a subunit stoichiometry of 
2 α :2 β :1 γ  ( Chang et al., 1996 ;  Tretter et al., 1997 ;  Farrar 
et al., 1999 ) and a subunit arrangement of  γ - β - α - β - α  
(counterclockwise when viewed top-down from the 
synaptic cleft) (       Baumann et al., 2001, 2002 ;  Baur et al., 
2006 ) has been proposed ( Fig. 14.3A   ). Atomic force 
microscopy studies have suggested a similar stoichi-
ometry and arrangement for  α  β  δ  receptors, with the  δ  
subunit taking the place of the  γ  subunit in the pen-
tamer (i.e.  δ - β - α - β - α ) ( Barrera et al., 2008 ). It should 
be noted, however, that there is evidence for alternate 
patterns of assembly. For example, multiple  γ  subunit 
subtypes have been identified in a subset of native 
( Quirk et al., 1994 ;  Khan et al., 1994 ;  Benke et al., 1996 ) 
and recombinant ( Backus et al., 1993 ) receptors. While 
it is unclear if multiple  δ  subunits can also be incorpo-
rated in the same pentamer, recent evidence using con-
catenated subunits suggested at least two additional 
arrangements are possible:  δ - α - β - β - α  (GABA gated) 
and  δ - α - β - α - β  (THDOC gated) ( Kaur et al., 2009 ). 
The  �  subunit, which is highly homologous to the  γ  
subunit ( Wilke et al., 1997 ), appears particularly pro-
miscuous, as it can not only form  α  β  �  receptors with 
multiple stoichiometries (2 α :2 β :1 �  and 2 α :1 β :2 � ), but 
can also coassemble with  α ,  β  and  γ  subunits to form 
 α  β  γ  �  receptors ( Neelands et al., 1999 ;  Davies et al., 
2001 ;  Wagner et al., 2005 ;  Jones and Henderson, 2007 ; 
 Bollan et al., 2008 ). The  θ  and  π  subunits, which are 
most homologous to  β  and  δ  subunits, respectively 
( Simon et al., 2004 ), exhibit similar promiscuity, hav-
ing been shown to assemble as both ternary ( α  β  θ  
and  α  β  π ) and quaternary ( α  β  γ  θ  and  α  β  γ  π ) receptors 
( Bonnert et al., 1999 ;  Neelands and Macdonald, 1999 ).  

    IV .      SPATIAL AND TEMPORAL 
REGULATION OF GABA A  RECEPTORS 

 Expression   of GABA A  receptors is tightly regu-
lated both spatially and temporally, with individ-
ual subunits having distinct, but often overlapping, 

distributions ( Fig. 14.4   ). Based on  in situ  hybridization 
( Zhang et al., 1991 ;  Wisden et al., 1992 ;        Laurie et al., 
1992a, b ) and immunohistochemical ( Fritschy et al., 
1994 ;  Fritschy and Mohler, 1995 ;  Pirker et al., 2000 ) 
studies,  α 1 subunits appear to be widely expressed in 
the adult, but not the developing, brain. In contrast, 
 α 2 subunits are widely expressed during development 
(though not in cerebellum), but are limited to cortex, 
hippocampus, basal ganglia, amygdala, certain tha-
lamic nuclei, and hypothalamus in the adult.  α 3 sub-
units have a similar spatiotemporal pattern, with high 
expression in most brain areas during development 
but limited expression in the adult, when it is found 
mainly in cortex and certain thalamic nuclei (most 
notably in the nucleus reticularis). Of note,  α 2 and  α 3 
subunits are the predominant  α  subtypes in brainstem 
and spinal cord.  α 4 subunits have little expression dur-
ing development; in the adult, their highest levels are 
found in cortex, hippocampus and thalamus.  α 5 and 
 α 6 subunits have the most restricted distributions of 
all  α  subtypes, being localized mainly to hippocampus 
and cerebellum, respectively.  α 5 subunits, however, 
are expressed highly during development (except in 
cerebellum, where  α 3 subunits predominate). Among 
 β  subunits,  β 2 subunits are most widely expressed 
in the adult, except in hippocampus, where  β 1 and 
 β 3 subunits predominate (particularly in the den-
tate gyrus). Conversely,  β 3 subunits are most widely 
expressed during development, though  β 2 subunits 
are also expressed in cortex.  γ 2 subunits are the most 
widely expressed of the  γ  subunits, both in develop-
ing and adult brain.  γ 1 subunits are expressed in basal 
ganglia, forebrain, amygdala and cerebellum, while  γ 3 
subunits are expressed in cortex, basal ganglia and cer-
tain thalamic nuclei ( Herb et al., 1992 ).  δ  subunits are 
virtually absent during early development, but in the 
adult, are found in cortex, hippocampus, basal gan-
glia, thalamus and cerebellum. Expression of  �  sub-
units was initially undetectable in whole brain mRNA 
( Wilke et al., 1997 ), but upon closer evaluation, was 
identified in amygdala, thalamus and the subthalamic 
nucleus ( Davies et al., 1997 ).  θ  subunits are found at 
low levels in cortex, intermediate levels in hypothala-
mus and high levels in amygdala, hippocampus and 
brainstem ( Bonnert et al., 1999 ). Although  π  subunits 
are found mainly in peripheral tissues, low levels 
have been identified in hippocampus and temporal 
cortex ( Hedblom and Kirkness, 1997 ).  ρ  subunits are 
expressed in retina on bipolar cells ( Enz et al., 1996 ), 
cerebellum during development and adult brainstem 
and spinal cord ( Boue-Grabot et al., 1998 ;  Lopez-
Chavez et al., 2005 ;  Mejia et al., 2008 ). 

 Using   information provided by mRNA colocal-
ization studies, testable hypotheses were generated 
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regarding possible subunit combinations that might 
exist  in vivo  (as opposed to what subunits could the-
oretically assemble  in vitro ). For example, transcripts 
encoding  α 1,  β 2 and  γ 2 subunits were coexpressed 
throughout the brain, while transcripts encoding  α 4, 

 β 2 and  δ  subunits were coexpressed in thalamus and 
hippocampus, suggesting they had a high probability 
of coassembly in those areas. However, many brain 
regions were found to simultaneously express a vari-
ety of subunit subtypes (dentate gyrus, for example, 

 FIGURE 14.3          Structure of GABA A  receptor extracellular domains based on homology modeling to the nAChR.  A.  The putative arrange-
ment of  α 1 β 2 γ 2 GABA A  receptors, as viewed from the synaptic cleft. The      �      (plus) and − (minus) sides of each subunit are labeled on the inner 
circumference of the channel. The subunit interfaces at which benzodiazepines (Bz) and GABA bind are labeled with lilac and orange arrows, 
respectively.  B.  The benzodiazepine binding pocket, composed of the interface between the extracellular domains of the  α  and  γ  subunits, 
as viewed from the side. The buried volume provided by the  α   �  / γ  −  interface is shown in space filling representation. Binding site  ‘  ‘ loops ’  ’  
are labeled A through G. The eponymous Cys-loop (S) is labeled with a yellow arrow.  C.  The GABA binding pocket. The interface between 
 α  and  β  subunits, as viewed from the side. The muscimol photolabel target,  ‘  ‘ loop D ’  ’   α 1F64, and  ‘  ‘ loop D ’  ’  D62, a residue whose accessibil-
ity has been shown to change upon antagonist binding, but not upon GABA binding ( Holden and Czajkowski, 2002 ). Residues 182 – 184 in 
loop F of the  α  subunit, which change their accessibility upon agonist and antagonist action, are also shown ( Newell and Czajkowski, 2003 ). 
 D.  The ligand docking area is shown in space filling representation. The blue, upper portion is confined by loops A, B, C, D and E and presum-
ably contains the agonist binding subsite. The green, membrane-near portion in direct contact with loop F residues and the  α 1D62 residue is 
thought to be occupied by some antagonists. (Reproduced from  Ernst et al., 2003 , with permission.)    
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expresses  α 1-5,  β 1-3,  γ 1-3 and  δ  subunits) ( Wisden 
et al., 1992 ), making the potential for receptor hetero-
geneity tremendous. As a result, early estimates put 
the total number of different isoforms in the adult 
brain at nearly 800 ( Barnard et al., 1998 )! To address 
this issue more directly, immunoprecipitation and 
immunoaffinity chromatography studies were per-
formed using subunit-specific antibodies ( Quirk 
et al., 1995 ;  Jechlinger et al., 1998 ;  Sur et al., 1999 ; 
 Sieghart and Sperk, 2002 ). These studies, combined 
with detailed electrophysiological and pharmacologi-
cal profiling of native receptors, demonstrated that 
receptor heterogeneity  in vivo  is surprisingly limited 
( Sieghart and Sperk, 2002 ;  Olsen and Sieghart, 2008 ). 
In total, only 11 receptor isoforms ( α 1 β 2 γ 2,  α 2 β 2 γ 2, 
 α 3 β 2 γ 2,  α 4 β 2 γ 2,  α 4 β 2 δ ,  α 4 β 3 δ ,  α 5 β x γ 2,  α 6 β x γ 2,  α 6 β 2 δ , 
 α 6 β 3 δ  and  ρ x) were identified  ‘  ‘ unequivocally ’  ’  
( Olsen and Sieghart, 2008 ). An additional eight iso-
forms ( α 1 β 3 γ 2,  α 1 β x δ ,  α 5 β 3 γ 2,  α x β 1 γ ,  α x β 1 δ ,  α x β x, 
 α 1 α 6 β x γ  and  α 1 α 6 β x δ x) were thought to exist with 

 ‘  ‘ high probability ’  ’ , and the existence of an additional 
nine isoforms ( α x β x γ 1,  α x β x γ 3,  α x β x � ,  α x β x θ ,  α x β x π , 
 α x α y β x γ 2,  ρ 1,  ρ 2 and  ρ 3) were considered  ‘  ‘ tenta-
tive ’  ’  ( Olsen and Sieghart, 2008 ). Note that some of 
the listed isoforms contain multiple  α  subunit sub-
types, which confer unique functional and pharma-
cological properties upon receptors ( Duggan et al., 
1991 ;  Luddens et al., 1991 ). The same is thought to 
be true for  β  subunit subtypes, but evidence for 
this is more equivocal ( Li and De Blas, 1997 ;  Olsen 
and Sieghart, 2008 ). 

 Of   these,  α 1 β x γ 2,  α 1 β x δ ,  α 2 β x γ 2,  α 3 β x γ 2 and  α 4 β x δ  
isoforms are the predominant cortical receptors; 
 α 1 β x γ 2,  α 4 β x γ 2 and  α 4 β x δ  isoforms are the predomi-
nant thalamic receptors ( α 3 β x γ 2 is also important in 
the nucleus reticularis);  α 1 β x γ 2,  α 2 β x γ 2 and  α 5 β x γ 2 
isoforms are the predominant hypothalamic recep-
tors;  α 1 β x γ 2,  α 1 β x δ ,  α 2 β x γ 2,  α 4 β x δ  and  α 5 β 3 γ 2 iso-
forms are the predominant hippocampal receptors; 
and  α 1 β x γ 2,  α 1 β x δ ,  α 1 α 6 β x γ 2,  α 1 α 6 β x δ ,  α 6 β x γ 2 and 
 α 6 β x δ  isoforms are the predominant cerebellar recep-
tors ( Wisden et al., 1992 ;  McKernan and Whiting, 
1996 ;  Pirker et al., 2000 ;  Brickley et al., 2001 ;  Caraiscos 
et al., 2004 ;  Farrant and Nusser, 2005 ;  Glykys et al., 
2007 ). Interestingly, subunit composition is an impor-
tant determinant of receptor subcellular localization. 
For example, receptors containing  γ  subunits are 
typically found in synapses, while those containing 
 δ  subunits are typically found in peri- and/or extra-
synaptic compartments ( Nusser et al., 1998 ;  Brickley 
et al., 2001 ;  Farrant and Nusser, 2005 ). The known 
exceptions are  α 4 and  α 5 subunit-containing  α  β  γ  
receptors, which are thought to be primarily peri- and 
extrasynaptic ( Caraiscos et al., 2004 ;  Glykys et al., 
2007 ). Similarly, receptors assembled without  γ  and  δ  
subunits (i.e.  α  β  receptors) are localized extrasynap-
tically ( Mortensen and Smart, 2006 ). Interestingly,  β  
subunit subtype was recently shown to be an impor-
tant determinant of subcellular localization in dentate 
gyrus ( Herd et al., 2008 ).  

    V .      STRUCTURE OF GABA A  RECEPTORS 

 Although   a crystal structure of the GABA A  recep-
tor is unavailable, several experimental approaches 
have provided important insight into its tertiary 
and quaternary structure. These include imaging 
by electron and atomic force microscopy ( Nayeem 
et al., 1994 ;  Barrera et al., 2008 ), scanning for acces-
sibility of substituted cysteine residues ( Bera et al., 
2002 ;  Akabas, 2004 ;  Jansen and Akabas, 2006 ), site-
directed mutagenesis ( Kash et al., 2003 ;  Olsen et al., 

 FIGURE 14.4          Anatomical distribution of GABA A  receptor sub-
units.  In situ  hybridization studies illustrate the distribution of  α  
subunit mRNAs in horizontal rat brain sections. OB, olfactory bulb; 
SC, superior colliculus; IC, inferior colliculus; Cb, cerebellum; IL, 
infralimbic cortex; MHb, medial habenular nucleus; Ctx, neocor-
tex; LS, lateral septum; Rt, reticular thalamic nucleus; CGD, central 
dray, dorsal; LD, laterodorsal thalamic nucleus; DG, dentate gyrus; 
CPu, caudate, putamen; CA1, field 1 of Ammon’s horn; CA3, field 
3 of Ammon’s horn; scale bar, 4.4       mm. (Reproduced from  Wisden 
et al., 1992 , with permission.)    

V .    STRUCTURE OF GABA A  RECEPTORS



14.   GABA A  RECEPTOR CHANNELS264

2004 ;  Filippova et al., 2004 ;  Jones-Davis et al., 2005 ; 
 Padgett et al., 2007 ;  Hanson and Czajkowski, 2008 ), 
photoaffinity labeling ( Olsen et al., 2004 ;  Li et al., 
2006 ) and homology modeling based on high resolu-
tion structures of the  Torpedo marmorata  nAChR and 
its soluble molluscan cousin, the acetylcholine bind-
ing protein (AChBP) ( Unwin, 1993 ;  Brejc et al., 2001 ; 
 Cromer et al., 2002 ;  Miyazawa et al., 2003 ;  Ernst et al., 
2003 ;  Trudell and Bertaccini, 2004 ;  Unwin, 2005 ; 
 O’Mara et al., 2005 ;  Campagna-Slater and Weaver, 
2007 ). The recent crystallization of the nAChR extra-
cellular domain ( Dellisanti et al., 2007 ) and a pro-
karyotic Cys-loop receptor ( Hilf and Dutzler, 2008 ) 
has also provided important validation for the pre-
dicted GABA A  receptor structure. 

 Hydropathy   analysis suggests that individual 
GABA A  receptor subunits are composed of a large 
( � 200 amino acids) extracellular N-terminal domain, 
followed by four  α -helical transmembrane domains 
(M1, M2, M3 and M4) that are connected by cytoplas-
mic (M1 – M2 and M3 – M4) and extracellular (M2 – M3) 
linkers ( Fig. 14.2A ) ( Olsen and Tobin, 1990 ;  Macdonald 
and Olsen, 1994 ;  Smith and Olsen, 1995 ). When viewed 
from the synaptic cleft (i.e. perpendicular to the plasma 
membrane), assembled GABA A  receptors have a circu-
lar structure ( � 80        Å  in diameter), with individual sub-
units arranged pseudo-symmetrically around a central 
ion-conducting pore ( � 20        Å  in diameter) (       Fig. 14.2B 
and 14.3A ). The extracellular domain is composed 
of two sets of  β -sheets joined by a highly conserved 
disulfide bridge (the Cys-loop), for which the receptor 
superfamily is named ( Unwin, 2005 ). These  β -sheets 
contain seven major  ‘  ‘ loops ’  ’  that are important for ago-
nist binding. The  ‘  ‘ principal ’  ’  side of the extracellular 
domain (also referred to as the  ‘  ‘      �      ’  ’  side) is composed 
of the A, B and C loops, while the  ‘  ‘ complementary ’  ’  
side (the  ‘  ‘      �      ’  ’  side) is composed of the D, E, F and G 
loops ( Ernst et al., 2003 ) ( Fig. 14.3B ). GABA binding 
occurs at the interface between the principal side of the 
 β  subunit and the complementary side of the  α  subunit 
( Fig. 14.3A and 14.3C ), while BZDs bind at the inter-
face between the principal side of the  α  subunit and 
the complementary side of the  γ  subunit ( Fig. 14.3A 
and 14.3B ). Interestingly, the BZD and GABA binding 
sites are highly homologous, suggesting that the BZD 
binding site evolved from a former GABA binding site 
( Galzi and Changeux, 1995 ). An endogenous ligand 
for the BZD binding site, however, has yet to be iden-
tified. Of note, in addition to containing binding sites 
for a variety of agonists, antagonists and allosteric 
modulators ( Macdonald and Olsen, 1994 ;  Olsen et al., 
2004 ), the extracellular subunit domain is the primary 
determinant of receptor assembly (       Hackam et al., 1997, 

1998 ;  Taylor et al., 1999 ;  Enz and Cutting, 1999 ;  Taylor 
et al., 2000 ;  Klausberger et al., 2000 ). 

 The   M1 domain contains residues important for 
determining receptor kinetic properties and sensitiv-
ity to allosteric modulators such as BZDs and neuros-
teroids ( Bianchi et al., 2001 ;  Bianchi and Macdonald, 
2002 ;  Engblom et al., 2002 ;  Jones-Davis et al., 2005 ; 
 Keramidas et al., 2006 ;  Akk et al., 2008 ). The M2 
domain lines the transmembrane portion of the pore 
( Fig. 14.2 ), determines ion selectivity and channel con-
ductance, and contains the channel gate ( Giraudat 
et al., 1986 ;  Imoto et al., 1986 ;  Akabas et al., 1994 ;  Xu and 
Akabas, 1996 ;  Serafini et al., 2000 ;  Wilkins et al., 2002 ; 
 Keramidas et al., 2004 ;  Gonzales et al., 2008 ). A leucine 
residue at the 9 	  position is highly conserved among 
members of the Cys-loop family and has therefore 
been the focus of active investigation. This residue is 
thought to line the narrowest part of the pore, and, 
consequently, mutation of this residue has profound 
effects on channel function ( Chang and Weiss, 1998 ; 
 Bianchi and Macdonald, 2001a ;  Scheller and Forman, 
2002 ;  Bianchi et al., 2007 ). The M3 and M4 domains are 
packed somewhat loosely with respect to the M1 and 
M2 domains, creating cavities where allosteric modu-
lators such as volatile and intravenous anesthetics 
bind ( Schofield and Harrison, 2005 ;  Richardson et al., 
2007 ). The lipid-facing M4 domain is farthest from the 
channel pore and is thought mainly to provide sub-
unit stability in the plasma membrane. In nAChRs, 
for example, the M4 domain can be replaced by an 
unrelated transmembrane domain without abolish-
ing channel function, whereas replacement of any 
other transmembrane domain renders channels non-
 functional ( Tobimatsu et al., 1987 ). 

 The   amino acid linkers connecting the transmem-
brane domains are also important determinants of 
receptor function. The intracellular M1 – M2 linker 
extends the channel pore and contributes to charge 
selectivity ( Jensen et al., 2002 ;  Filippova et al., 2004 ; 
 Wotring and Weiss, 2008 ). The extracellular M2 – M3 
linker is responsible for transducing ligand bind-
ing in the N-terminal domain to channel gating in 
the transmembrane domain. Based on charge swap-
ping mutations, this appears to involve a salt bridge 
between loop 2 (and possibly loop 7) in the N-terminal 
domain and a highly conserved lysine residue in 
the M2 – M3 linker ( Kash et al., 2003 ). Of note, muta-
tion of this conserved residue in the  γ 2 subunit of the 
GABA A  receptor (K289M) has been associated with 
generalized epilepsy with febrile seizures plus ( Baulac 
et al., 2001 ), and mutations of the same residue in the 
 α 1 subunit of the GlyR (K276E and K276Q) have been 
associated with hyperekplexia ( Langosch et al., 1994 ; 
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 Harvey et al., 2008 ). In each case, mutation of the con-
served lysine substantially inhibited channel function 
( Bianchi et al., 2002b ), consistent with a role for this 
domain in transducing binding to gating. Interestingly, 
the mechanisms underlying the coupling of bind-
ing and gating appear to be highly conserved within 
the Cys-loop superfamily. Functional chimeras have 
been generated between nAChR subunit extracellular 
domains and 5-HT 3 R subunit transmembrane domains 
and, similarly, between GABA A  receptors and GlyRs 
( Eisele et al., 1993 ;  Mihic et al., 1997 ). These chimeric 
receptors are gated by ligands specific for the extra-
cellular domain, but have functional properties that 
depend on the identity of the transmembrane domain. 
The large intracellular M3 – M4 linker ( � 100 – 200 amino 
acids) is also thought to play a role in channel func-
tion, having recently been shown in 5-HT 3 Rs and 
nAChRs to contain a motif (the  ‘  ‘ MA ’  ’  stretch) that is 
an important determinant of single-channel conduc-
tance ( Kelley et al., 2003 ;  Peters et al., 2004 ;  Hales et al., 
2006 ). 

 The   M3 – M4 linker, however, has a variety of other 
functions. Indeed, this domain serves as the primary 
interface between the GABA A  receptor and the intra-
cellular milieu. It contains phosphorylation sites for 
PKA, PKC and PTK ( Brandon et al., 2002 ;  Kittler 
and Moss, 2003 ;  Jacob et al., 2008 ), and protein bind-
ing domains that are important for receptor cluster-
ing, sorting, targeting and trafficking ( Moss and 
Smart, 2001 ;  Kittler and Moss, 2003 ;  Chen and Olsen, 
2007 ;  Jacob et al., 2008 ). Known interacting proteins 
include AP2, which promotes endocytosis by recruit-
ing receptors into clathrin-coated pits ( Kittler et al., 
2005 ;  Smith et al., 2008 ); GRIF1, which regulates 
kinesin-mediated vesicular transport ( Beck et al., 
2002 ;  Brickley et al., 2005 ); gephyrin, which clusters 
and stabilizes receptors in synapses ( Essrich et al., 
1998 ;  Kneussel and Betz, 2000 ;  Moss and Smart, 2001 ; 
 Tretter et al., 2008 ); BIG2, which facilitates vesicular 
transport ( Charych et al., 2004 ); GABARAP, which 
promotes receptor trafficking from the Golgi to 
the cell surface ( Wang et al., 1999 ;  Chen et al., 2000 ; 
 Moss and Smart, 2001 ); PRIPs, which modulate 
phosphatase activity ( Kanematsu and Hirata, 2002 ; 
 Kanematsu et al., 2007 ); and PLIC1, which stabilizes 
receptors on the cell surface by preventing ubiqui-
tination-mediated degradation ( Fig.14.5   ) ( Bedford 
et al., 2001 ). The M3 – M4 linker is also thought to 
mediate the direct interaction between GABA A  recep-
tors and other neurotransmitter receptors such as 
the GABA B , D 5  and P 2 X receptors ( Liu et al., 2000 ; 
 Balasubramanian et al., 2004 ;  Boue-Grabot et al., 
2004 ). In addition, recent evidence suggests that 

motifs in the M3 – M4 linker are required for complete 
pentameric assembly ( Lo et al., 2008 ).  

    VI .      BIOPHYSICAL AND KINETIC 
PROPERTIES OF GABA A  RECEPTOR 

CHANNELS 

 GABA   A  receptor channels are relatively imperme-
ant to cations (permeability ratio of K  �   to Cl  �      �    0.05) 
but highly permeable to anions such as Cl  �   and HCO 3   �   
( Bormann et al., 1987 ). The channel is considerably more 
permeable to Cl  �   than to HCO 3   �   (ratio of Cl  �  :HCO 3   �   
permeability is  � 5:1), and consequently, the majority of 
charge transfer that follows channel activation  in vivo  is 
Cl  �   mediated. However, HCO 3   �   may carry some of the 
current when the Cl  �   gradient is collapsed ( Grover et 
al., 1993 ;  Perkins and Wong, 1997 ;  Dallwig et al., 1999 ; 
 Kim et al., 2009 ), as may be the case in immature neu-
rons and in a subset of mature neurons (Chapters 7 and 
22). Interestingly, GABA-mediated HCO 3   �   efflux has 
been shown to trigger Ca 2 �   influx ( Kulik et al., 2000 ; 
 Chavas et al., 2004 ), which may contribute to the ability 
of GABA to serve as a trophic signal in maturing net-
works ( Ben-Ari, 2002 ;  Owens and Kriegstein, 2002 ). 

 The   canonical  α 1 β x γ 2 GABA A  receptor opens to a 
main conductance level of 26 – 30       pS and to several less 
frequent subconductance levels ( Bormann et al., 1987 ; 
 Macdonald et al., 1989 ;  Twyman et al., 1990 ;  Newland 
et al., 1991 ;  Fisher and Macdonald, 1997b ;  Haas and 
Macdonald, 1999 ;  Burkat et al., 2001 ). To fully acti-
vate the receptor, binding of two molecules of GABA 
(to independent sites) is required. Once bound with 
GABA, the channel exhibits complex patterns of activ-
ity. Detailed kinetic analysis of native ( Macdonald 
et al., 1989 ;  Twyman et al., 1990 ;  Newland et al., 1991 ) 
and recombinant ( Fisher and Macdonald, 1997b ;  Haas 
and Macdonald, 1999 ;  Burkat et al., 2001 ) receptors 
demonstrated the existence of three open states and at 
least five closed states (based on exponential fitting of 
open and closed time distributions). When activated 
by a saturating concentration of GABA (1       mM), open 
times of 0.3, 2.0 and 3.5       ms (referred to as O1, O2 and 
O3) were observed with relative amplitudes of 24, 
48% and 28%, respectively, the overall mean open time 
being 2.1       ms ( Haas and Macdonald, 1999 ) ( Fig. 14.6   ). The 
overall mean closed time was 21.0       ms (with individual 
components ranging from 0.2 to 990       ms in duration), 
thus yielding an open probability of  � 0.1 when acti-
vated by 1       mM GABA (note that this may be an 
overestimation, as recordings are rarely obtained from 
patches containing a  ‘  ‘ single ’  ’  channel). 

VI .    BIOPHYSICAL AND KINETIC PROPERTIES OF GABA A  RECEPTOR CHANNELS



14.   GABA A  RECEPTOR CHANNELS266

 Channel   openings tended to occur in bursts (a 
series of openings separated by brief closures), of 
which there were at least three types, each containing 
a single type of opening (i.e. either O1 or O2 or O3). 
This indicated that receptors could not transition 
directly from one open state to another. Interestingly, 
activating receptors with progressively lower GABA 
concentrations increased the relative contribution of 

O1 openings at the expense of both O2 and O3 open-
ings, without altering individual open times (though 
the overall mean open time was decreased since the 
lifetime of O1 is short). Considering that receptors 
have negligible spontaneous activity, these data have 
been interpreted to mean that O1 and O2/O3 rep-
resent receptor sojourns in mono- and di-liganded 
open states, respectively ( Twyman et al., 1990 ). What 

 FIGURE 14.5          GABA A  receptor trafficking. GABA A  receptor subunits are synthesized and assembled into pentameric structures in the 
endoplasmic reticulum (ER). The fate of GABA A  receptor subunits can be modulated by ubiquitylation and subsequent ER-associated deg-
radation by the proteasome. Ubiquitylated subunits can be modulated by their association with the ubiquitin-like protein PLIC1, which 
facilitates receptor accumulation at the synapse by preventing degradation. Trafficking to the synapse is also facilitated by GABA A  receptor-
associated protein (GABARAP), which associates with the  γ 2 subunit and aids in trafficking from the Golgi network to the plasma membrane. 
N- ethylmaleimide-sensitive factor (NSF) and brefeldin-A-inhibited GDP/GTP exchange factor 2 (BIG2) are also localized to the Golgi network, 
where they bind to  β  subunits and modulate trafficking. Palmitoylation of  γ  subunits occurs in the Golgi apparatus as a result of an association 
with the palmitoyltransferase Golgi-specific DHHC zinc-finger-domain protein (GODZ), and is a critical step in the delivery of receptors to 
the plasma membrane. GABA A  receptor interacting factor proteins (GRIFs) also have a role in membrane trafficking, as do phospholipase-C-
related catalytically inactive proteins (PRIPs), which have essential roles in trafficking and modulating the phosphorylation state of GABA A  
receptors. PKA, protein kinase A; PP1 α , protein phosphatase 1 α . (Reproduced from  Jacob et al., 2008 , with permission.)    
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remains unclear, however, is why O1 openings were 
detectable at all in the context of a saturating GABA 
concentration, as this should have effectively driven 
receptor occupancy in mono-liganded states near 
zero. One possibility is that two O1 states exist with 
similar mean open times, one mono-liganded and the 
other di-liganded. In other words, there may actually 
be four open states, two of which are simply indistin-
guishable with classical exponential fitting of open 
time distributions ( Lagrange et al., 2007 ). 

 Given   the complex channel activity observed at 
the microscopic level, it is not surprising that GABA A  
receptor macroscopic current properties (i.e. the ensem-
ble response of hundreds or thousands of channels) are 

also quite complex ( Fig. 14.7   ) ( Haas and Macdonald, 
1999 ;  Bianchi et al., 2001 ;  Bianchi and Macdonald, 
2002 ;  Mozrzymas et al., 2003 ;  Lagrange et al., 2007 ). 
Rapid application of a saturating GABA concentra-
tion to excised outside-out patches from hippocam-
pal neurons or HEK293T cells transiently expressing 
 α 1 β x γ 2 receptors gives rise to large amplitude currents 
that activate in the submillisecond time domain. In the 
context of prolonged agonist exposure, these currents 
undergo extensive multi-phasic desensitization, typi-
cally with three to four time constants ranging from 
 � 10       ms to  � 1000       ms ( Celentano and Wong, 1994 ;  Haas 
and Macdonald, 1999 ;  Bianchi and Macdonald, 2002 ; 
 Lagrange et al., 2007 ). This phenomenon (also referred 

 FIGURE 14.6          Single-channel properties of  α 1 β 3 γ 2L and  α 1 β 3 δ  GABA A  receptors.  A . Single-channel GABA A  receptor currents recorded 
from outside-out membrane patches voltage-clamped at  � 75       mV. Traces shown were continuous 700       ms recordings in response to 1       mM 
GABA. Channel openings are downwards.  B . Duration histograms of open and closed intervals were formed from steady-state single-channel 
data. Open duration histograms for  α 1 β 3 γ 2L GABA A  receptors were fitted best with three components, while  α 1 β 3 δ  open duration histograms 
were fitted best with only two components. Closed interval histograms were fitted best by five components in both cases. (Reproduced from 
 Haas and Macdonald, 1999 , with permission.)    
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to as current  ‘  ‘ sag ’  ’ ) is not caused by receptor internal-
ization or loss of the chloride gradient, but rather is an 
intrinsic property of the channel, reflecting the pro-
gressive accumulation of receptors in long-lived non-
conducting (desensitized) states ( Celentano and Wong, 
1994 ;  Bianchi and Macdonald, 2002 ). Interestingly, 
desensitization has a steep concentration dependence 
( Haas and Macdonald, 1999 ;  Bianchi et al., 2007 ). While 
this has been suggested to reflect a concentration-
dependent entry rate into the microscopic desensitized 
state, multiple modeling studies have demonstrated 
that this gating structure is not actually required ( Haas 
and Macdonald, 1999 ;  Bianchi et al., 2007 ). Instead, 
the loss of desensitization associated with application 
of low concentrations of GABA is most likely caused 
by failure to synchronously activate receptors, which 
masks the otherwise concentration-independent pro-
cess (much like slow application of agonist) ( Jones 
and Westbrook, 1995 ;  Bianchi and Macdonald, 2002 ; 
 Bianchi et al., 2007 ). Evidence for this comes from 
detailed kinetic analysis of macroscopic desensitiza-
tion, which shows that while the relative contribution 
of each desensitization time constant changes with 
GABA concentration, the actual time constants do not 
( Haas and Macdonald, 1999 ). 

 Following   GABA washout, currents typically deac-
tivate bi-phasically ( Jones and Westbrook, 1995 ; 
 Haas and Macdonald, 1999 ), though multi-phasic 

deactivation has been described ( Lagrange et al., 2007 ). 
The time course of deactivation depends strongly on 
the duration of GABA exposure prior to washout, 
with longer applications being associated with slower 
deactivation ( Jones and Westbrook, 1995 ;  Haas and 
Macdonald, 1999 ;  Bianchi et al., 2007 ; Botzolakis  et al. , 
2009). This reflects the inability of GABA to unbind 
from receptors in desensitized states (note that GABA 
is also  ‘  ‘ trapped ’  ’  on receptors in open and pre-open 
states) (       Bianchi and Macdonald, 2001b, 2002 ;        Bianchi 
et al., 2002a, b ), which represent an increasing fraction 
of receptors with longer GABA applications ( Bianchi 
et al., 2007 ). While receptors in desensitized states are 
technically no different from other closed states, their 
long lifetimes provide channels with the opportunity 
to reopen long after GABA washout, the macroscopic 
correlate of which is prolonged deactivation (       Jones 
and Westbrook, 1995, 1996 ). As a result, the phenom-
ena of desensitization and deactivation are commonly 
referred to as being  ‘  ‘ coupled ’  ’  ( Jones and Westbrook, 
1995 ;  Bianchi et al., 2001, 2007 ). 

 Both   the macroscopic and microscopic kinetic 
properties of GABA A  receptors are highly influ-
enced by subunit composition, thus providing a 
mechanism for neurons to fine tune their sensitiv-
ity to GABA ( Angelotti and Macdonald, 1993 ;  Saxena 
and Macdonald, 1994 ;  Burgard et al., 1996 ;  Fisher 
et al., 1997 ;  Haas and Macdonald, 1999 ;  Neelands and 

 FIGURE 14.7          Macroscopic properties of  α 1 β 3 γ 2L and  α 1 β 3 δ  GABA A  receptor currents. (a) Response of  α 1 β 3 γ 2L receptors transiently 
expressed in HEK293T cells to a 28       s concentration jump using 1       mM GABA (filled bar). The inset shows the first 3       s on an expanded time scale. 
(c) Response of  α 1 β 3 δ  receptors to the same protocol as in panel (a). The parameters used to fit  α 1 β 3 γ 2L and  α 1 β 3 δ  currents are shown as scatter 
plots in panels (b) and (d), respectively. The left ordinate indicates the time constants ( τ 1 –  τ 4; note the logarithmic scale), and the right ordinate 
indicates the relative contribution of the corresponding time constants (a1 – a4), as well as the constant term to account for incomplete desensiti-
zation. For each parameter, a horizontal line is drawn through the mean. (Reproduced with permission from  Bianchi and Macdonald, 2002 .)    
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Macdonald, 1999 ;  Neelands et al., 1999 ;  Bianchi 
and Macdonald, 2002 ;          Bianchi et al., 2002a, b, 2007 ; 
 Feng and Macdonald, 2004 ;  Feng et al., 2004 ;  Lagrange 
et al., 2007 ;  Barberis et al., 2007 ;  Picton and Fisher, 2007 ; 
 Rula et al., 2008 ). For example, in contrast to  α  β  γ  recep-
tors,  α  β  δ  receptors have only two open states, both of 
which are relatively short-lived (0.3 and 1.0       ms) ( Fig. 14.6 ). 
The shorter of these accounts for 80% of all openings, 
yielding an overall mean open time of only 0.4       ms 
( Fisher et al., 1997 ;        Fisher and Macdonald, 1997a, b ; 
 Haas and Macdonald, 1999 ). In addition,  α  β  δ  receptors 
have a longer mean closed time ( � 36       ms), reflecting 
their increased likelihood of entering long-lived closed 
states. This, combined with their decreased mean open 
time, makes their overall open probability when acti-
vated by 1       mM GABA much lower than that of  α  β  γ  
receptors ( � 0.02 vs.  � 0.1, respectively). Consequently, 
macroscopic currents evoked from  α  β  δ  receptors have 
kinetic properties that are different from those evoked 
from  α  β  γ  receptors ( Fig. 14.7 ). Indeed,  α  β  δ  receptor 
currents are typically small, slowly activating, mini-
mally desensitizing and rapidly deactivating ( Saxena 
and Macdonald, 1996 ;  Fisher and Macdonald, 1997b ; 
 Haas and Macdonald, 1999 ;  Bianchi and Macdonald, 
2002 ). Interestingly, while comparing  α  β  δ  and  α  β  γ  
 macroscopic  currents provides support for the idea that 
desensitization and deactivation are coupled phenom-
ena, it should be noted that at the  microscopic  level, 
 α  β  δ  receptors actually appear to have similar, if not 
increased, access to long-lived closed states ( Fisher and 
Macdonald, 1997b ;  Haas and Macdonald, 1999 ). This 
suggests that macroscopic desensitization may not 
simply reflect receptor accumulation in any particular 
state or set of states, but rather may depend on a more 
complex interplay between all rate constants in the 
gating scheme ( Mozrzymas et al., 2003 ;  Bianchi et al., 
2007 ). Similarly, while deactivation may be influenced 
by receptor trapping in desensitized states, other rate 
constants (such as the unbinding rate) undoubtedly 
also contribute to its time course. 

 A   variety of mathematical approaches have been 
used to describe the behavior of ion channels; however, 
it is generally agreed that Markov models comprising 
multiple, reversibly connected states, each correspond-
ing to a distinct receptor conformation (i.e. open or 
closed), provide the best fits of channel data ( Fig. 14.8   ) 
( Korn and Horn, 1988 ;  McManus et al., 1988 ;  Sansom 
et al., 1989 ). Although applying Markov models to ion 
channels involves several assumptions (primarily, that 
state transitions are probabilistic and independent of 
previous channel activity), thus far, they have proven 
extremely useful for describing the behavior not only of 
GABA A  receptors ( Weiss and Magleby, 1989 ;  Twyman 
et al., 1989a ;  Celentano and Wong, 1994 ;  Jones and 

Westbrook, 1995 ;  Haas and Macdonald, 1999 ;  Lagrange 
et al., 2007 ), but also of numerous other ligand- 
and voltage-gated channels ( Horn and Vandenberg, 
1984 ;  Zagotta et al., 1994 ;  Schoppa and Sigworth, 1998 ; 
 Rothberg and Magleby, 2000 ;  Sigg and Bezanilla, 2003 ; 
 Burzomato et al., 2004 ;  Chakrapani et al., 2004 ;  Lape 
et al., 2008 ). Indeed, Markov models have provided 
an important conceptual framework for interpreting 
the effects of disease-causing mutations and a variety 
of modulators ( Twyman et al., 1989a ;        Twyman et al., 
1989b, 1992 ;  Twyman and Macdonald, 1992 ;  Bianchi 
and Macdonald, 2001a ;  Feng et al., 2004 ;  Mercik 
et al., 2006 ;  Mozrzymas et al., 2007 ;  Plested et al., 2007 ). 
However, for models to have any practical utility, they 
must account for both microscopic and macroscopic 
channel behavior (that being said, simple models are 
often quite valuable for systematically exploring the 
relationship between microscopic rate constants and 
macroscopic phenomena;  Fig. 14.8B, 14.8C  ( Bianchi et al., 
2007 )). Considering receptor responses under both 
microscopic and macroscopic conditions is critical, as 
neither can independently provide enough information 
for a unique reaction scheme to be generated with cer-
tainty. Macroscopic currents, for example, constrain gat-
ing schemes by providing non-equilibrium kinetic data, 
which is typically unavailable from near-equilibrium 
single-channel studies. Single channel data, in contrast, 
provides direct information regarding channel open 

 FIGURE 14.8          Kinetic models of ligand-gated ion channel func-
tion.  A . Comprehensive kinetic model for the  α 1 β 3 γ 2L receptor iso-
form ( Haas and Macdonald, 1999 ) illustrating reversibly connected 
closed (C), open (O) and desensitized (D f ,  ‘  ‘ fast ’  ’ ; D i ,  ‘  ‘ intermedi-
ate ’  ’ ; D s ,  ‘  ‘ slow ’  ’ ) states. For simplicity, the two distal  ‘  ‘ intraburst ’  ’  
C states connected to each O state were omitted. The microscopic 
transitions associated with agonist binding were labeled  k  on  and  k  off  
for association and dissociation rate constants, respectively. Each 
agonist binding step was taken to be equivalent and independent 
(the first binding and unbinding rates were therefore multiplied by 
2). [G], concentration of GABA.  B . Simple four-state kinetic model 
in  ‘  ‘ linear ’  ’  arrangement. A single binding step connects C 1  (the 
unbound closed state) and C 2  (the ligand-bound closed state). The O 
state is accessed from C 2  and is arranged in series with the D state. 
 C.  Simple four-state kinetic model in  ‘  ‘ branched ’  ’  arrangement. D 
and O states are arranged in parallel, each being directly accessible 
from C 2 . (Reproduced from  Bianchi et al., 2007 , with permission.)    
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and closed states, including the number of each, 
their connectivity, and in the case of the open states, 
their approximate lifetimes. The first comprehensive 
model was developed by Haas and Macdonald ( Haas 
and Macdonald, 1999 ), and was based on an earlier 
model by Twyman and Macdonald ( Twyman et al., 
1990 ) that stemmed from detailed single channel analy-
sis ( Fig. 14.8A) . This model contained two GABA bind-
ing steps and a total of 16 states  –  three open and 13 
closed. Three of the closed states were given the special 
designation of  ‘  ‘ desensitized ’  ’  states, as they allowed 
for the macroscopic phenomenon of desensitization to 
occur. Although this model has been updated recently 
to take into account several additional macroscopic and 
microscopic observations ( Lagrange et al., 2007 ), its core 
gating structure has not changed in almost a decade.  

    VII .      PHARMACOLOGICAL PROPERTIES 
OF GABA A  RECEPTORS 

 GABA   A  receptors have a rich pharmacology (for a 
review, see  Macdonald and Olsen, 1994 , or  Johnston, 
1996 ). In addition to GABA, a number of GABA ana-
logs can directly activate the receptor, including the 
plant alkaloid muscimol and its conformationally 
restricted analog tetrahydroisoxazolopyridinol (THIP). 
Endogenous agonists include taurine and  β -alanine, 
both of which are found at relatively high concentra-
tions in the brain ( Lerma et al., 1986 ). Interestingly, 
while each of these agonists has a different microscopic 
affinity for GABA (muscimol  �  GABA  �   β -alanine  �  
THIP), when used at EC-equivalent concentrations, all 
give rise to similar microscopic and macroscopic cur-
rents ( Jones et al., 1998 ;  Bianchi et al., 2007 ). GABA A  
receptor currents can be competitively antagonized by 
the convulsant drug, bicuculline and by the  pyridazinyl 
derivative of GABA, gabazine (SR95531). Of note, bicu-
culline can also block spontaneously active GABA A  
receptors ( Bianchi and Macdonald, 2002 ), indicating it 
should also be classified as an inverse GABA A  recep-
tor agonist along with  β -carbolines such as DMCM. 
Non-competitive antagonists include the convulsants 
picrotoxin, TBPS, pentylenetetrazole and penicillin, the 
latter being a classic open channel blocker of GABA A  
receptors ( Twyman et al., 1992 ;  Feng et al., 2009 ). The 
anticonvulsant barbiturates and BZDs allosterically 
enhance GABA A  receptor currents, but through dif-
ferent binding sites and by different mechanisms 
(Twyman  et al. , 1989). Barbiturates increase the frac-
tion of long (O3) openings at the expense of short (O1 
and O2) openings, thus increasing channel mean open 

time. In contrast, BZDs increase the microscopic affin-
ity of GABA for the receptor without altering channel 
mean open time, thus increasing channel opening fre-
quency (at subsaturating concentrations of GABA). The 
BZD binding site is targeted by several agents, includ-
ing the inverse agonist  β -carbolines, the imidazolpyri-
dines (zolpidem, alpidem), the BZD inverse agonist Ro 
15-4513, and the BZD receptor antagonist flumazenil. 
Other positive allosteric modulators include ethanol, 
neurosteroids (THDOC and allopregnanolone) and 
several volatile and intravenous anesthetics (halo-
thane, diethylether, enflurane, isoflurane, alphaxalone, 
ketamine and propofol). Negative allosteric modula-
tors include pregnenolone sulfate, zinc and furose-
mide. In addition, there are several classes of allosteric 
modulators with mixed effects (i.e. positive and nega-
tive modulation depending on GABA concentration 
and context of receptor activation). These include the 
insecticides dieldrin and lindane, the anti-helminthic 
ivermectin, lanthanum and pH. 

 The   pharmacological properties of GABA A  recep-
tors, much like their kinetic properties, are highly sen-
sitive to subunit composition (for a review, see  Hevers 
and Luddens, 1998 ). For example, BZD modulation 
requires the presence of a  γ  subunit; however, only 
 α (1, 2, 3 or 5) β  γ  receptor isoforms are BZD sensitive. 
Conversely,  α (1, 2, 3 or 5) β  γ  receptor isoforms are less 
sensitive to furosemide, while those containing  α 4 and 
 α 6 subunits are highly sensitive. Zolpidem has highest 
affinity for  α 1 subtype-containing receptors, low affin-
ity for  α 2 and  α 3 subtype-containing receptors, and 
almost no affinity for  α 5 subtype-containing receptors. 
Receptors containing  β 2 or  β 3 subtypes are highly sen-
sitive to loreclezole, while those containing the  β 1 sub-
type are relatively insensitive. Inclusion of a  γ  subunit 
dramatically reduces receptor sensitivity to zinc and 
neurosteroids. Receptor incorporation of  δ  subunits 
increases receptor sensitivity to neurosteroids and eth-
anol. In some cases, subunit  composition determines 
the polarity of modulation (i.e. enhancement vs. inhibi-
tion). For example, while Ro 15-4513 is an inverse ago-
nist at the BZD binding site for  α (1, 2, 3 or 5) β  γ  receptor 
isoforms, it is an agonist of  α 4 and  α 6 subtype-contain-
ing receptors. Similarly, while lanthanum enhances 
 α 1 β  γ  receptor currents, it blocks  α 6 β  γ  receptor currents.  

    VIII .      MODES OF GABAergic 
INHIBITION 

 GABA   A  receptors mediate two modes of inhibitory 
neurotransmission. The first, termed  ‘  ‘ phasic ’  ’  inhibi-
tion, involves the transient activation of postsynaptic 
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GABA A  receptors by nearly saturating concentrations 
of GABA released from presynaptic vesicles. This 
process gives rise to inhibitory postsynaptic currents 
(IPSCs) that activate rapidly (rise times of  � 1       ms or 
less) but decay slowly (time constants of 10s to 100s 
of ms) ( Maconochie et al., 1994 ;  Jones and Westbrook, 
1995 ). In the experimental setting, several types of 
IPSCs can be recorded, each having slightly different 
kinetic properties ( Otis et al., 1994 ;  Mody and Pearce, 
2004 ). These include  ‘  ‘ miniature ’  ’  IPSCs (mIPSCs), 
 ‘  ‘ spontaneous ’  ’  IPSCs (sIPSCs) and  ‘  ‘ evoked ’  ’  IPSCs 
(eIPSCs). mIPSCs are triggered by the spontaneous 
release of GABA from a single synaptic vesicle (i.e. 
action potential independent) ( Fig. 14.9A)   . In con-
trast, sIPSCs are triggered by spontaneously occurring 
action potentials in presynaptic terminals and typi-
cally involve release of GABA from multiple synaptic 
vesicles ( Fig. 14.9B ). eIPSCs are triggered following 
experimentally induced action potentials, and, like 
sIPSCs, involve release of GABA from multiple syn-
aptic vesicles. The properties of IPSCs are highly vari-
able, depending on brain region, developmental stage 
and neuron type ( Vicini et al., 2001 ;  Mozrzymas and 
Barberis, 2004 ). While both pre- and postsynaptic fac-
tors influence IPSC shape, it is generally accepted that 

postsynaptic factors are the primary determinants. 
Indeed, the GABA transient is thought to reach nearly 
saturating concentrations in  � 100        μ s and decay in 
 � 1       ms due to a combination of diffusion and reuptake 
( Clements, 1996 ;  Glavinovic, 1999 ;  Ventriglia and Di 
Maio, 2003 ). Thus, IPSC duration significantly outlasts 
the presence of GABA in the synaptic cleft, suggest-
ing that IPSCs are shaped primarily by the intrinsic 
properties of postsynaptic receptors. In support of this 
hypothesis, application of ultra-brief pulses of nearly 
saturating GABA to membrane patches excised from 
mammalian cell lines expressing recombinant GABA A  
receptors gives rise to currents with kinetic properties 
that resemble IPSCs ( Jones and Westbrook, 1995 ;  Haas 
and Macdonald, 1999 ). Currents evoked from recep-
tors containing the  γ  subunit are most similar to IPSCs, 
as they activate rapidly and deactivate slowly ( Jones 
and Westbrook, 1995 ;  Haas and Macdonald, 1999 ; 
 Lagrange et al., 2007 ). This should not imply, however, 
that presynaptic factors cannot also influence IPSC 
shape. Several studies suggest that the GABA tran-
sient may actually decay with a time constant as brief 
as 100        μ s ( Mozrzymas, 2004 ). Kinetic modeling studies 
predict that such ultra-brief exposures prevent post-
synaptic receptors from reaching maximal activation, 

 FIGURE 14.9          Modes of GABA A  receptor activation.  A.  The release of GABA (blue shading) from a single presynaptic vesicle activates only 
those postsynaptic GABA A  receptors clustered immediately beneath the release site (yellow). The current record shows an averaged waveform 
of the resulting miniature inhibitory postsynaptic currents (mIPSCs).  B.  Action potential-dependent release of multiple vesicles or evoked 
release from several terminals promotes GABA  ‘  ‘ spillover ’  ’ , which activates both synaptic and extrasynaptic receptors (blue). The current 
record shows the larger and much slower averaged waveform of the resulting eIPSCs. The area of the mIPSC shown in panel (a) is superim-
posed for comparison.  C.  A low concentration of ambient GABA, which persists despite the activity of the neuronal and glial GABA transport-
ers (GAT1 and GAT3, respectively), tonically activates extrasynaptic GABA A  receptors. The trace shows the tonic current that results from 
stochastic opening of these high-affinity receptors, with superimposed phasic currents. The GABA A  receptor antagonist gabazine (SR-95531) 
blocks phasic IPSCs and tonic channel activity, causing a change in the  ‘  ‘ holding ’  ’  current and a reduction in current variance. The shaded area 
beneath the current record before SR-95531 application represents the charge carried by tonically active GABA A  receptors. The current records 
are from whole-cell patch-clamp recordings of granule cells in acute cerebellar slices from adult mice. (Reproduced from  Farrant and Nusser, 
2005 , with permission.)    
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thus leading to smaller amplitude and more rapidly 
deactivating IPSCs ( Mozrzymas, 2004 ;  Lagrange et al., 
2007 ). In addition, while the concentration of GABA in 
synapses is generally thought to be nearly saturating 
at  � 1       mM ( Edwards et al., 1990 ;  Otis et al., 1994 ;  Jones 
and Westbrook, 1995 ;  Strecker et al., 1999 ), the obser-
vation that diazepam can increase IPSC amplitudes in 
some brain regions suggests this may not always be 
the case; if GABA is truly saturating in the synapse, 
then increasing receptor affinity for GABA with a BZD 
should not affect IPSC amplitude, as the postsynaptic 
receptors are already fully liganded ( Frerking et al., 
1995 ;  Defazio and Hablitz, 1998 ;  Hill et al., 1998 ). 
Activating receptors with subsaturating concentra-
tions of GABA can significantly impact IPSC kinetics, 
as the time courses of GABA A  receptor activation and 
deactivation are both highly sensitive to GABA con-
centration (slower and faster, respectively) ( Lagrange 
et al., 2007 ;  Bianchi et al., 2007 ). 

 In   addition to mediating fast synaptic inhibition, 
there is now compelling evidence that GABA A  recep-
tors are also involved in slower forms of non-synaptic 
inhibition, a phenomenon termed  ‘  ‘ tonic ’  ’  inhibition, 
illustrated in  Fig. 14.9C . This phenomenon is medi-
ated by peri- and extra-synaptic GABA A  receptors that 
are persistently activated by subsaturating concentra-
tions of ambient GABA. While the sources and precise 
concentration of ambient GABA are still uncertain 
(unlike other neurotransmitters such as dopamine and 
serotonin, the GABA concentration cannot be mea-
sured directly), it is generally believed to arise from a 
combination of synaptic overflow and non- vesicular 
release, and to reach concentrations of  � 1        μ M ( Attwell 
et al., 1993 ;  Zoli et al., 1999 ;  Farrant and Nusser, 
2005 ). Interestingly, the contribution of the tonic cur-
rent to overall inhibitory tone may actually be greater 
than the summed charge transfer of phasic currents 
( Brickley et al., 1996 ;  Hamann et al., 2002 ). It should 
also be noted that tonic and phasic currents are 
thought to be differentially modulated by various 
pharmacological agents ( Feng and Macdonald, 2004 ; 
       Feng et al., 2004, 2008 ) and to play distinct roles in the 
pathogenesis of neurological disorders such as epi-
lepsy ( Dibbens et al., 2004 ;  Feng et al., 2006 ;  Eugene 
et al., 2007 ). This reflects the fact that tonic currents are 
mediated by a different subset of receptor isoforms, 
which have kinetic properties distinct from those 
mediating phasic currents.  α 4 β x δ  and  α 6 β x δ  receptor 
isoforms are thought to be the primary mediators of 
tonic inhibition ( Farrant and Nusser, 2005 ), though 
 α 1 β x δ  and  α 5 β x γ 2 receptors may also play an impor-
tant role in the hippocampus ( Glykys et al., 2008 ). 
Indeed, properties conferred by the  δ  subunit are con-
sistent with a role in tonic inhibition;  α  β  δ  receptors 

desensitize much slower and less extensively than 
 α  β  γ  receptors and have a lower GABA EC 50 , ideal for 
receptors that must respond to very low concentra-
tions of GABA for extended periods of time ( Saxena 
and Macdonald, 1996 ;  Haas and Macdonald, 1999 ; 
 Lagrange et al., 2007 ).  

    IX .      INVOLVEMENT OF GABA A  
RECEPTORS IN EPILEPSY 

 Epilepsy   is associated with abnormal, hyper-
synchronous activation of neuronal populations. 
Although the mechanistic basis for partial and gener-
alized forms of epilepsy are uncertain, there is consid-
erable evidence that impaired GABAergic inhibition 
underlies several types of epilepsy. Indeed, phar-
macological blockade of GABAergic inhibition with 
GABA A  receptor antagonists such as penicillin, picro-
toxin or bicuculline produces paroxysmal bursting in 
isolated neurons and seizures in experimental animals 
( Schwartzkroin and Prince, 1980 ;  Hotson and Prince, 
1981 ; De  Deyn et al., 1992 ). Similar experiments have 
shown that GABA A  receptor blockade produces par-
oxysmal depolarization shifts (PDSs), which are the 
interictal manifestations of epileptiform events ( Hwa 
et al., 1991 ;  Schiller, 2002 ). This local paroxysmal 
bursting can spread to involve large areas of hippo-
campus or generalize to cortex when inhibition is fur-
ther weakened and when other synchronizing factors 
occur, such as altered extracellular concentrations of 
potassium and calcium ( Korn et al., 1987 ). 

 However  , conclusive evidence that loss of 
GABAergic inhibition was involved in the pathogen-
esis of human epilepsy syndromes did not come until 
the recent discovery of mutations in genes encoding 
GABA A  receptor subunits that were associated with 
idiopathic generalized epilepsies ( Macdonald et al., 
2006 ). The first  α  subunit mutation to be reported 
was the  α 1 subunit mutation, A322D, in a family with 
juvenile myoclonic epilepsy (JME). Mutant receptors 
had substantially reduced maximal currents ( Cossette 
et al., 2002 ). This was caused by reduced levels of 
GABA A  receptor surface expression, which resulted 
from ER retention and accelerated proteosomal and 
lysosomal degradation of subunits following failure of 
the M3 domain to insert properly in the plasma mem-
brane (         Gallagher et al., 2004, 2005, 2007 ;  Bradley et al., 
2008 ). Another  α 1 subunit mutation, a single base-
pair deletion predicted to produce a frameshift and a 
premature translation-termination codon, 975delC, 
S326fs328X, was recently identified as a  de novo  muta-
tion in an individual with childhood absence epilepsy 
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(CAE) ( Maljevic et al., 2006 ). Little is known regarding 
the mechanisms by which this mutation causes dis-
ease, except that current was not detectable when the 
mutant subunit was coexpressed with  β 2 and  γ 2 sub-
units. Whether this was caused by impaired channel 
function or trafficking, however, remains unknown. 
Three  β 3 subunit mutations,  β 3(S15F),  β 3(P11S), and 
 β 3(G32R), were also reported recently in families with 
CAE ( Tanaka et al., 2008 ). These mutations were found 
to decrease the amplitude of GABA-evoked currents, a 
finding likely attributable to altered channel trafficking 
since mutant subunits have altered glycosylation in 
the absence of altered total protein expression. In the 
 δ  subunit, two epilepsy susceptibility variants, E177A 
and R220H, were discovered in small GEFS �  fami-
lies ( Dibbens et al., 2004 ). When coexpressed with  α 1 
and  β 2 subunits, these variants reduced single channel 

mean open time and the levels of GABA A  receptor sur-
face expression, thus substantially decreasing whole 
cell current amplitudes ( Feng et al., 2006 ). 

 Interestingly  , more mutations have been identi-
fied in the  γ 2 subunit than in all other subunit sub-
types combined. A family with generalized epilepsy 
with febrile seizures plus (GEFS � ) was found to have 
a  γ 2 subunit mutation, K289M, located in the extra-
cellular M2 – M3 linker ( Baulac et al., 2001 ), a region 
implicated in transduction of ligand binding to chan-
nel gating ( Kash et al., 2003 ). Consistent with the 
known importance of this protein domain to channel 
function, recordings from HEK293T cells expressing 
 α 1 β 2 γ 2(K289M) receptors were found to have defec-
tive channel gating (shortened mean open times) and 
accelerated deactivation ( Bianchi et al., 2002b ), as 
illustrated in  Fig. 14.10   . A family with CAE and febrile 

 FIGURE 14.10          Macroscopic kinetic properties of wild-type and mutant GABA A  receptor currents.  A.  Representative current traces 
obtained from wild-type  α 1 β 3 γ 2 or mutant  α 1 β 3 γ 2(K289M or R43Q) GABA A  receptors expressed transiently in HEK293T cells during 400       msec 
jumps into 1       mM GABA. Time scale of top trace applies to all three traces.  B.  Neither the fast  B1  nor the slow  C1  time constant of desensitiza-
tion, nor their relative contributions (b2, c2) were significantly altered by the mutations.  D.  Current activation rate, as indicated by the 10 – 90% 
rise time of the current, was not significantly altered by the mutations.  E.  Peak current amplitudes were significantly smaller for  α 1 β 3 γ 2(R43Q) 
GABA A  receptors. * p   �  0.01.  F.  Current deactivation after removal of GABA was significantly faster for  α 1 β 3 γ 2(K289M) GABA A  receptors. * p   �  
0.001. Data were obtained from 8 – 13 patches. (Reproduced from Bianchi et al., 2002, with permission.)    
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seizures had a  γ 2 subunit mutation, R43Q, located in 
the N-terminal extracellular domain in the BZD bind-
ing domain ( Wallace et al., 2001 ). As shown in  Fig. 14.10 , 
this mutation reduced peak current amplitudes with-
out altering channel kinetics ( Bianchi et al., 2002b ). The 
basis for the reduced current was reduced surface 
expression due to retention of the receptor in the ER 
( Sancar and Czajkowski, 2004 ;  Kang and Macdonald, 
2004 ), possibly due to disruption of inter-subunit con-
tacts at the  γ - β  subunit interface ( Hales et al., 2005 ). 
However, it has been reported that  γ 2(R43Q) subunits 
may assemble with  α 3 subunits ( Frugier et al., 2007 ), 
suggesting the effects of the mutation may depend on 
the specific  α  subunit subtype involved. The  γ 2 sub-
unit mutation, R139G, altered BZD sensitivity and 
accelerated desensitization ( Audenaert et al., 2006 ). 
A  γ 2 subunit mutation, Q351X, which introduced a PTC 
in the M3 – M4 linker was identified in a family with 
GEFS �  ( Harkin et al., 2002 ). Mutant receptors had no 
GABA sensitivity when expressed in oocytes, prob-
ably due to ER retention. A  γ 2 subunit splice donor 
site mutation, IVS6      �      2T-G, was identified in a fam-
ily with CAE and febrile seizures ( Kananura et al., 
2002 ). The effect of this mutation is unknown but was 
predicted to lead to non-functional receptors. A  γ 2 
subunit, mutation Q1X, that introduced a PTC (Q1X) 
between the signal peptide and the mature peptide 
was identified in a family with severe myoclonic epi-
lepsy of infancy ( Hirose, 2004 ). The functional con-
sequence of the mutation is unknown but may be 
haploinsufficiency, since the mutation would likely 
trigger nonsense mediated mRNA decay, thus pre-
venting production of even a signal peptide.  
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O U T L I N E

    I .      INTRODUCTION: ANION CHANNELS 
AND THEIR MULTIPLE FUNCTIONS 

 Anion   channels (ACs) are present both in the 
plasma membrane and in the membranes of intracel-
lular organelles. Animal cells express a large variety 
of anion channels in their plasma membrane ( Table 
15.1   ). ACs are involved in a wide range of functions, 

such as inhibitory synaptic transmission through 
plasma membrane hyperpolarization, epithelial Cl  �   
transport, as well as transport of other organic anions 
such as glutamate and anionic forms of ATP (mainly 
ATP 4 �  and Mg-ATP 2 �  ). 

 In   contrast to cation channels, ACs are not directly 
involved in the initiation and termination of action 
potentials in nerves and muscles. In neurons and 
other cell types, membrane potential is determined 

  15   15 
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by the relative electromotive forces and the conduc-
tances of each ion permeation pathway, as illustrated 
in the equivalent circuit shown in  Fig. 15.1   . Opening 
of voltage-gated Na  �   and/or Ca 2 �   channels results 
in inward depolarizing currents underlying action 
potentials whereas voltage-gated K  �   channels coun-
teract the depolarization; the equilibrium potentials 
for Na  �   and Ca 2 �   ( E  Na  and  E  Ca ) are far positive to the 
resting potential ( E  m ), whereas the equilibrium poten-
tial for K  �   ( E  K ) is more negative than  E  m . In neurons, 
the opening of Cl  �   channels results in either mem-
brane hyperpolarization or depolarization depending 
on the  E  Cl  value, which is in turn determined by the 
intracellular Cl  �   concentration ([Cl  �  ] i ), as discussed in 

several chapters throughout this book (e.g. Chapters 1, 
7, 13, 20 and 22). The [Cl  �  ] i  level is determined by the 
relative contribution of plasmalemmal Cl  �   transport-
ers such as the Na  �  -K  �  -2Cl  �   cotransporter (NKCC), 
Na  �  -Cl  �   cotransporter (NCC), K  �  -Cl  �   cotransporter 
(KCC), Cl  �  /HCO 3   �   exchanger (AE) and Cl  �  /H  �   
exchanger (ClC-3, -4, -5, -7), as well as the Na  �  - and 
Cl  �  -dependent neurotransmitter transporters of the 
SLC6 family ( Fig. 15.2   ). In most mature central neu-
rons and skeletal muscle cells, [Cl  �  ] i  is at or below 
electrochemical equilibrium. Thus, opening of neuro-
nal ligand-gated anion channels, such as the glycine 
receptor (GlyR) and the GABA A  receptor (GABA A R), 
as well as muscle voltage-dependent anion channels, 
ClC-1, leads to either stabilization of the membrane 
potential or hyperpolarization. The latter often results 
in inhibition. Dysfunctional mutations of the genes 
encoding for these Cl  �   channels cause anion chan-
nelopathies coupled to hyperexcitability in neurons 
and in skeletal muscle (see Chapter 1).  Table 15.2    lists 
examples such as startle disease for GlyR, Angelman 
syndrome, Prader – Willi syndrome and idiopathic epi-
lepsies for GABA A R, as well as Becker’s disease and 
Thomsen’s disease for ClC-1 (see Chapters 12 and 14 
in this volume). 

 By   promoting net Cl  �   transport, ACs participate 
in transepithelial transport (secretion or absorp-
tion) of electrolytes and fluids. For instance, the epi-
thelial cAMP/PKA-activated Cl  �   channel, CFTR, is 
involved in NaCl and fluid secretion accomplished by 
respiratory, pancreatic and intestinal epithelial cells 
and in NaCl reabsorption by sweat gland duct cells. 
Hereditary dysfunction of CFTR causes cystic fibrosis 
( Table 15.2 ) characterized by airway, pancreatic and 
intestinal obstructions as well as by elevation of elec-
trolyte contents of the sweat. ClC-Kb participates in 

 TABLE 15.1          Mammalian types of plasmalemmal anion 
channels  

   Type  Name 
 Subtype or 

abbreviation 

   Ligand-gated  Glycine receptor  GlyR 

     GABA receptor  GABA A R 

       GABA C R 

   Voltage-dependent  ClC member  ClC-1 

       ClC-2 

       ClC-Ka(K1) 

       ClC-Kb(K2) 

   cAMP/PKA-activated  CFTR  CFTR 

   Ca 2 �  -activated    CaCC 

   Volume-activated  ClC member  ClC-2 

     Outwardly rectifying  VSOR 

     Large conductance  Maxi-anion 

   Acid-activated  Outwardly rectifying  ASOR 

in

out

Action Potential

Resting Potential

Vm

gK gCl gNa gCa

EK ECl ENa ECa

Cm

EK(-80~-100 mV)

Vm

ECa (~+100 mV)

ENa (+50~+65 mV)

Ecation (~0 mV)

ECl(-45~-90 mV)

gcation

Ecation

 FIGURE 15.1          Electrical equivalent circuit model of the plasma membrane and the cell membrane potential (resting or action potentials). 
 V  m ,  C  m ,  g  i , and  E  i  represent the membrane potential, the membrane capacitance, the conductance of each ion (i) permeation pathway and the 
electromotive force ( � equilibrium potential) for each ion, respectively. The equilibrium potential of each ion can be calculated using the Nernst 
equation.    
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Cl  �   reabsorption across the basolateral membrane of 
the thick ascending limb, the distal convoluted tubule 
and the collecting duct in the human kidney. Thus, its 
hereditary dysfunction results in Bartter syndrome 
(type III) which is associated with severe renal salt 
loss ( Table 15.2 ). 

 In   addition to these well-established roles, plasma-
lemmal ACs participate in many other functions or 
processes such as cell volume regulation (       Okada, 1997, 
2004 ;  Hoffmann et al., 2009 ), cell proliferation ( Shen 
et al., 2000 ;  Wondergem et al., 2001 ), cell differentia-
tion ( Voets et al., 1997b ), cell death induction (       Okada 
et al., 2001, 2004 ), acquired cisplatin resistance 
( Lee et al., 2007 ;  Shimizu et al., 2008 ), ATP release 
(       Sabirov and Okada, 2004a, 2005 ) and glutamate 
release ( Kimelberg and Mongin, 1998 ;  Liu et al., 2006 ; 
 Malarkey and Parpura, 2008 ). These functions depend 
on the activities of particular types of plasmalemmal 
ACs characterized by their sensitivity to changes in 
cell volume. In the present chapter we review cur-
rent knowledge on volume-activated anion channels 
(VAACs) by focusing on their nomenclature, perme-
ability to organic osmolytes and molecular identity.  

    II .      WHAT ARE VOLUME-ACTIVATED 
ANION CHANNELS (VAACS)? 

 Upon   exposure to hyposmotic media, cells initially 
swell, and then return to their initial volume, a phe-
nomenon termed regulatory volume decrease (RVD). 
This regulatory response is accomplished through the 
loss of intracellular solutes along with osmotically 
obligated water. RVD is typically accomplished by the 
net efflux of KCl and osmotically committed water. 
This is achieved by activation of K  �   efflux pathways 
in conjunction with available anion channels. These 
anion channels, the focus of this review, include Cl  �   
channels with basal activity (background Cl  �   conduc-
tance), Ca 2 �  -activated Cl  �   channels, cAMP-activated Cl  �   
channels, ClC-2-like Cl  �   channels, large-conductance 
Cl  �   channels (Maxi-anion) and volume-sensitive 
outwardly rectifying (VSOR) Cl  �   channels ( Okada, 
1997 ). Among these volume-activated anion channels, 
only ClC-2, Maxi-anion and VSOR are ubiquitously 
expressed. Thus, these three channel types belong to 
a group tentatively termed volume-activated anion 
channels (VAACs) or volume-regulated anion chan-
nels (VRACs).  Table 15.3    summarizes the physiologi-
cal, biophysical and pharmacological properties of 
these three VAACs. 

    A .      ClC-2: Inwardly Rectifying, 
Small-conductance VAAC 

 To   date, the CLC proteins are probably the best 
studied Cl  �   channels/transporters (         Jentsch et al., 1999, 
2002, 2005a, b ; see Chaper 12 in this volume). Among 
the nine members of the mammalian CLC family (see 
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 FIGURE 15.2          Intracellular Cl  �   homeostasis is determined by 
the functional activities of various Cl  �   transporters expressed in 
the plasma membrane of a given cell. These Cl  �   transporter mole-
cules include the cation-chloride cotransporters NKCC, NCC, KCC, 
members of the SLC6 family, Cl  �  /HCO 3   �   antiporters (AEs), and 
Cl  �  /H  �   antiporters (ClC-3, -4 , -5 or -7). X represents a neurotrans-
mitter such as GABA, dopamine, glycine, etc. ( Chen et al., 2004 ). 
Direction of Cl  �   transport depends on the chemical or the electro-
chemical potential gradients across the plasma membrane.    

 TABLE 15.2          Examples of anion channelopathies  

   Anion channel  Subunit  Disease  Abbreviation 

   GlyR   α 1  Hereditary 
hyperekplexia (Startle 
disease) 

 STHE 

   GABA A R   β 2  Angelman syndrome  AS 

       Prader – Willi 
syndrome 

 PWS 

      γ 3  Autosonal dominant 
idiopathic epilepsies 

 ADIE 

   ClC-1    Recessive myotonia 
congenita (Becker 	 s 
disease) 

 RMC 

       Dominant myotonia 
congenita (Thomsen 	 s 
disease) 

 DMC 

   ClC-Kb    Bartter syndrome 
(Type III) 

 BS (III) 

   CFTR    Cystic fibrosis  CF 
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Fig. 12.1 in Chapter 12 in this volume), ClC-2 and 
ClC-3 have been found to be sensitive to cell volume 
changes, whereas the remaining CLCs do not seem 
to be affected by cell swelling. ClC-3 was originally 
found to be activated by cell swelling and the ClC-3 
protein was proposed to be the molecular counter-
part of VSOR. However, it is now known that ClC-3 is 
distinct from VSOR (see below). In fact, ClC-3 is not a 
channel but a Cl  �  /H  �   antiporter that resides in endo-
somes and synaptic vesicles as discussed in detail in 
Chapter 12 in this volume. In conclusion, among the 
mammalian CLC channels/transporters, only ClC-2 
belongs to the category of VAACs (see  Table 15.3 ). 

 ClC  -2 is activated not only by cell swelling ( Grunder 
et al., 1992 ) but also by strong membrane hyperpolar-
ization ( Thiemann et al., 1992 ) and extracellular acidi-
fication ( Jordt and Jentsch, 1997 ). Activation of ClC-2 
does not depend on intracellular ATP ( Park et al., 1998 ), 
in fact, its activation is induced by depletion of intra-
cellular ATP ( Rutledge et al., 2002 ). The channel pore 
size of ClC-2 has not been determined, but its single 
channel conductance ( Weinreich and Jentsch, 2001 ) is 
known to be relatively small (2 – 3       pS). The macroscopic 
ClC-2 current exhibits inward rectification and depolar-
ization-induced inactivation ( Kajita et al., 2000 ;  Fahlke, 
2001 ). The halide selectivity of ClC-2 is of the strong 
electric-field type (Eisenman’s sequence IV or V) with 

a permeability sequence Cl  �        �      Br  �        �      I  �   ( Thiemann 
et al., 1992 ). The ClC-2 currents are poorly blocked by 
the stilbene-derivative anion channel blocker DIDS, 
but are somewhat effectively blocked by 5-nitro-2-
(3-phenylpropylamino)-benzoate (NPPB) ( Thiemann 
et al., 1992 ;  Furukawa et al., 1998 ). The most effective 
blockers of ClC-2 are the heavy metals Cd 2 �   and Zn 2 �   
( Schwiebert et al., 1995 ;  Bond et al., 1998 ;  Clark et al., 
1998 ;  Duan et al., 2000 ;  Kajita et al., 2000 ). 

 Swelling  -induced activation of ClC-2 has been 
linked to RVD process in  Xenopus laevis  oocytes 
( Furukawa et al., 1998 ), insect Sf9 cells ( Xiong et al., 
1999 ) and mammalian hepatoma cells ( Roman et al., 
2001 ). In human colonic T84 cells, however, the 
involvement of ClC-2 as an RVD mechanism has been 
challenged ( Bond et al., 1998 ). In neurons, ClC-2 has 
been proposed to play a role stabilizing the resting 
membrane potential ( Staley et al., 1996 ). However, 
ClC-2 knockout mice do not exhibit epileptic seizures 
but unexpectedly show degeneration of photorecep-
tors and male germ cells ( Bosl et al., 2001 ), as well as 
vacuolation of the white matter in brain and spinal 
cord ( Blanz et al., 2007 ). In sum, although ClC-2 is 
activated by cell swelling its physiological role in vol-
ume regulation is still puzzling. A detailed discussion 
of other functional and molecular aspects of ClC-2 can 
be found in Chapter 12 in this volume.  

 TABLE 15.3          Comparison of physiological, biophysical and pharmacological properties of ClC-2, Maxi-anion and VSOR channels  

     ClC-2  Maxi-anion  VSOR 

   Physiological properties       

   volume sensitivity  swelling-enhanced  swelling-activated  swelling-activated 

   intracellular ATP dependence  upregulated by ATP depletion  upregulated by ATP depletion  non-hydrolytic ATP 
requirement 

   Biophysical properties       

   pore radius  ?  1.28 – 1.34       nm  0.58 – 0.65       nm 

   single-channel conductance  small (2 – 3       pS)  large (300 – 400       pS)  intermediate (10 – 80       pS) 

   rectification  inward rectification  no rectification  outward rectification 

   voltage-dependent kinetics  depolarization-induced 
inactivation 

 depolarization-induced 
inactivation 

 depolarization-induced 
inactivation 

     hyperpolarization-induced 
activation 

 hyperpolarization-induced
inactivation 

  

   halide permeability sequence  Cl  �              Br  �        �      I  �    I  �        �      Br  �        �      Cl  �    I  �        �      Br  �        �      Cl  �   

   glutamate/aspartate 
permeability 

 small  large  intermediate 

   Pharmacological properties       

   DIDS sensitivity   �  �    �    �  �  

   NPPB sensitivity   �    �    �  �  

   heavy metal sensitivity  Cd 2 �  , Zn 2 �  -sensitive  Gd 3 �  -sensitive   �  

   arachidonate sensitivity  ?   �  �    �  �  
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    B .      Maxi-anion: An Ohmic Large-conductance 
VAAC 

 In   a large variety of cells, osmotic swelling or 
membrane patch excision activates a VAAC chan-
nel, called Maxi-anion channel ( Sabirov and Okada, 
2009 ). The single-channel conductance of Maxi-anion 
channels is large (300 to 400       pS), whether determined 
in cell-attached or inside-out patch configurations 
( Falke and Misler, 1989 ;  Jalonen, 1993 ;  Schwiebert 
et al., 1994 ;  Sabirov et al., 2001 ;  Dutta et al., 2004 ;  Liu 
et al., 2006, 2008a ) (see  Table 15.3 ). In cell-attached 
membrane patches, the channel is also activated in 
response to ATP depletion induced by ischemia or 
hypoxia both in cardiomyocytes (       Dutta et al., 2004, 
2008 ) and in astrocytes (       Liu et al., 2006, 2008a ). Since 
another type of VAAC, VSOR, was frequently co-
activated in these experiments, swelling-activated 
Maxi-anion currents could only be observed in iso-
lation by blocking VSOR activity with phloretin, a 
relatively specific VSOR blocker, or by removing ATP 
from the pipette (intracellular) solution since ATP 
is required for VSOR activity ( Sabirov et al., 2001 ). 
 Figure 15.3    shows sample traces of macro-patch cur-
rents recorded from Maxi-anion channels in rat car-
diomyocytes, and  Fig. 15.4    shows sample traces of 
Maxi-anion single-channel currents recorded from rat 
fibroblasts. In many studies, it has been observed that 
Maxi-anion currents exhibit multiple subconductance 
states ranging from 15 to 200       pS ( Schwarze and Kolb, 
1984 ;  Olesen and Bundgaard, 1992 ;  Sun et al., 1993 ; 
 Dutta et al., 2004 ). 

 Using   the non-electrolyte partitioning method, 
we estimated the radii of the intracellular and extra-
cellular entrances to the channels pore, and found 
them to be 1.16       nm and 1.42       nm, respectively ( Sabirov 
and Okada, 2004b ). Measurements by symmetrical 
two-sided application of polyethylene glycol mol-
ecules yielded an average functional pore radius of 
approximately 1.3       nm. As shown in  Fig. 15.4 , the cur-
rent/voltage ( I / V ) relationship of the fully open state 
of the single channel is linear, with no rectification. 
The open channel probability exhibits a bell-shaped 
dependence on voltages with the maximum at around 
0       mV (see  Sabirov et al., 2001 ;  Dutta et al., 2002 ). 
The macroscopic Maxi-anion current shows time-
dependent inactivation when the transmembrane 
voltage exceeds  � 15 to  � 20       mV (Fig. 15.3). The halide 
selectivity of the Maxi-anion channel measured 
in many cell types is consistent with that of a weak 
electric-field type (Eisenman’s sequence I) with a perme-
ability sequence I  �        �      Br  �        �      Cl  �   ( Soejima and Kokubun, 
1988 ;  Schlichter et al., 1990 ;  Bajnath et al., 1993 ;  Kajita 
et al., 1995 ;  Sabirov et al., 2001 ). The Maxi-anion cur-
rent is only partially suppressed by a number of con-
ventional anion channel blockers such as DIDS, SITS, 
NPPB and DPC ( Schmid et al., 1988 ;  Groschner and 
Kukovetz, 1992 ;  Pahapill and Schlichter, 1992 ;  Sun 
et al., 1992 ;  Kajita et al., 1995 ;  Vaca, 1999 ;  Sabirov et al., 
2001 ). Arachidonic acid at micromolar concentrations 
effectively blocks the Maxi-anion channel ( Zachar and 
Hurnak, 1994 ;  Riquelme and Parra, 1999 ;        Dutta et al., 
2002, 2004 ;  Liu et al., 2006 ). Gd 3 �   is the most effective 
blocker for this channel; however, it acts only from 
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 FIGURE 15.3          Voltage-dependent inactivation of Maxi-anion currents recorded in macro-patches excised from a neonatal rat ventricular 
myocyte in primary culture.  A.  Representative current traces recorded upon application of step pulses form 0 to  � 50       mV in 10       mV increments. 
 B.   I / V  relationships of instantaneous (open circles) and steady-state (filled circles) currents measured at the beginning and end of the current 
responses shown in A. The methods employed in this experiment are same as those described in  Dutta et al. (2004) .    
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the extracellular side ( Sabirov et al., 2001 ;        Dutta et al., 
2004, 2008 ;        Liu et al., 2006, 2008a ). 

 In   view of its volume sensitivity, the Maxi-anion 
channel has been considered a major route for volume-
regulatory Cl  �   efflux during RVD in many cell types, 
including epithelial cells ( Schwiebert et al., 1992 ; 
 Mitchell et al., 1997a ;  Bernucci et al., 2003 ), lympho-
cytes ( Cahalan and Lewis, 1988 ;  Schlichter et al., 
1990 ), myoblasts ( Hurnak and Zachar, 1992 ), neu-
roblastoma ( Falke and Misler, 1989 ) and astrocytes 
( Jalonen, 1993 ).  

    C .      VSOR: An Outwardly Rectifying 
Intermediate-conductance VAAC 

 To   distinguish this channel from the inwardly rec-
tifying ClC-2 and the non-rectifying Maxi-anion, we 
call this channel the volume-sensitive outwardly rec-
tifying anion channel (VSOR) (       Okada, 1997, 2006 ). 
Among all VAACs, VSOR is likely the most typical 
swelling-activated anion channel found in most ani-
mal cells ( Okada, 1997 ) (see  Table 15.3 ). At physi-
ological intracellular ATP levels, VSOR contributes a 
major part to the swelling-activated whole-cell con-
ductance. This channel has also been referred to as the 

swelling-activated Cl  �   channel,  I  Cl,swell  (       Ackerman 
et al., 1994a, b ;  Nilius et al., 1997 ;  d’Anglemont de 
Tassigny et al., 2003 ); the volume-activated Cl  �   cur-
rent,  I  Cl,vol  ( Nilius et al., 1994 ), the volume-sensitive 
organic osmolyte anion channel, VSOAC ( Strange and 
Jackson, 1995 ;  Strange et al., 1996 ); and the volume-
regulated anion current, VRAC ( Levitan and Garber, 
1998 ;  Nilius and Droogmans, 2003 ). 

 In   addition to its volume sensitivity and moder-
ate outward rectification, VSOR exhibits a number 
of phenotypic properties that are summarized in 
 Table 15.3 . This channel has an intermediate uni-
tary conductance when compared with ClC-2 or the 
Maxi-anion channel; it ranges between 10 and 80       pS 
( Worrell et al., 1989 ;  Solc and Wine, 1991 ;  Banderali 
and Roy, 1992 ;  Grygorczyk and Bridges, 1992 ;  Weiss 
and Lang, 1992 ;  Kelly et al., 1994 ;  Okada et al., 1994 ; 
 Petersen et al., 1994 ;  Jackson and Strange, 1995 ;  Boese 
et al., 1996 ;  Meyer and Korbmacher, 1996 ;  Tsumura 
et al., 1996 ;  Duan et al., 1997a ;  Voets et al., 1997a ;  Inoue 
et al., 2005 ).  Figure 15.5    shows typical whole-cell and 
single-channel currents simultaneously recorded 
from mouse cortical neurons using a double-patch 
clamp approach, i.e. simultaneous whole-cell and 
cell-attached recordings ( Okada et al., 1994 ;  Petersen 
et al., 1994 ;  Inoue et al., 2005 ). This  methodological 
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 FIGURE 15.4          Voltage-dependent inactivation and  I / V  relationships of single-channel currents recorded in inside-out patches excised from 
neonatal rat cardiac fibroblasts ( A ) and airway fibroblasts in primary culture ( B ).  Left panels : Representative unitary current traces recorded 
upon application of alternating  � 50       mV pulses from a holding potential of 0       mV.  Right panels : Unitary  I / V  relationships of instantaneous cur-
rents. For detailed methods see  Dutta et al. (2004) .    
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approach and ensemble average currents from inside-
out recordings ( Tsumura et al., 1996 ) clearly demon-
strate that the moderate outward rectification of the 
macroscopic currents is mainly caused by an out-
wardly rectifying property, which is inherent to the 
single-channel conductance ( Grygorczyk and Bridges, 
1992 ;  Okada et al., 1994 ;  Meyer and Korbmacher, 1996 ; 
 Tsumura et al., 1996 ;  Inoue et al., 2005 ). When using 
the double-patch recording method, upon applica-
tion of large positive voltages, time-dependent inac-
tivation of whole-cell VSOR currents are observed 
together with stepwise closing unitary VSOR events 
(see  Fig. 15.5A , as well as  Okada et al., 1994 ;  Inoue 
et al., 2005 ). 

 The   halide permeability sequence of VSOR is 
I  �        �      Br  �        �      Cl  �  , which corresponds to Eisenman’s 
sequence I ( Strange et al., 1996 ;  Nilius et al., 1997 ; 
 Okada, 1997 ). The most salient physiological prop-
erty of VSOR is its dependence on cytosolic free ATP 
( Okada, 1997 ). This property distinguishes VSOR 
from ClC-2 and Maxi-anion ( Table 15.3 ). In contrast 
to intracellular free ATP, intracellular free Mg 2 �   is an 
inhibitor of VSOR channel activity ( Oiki et al., 1994 ). 
Intracellular protons also potently decrease VSOR 
activity, with an effective p K  value of  � 6.3 ( Sabirov 
et al., 2000 ). Consistent with this feature, acidification 
due to lactacidosis causes inhibition of RVD ( Mori 
et al., 2002 ;  Nabekura et al., 2003 ). VSOR exhibits a 
broad sensitivity to conventional anion channel block-
ers, including the stilbene derivatives SITS and DIDS, 
the carboxylate analogs NPPB, DPC and 9-AC, and 
the DPC-derivative arylaminobenzoates niflumic acid 

and flufenamic acid ( Strange et al., 1996 ;  Nilius et al., 
1997 ;        Okada, 1997, 2006 ). VSOR activity is also inhib-
ited by various structurally unrelated chemicals, such 
as some inhibitors or substrates of P-glycoprotein, 
like arachidonic acid, and the sulfonylurea receptor 
inhibitor glibenclamide ( Okada, 2006 ). Tamoxifen, a 
competitive antagonist of estrogen receptors, known 
to inhibit P-glycoprotein, has also been used as an 
effective VSOR blocker. However, it must be noted 
that the effect of tamoxifen is not universal inasmuch 
as it is ineffective in blocking VSOR in mouse muscle 
cells ( Voets et al., 1997b ), bovine PCE cells ( Mitchell 
et al., 1997b ), rat sympathetic neurons ( Leaney et al., 
1997 ) and mouse cortical neurons ( Inoue et al., 2005 ). 
A new generation of relatively specific VSOR block-
ers include the bisphenol phloretin ( Fan et al., 2001 ), 
the ethacrynic-acid derivative indanone compound 
DCPIB ( Decher et al., 2001 ) and the acidic di-aryl-urea 
derivative NS3728 ( Helix et al., 2003 ). In contrast to 
ClC-2, VSOR activity is insensitive to the extracellular 
application of Cd 2 �   and Zn 2 �  , as shown in  Fig. 15.6   . In 
addition, VSOR currents have also been reported to be 
poorly sensitive to Gd 3 �   ( Hazama et al., 1999 ;  Sabirov 
et al., 2001 ). 

 In   contrast to NPPB ( Fig. 15.5B ), phloretin and ara-
chidonic acid, the stilbene derivatives SITS or DIDS 
inhibit VSOR currents in a voltage-dependent manner 
( Kubo and Okada, 1992 ;  Okada, 1997 ). The stilbene 
derivatives suppress outward currents more promi-
nently than inward currents, facilitating their inacti-
vation kinetics at positive potentials. This suggests 
that SITS and DIDS block the open-state channel at 

 FIGURE 15.5          Double-patch recordings of VSOR currents in embryonic mouse cortical neurons in primary culture under hypotonic condi-
tions in the absence ( A ) and presence ( B ) of 80        μ M NPPB in the on-cell pipette and bath solutions.  Inset : Scheme of the double-patch configu-
ration. a: Whole-cell currents in response to step pulses from  � 100       mV to  � 100       mV in 20       mV increments applied from a holding potential of 
 � 40       mV. b: On-cell single-channel currents in response to given step pulses. Dotted lines designate the closed-state and open-state levels. For 
methods see  Inoue et al. (2005) .    
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the external entrance of the VSOR pore. Essentially, 
similar open-channel blocks were observed upon 
extracellular application of some anionic forms of 
glibenclamide ( Liu et al., 1998 ) and ATP ( Jackson and 

Strange, 1995 ;  Tsumura et al., 1996 ;  Poletto Chaves 
and Varanda, 2008 ). Suramin also exhibits open-
 channel block in bovine endothelial cells ( Droogmans 
et al., 1999 ), mouse Leydig cells ( Poletto Chaves and 

 FIGURE 15.6          Effects of Cd 2 �   and Zn 2 �   on whole-cell VSOR currents recorded from human epithelial HeLa cells.  A.  Representative record-
ings of currents before and during hypotonic challenge, and with 0.5       mM Cd 2 �   absent or present in the bath solution. Alternating  � 40       mV 
pulses (2       s duration, every 15       s) or step pulses form  � 80       mV to  � 80       mV in 20       mV increments (at arrows) were applied to elicit currents. a, b 
and c: Expanded traces of current responses to step pulses applied at arrows in the upper trace under isotonic conditions (a) and hypotonic 
(85.9% osmolality) conditions (b, c) in the absence (a, b) and presence (c) of Cd 2 �  .  B.   I / V  relationships before (open symbols) and during (filled 
symbols) hypotonic stimulation in the absence (circles) and presence (triangles) of 0.5       mM Cd 2 �  .  C.   I / V  relationships before and during hypo-
tonic stimulation in the absence and presence of 3       mM Zn 2 �  . Each symbol represents the mean current � SEM (vertical bar) for 11 (B) and 8 (C) 
observations. The isotonic and hypotonic bath solutions contained (mM): 110 CsCl, 5 MgSO 4 , 10 HEPES and 90 and 45 mannitol, respectively. 
The pipette solution contained (mM): 110 CsCl, 2 MgSO 4 , 1 EGTA, 2 Na 2 ATP, 0.3 Na 3 GTP and 50 mannitol. Detailed methods can be found in 
       Shimizu et al. (2000, 2004) .    
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Varanda, 2008 ) and human epithelial HeLa cells ( Fig. 
15.7   ). Taken together, these observations suggest that 
VSOR possesses an outer vestibule larger than the sizes 
of SITS, glibenclamide, suramin and ATP, but a pore 
size that is smaller than these molecules. In fact, recent 
non-electrolyte partition studies ( Ternovsky et al., 
2004 ) revealed that the cut-off radius of the VSOR 
pore is 0.63       nm, a value close to the effective radii of 
SITS 2 �   ( � 0.55       nm) and ATP 4 �   (0.58       nm), and slightly 
smaller than the effective radii of glibenclamide  �   
( � 0.60       nm) and suramin 6 �   ( � 0.91       nm), as illustrated 
in  Fig. 15.8   . 

 In   sum, three members of VAAC  –  ClC-2, Maxi-
anion and VSOR  –  share similarity as far as their vol-
ume sensitivity is concerned, but are distinct from 
each other in their unitary conductances,  I / V  relation-
ships, halide selectivity, heavy metal sensitivity and 
intracellular ATP dependence ( Table 15.3 ).   

    III .      WHICH VAACS ARE VOLUME-
SENSITIVE ORGANIC OSMOLYTE 

ANION CHANNELS (VSOACs)? 

 Upon   osmotic swelling, cells downregulate their 
volume by releasing not only inorganic osmolytes, 
such as K  �   and Cl  �  , but also organic ones, like amino 
acids, polyols, methylamines and nucleotides. Since 
volume-induced release of organic osmolytes is 
inhibited by a number of anion channel blockers, it 

has been suggested that some anion channels serve 
as pathways for swelling-induced efflux of organic 
solutes ( Kimelberg et al., 1990 ;  Kirk et al., 1992 ; 
 Sanchez-Olea et al., 1993 ;  Strange et al., 1996 ;  Kirk, 
1997 ). The pore radius of Maxi-anion (1.16 – 1.42       nm) 
is larger than the effective radii of the anionic amino 
acids such as glutamate, gluconate, or aspartate 
(0.34 – 0.35       nm) and the effective radii of the nucleo-
tides: ATP 4 �  , HATP 3 �  , MgATP 2 �  , ADP 3 �   and UTP 4 �   
(0.53 – 0.62       nm) (see Table 2 in  Sabirov and Okada, 2005 ). 
In contrast, the pore radius of VSOR,  � 0.63       nm, is large 
enough to conduct negatively charged amino acids, 
but not nucleotides. Because of its small unitary con-
ductance, it is reasonable to assume the pore of ClC-2 
to be much smaller than the pore of VSOR. Therefore, 
most likely ClC-2 is not permeable to nucleotides, 
and is only poorly permeable to anionic amino acids. 
In fact, the relative permeability of ClC-2 to aspar-
tate has been measured in cardiac myocytes and 
found to be quite low ( P  aspartate / P  Cl  � 0.04;  Duan et al., 
2000 ). This value is in contrast with the  P  aspartate / P  Cl  
values reported for VSOR: 0.20 ( Banderali and Roy, 
1992 ), 0.42 ( Lewis et al., 1993 ), 0.10 ( Vandenberg et al., 
1994 ), 0.48 ( Jackson et al., 1996 ) and 0.63 ( Yamazaki 
et al., 1998 ). It is also in contrast with the values deter-
mined for Maxi-anion: 0.23 ( Sabirov et al., 2001 ;  Bell 
et al., 2003 ) and 0.42 ( Vallejos and Riquelme, 2007 ). 
Based on these measurements, it is possible to con-
clude that Maxi-anion and VSOR, but presumably not 
ClC-2, are volume-sensitive organic anion channels 
(VSOACs). 

 FIGURE 15.7          Effects of suramin on whole-cell VSOR currents recorded from human epithelial HeLa cells.  A.  Representative recordings 
of currents before and during a hypotonic challenge in the presence or absence of 0.1       mM suramin in the bathing solution. Pulse conditions, 
arrows, a and b are same as those in  Fig. 15.6 . c and d: Traces of current responses under hypotonic conditions during application of suramin 
(c) and after washout of suramin (d).  B.   I / V  relationships before (open symbols) and during (filled symbols) hypotonic stimulation in the 
absence (circles) and presence (triangles) or 0.1       mM suramin as well as after washout of suramin (inverted triangles). Each symbol represents 
the mean current � SEM (vertical bar) for 6 – 10 observations. For details on the methods see        Shimizu et al. (2000, 2004) .    
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    A .      Maxi-anion: An ATP- and 
Glutamate-releasing VSOAC 

 ATP   is not only a universal energy source, but 
also an extracellular second messenger for autocrine 
and paracrine signaling ( Dubyak and el-Moatassim, 
1993 ;  Fields and Stevens, 2000 ;  Bodin and Burnstock, 
2001 ;  Forrester, 2003 ;          Sabirov and Okada, 2004a, 2005, 
2009 ). When stimulated, cells release ATP which then 
binds to P2 purinergic receptors located in their own 
membrane, or in the membranes of neighboring cells, 
thereby signaling in autocrine or paracrine fashions 
( Burnstock, 2004 ). Non-lytic release of ATP is medi-
ated by exocytosis, transporters and channels. Since 
most ATP molecules exist in the cytoplasm in anionic 
forms ( � 87% as MgATP 2 �   and  � 11% as ATP 4 �  ; 
 Sabirov and Okada, 2005 ) at physiological pH, anionic 
channels may constitute the most effective efflux 
pathways for these molecules which are driven by an 
outwardly directed electrochemical potential gradient 
of the order of 10 8  and 10 10  for MgATP 2 �   and ATP 4 �  , 
respectively. This gradient was calculated based on 
the assumption that intracellular and extracellular 
ATP levels are at mM and nM levels, respectively; 
and that the membrane potential is around  � 60       mV 
( Sabirov and Okada, 2005 ). 

 It   has long been considered that a conductive path-
way for ATP release is provided by CFTR ( Reisin et al., 
1994 ;  Schwiebert et al., 1995 ). However, several lines of 
evidence argue against this hypothesis ( Abraham et al., 
1997 ;        Sabirov and Okada, 2004a, 2005 ). Instead, recent 

studies have provided ample supporting evidence 
that Maxi-anion is an ATP release channel. First, Maxi-
anion channels have a large pore size, with an effective 
radius of  � 1.3       nm ( Sabirov and Okada, 2004b ). Such a 
wide pore provides sufficient room to accommodate 
ATP 4 �   and MgATP 2 �   (0.57 – 0.65       nm). Second, in a vari-
ety of cell types we have been able to show inward 
currents carried by ATP 4 �   and MgATP 2 �   flowing 
through Maxi-anion channels, when all anions in the 
intracellular solution are replaced with 100       mM ATP 
or MgATP ( Fig. 15.9   ). The permeability ratio  P  ATP / P  Cl  
estimated by the reversal potential under bi-ionic con-
ditions was around 0.1 for the Maxi-anion channel of 
mouse mammary C127 cells ( Sabirov et al., 2001 ;  Dutta 
et al., 2002 ), rabbit kidney macula densa cells ( Bell et al., 
2003 ), rat ventricular cardiomyocytes (       Dutta et al., 
2004, 2008 ), mouse astrocytes ( Liu et al., 2008a ) and 
rat cardiac fibroblasts ( Fig. 15.9 ). In rat cardiomyo-
cytes, the  P  MgATP / P  Cl  value (0.16) was even higher than 
 P  ATP / P  Cl  ( Dutta et al., 2004 ). ATP currents were sensi-
tive to the blockers SITS, NPPB and Gd 3 �   ( Sabirov 
et al., 2001 ) and sensitive to arachidonic acid ( Dutta 
et al., 2002 ). Third, stimuli that are effective in activating 
Maxi-anion were also effective in provoking  massive 
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 FIGURE 15.9          ATP permeability of Maxi-anion. Ramp  I / V  
recordings from an inside-out patch excised from neonatal rat car-
diac fibroblasts in primary culture in standard electrolyte saline 
solution (Ringer) and in a 100       mM Na 2 ATP bath solution (ATP). 
Pipette solution was a standard Ringer’s solution. The inward cur-
rent recorded in the ATP-exposed patch represents an ATP 4 �   cur-
rent. The amplitude of outward current became smaller when ATP 
was present in the bath, suggesting an open-channel blocking of 
currents by ATP 4 �  , as observed in mammary C127 cells ( Sabirov 
et al., 2001 ) and astrocytes ( Liu et al., 2008a ). For detailed methods 
see the two papers cited above.    

Molecule Shape R (nm)

ATP4− 0.58

SITS2− 0.55

Glibenclamide− 0.60

Suramin6− 0.91

 FIGURE 15.8          Shapes and dimensions of open-channel block-
ers for VSOR. The unhydrated radii were calculated as a geometric 
mean of three dimensions according to the formula:  R �        �      (1/2) 
( l  1   l  2   l  3 ) 1/3 , where  l  1 ,  l  2  and  l  3  are ion dimensions estimated from space-
filling models. The dimension data were calculated using Molecular 
Modeling Pro computer software (Norgwyn Montgomery Software 
Inc., North Wales, PA) after energy minimization by bond rotation. 
Color coding: C  –  green, H  –  white, O  –  red, N  –  blue, P  –  purple, 
S  –  yellow.    
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release of ATP. For instance, osmotic stress elicited the 
release of ATP from C127 cells ( Sabirov et al., 2001 ), 
cardiomyocytes (       Dutta et al., 2004, 2008 ) and astrocytes 
( Liu et al., 2008b ); salt stress released ATP from macula 
densa cells ( Bell et al., 2003 ); and ischemic or hypoxic 
stress resulted in the release of ATP from astrocytes 
( Liu et al., 2008a ). Fourth, in all these studies, the typi-
cal Maxi-anion blockers (Gd 3 �  , SITS, NPPB) effectively 
suppressed the stimulated ATP release, whereas the 
VSOR blockers (phloretin and glibenclamide) failed to 
inhibit the ATP release. Fifth,  Dutta et al. (2008)  found 
that the spatial distribution of the Maxi-anion expres-
sion at the cell surface of both neonatal and adult rat 
cardiomyocytes coincided with the spatial distribution 
of their ATP releasing sites determined by patch-clamp 
under scanning ion conductance microscopy, the 
so-called  “ smart-patch ”  technique ( Gu et al., 2002 ), 
coupled to a biosensor ATP detection method ( Hazama 
et al., 1998a ;  Hayashi et al., 2004 ). 

 Both   ATP and glutamate represent important extra-
cellular second messengers released from mammalian 
cells, and they are sometimes called gliotransmitters 
because brain astrocytes release them in response to 
a number of physiological and pathological stimuli 
( Haydon, 2001 ;  Hansson and Ronnback, 2003 ;  Volterra 
and Meldolesi, 2005 ;  Fellin et al., 2006 ). Astrocytes 
express the Maxi-anion channel which is permeable to 
glutamate with  P  glutamate / P  Cl  of 0.21 ( Liu et al., 2006 ). 
Therefore, it is possible that the astrocytic Maxi-anion 
channel serves as a pathway for glutamate release 
from stimulated astrocytes. Consistent with this 

 inference, swelling- and ischemia-induced glutamate 
release from mouse astrocytes has been shown to be 
largely suppressed by a number of Maxi-anion block-
ers ( Liu et al., 2006 ). However, even the most power-
ful blocker of Maxi-anion, Gd 3 �  , only partially (half at 
most) inhibited swelling- and ischemia-induced release 
of glutamate, indicating the existence of an additional 
releasing pathway in astrocytes ( Liu et al., 2006 ). As 
discussed below, this second pathway is VSOR. 

 In   summary, Maxi-anion is a volume-sensitive 
organic anion channel (VSOAC) serving as a release 
pathway for two major extracellular second messen-
gers or gliotransmitters, ATP and glutamate. Since 
activation of Maxi-anion is facilitated by ATP deple-
tion ( Table 15.3 ), it is likely that its pore may represent 
a predominant pathway for ATP and glutamate under 
stress/emergency conditions, when the cell metabo-
lism is somehow reduced or impaired ( Fig. 15.10   ).  

    B .      VSOR: A Glutamate-releasing VSOAC 

 Swelling  -induced efflux of organic osmolytes has 
long been known to occur in a variety of organisms 
( Strange et al., 1996 ;  Kirk, 1997 ) including mammalian 
cells ( Pasantes-Morales and Schousboe, 1989 ;  Siebens 
and Spring, 1989 ). Kimelberg and collaborators 
( Kimelberg et al., 1990 ) observed swelling-induced 
release of glutamate, aspartate and taurine in cul-
tured astrocytes, which was sensitive to anion trans-
port blockers. Roy and collaborators provided the first 
evidence for swelling-induced amino acid release via 
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 FIGURE 15.10          Schematic drawing representing the roles of VSOR and Maxi-anion in glutamate and ATP release. VSOR-mediated release 
of Cl  �   is known to be involved in regulatory volume decrease (RVD) under hypotonic conditions (see  Okada, 1997 ), and in apoptotic volume 
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VSOR from MDCK cells ( Banderali and Roy, 1992 ; 
 Roy and Malo, 1992 ). They showed a relatively high 
permeability not only to anionic amino acids such 
as glutamate ( P  glutamate / P  Cl       �      0.18) and aspartate 
( P  aspartate / P  Cl       �      0.2), but also to a zwitterionic amino 
acid, taurine ( P  taurine / P  Cl       �      0.49). Subsequent electro-
physiological studies performed in a variety of cells 
also showed significant permeabilities of VSORs to 
glutamate ( P  glutamate / P  Cl  � 0.06 to 0.20 ( Chan et al., 
1994 ;  Arreola et al., 1995 ;  Roy, 1995 ;  Basavappa et al., 
1996 ;  Boese et al., 1996 ;  Levitan and Garber, 1998 ; 
 Schmid et al., 1998 ;  Carpaneto et al., 1999 ;  Sakai et al., 
1999 ;  Liu et al., 2006 ) and to taurine ( P  taurine / P  Cl  � 0.15 
to 0.26 ( Jackson and Strange, 1993 ;  Roy, 1995 ;  Lewis 
et al., 1996 ). 

 Glutamate   is released from astrocytes during 
increased electrical activity in normal brain tissue 
and upon pathologic insults such as ischemia and 
trauma. Astroglial swelling is currently considered 
to be the main cause of glutamate release in the brain 
( Pasantes-Morales et al., 2002 ;  Phillis and O’Regan, 
2003 ;  Kimelberg et al., 2004 ). However, stimulation of 
bradykinin receptors has also been shown to induce 
the release of glutamate from astrocytes ( Parpura 
et al., 1994 ), even without concomitant cell swelling 
( Liu, 2007 ). Putative pathways for astrocytic glutamate 
release are currently considered to include exocytosis, 
reverse-mode operation of some Na  �  -dependent glu-
tamate transporters, gap junction hemichannels and 
chloride channels ( Phillis and O’Regan, 2003 ;  Evanko 
et al., 2004 ;  Parpura et al., 2004 ). Since the astrocytic 
VSOR is also considerably permeable to glutamate 
(with a  P  glutamate / P  Cl  � 0.15 ( Liu et al., 2006 )), this 
channel is likely to serve as a pathway for glutamate 
release from swollen astrocytes. Indeed, two effective 
blockers of the astrocytic VSOR, phloretin and tamoxi-
fen, significantly suppressed the Gd 3 �  -insensitive (i.e. 
Maxi-anion-independent) component of glutamate 
release in mouse astrocytes exposed to hypotonic or 
ischemic conditions ( Liu et al., 2006 ). This observation 
is in good agreement with the observations of Mongin 
and collaborators ( Abdullaev et al., 2006 ) showing 
that the VSOR blockers, tamoxifen and DCPIB, effec-
tively inhibited swelling-activated D-[ 3 H] aspartate 
release from rat astrocytes. Taken together, these data 
demonstrate that glutamate is released from swollen 
astrocytes, not only via the Maxi-anion channels but 
also through VSOR channels ( Fig. 15.10 ). Further, in 
the absence of osmotic cell swelling, a VSOR current 
is activated by a number of apoptotic stimuli ( Shimizu 
et al., 2004 ) and reactive oxygen species, ROS ( Browe 
and Baumgarten, 2004 ;  Shimizu et al., 2004 ;  Varela 
et al., 2004 ). Thus, it is likely that VSOR-mediated glu-
tamate release is also induced by apoptotic stimuli 

and ROS ( Fig. 15.10 ). In fact, Mongin and collabora-
tors ( Harrigan et al., 2008 ) have recently confirmed 
ROS-induced, VSOR-mediated release of D-[ 3 H] 
aspartate from rat microglia. 

 The    β -amino acid taurine is one of major organic 
osmolytes in mammalian tissues, and it is mostly (96% 
at pH 7.4) present as a zwitterion at physiological pH 
due to its p K  1  	  of 1.5 and p K  2   	   of 8.82. In whole-cell 
experiments performed at pH            8.2, using very high 
concentrations of taurine to ensure a sufficient amount 
of anionic form of this amino acid, VSOR was shown 
in various cell types to exhibit a relatively high per-
meability to this osmolyte. The following values for 
 P  taurine / P  Cl  have been measured:  � 0.49 in MDCK cells 
( Banderali and Roy, 1992 ),  � 0.2 in rat C6 glioma cells 
( Jackson and Strange, 1993 ),  � 0.31 to 0.36 in human 
glial U-138MG cells ( Roy, 1995 ), and  � 0.34 to 0.40 in 
calf endothelial cells ( Manolopoulos et al., 1997b ). 
Although this fact alone does not warrant that VSOR 
serves as a pathway for the neutral, zwitterionic form 
of taurine, the  ‘  ‘ VSOR      �      taurine channel hypothesis ’  ’  
was put forward mainly based on pharmacological 
observations showing that a number of VSOR block-
ers inhibit swelling-induced taurine release ( Jackson 
and Strange, 1993 ;  Lewis et al., 1996 ;  Chou et al., 
1997 ;  Manolopoulos et al., 1997a, b ;  Shen et al., 2001 ). 
However, there are several other pieces of evidence 
at variance with this hypothesis. First, the pharmaco-
logical properties of swelling-induced taurine release 
and swelling-activated Cl  �   currents (or I  �   efflux), 
although similar, are not precisely identical ( Lambert 
and Hoffmann, 1994 ;  Van Winkle et al., 1994 ;  Moran 
et al., 1997 ;  Stutzin et al., 1997 ;  Tomassen et al., 2004 ). 
Second, the activation time course of taurine and Cl  �   
or I  �   fluxes do not parallel ( Moran et al., 1997 ;  Stutzin 
et al., 1999 ;  Tomassen et al., 2004 ). Third, the osmolarity 
thresholds for taurine release and Cl  �   current activa-
tion are different ( Ordaz et al., 2004 ). Fourth, swelling 
activates taurine release without activating Cl  �   cur-
rents or I  �   efflux and vice versa in some cell types 
( Shennan et al., 1994 ;  Kirk, 1997 ;  Stegen et al., 2000 ). 

 Given   that the effective radius of the VSOR pore 
(0.63       nm) is very close to that of ATP (0.57 – 0.65       nm) 
( Ternovsky et al., 2004 ), there remains the possibil-
ity that VSOR can permeate ATP, albeit not very effi-
ciently; ATP could be freed from the voltage-dependent 
open-channel blockade. Indeed, at very large posi-
tive potentials, ATP block is released and the molecule 
squeezed out of the VSOR pore into the external cell 
surfaces ( Hisadome et al., 2002 ). However, there is no 
evidence for actual exit of cytosolic ATP through the 
VSOR pore. Furthermore, most of the results obtained 
so far argue against the  ‘  ‘ VSOR      �      ATP  channel 
hypothesis ’  ’ . First, swelling-induced ATP release is 
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not suppressed by the VSOR blockers glibenclamide 
(         Hazama et al., 1998b, 1999, 2000b ;  Mitchell et al., 
1998 ), DPC ( Mitchell et al., 1998 ), DIDS ( Mitchell et al., 
1998 ) and SITS ( Hazama et al., 1999 ). Second, the most 
effective blocker of swelling-induced ATP release, 
Gd 3 �  , failed to inhibit VSOR activity in various cells 
types ( Hazama et al., 1999, 2000b ;  Sabirov et al., 2001 ). 
Third, monoclonal antibodies raised against mem-
brane proteins from swollen Intestine 407 cells blocked 
swelling-induced ATP release without affecting VSOR 
( Hazama et al., 1999, 2000a ). Finally, heterologous 
expression of CFTR upregulates swelling-induced 
ATP release ( Ando-Akatsuka et al., 2002 ) but down-
regulates VSOR activity ( Vennekens et al., 1999 ;  Ando-
Akatsuka et al., 2002 ). Taken together, it appears that 
VSOR is not involved in ATP release within the nor-
mal range of transmembrane voltages, although the 
extracellular VSOR entrance can accommodate extra-
cellular ATP and might even translocate it to the intra-
cellular compartment at very high positive potentials. 

 In   summary, VSOR is a volume-sensitive organic 
anion channel (VSOAC), which serves as a pathway 
for glutamate release from animal cells. This path-
way is especially important in astrocytes. It is, how-
ever, unlikely that VSOR functions as a pathway for 
the release of ATP and taurine. Since VSOR activa-
tion requires intracellular ATP ( Table 15.3 ), it is likely 
that the VSOR channel may represent a predominant 
pathway for glutamate release from cells containing 
normal intracellular ATP concentrations under physi-
ological metabolic states ( Fig. 15.10 ).   

    IV .      WHAT ARE THE MOLECULAR 
IDENTITIES OF MAXI-ANION 

AND VSOR? 

 Among   plasmalemmal anion channels expressed 
in animal cells ( Table 15.1 ), so far, only the molecu-
lar entities of ligand-gated anion channels (GLyR, 
GABA A R, GABA C R), voltage-dependent anion chan-
nel members of the ClC superfamily (ClC-1, ClC-2, 
ClC-Ka/K1, ClC-Kb/K2) and a cAMP/PKA-activated 
anion channel (CFTR) have been identified. However, 
the molecular nature of other anion channels (CaCC, 
VSOR, Maxi-anion and ASOR) remains unknown 
despite the fact that they are ubiquitously expressed 
and functionally well defined (see Chapters 12 to 14 
in this volume). Biochemical purification approaches 
for these ACs are hampered by the relatively scarce 
protein expression and by the lack of specific, high-
affinity ligands or blockers. Further, molecular bio-
logical approaches such as the expression cloning 

strategy cannot be applied for these ubiquitously and 
constitutively expressed membrane-spanning proteins 
because of lack of good negative controls. For the case 
of Ca 2 �  -activated Cl  �   channel (CaCC), several can-
didates have been recently identified, but the story 
remains inconclusive. They include the bestrophins 
( Chien et al., 2006 ;  Hartzell et al., 2008 ) and other pro-
teins, as discussed in detail in Chapters 1, 13 and 20 in 
this volume. For VSOR and Maxi-anion, things are not 
very different; all candidate molecules so far proposed 
have been judged to be unacceptable (see below). 

    A .      Maxi-anion Channel Protein is Distinct 
from the Voltage-dependent Anion Channel 
Porin and Tweety 

 Some   electrophysiological properties of Maxi-
anion, such as the very large single-channel conduc-
tance and the bell-shaped voltage dependence of the 
open probability, are similar to those of the voltage-
dependent anion channel (VDAC or porin) expressed 
in the outer membrane of mitochondria ( Mannella, 
1997 ;  Colombini, 2004 ), and in the plasma membrane 
of several cell types ( Thinnes, 1992 ;  Buettner et al., 
2000 ). Further, the activity of the Maxi-anion channel 
is blocked by anti-VDAC1 monoclonal antibody in rat 
astrocytes ( Dermietzel et al., 1994 ) and by antisense 
oligonucleotide-mediated knockdown of pl-VDAC in 
mouse neuroblastoma C1300 cells ( Bahamonde et al., 
2003 ). Based on these similar properties, it has been 
proposed that the plasmalemmal VDAC (pl-VDAC) 
is the most likely candidate of the Maxi-anion protein. 
However, gene silencing experiments have refuted 
this hypothesis. Indeed, silencing all three isoforms of 
VDAC (VDAC1-3), for instance by silencing VDAC2 
in fibroblasts derived from VDAC1/VDAC3 double-
deficient mice failed to affect the Maxi-anion activity 
( Sabirov et al., 2006 ). 

 Recently  ,  Suzuki and Mizuno (2004)  reported that 
a gene called  tweety , which is found in the  Drosophila 
flightless  locus, has a structure similar to that of 
known ion channels. The human homolog of  tweety , 
hTTYH1, has been proposed to encode for a large-
conductance, Ca 2 �  -activated anion channel ( Suzuki, 
2006 ). We tested the  ‘  ‘ Maxi-anion      �      TTYH1 hypoth-
esis ’  ’  by transfecting two splice variants of the TTYH1 
gene (TTYH1-E and TTYH1-SV) into HEK293T cells. 
As shown in  Fig. 15.11   , both TTYH1-E- and TTYH1-
SV-transfected cells failed to demonstrate the unitary 
current that is phenotypic of the Maxi-anion current. 
In conclusion, for the time being, there is no sufficient 
evidence backing the hypothesis that TTYH1 encodes 
the Maxi-anion channel.  
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    B .      VSOR is a Protein Distinct from 
P-glycoprotein, pI Cln , ClC-3 and Best 

 So   far, three proteins have been proposed as can-
didates for the molecular counterpart of VSOR. They 
are the multidrug resistance ABC transporter P-gly-
coprotein (PGP), the 26       kDa protein pI Cln  and ClC-3 
( Paulmichl et al., 1992 ;  Valverde et al., 1992 ;  Duan et al., 
1997b ). All three proteins were described as VSOR 
candidates based on the observation that their over-
expression induced or enhanced functional expression 
of the VSOR current. 

 The   first hypothesis assumed that PGP switches 
from a multidrug-resistant drug pump to a chloride 
channel upon osmotic cell swelling ( Gill et al., 1992 ; 
 Valverde et al., 1992 ). This  ‘  ‘ transporter/ channel 

switching hypothesis ’  ’  was initially taken to one’s 
heart, because it had been established that another 
ABC transporter, CFTR, represented the molecu-
lar entity of the cAMP/PKA-activated anion chan-
nel. As summarized in several review articles ( Nilius 
et al., 1997 ;  Okada, 1997 ;  Okada et al., 1998 ;  Idriss 
et al., 2000 ), this attractive hypothesis had to be dis-
carded in the face of mounting evidence showing 
that P-glycoprotein is distinct from VSOR. The evi-
dence includes the following results obtained in our 
laboratory: (1) VSOR activity was not affected by anti-
sense-induced abolition of PGP expression in human 
epithelial Intestine 407 cells ( Tominaga et al., 1995 ); (2) 
VSOR currents were not blocked in Intestine 407 cells 
by three types of anti-PGP monoclonal antibodies 
( Tominaga et al., 1995 ); (3) neither the PGP inhibitor 
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verapamil nor the PGP drug pump substrates vincris-
tine and daunomycin prevented the swelling-induced 
VSOR activation in Intestine 407 cells ( Tominaga 
et al., 1995 ); (4) the maximal VSOR current amplitude 
was indistinguishable between PGP-transfected KB-
G2 cells and their parental PGP-lacking KB-3-1 cells 
( Miwa et al., 1997 ). The original observation showing 
enhancement of the VSOR current by PGP overex-
pression ( Valverde et al., 1992 ) may have been caused 
by some special experimental conditions (e.g. protein –
 protein interaction) because PGP overexpression was 
found to upregulate VSOR activity ( Valverde et al., 
1996 ;  Miwa et al., 1997 ) by augmenting the channel’s 
sensitivity to cell volume changes or to cell membrane 
expansion ( Miwa et al., 1997 ), an effect that was inde-
pendent of PGP’s ATPase activity ( Okada et al., 1997 ). 

 The   second hypothesis proposed that an intra-
cellular 235-amino acid protein pI Cln , which has no 
putative transmembrane domain, is involved in form-
ing the VSOR pore after its insertion into the plasma 
membrane upon osmotic swelling, thereby conferring 
sensitivity of VSOR to extracellular ATP, cAMP and 
cGMP by exposing the glycine-rich nucleotide-bind-
ing site to the extracellular solution ( Paulmichl et al., 
1992 ). However, VSOR currents were not suppressed 
by extracellular cAMP and cGMP in Intestine 407 cells 
( Tsumura et al., 1996 ). Moreover, overexpression of 
pI Cln  in  Xenopus laevis  oocytes resulted in activation of 
anion currents with channel properties (rectification, 
anion selectivity and blocking) that were clearly dif-
ferent from those of VSOR ( Voets et al., 1996 ;  Buyse 
et al., 1997 ). Furthermore, reconstitution of recombinant 
pI Cln  into lipid bilayers often yielded cationic, rather 
than anionic currents which exhibited totally different 
rectification and single-channel conductance proper-
ties ( Li et al., 1998 ;  Strange, 1998 ;  Furst et al., 2000 ), 
and which sometimes gave anionic currents with 
properties markedly different from those of VSOR 
( Garavaglia et al., 2002 ). Finally, it must be noted that 
pI Cln  has been recently identified as a constitutive 
cytosolic and nuclear protein which is a component 
of spliceosomal nuclear ribonucleoprotein (       Pu et al., 
1999, 2000 ). 

 The   third hypothesis proposes that ClC-3 is the 
molecular counterpart of VSOR. This was proposed 
by Duan and co-workers (         Duan et al., 1997a, b, 1999 ), 
based on the following observations. (1) Transfection 
of the cDNA coding the guinea-pig cardiac ClC-3 in 
NIH3T3 cells conferred a basal outward-rectifiying 
anion conductance to these cells ( Duan et al., 1997b ). 
This anion current was enhanced by osmotic swell-
ing and was inhibited by a PKC activator ( Duan et al., 
1997b ). The current also exhibited an intermediate uni-
tary conductance, a I  �        �      Cl  �   selectivity,  inactivation 

kinetics at large positive potentials, and sensitiv-
ity to DIDS, tamoxifen and extracellular ATP ( Duan 
et al., 1997b ). These properties, with the exception of 
the PKC sensitivity (see below) are similar to those of 
VSOR currents. (2) A single amino acid replacement 
(N579K) was found to change the halide selectivity 
from I  �        �      Cl  �   to Cl  �        �      I  �   and the channel rectifica-
tion from outward to inward ( Duan et al., 1997b ). (3) 
The S51A mutation abolished the volume sensitivity 
and the PKC sensitivity ( Duan et al., 1999 ). (4) Dialysis 
with synthetic C-termini peptides, which block ClC-3 
interaction with F-actin, partially suppressed swelling-
activated anion currents in NIH3T3 cells transfected 
with the short isoform of ClC-3 ( McCloskey et al., 
2007 ). (5) Anti-ClC-3 antibodies suppressed the VSOR-
like swelling-activated anion currents endogenously 
expressed in guinea-pig atrial cells and canine smooth 
muscle cells ( Duan et al., 2001 ;  Wang et al., 2003 ; 
 Yamamoto-Mizuma et al., 2004 ). (6) Knock-down of 
ClC-3 by antisense oligonucleotides or antisense cRNAs 
also suppressed the swelling-activated chloride currents 
native to HeLa cells and  Xenopus  oocytes ( Hermoso 
et al., 2002 ). Some of these observations have been 
supported by other laboratories: With regard to the 
first, fifth and sixth points, Zhou and collaborators 
showed that transfection of guinea-pig ClC-3 cDNA 
in embryonic rat smooth muscle (A10) cells also aug-
mented swelling-activated anion currents and that 
both antisense oligonucleotides and antibodies to 
ClC-3 suppressed the swelling-activated anion cur-
rent ( Zhou et al., 2005 ). Furthermore, sensitivity of 
endogenous VSOR-like currents to anti-ClC-3 anti-
bodies has also been observed in AGS cells ( Jin et al., 
2003 ), LNCaP cells ( Lemonnier et al., 2004 ) and NPE 
cells ( Do et al., 2005 ). In addition, it has been recently 
shown that knockdown of ClC-3 by short-hairpin 
RNA reduced (but not abolished) anionic currents acti-
vated by lysophosphatidic acid or osmotic swelling 
in human corneal keratinocytes and lung fibroblasts 
( Yin et al., 2008 ). However, it must be stressed that 
despite all these observations, we cannot exclude the 
possibility that ClC-3 is not the VSOR channel  per se  
but rather a regulator of its activity. 

 An   alternative possibility could be that ClC-3 repre-
sents only one subtype of VSOR, or ClC3 in combina-
tion with (an)other channel(s) mediate VSOR currents. 
This was pointed out by Wang and collaborators on 
the basis of their observations showing that antisense 
ClC-3 knockdown only partially reduced swelling-
activated anion currents, and that the sensitivity of the 
remaining current became altered by a PKC activator 
and by extracellular ATP ( Wang et al., 2000 ). This pos-
sibility is also supported by recent data from Hume’s 
group. They found that in  ClC-3-deficient atrial cells,  

IV. WHAT ARE THE MOLECULAR IDENTITIES OF MAXI-ANION AND VSOR?
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swelling-activated Cl  �   currents are devoid of some of 
the properties inherent to the wildtype atrial cells, such 
as intracellular ATP dependence, as well as sensitiv-
ity to PKC and to anti-ClC-3 antibodies ( Yamamoto-
Mizuma et al., 2004 ). Although the authors reached 
the conclusion that ClC-3 constitutes one subtype of 
VSORs by assuming compensation by some other ClC 
member(s) in ClC-3-deficient cells, a simplest interpre-
tation of the data would be that ClC-3 in atrial myocytes 
plays a regulating role in the activity and properties of 
VSOR. In this regard, it must be pointed out that some 
properties of ClC-3-associated anion currents observed 
by the Hume’s group are markedly different from the 
phenotypic properties of VSOR observed in a wide 
variety of cells. First, their ClC-3-associated current was 
constitutively very active in non-swollen cells ( Duan 
et al., 1997b ), whereas the VSOR activity becomes 
prominent only after osmotic swelling (or other 
maneuvers such as ROS, GTP γ S or reduced intracellu-
lar ionic strength; see        Okada et al., 1997, 2006 ). Second, 
the open probability ( P  o  � 0.6) of a ClC-3-associated 
single-channel event ( Duan et al., 1997b ) is much lower 
than that of VSOR ( P  o  � 1 at negative potentials;  Okada, 
1997 ). Third, the ClC-3-associated current is inhibited 
by cAMP ( Nagasaki et al., 2000 ), whereas cAMP was 
found to have no effect on the VSOR current in many 
cell types ( Okada, 1997 ) or even enhance the VSOR 
current in dog atrial myocytes ( Du and Sorota, 1997 ), 
mouse ventricular myocytes ( Gong et al., 2004 ) and 
human epithelial cells ( Shimizu et al., 2000 ;  Shuba 
et al., 2000 ). Further, at variance with the hypothesis 
that ClC3 mediates VSOR currents is the observation 
by two independent groups that ClC-3 overexpression 
elicits anion currents that are completely independent 
of VSOR currents ( Li et al., 2000 ;  Huang et al., 2001 ). 
Finally, recent studies using ClC-3 knockout mice have 
provided the most critical evidence that native VSOR 
currents are totally independent of ClC-3 expression. 
Indeed, currents that were identical to those carried 
through VSOR in whole-cell mode were observed in 
hepatocytes and pancreatic acinar cells ( Stobrawa et al., 
2001 ) and parotid salivary acinar cells ( Arreola et al., 
2002 ) isolated from ClC-3 knockout mice. Furthermore, 
biophysical and pharmacological properties of VSOR 
currents in ventricular myocytes of ClC-3-deficient 
and wildtype mice were found to be indistinguish-
able, either at the macroscopic whole-cell current level 
( Gong et al., 2004 ), or at the microscopic single-channel 
level ( Wang et al., 2005 ). 

 In   summary, it is clear that PGP, pI Cln  and ClC-3 
are not the molecular entities behind VSOR currents, 
although there remains the possibility that ClC-3 may 
participate in the regulation of the VSOR activity in 
some special situations. 

 Recently  , Hartzell and co-workers have provided 
evidence that bestrophins are a new family of anion 
channels. Bestrophins are represented by four mem-
bers in  Drosophila  and humans, and three members in 
mice (       Hartzell et al., 2005, 2008 ). Among the members, 
hBest1, hBest2, hBest4, mBest2, dBest1 and dBest2 
have been shown to function as CaCCs in heterologous 
expression systems ( Sun et al., 2002 ;        Qu et al., 2003, 
2004 ;        Tsunenari et al., 2003, 2006 ;  Chien et al., 2006 ). 
Some hBest1 mutants have been associated with mac-
ular degeneration called Best vitelliform macular dys-
trophy ( Marquardt et al., 1998 ;  Petrukhin et al., 1998 ; 
 White et al., 2000 ;  Yu et al., 2007 ). Recently,  Chien and 
Hartzell (2007)  have found that not only a rise in the 
intracellular Ca 2 �   level, but also osmotic cell swelling 
are activators for dBest1-associated anion currents in 
 Drosophila  S2 cells. The properties of both the swelling-
activated and Ca 2 �  -activated dBest1 currents are, how-
ever, distinct from those of VSOR and characterized 
by a sigmoidal whole-cell  I / V  relationship, a linear 
single-channel  I / V  relationship, no discernible voltage-
dependent inactivation kinetics at positive potentials, 
and a small unitary conductance of  � 2       pS ( Chien et al., 
2006 ;  Chien and Hartzell, 2007 ). Also, human HEK293 
cells do not express hBest1 and hBest2 ( Chien et al., 
2006 ) and mouse C127 cells lack expression of mBest1, 
mBest2 and mBest3 (Toychiev, Sabirov and Okada, 
unpublished RT-PCR observations), whereas both cell 
lines have native VSOR activities. Furthermore, trans-
fection with the dominant negative mutant (G299E) of 
hBest1 failed to affect endogenous VSOR currents in 
HEK293 cells ( Fischmeister and Hartzell, 2005 ). Thus, 
it appears that dBest1 is one subset of VAACs, but 
dBest1 and hBest1 are not related to VSOR. 

 Taken   together, we must admit that for the time 
being, we have no good candidate molecules for 
VSOR currents. One of the difficulties encountered 
in the VSOR identification has been its ubiquitous 
expression. We now have a cell line (the cisplatin-
resistant K-CP4 cell line), which lacks endogenous 
VSOR activity ( Lee et al., 2007 ;  Shimizu et al., 2008 ). 
This cell line may be useful for testing molecular can-
didates for VSOR in the near future.   

    V .      ADDENDUM: THOUGHTS ON 
WHETHER ClC-3 IS A Cl  �   CHANNEL 

OR A Cl  �  /H  �   ANTIPORTER 

 Although   it is now unlikely that ClC-3 medi-
ates VSOR currents, one cannot exclude the possible 
involvement of ClC-3 in the formation or regulation 
of other type(s) of Cl  �   channel. In fact, Weinman and 
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collaborators reported that transfection of the short 
form of rat ClC-3 in CHO-K1 cells resulted in the acti-
vation of swelling-insensitive anion currents, without 
affecting endogenous VSOR currents ( Li et al., 2000 ). 
These ClC-3-associated currents were characterized by 
very sharp outward rectification, a Cl  �        �      I  �   perme-
ability sequence, lack of inactivation kinetics at posi-
tive potentials, and insensitivity to DIDS and NPPB. 
These properties are distinct from the properties of 
VSOR currents. In addition, Nelson and collaborators 
reported that human ClC-3 transfected into tsA cells 
induced swelling-insensitive, Ca 2 �  /CaMKII-activated 
Cl  �   currents ( Huang et al., 2001 ). In a more recent 
study, they indicated that ClC-3 is expressed mainly on 
the synaptic membrane in mouse hippocampal neu-
rons and functions as a Ca 2 �  /CaMKII-activated Cl  �   
channel ( Wang et al., 2006 ). However, previous molec-
ular expression studies indicated that native ClC-3 
localizes exclusively in intracellular compartments 
such as synaptic vesicles, endosomes and secretory 
granules ( Stobrawa et al., 2001 ;  Gentzsch et al., 2003 ; 
 Moreland et al., 2006 ;  Miller et al., 2007 ). Furthermore 
when heterologously overexpressed, ClC-3 was also 
found to be mainly localized intracellularly ( Weylandt 
et al., 2001 ;  Li et al., 2002 ;  Zhao et al., 2007 ). Consistent 
with this observation of intracellular expression, Cl  �  -
transporting functions of ClC-3 have been found to be 
required for respiratory burst mediated by NADPH 
oxidase (NOX2) at secretory granules in polymor-
phonuclear leukocytes (PMNs) ( Moreland et al., 2006 ; 
 Moreland et al., 2007 ) and for NOX1-mediated ROS 
production in vascular smooth muscle cells ( Miller 
et al., 2007 ). Also, it must be stressed that halide per-
meability sequence for stimulated ROS production in 
PMNs (Cl  �        �      Br  �        �      I  �  ) was found to be distinct from 
that for VSOR by  Moreland et al. (2006) . 

 Since   ClC-3, -4, and -5 belong to a common branch 
of the CLC gene family with  � 80% sequence iden-
tity ( Jentsch et al., 2005b ), it has been assumed that 
ClC-3 may not be a Cl  �   channel, but a Cl  �  /H  �   anti-
porter like ClC-4 and ClC-5 ( Picollo and Pusch, 2005 ). 
Matsuda et al. have recently provided direct evidence 
that ClC-3, overexpressed in HEK293 cells, functions 
as an electrogenic Cl  �  /H  �   antiporter with sharp out-
ward rectification properties ( Matsuda et al., 2008 ). 
Further details on ClC-3 function can be found in 
Chapter 12 in the present volume.  
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O U T L I N E

    I .       INTRODUCTION 

 Transcellular   ion transport in epithelial cells 
requires specific plasma membrane proteins that 
mediate ion influx and efflux. The electrochemical gra-
dient that promotes Na  �   influx and K  �   efflux is gen-
erated by the Na  �  /K  �  -ATPase, which, with the so far 

known exceptions of the retinal pigment epithelium 
and the choroid plexus, is expressed at the basolateral 
membrane of epithelia. In the apical membrane, trans-
port of Na  �   or K  �   following their gradients occurs 
through ion channels, or by secondary active trans-
porters in which Na  �   or K  �   transport is coupled with 
that of ions or other solutes. Among these secondary 
active transport mechanisms are the Na  �  -coupled 
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 cotransporters, which translocate anions and cations 
with electroneutral stoichiometry and thus ion move-
ment occurs without producing changes in trans-
membrane potential. Because of these features, this 
family of solute carriers is known as the electroneutral 
cation-Cl  �  -coupled cotransporters. These cotransport-
ers are not only critical for ion absorption and secre-
tion in epithelial cells, but also play a key role in the 
maintenance and regulation of cell volume in both 
epithelial and non-epithelial cells. Since Na  �   influx 
and K  �   efflux by electroneutral cotransporters are off-
set by the Na  �  /K  �  -ATPase, it is believed that the net 
effect of these cotransporters ’  activity is the inward 
movement of Cl  �  . Besides transepithelial ion move-
ments and cell volume regulation, a variety of physi-
ological roles have been proposed for electroneutral 
cotransporters in the regulation of intracellular chlo-
ride concentration ([Cl  �  ] i ). A key example is the mod-
ulation of [Cl  �  ] i  in neurons, a process that is critical in 
the postsynaptic membrane response to neurotrans-
mitters acting on receptors coupled with Cl  �   channels, 
as discussed in several chapters throughout this book. 

 Four   types of electroneutral cotransporter systems 
have been identified based on a number of criteria, 
including the type and number of cations coupled to 
Cl  �  , the stoichiometry of the process and the sensi-
tivity of the cotransporters to various inhibitors. The 
four identified systems include: (1) the benzothiadia-
zine (or thiazide)-sensitive Na  �  -Cl  �   cotransporter, (2) 
the sulfamoylbenzoic (or bumetanide)-sensitive Na  �  -
K  �  -2Cl  �   cotransporter, (3) the sulfamoylbenzoic (or 
bumetanide)-sensitive Na  �  -Cl  �   cotransporter and (4) 
the dihydroindenyloxy-alkanoic acid (DIOA)- sensitive 
K  �  -Cl  �   cotransporter. 

 Conclusive   physiological evidence for the exis-
tence of the electroneutral cation-chloride-coupled 
cotransporters became available at the end of the 
1970s. First, there was the observation of an Na  �  -Cl  �   
interdependent electroneutral pathway in the winter 
flounder urinary bladder ( Renfro, 1977 ). This was fol-
lowed by the observation of the Na  �  -K  �  -2Cl  �   mech-
anism in Ehrlich ascites cells ( Geck et al., 1980 ), and 
then a K  �  -Cl  �   pathway in red blood cells ( Lauf and 
Theg, 1980 ;  Dunham and Ellory, 1981 ). Since then, a 
remarkable amount of information has been gener-
ated on several aspects of these transport systems in 
many different cells and experimental conditions. As 
will be discussed, identification of the cotransporters 
at the molecular level revealed that the electroneu-
tral cation-Cl  �  -coupled cotransporter family can be 
divided into two branches ( Gamba, 2005 ): the Na  �  -
driven branch, which encompasses the cotransport-
ers using Na  �   (with or without K  �  ) as the cation(s) 
coupled to Cl  �  , and the K  �  -driven branch, composed 

of  cotransporters that use only K  �   as the Cl  �  -coupled 
cation. The present chapter discusses the Na  �  -depen-
dent Cl  �   cotransporters and concentrates on the infor-
mation that became available as a consequence of 
 cloning the cDNAs encoding for some of their mem-
bers. The major subjects for discussion for each trans-
porter in this chapter are: (1) molecular biology, (2) 
functional properties of the recombinant proteins, (3) 
structure – function analysis, (4) physiological role and 
(5) participation of Na  �  -Cl  �  -coupled cotransporters 
in pathophysiology of monogenic and polygenic dis-
eases. The K  �  -Cl  �   cotransporter branch is discussed 
in detail in Chapters 3 and 17 in this volume.  

    II .      MOLECULAR BIOLOGY OF THE 
SODIUM-DEPENDENT CHLORIDE 

COTRANSPORTERS 

 Soon   after the discovery of the Na  �  -dependent Cl  �   
cotransporters ( Geck et al., 1980 ;  Renfro, 1975 ), the 
molecular identification of these transport systems 
was attempted by many laboratories ( Dunham et al., 
1990 ;  Feit et al., 1988 ;  Jorgensen et al., 1984 ;  Turner and 
Geroge, 1990 ;  Luo et al., 1990 ;  Ellison et al., 1990 ). A 
major breakthrough in this field occurred in the early 
1990s when researchers were able to identify the genes 
encoding Na  �  -Cl  �   (       Gamba et al., 1993, 1994 ) and Na  �  -
K  �  -2Cl  �   cotransporters ( Xu et al., 1994 ;  Payne and 
Forbush, 1994 ;  Gamba et al., 1994 ;  Delpire et al., 1994 ). 
As eloquently predicted by Homer Smith in his book 
 From Fish to Philosopher  ( Smith, 1953 ), cDNAs encod-
ing these proteins were first identified in fish sources 
and then in mammalian sources using homology 
approaches with fish cDNAs. 

    A .      The Thiazide-sensitive Na  �  -Cl  �   
Cotransporter 

 The   first electroneutral cotransporter protein iden-
tified at the molecular level was the thiazide-sensitive 
Na  �  -Cl  �   cotransporter (NCC) from  Pseudopleuronectes 
americanus  (winter flounder) urinary bladder, fol-
lowing an expression cloning strategy using  Xenopus 
laevis  oocytes as a heterologous expression system 
( Gamba et al., 1993 ). The 3.7       kb cDNA clone exhib-
ited an open reading frame of 3069       bp and predicted a 
protein comprised of 1023 amino acid residues with a 
core molecular mass of 112       kDa. The hydropathy anal-
ysis ( Kyte and Doolittle, 1982 ) suggested for the first 
time the basic two-dimensional topology of the Na  �  -
coupled-Cl  �   cotransporters shown in  Fig. 16.1   . These 
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 results were consistent with a central hydrophobic 
domain containing 12  α -helices compatible with puta-
tive transmembrane-spanning segments, flanked by 
a short amino terminal and long carboxyl terminal 
domains of intracellular localization. The algorithm 
predicted a long hydrophilic loop interconnecting 
transmembrane segments 7 and 8 (see Chapter 11). 
Later studies using some members of the SLC12A 
family revealed that this loop is indeed glycosylated 
( Hoover et al., 2003 ;  Moreno et al., 2006 ;  Paredes et al., 
2006 ). Northern blot analysis of winter flounder tis-
sues revealed expression of a 3.7       kb transcript in the 
urinary bladder and a shorter 3.0       kb message due to 
alternative splicing in several tissues including the 
gonads, intestine, eye, brain, skeletal muscle and heart 
( Gamba et al., 1993 ). The functional consequence of 
this variant has not been resolved ( Merino et al., 1999 ). 
Primary sequences of the thiazide-sensitive cotrans-
porter (NCC) were later reported from four mamma-
lian species, including  Rattus norvegicus  (rat) ( Gamba 
et al., 1994 ),  Mus musculus  (mouse) ( Kunchaparty et al., 
1999 ),  Oryctolagus cuniculus  (rabbit) ( Velazquez et al., 
1998 ) and  Homo sapiens  (human) ( Simon et al., 1996b ; 
 Mastroianni et al., 1996b ). The extent of identity among 
mammalian NCCs is  � 90%, and of any mamma-
lian with flounder is  � 60%. Interestingly, rabbit and 
human NCCs are longer than rat and mouse ortho-
logs due to the presence of 17 – 26 amino acid residues 
in the carboxyl terminal domain. These extra residues 
were shown to be encoded in humans by a separate 
exon (exon 20), which is not present in mouse or rat. It 
is noteworthy that in humans, there is a putative pro-
tein kinase A (PKA) site (RPS) within the extra frag-
ment that is not present in rabbit, mouse or rat NCC. 

Tissue distribution analysis by Northern blot in the rat 
revealed renal specific expression of NCC ( Gamba et 
al., 1994 ). However, recent studies have also revealed 
its presence in intestine ( Bazzini et al., 2005 ) and bone 
cells ( Dvorak et al., 2007 ) as discussed in detail in 
Chapter 11.  

    B .      Isoform 2 of the Bumetanide-sensitive Na  �  -
K  �  -2Cl  �   Cotransporter (NKCC2) 

 Two   genes encoding bumetanide-sensitive Na  �  -
K  �  -2Cl  �   cotransporters were identified as part of the 
SLC12A family. These genes are known as  SLC12A1  
and  SLC12A2 . The  SLC12A1  gene encodes the Na  �  -K  �  -
2Cl  �   cotransporter (NKCC2) which is characteristically 
expressed in the apical membrane of the thick ascend-
ing limb of Henle (TALH) (see Chapter 11). NKCC2 
cDNA was simultaneously identified from mamma-
lian kidney in 1994 by Payne and Forbush ( Payne and 
Forbush, 1994 ) and Gamba et al. ( Gamba et al., 1994 ) 
after screening cDNA libraries from rabbit and rat renal 
outer medulla, respectively. Later, human and mouse 
NKCC2 sequences were reported ( Simon et al., 1996a ; 
 Igarashi et al., 1995 ). Isolated cDNA clones were about 
4.5       kb in size, with an open reading frame of 3,285       bp 
encoding a 1,095 residue protein. As shown in  Fig. 
16.2   , the predicted NKCC2 general topology is simi-
lar to NCC, featuring a central hydrophobic domain 
of  � 475 residues containing 12 putative membrane-
spanning segments flanked by two predominantly 
hydrophilic domains: a short amino terminal domain 
of  � 165 amino acids and a long carboxyl termi-
nal domain of  � 450 residues. The long extracellular 
loop between transmembrane segments 7 and 8 is N-
 glycosylated ( Paredes et al., 2006 ). Functional expres-
sion analysis in  X. laevis  oocytes demonstrated that 
the isolated clones encode a bumetanide- sensitive 
Na  �  -K  �  -2Cl  �   cotransporter ( Gamba et al., 1994 ). 
Tissue distribution by Northern blot analysis showed 
that transcripts were present only in total RNA from 
kidney; all other tissues tested were negative. 

 At   least six variants of NKCC2 may be expressed 
in the mouse kidney due to the combination of two 
alternative splicing mechanisms ( Fig. 16.2 ) ( Mount 
et al., 1999 ;  Gamba, 2001 ). The first splicing event was 
described in rabbit kidney ( Payne and Forbush, 1994 ) 
and is also present in mouse ( Igarashi et al., 1995 ), rat 
( Yang et al., 1996 ) and human ( Simon et al., 1996 ) kid-
ney. It is secondary to the expression of three mutually 
exclusive cassette exons of 96       bp designated A, B and 
F which encode 32 amino acid residues correspond-
ing to the second half of the putative transmembrane 
domain TM2, as well as part of the interconnecting 
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 FIGURE 16.1          Proposed topologies for the electroneutral cation-
chloride cotransporters. A central hydrophobic domain contains 12 
putative transmembrane segments divided in two by a long hydro-
philic loop that is presumably located outside the cell since it is 
gylcosylated ( Hoover et al., 2003 ;  Paredes et al., 2006 ). The hydro-
phobic domain is flanked by a short amino terminal and a long 
 carboxyl-terminal domain located within the cell.    
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 loop between TM2 and TM3 ( Fig. 16.2 ). Thus, three 
NKCC2 proteins are produced differing only in the 
32 amino acid residues encoded by cassettes A, B or 
F. NKCC2 variants A and F have also been identified 
from  Squalus acanthias  (shark) kidney ( Gagnon et al., 
2002 ). 

 The   second splicing of the  SLC12A1  gene has 
been observed in the mouse kidney. It is the conse-
quence of a poly-adenylation site within the intron 
between exons 16 and 17, predicting a protein with 
a shorter C-terminal domain ( Mount et al., 1999 ). 
Thus, two NKCC2 proteins are predicted, which are 
identical in the amino terminus and transmembrane 
domains, but different in length and in the sequence 
of the carboxyl terminal domain. The first 74 resi-
dues of the carboxyl terminal domain are identical. 
After that, the longer isoform contains 383 residues 
that are not present in the shorter isoform, which, 
in turn, contains 55 residues not present in the lon-
ger variant ( Fig. 16.2 ). Since the two splicing events 
are independent of each other, a total of six isoforms 
are predicted to be produced in mouse kidney: three 
long NKCC2 isoforms (A, B and F), and three short 
NKCC2 isoforms (A, B and F) ( Mount et al., 1999 ). 
The possible functional significance of spliced iso-
forms is discussed below.  

    C .      Isoform 1 of the Bumetanide-sensitive 
Na  �  -K  �  -2Cl  �   Cotransporter (NKCC1) 

 The    SLC12A2  gene encodes the ubiquitously expre-
ssed Na  �  -K  �  -2Cl  �   cotransporter isoform NKCC1. 
This cotransporter is present in epithelial and non-
epithelial cells. In epithelial cells its expression is 
restricted to the basolateral membrane with the so far 
known exception of the choroid plexus ( Plotkin et al., 
1997 ), where NKCC1 resides in the apical membrane 
(Chapter 29). In 1994, the same two independent 
research teams that cloned NKCC2 also identified 
cDNA encoding NKCC1 from fish ( Xu et al., 1994 ) 
and mammalian sources ( Delpire et al., 1994 ). The pre-
dicted two-dimensional topology of NKCC1 is similar 
to NCC and NKCC2 (see  Fig. 16.1  and Chapter 11). In 
fact, NKCC1 is the only member of the family to date 
for which the proposed topology is to some extent 
supported by experimental data ( Gerelsaikhan and 
Turner, 2000 ). The first eight transmembrane segments 
exhibit the classical  � 20 residue helices. In contrast, 
TMs 9 and 10, and 11 and 12 together are  � 36 residues 
in length, suggesting a hairpin-like structure in the 
membrane or a non-helical or partial-helical structure. 
NKCC1 has been identified at the molecular level in 
several species, including mouse ( Delpire et al., 1994 ), 

Outer Medulla

Cortex

Inner Medulla

Isoform BIsoform AIsoform F

Long-NKCC2-A/B/F Short-NKCC2-A/B/F

 FIGURE 16.2          Splice variants of mouse. The region of the transmembrane domain 2 and the interconnecting segment between transmem-
brane domains 2 and 3, shown in gray, depict the mutually exclusive cassette exons A, B or F. Long isoform L-NKCC2 contains 329 amino 
acid residues in carboxyl terminal domain that are not present in shorter isoform S-NKCC2, which contains 55 unique residues at the end of 
carboxyl terminal domain (highlighted in gray and shown by an arrow). The localization of the F, A and B isoforms along TALH is shown. 
Isoform F is only expressed in inner strip of the outer medulla, isoform A is present all along TALH and isoform B is exclusively expressed in 
cortical portion of the TALH.    
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 rat ( Moore-Hoon and Turner, 1998 ), human ( Payne 
et al., 1995 ),  Bos taurus  (bovine) ( Yerby et al., 1997 ), 
shark ( Xu et al., 1994 ),  Anguilla anguilla  (eel) ( Cutler 
and Cramb, 2002 ) and  Dicentrarchus labrax  (sea bass) 
( Lorin-Nebel et al., 2006 ), and even from the plant 
 Arabidopsis thaliana  ( Colmenero-Flores et al., 2007 ). 
There is evidence suggesting the existence of one 
alternatively spliced isoform of NKCC1. A fragment 
of this splice variant was detected in mouse-brain 
total RNA; it lacks 48       bp that correspond to the entire 
exon 21. Thus, this predicts that 16 residues of the car-
boxy terminal are not present in this short NKCC1 
variant ( Randall et al., 1997 ). The existence of a splice 
transcript was supported by an RNAse protection 
assay. Distribution analysis within the brain showed 
that an NKCC1 transcript lacking exon 21 is present 
in all areas examined except in the choroid plexus, 
where only the full-length isoform containing exon 21 
is expressed. When reconstructed in expression vec-
tors and expressed in heterologous systems the splice 
variant performs as an Na  �  -K  �  -2Cl  �   cotransporter 
( Vibat et al., 2001 ). Further, it has been suggested that 
exon 21 of NKCC1 is implicated in differential sorting 
in polarized epithelial cells ( Carmosino et al., 2008 ). 
It is also worth noting that the absence of the exon 21 
sequence removes a potential PKA phosphorylation 
site present in the full-length NKCC1 sequence.  

    D .      Genes, Promoters and Phylogenetic 
Analysis 

  SLC12A1  ,  the gene encoding NKCC2 has been 
mapped in humans to chromosome 15 ( Simon et al., 
1996 ), in rat to chromosome 3 ( Wang et al., 1997 ) and 
in mouse to chromosome 2 ( Quaggin et al., 1995 ). 
 SLC12A1  in humans encompasses at least 80       kb and 
contains at least 26 exons (see Chapter 11 for a detail 
description of the gene). An  SLC12A1  promoter region 
has been cloned from mouse genomic DNA ( Igarashi 
et al., 1996 ). The NKCC2 transcript starts with a first 
exon of 34       bp that is non-coding, followed by a first 
intron of 1101       bp and a second exon containing the 
translation start codon. The cloned promoter is com-
posed of 2255       bp and sequence analysis revealed a 
TATA box located at position -29 and consensus recog-
nition sites for several transcription factors, of which 
the most interesting could be a binding site for HNF-1 
at -211       bp. In developing mouse kidney, the expression 
of HNF-1 precedes the expression of NKCC2 ( Lazzaro 
et al., 1992 ). HNF-1 has been implicated in the regula-
tion of tissue-specific expression of genes in liver, pan-
creas, kidney and intestine. Using TALH-derived cells, 
it was demonstrated that deletion of -2255 to -1529       bp 

produced a  �  three-fold increase in luciferase activity, 
suggesting that this region contains negative regula-
tory elements. Deletion from -1529 to -469       bp had no 
further effect, but deletion from -469 to -190 resulted 
in a 76% reduction of promoter activity, suggesting 
that this region contains positive regulatory elements. 
An HFN-1 binding site is located in this region. A 
cAMP response-element binding protein is located at 
nucleotide -1111. It is also known that Na  �  -K  �  -2Cl  �   
cotransporter activity in TALH is increased by vaso-
pressin (Hebert et al., 1987) and that chronic adminis-
tration of vasopressin DDAVP to Sprague-Dawley and 
Brattleboro rats increases NKCC2 abundance at the 
protein level ( Kim et al., 1999 ). For further discussion 
on the NKCC2 potential promoters and transcription 
factors, see Chapter 11 in this volume. 

 The   gene  SLC12A2  encodes NKCC1 and is located 
to chromosome 5q23 in humans ( Payne et al., 1995 ) 
and to chromosome 18 in mouse ( Delpire et al., 1994 ). 
A complete gene has been cloned from mouse DNA, 
covering a region of 75       kb ( Randall et al., 1997 ) and 
composed of 28 exons. Sequencing of the promoter 
region revealed the presence of numerous SP1 con-
sensus sites and binding sites for different transcrip-
tion factors, including MEF2, a CACCC binding, 
OTF/1-2       A, NF kappa B and AP-2. Transfection of mouse 
IMDC3 cells with a 2063       bp promoter region ligated to 
a luciferase reporter gene (pGL3) yielded significant 
luciferase activity. Deletions of  � 1       kb which reduced 
the promoter region to 702 or 516       bp resulted in a sig-
nificant increase of luciferase activity, suggesting the 
existence of silencer sequences in the deleted bases. 
Additional deletions resulted in progressive reduc-
tion of luciferase activity, suggesting the presence of 
enhancer elements. 

 The   gene encoding the thiazide sensitive Na  �  -
Cl  �   cotransporter ( SLC12A3 ) has been mapped to 
chromosome 16q13 in humans ( Simon et al., 1996 ; 
 Mastroianni et al., 1996 ), to chromosome 19p12-
14 in rat ( Taniyama et al., 2001 ) and to chromosome 
8 in mouse ( Pathak et al., 1996 ). Human  SLC12A3  is 
55       kb long and contains 26 exons ( Simon et al., 1996 ). 
Transcription initiation is confined to an area from -18 
to -6       bp upstream of the translation start codon. The 
promoter activity observed in the mouse distal convo-
luted cell line MDCT ( MacKenzie et al., 2001 ), with a 
construct containing 1019       bp of the 5 	  flanking region 
was reduced only 25% by eliminating the first 885       bp. 
Sequence analysis of the promoter revealed the pres-
ence of a TATA element, two Sp binding sites and 
potential binding sites for NF-1/CTF or NY-I/CP-I. 
Interestingly, the promoter activity of the rat NCC 
gene is inhibited by acidosis. This is consistent with 
a marked fall in renal cortical abundance of NCC 
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  protein assessed by Western blot ( Kim et al., 2000 ), 
and by Metolazone binding to plasma membranes 
from renal cortex ( Fanestil et al., 1997 ) of rats exposed 
to chronic NH 4 Cl loading. 

    Figure 16.3    shows a phylogenetic tree of all members 
of the  SLC12A  family for which functional proper-
ties are known. Human protein sequences were used 
for the alignment analysis.  Figure 16.3  also shows the 
chromosome which each gene has been mapped to in 
humans, the known tissue distribution, the inherited 
disease due to inactivating mutations and the conse-
quence of knocking out each gene in the mouse. Two 
main branches are identified, one composed of Na  �  -
dependent cotransporters which includes NKCC1, 
NKCC2 and NCC. The overall degree of identity 
between NKCC1 and NKCC2 is  � 60%, while among 
these two proteins and NCC it is  � 50%. The degree 
varies, however, within specific domains of the 
cotransporters; identity is  � 80% within the central 
hydrophobic membrane-spanning domain,  � 50% in 
the carboxyl terminal domain and less than 10% in 
the amino terminal domain. The other branch is com-
posed of the cotransporters that use K  �  . These include 
KCC1, KCC2, KCC3 and KCC4. Extensive discussion 
of these cotransporters is presented in Chapters 3 and 
17. The degree of identity between the two branches 
is only  � 25%. Although not shown in  Fig. 16.3 , there 
are other genes,  SLC12A8  and  SLC12A9 , which exhibit 
some degree of identity ( � 20%) with all members 
of the family. The functional properties and roles of 
 SLC12A8  and  SLC12A9  are unknown.   

    III .      FUNCTIONAL PROPERTIES 

 NKCC1   is a member of the  SLC12A  family which 
has been extensively characterized in cells that 
express it (for an in-depth review see  Russell, 2000 ). 
In contrast, functional characterization of NKCC2 and 
NCC has been relatively scarce ( O’Grady et al., 1987 ; 
 Rose, 1991 ;  Bachmann et al., 1999 ). However, with the 
cloning of cDNAs encoding some variants of these 
proteins, in-depth characterization of their major func-
tional, pharmacologic and some regulatory properties 
has been made possible. 

    A .      The Thiazide-sensitive Na  �  -Cl  �   
Cotransporter 

 Heterologous   expression of teleosts, rat, mouse 
and human NCC has been achieved in  X. laevis  
oocytes (       Gamba et al., 1993, 1994 ;  Monroy et al., 2000 ; 
 Kunchaparty et al., 1999 ;  Sabath et al., 2004 ; De  Jong 
et al., 2002 ). This amphibian expression system is a use-
ful tool for robust and reproducible NCC expression. 
Expression of NCC in mammalian cells transfected 
with NCC cDNAs has been reported by two inde-
pendent groups in MDCK (De  Jong et al., 2003b ) and 
HEK-293 ( Richardson et al., 2008 ). However, in both 
cases, NCC expression was low and insufficient for 
kinetic characterization, when compared with oocytes. 
As shown in  Table 16.1   , a number of  interesting 
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 FIGURE 16.3          Phylogenetic tree of the electroneutral cation-coupled chloride cotransporter family SLC12. Numbers indicate the degree of 
identity. Na-chloride-coupled cotransporters are shown in green and K-coupled chloride cotransporters are shown in blue. Human chromo-
some location is shown by numbers in red. Tissue-specific or exclusive expression is shown for NKCC2, NCC and KCC2. Inherited diseases 
due to inactivating mutations are shown in blue for NKCC2, NCC and KCC3. Phenotypes of knockout mice are shown in red boxes for each 
cotransporter.    
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  differences have been observed between fish (floun-
der) and mammalian (rat and mouse) NCC. The 
apparent Km values for Na  �   and Cl  �   in rat ( Monroy et 
al., 2000 ) or mouse NCC proteins ( Sabath et al., 2004 ) 
are significantly lower than the Km values observed in 
the flounder NCC ( Vazquez et al., 2002 ). In addition, 
the affinity for Na  �   and Cl  �   in mammalian NCCs is 
similar, whereas in flounder the affinity for extracellu-
lar Cl  �   is higher than the affinity for Na  �  . In all cases, 
NCC activity is inhibited by thiazide-type diuretics 
with the following profile: polythiazide      �      metolazone   
   �      bendroflumethiazide      �      trichloromethiazide      �      
chlorthalidone. However, flounder NCC exhibited 
lower affinity for each thiazide. In fact, at a concentra-
tion of 10  � 4        M, the less potent thiazides, trichlorome-
thiazide and chlorthalidone, reduced flounder NCC 
activity by only 68% and 46%, respectively ( Vazquez 
et al., 2002 ), whereas the same concentration of all thia-
zides inhibited rat TSC by  � 95% ( Monroy et al., 2000 ). 

 Two   different proposals for the order of ion bind-
ing to cotransporter have been advanced for NCC. 
One was obtained before NCC cDNAs were avail-
able by assessing the metolazone binding to mem-
branes extracted from rat renal cortex. In this study 
Tran and collaborators ( Tran et al., 1990 ) observed an 
Na  �   binding increase in the putative thiazide-sensi-
tive transport protein. Cl  �   decreased the affinity for 
metolazone, while Na  �   increased the affinity for Cl  �  . 
Thus, the authors proposed that the thiazide recep-
tor contains two binding sites: one that is selective 
for Na  �  , and the other that can recognize either Cl  �   
or metolazone in a competitive fashion. In this model, 
occupancy of the Na  �   site increases the affinity of the 
second site for Cl  �   and/or metolazone ( Chang and 
Fujita, 1999 ). 

 The   other model was proposed by Monroy and 
collaborators ( Monroy et al., 2000 ) based on func-
tional expression of rat NCC in  X. laevis  oocytes. It 
was observed that affinity for Na  �   or Cl  �   changed as 
a function of counter ion concentration. That is, the 
lower the extracellular Na  �   concentration, the lower 
the Cl  �   affinity, a relationship that supports the initial 
conclusions of Tran et al. ( Tran et al., 1990 ). However, 

it was also observed that lower extracellular Cl  �   con-
centrations correlate with lower Na  �   affinity. In addi-
tion, it was observed that the IC 50  for metolazone 
inhibition was shifted to the left when the diuretic 
dose – response curves were performed in low Na  �   
or Cl  �   conditions, suggesting that both ions compete 
with metolazone for binding to the cotransporter. 
Thus, the proposed model included a random order of 
binding with both ions affecting affinity for the coun-
ter ion and competing with thiazide diuretics ( Monroy 
et al., 2000 ). Data discussed below (see section IV) 
suggest that affinity-defining domains or residues for 
Cl  �   and thiazide binding are located in different parts 
of the protein ( Moreno et al., 2006 ).  

    B .      The Na  �  -K  �  -2Cl  �   Cotransporter 2 
(NKCC2) 

 Several   NKCC2 splice variants from several species 
have been analyzed at the functional level. These spe-
cies include: shark ( Gagnon et al., 2002 ), rat ( Gamba 
et al., 1994 ), mouse ( Plata et al., 1999 ), rabbit ( Payne 
and Forbush, 1994 ;  Gimenez et al., 2002 ) and human 
( Starremans et al., 2003a ). As discussed above, three 
variants of NKCC2 named A, B and F have been 
identified. They differ in the sequence of part of TM 
segment 2 and an interconnecting sequence between 
segments 2 and 3 ( Fig. 16.2 ). It was first observed that 
the three mouse NKCC2 variants A, B and F behave as 
Na  �  -K  �  -2Cl  �  , suggesting that the difference between 
variants could be in the kinetics of ion transport or 
bumetanide affinity ( Plata et al., 1999 ). This hypothesis 
was also supported by intra-renal localization studies 
that demonstrated axial distribution of these variants 
along TALH ( Payne and Forbush, 1994 ;  Igarashi et al., 
1995 ; Yang et al., 1996). As shown in  Fig. 16.2 , while 
the A isoform is present in both cortical and medullary 
TALH, the B isoform is present only in cortical TALH 
and the F isoform is expressed only in medullary 
TALH. In this regard, early studies ( Burg, 1982 ;  Rocha 
and Kokko, 1973 ;  Reeves et al., 1988 ) indicated that 
NaCl transport rate in mTALH is significantly more 

 TABLE 16.1          Ion transport and thiazide-sensitive kinetics of mammalian and flounder NCC 
expressed in  Xenopus laevis  oocytes  

    

 Rat TSC 
 Monroy et al. (2000)  
 Moreno et al. (2006)  

 Mouse TSC 
 Sabath et al. (2004)  

 Flounder TSC 
 Monroy et al. (2000)  
 Moreno et al. (2006)  

   Na  �   Km (mM)  5.5  �  1.0  7.2  �  0.4  30.0  �  6.0 

   Cl  �   Km (mM)  2.6  �  0.6  5.6  �  0.6  15.2  �  2.0 

   Metolazone IC 50   μ M  0.3  �  0.001  0.4  �  0.001  4.0  �  0.08 
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 rapid than in cTALH, but with greater diluting power 
in the later segment, suggesting the existence of trans-
port heterogeneity properties along TALH. Plata et al. 
( Plata et al., 2002 ) and Gim é nez et al. ( Gimenez et al., 
2002 ) simultaneously obtained evidence in support of 
this hypothesis using mouse and rabbit NKCC2 vari-
ants, respectively. The NKCC2F variant exhibits the 
lowest affinity for cotransported ions and is more sen-
sitive to changes in extracellular osmolarity. As shown 
in  Fig. 16.2 , this is the isoform that is predominantly 
expressed in the inner stripe of the outer medulla, 
where the salt concentration is very high and where 
greater changes in extracellular osmolarity occur. The 
NKCC2A variant exhibits the highest transport capac-
ity and is expressed throughout the TALH. Finally, the 
mouse NKCC2B variant is the one with the highest 
affinity for the three cotransported ions, and is located 
in a region of TALH in which Na  �   and Cl  �   concen-
tration of tubular fluid has been greatly reduced. 
Thus, the dilution power of cTALH may be explained 
by the presence and functional characteristics of the 
three alternatively spliced variants of NKCC2. Data 
discussed below (see section IV) suggest that specific 
residues encoded by exons A, B or F are responsible 
for the observed differences in functional properties. 
Data from these studies have been recently used to 
estimate a mathematical model for all three NKCC2 
isoforms ( Marcano et al., 2009 ). 

 A   shorter variant (due to carboxyl terminal trun-
cation) of NKCC2 has been identified in mouse ( Fig. 
16.2 ). The expression of this shorter NKCC2 variant 
was demonstrated in mouse outer medulla, using a 
rabbit polyclonal antibody directed against 55 unique 
residues of this protein ( Mount et al., 1999 ). The 
short NKCC2 variant is present in some, but not all 
TALH cells. The proportion of immunostained cells 
decreased along individual medullary rays towards 
the cortex. When heterologously expressed in  X. laevis  
oocytes, the short NKCC2 variant cRNA encodes a K  �  -
independent, but nevertheless, loop diuretic-sensitive, 
Na  �  -Cl  �   cotransporter that requires exposure to hypo-
tonicity for activation ( Plata et al., 2001 ). Activation is 
apparently achieved by trafficking the cotransporter 
from cytosolic pools to the plasma membrane. In 
addition, cotransporter activity in hypotonic media is 
inhibited by cAMP and further stimulated by blocking 
PKA activity with H89. Thus, the shorter NKCC2 vari-
ant may provide a molecular explanation for previous 
physiological studies that suggested a switch from 
Na  �  -Cl  �   to Na  �  -K  �  -Cl  �   cotransporter mode in TALH 
by extracellular osmolarity or by the presence of vaso-
pressin. Eveloff and co-workers ( Eveloff and Calamia, 
1986 ;  Alvo et al., 1985 ) observed in rabbit TALH cells 
a K  �  -independent, furosemide-sensitive Na  �  -Cl  �   

cotransporter in hypotonic conditions. It became K  �   
dependent, constituting the Na  �  -K  �  -Cl  �   cotrans-
porter, when cells were changed to isotonic medium. 
In addition, Sun et al. ( Sun et al., 1991 ) found that in 
mouse TALH cells vasopressin (i.e. cAMP) shifts the 
mode of apical cotransport from Na  �  -Cl  �   to Na  �  -
K  �  -2Cl  �  . Thus, the large NKCC2 is an Na  �  -K  �  -2Cl  �   
cotransporter that is activated by increased tonicity or 
the presence of vasopressin, while the shorter NKCC2 
is an Na  �  -Cl  �   cotransporter that is activated in hypo-
tonicity or by inhibition of protein kinase A activity. 

 Functional   expression of the short NKCC2 in  X. lae-
vis  oocytes has suggested additional functional roles for 
this variant; it exerts a dominant-negative effect upon 
the activity of the longer NKCC2 that can be abrogated 
by cAMP ( Plata et al., 1999 ). Using confocal microcopy, 
in oocytes injected with both the long (NKCC2F) and 
the short variant of mouse NKCC2, Meade and col-
laborators ( Meade et al., 2003 ) observed that the short 
NKCC2 reduced the activity of the long NKCC2. This 
was correlated with the observation that the short 
NKCC2 variant prevented cotransporter trafficking 
and surface membrane expression of the long NKCC2. 
This effect of the short NKCC2 variant could be pre-
vented by cAMP. These studies suggest that in mouse 
medullary TALH, activation of Na  �  -K  �  -2Cl  �   cotrans-
porter by hormones that increase intracellular cAMP 
(e.g. vasopressin, PTH) requires the presence of the 
short NKCC2 protein. The absence of cAMP allows the 
short form of NKCC2 to reduce cotransporter activity, 
whereas in the presence of cAMP, the negative effect of 
the short isoform on NKCC2 is inhibited. In this regard, 
Mount and collaborators ( Mount et al., 1999 ) observed 
that expression of the short NKCC2 is axially distrib-
uted along TALH, as cortical TALH appears to lack this 
isoform. This heterogeneity may explain the observa-
tion that in mouse the vasopressin effect is present only 
in the medullary TALH ( Hebert et al., 1981a ).  

    C .      Isoform 1 of the Bumetanide-sensitive 
Na  �  -K  �  -2Cl  �   Cotransporter (NKCC1) 

 NKCC1   has been identified at the molecular level 
from several sources, but detailed functional expres-
sion analysis has been performed only for human 
( Payne et al., 1995 ) and shark orthologs ( Xu et al., 
1994 ;  Isenring and Forbush, 1997 ). These studies were 
done in HEK-293 cells transfected with the corre-
sponding cDNAs and showed that, similar to what we 
discussed for the case of the flounder and mamma-
lian NCCs, the human NKCC1 exhibits significantly 
higher affinity for Na  �  , K  �   and Cl  �  , as well as for 
the inhibitor bumetanide when compared with shark 
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 NKCC1 ( Table 16.2   ). These differences were then 
exploited to define major affinity modifier regions 
within the cotransporters ( Isenring and Forbush, 
2001 ) as discussed below. In addition, the endogenous 
NKCC1 cotransporter has been extensively character-
ized  in situ  in many different cells and tissues, and 
Chapter 18 is devoted to the discussion of these data. 
Finally, two alternatively spliced variants of mouse 
NKCC1 have been found ( Randall et al., 1997 ). A 
recent study suggests that the presence or absence of 
exon 21 which characterizes these two variants may 
account for differential sorting of NKCC1 in polarized 
cells ( Carmosino et al., 2008 ).   

    IV .      STRUCTURE – FUNCTION 
RELATIONSHIPS 

 As   mentioned above, the only published study on 
the proposed topology of one member of the SLC12A 
family was performed by Gerelsaikhan and Turner 
using  in vitro  translation of human NKCC1 constructs 
( Gerelsaikhan and Turner, 2000 ). They concluded that 
NKCC1 may be composed of 12 membrane- spanning 
segments flanked by amino and carboxyl terminal 
domains located within the cell. TM segments 1 – 8 
exhibit the classical  � 20 residue  α -helices and TMs 
9 – 10 and 11 – 12 are  � 36 residues in length. These 
apparently form tight hairpin-like structures in the 
membrane or take up either a non-helical or a partial-
helical structure (see Chapter 11 for further discussion). 

    A .      Ion or Diuretic Affinity Modifier Domains 
or Residues 

 Several   attempts to begin to understand structure –
 function relationship issues in the Na  �  -coupled Cl  �   
cotransporters have been made on NKCC1 (for review 

see  Isenring and Forbush, 2001 ), NKCC2 ( Plata et al., 
2002 ;  Tovar-Palacio et al., 2004 ;  Gimenez et al., 2002 ; 
 Gagnon et al., 2005 ;  Gimenez and Forbush, 2007 ) and 
NCC ( Moreno et al., 2006 ). In the cases of NKCC1 and 
NCC, differences in functional properties between 
fish and mammalian transporters were used to design 
chimeric proteins to begin to define domains, regions 
or residues that are critical for defining ion transport 
or diuretic binding affinities. In contrast, most of the 
information on NKCC2 has come from in-depth anal-
ysis of the amino acid residues comprising exons A, B 
and F. 

 Shark   and human NKCC1 exhibit 74% identity and 
the functional differences that are shown in  Table 16.2 . 
Isenring and Forbush constructed several chimeric 
proteins by interchanging fragments between human 
and shark NKCC1. By exchanging the amino- and 
 carboxyl-terminal domains between human and shark 
NKCC1 they provided evidence suggesting that the 
protein domains that define ion affinity are located 
within the central hydrophobic regions of the NKCC1 
protein, which contains the 12 transmembrane seg-
ments ( Isenring and Forbush, 1997 ). They observed 
that chimeras containing the central domain of shark 
NKCC1 with amino- and carboxyl-terminal domains 
of human NKCC1 exhibit ion transport kinetics simi-
lar to wild-type shark NKCC1, and vice versa. Then, 
additional chimeras were constructed and analyzed by 
in-depth kinetic analysis ( Isenring and Forbush, 1997 ; 
       Isenring et al., 1998a, b ). The chimeric design took 
into account the transmembrane segments that are 
identical in NKCC1 of both species. The conclusions 
from these series of studies are depicted in  Fig. 16.4   , 
and suggest that three TM segments play an impor-
tant role in defining ion transport kinetics in NKCC1. 
Accordingly, TM2 is involved in Na  �   and Rb  �   kinet-
ics, TM4 in Rb  �   and Cl  �   kinetics and TM7 in Na  �  , Rb  �   
and Cl  �   kinetics. Interestingly, the behavior of several 
chimeric proteins with respect to bumetanide inhibi-
tion was completely different from that observed in 

 TABLE 16.2          Ion transport kinetics and bumetanide affinity of the Na  �  -K  �  -2Cl  �   cotransporter NKCC1 from human and 
shark  

     Sodium Km (mM)  Rubidium Km (mM)  Chloride Km (mM)  Bumetanide Ki ( μ M)  References 

   hNKCC1  19.6  �  4.9  2.68  �  0.72  26.5  �  1.3  0.16   Payne et al. (1995)  

   hNKCC1  15.2  �  1.5  1.6 – 2.5  31  �  1.0  0.044 – 0.079   Isenring and Forbush (1997)  

   HEK-293  22  12  110  0.054   Xu et al. (1994)  

   sNKCC1  42  12  110  0.54   Xu et al. (1994)  

   sNKCC1  165  �  34  14  �  8.0  101  �  24  0.57   Payne et al. (1995)  

   sNKCC1  113  �  11  9.6 – 11.6  102  �  7  0.22 – 0.30   Isenring and Forbush (1997)  

  hNKCC1      �      human NKCC1, sNKCC1      �      shark NKCC1.  

IV. STRUCTURE–FUNCTION RELATIONSHIPS
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 ion transport kinetics. In the case of bumetanide, data 
suggested that TM segments 2 – 6 and 10 – 12 play a role 
in defining affinity for loop diuretics. Thus, results 
from studies using shark and human NKCC1 chime-
ric cotransporters argued against a previous hypoth-
esis that loop diuretics and Cl  �   compete for the same 
binding site ( Forbush and Palfrey, 1983 ). 

 As   discussed above, analysis of the three spliced 
variants A, B and F of rabbit NKCC2 revealed a clear 
role of the segments encoded by these exons (TM2) 
in transport kinetics properties, not only for Na  �   and 
Rb  �  , but also for Cl  �   and bumetanide ( Fig. 16.2 ) ( Plata 
et al., 2002 ;  Gimenez et al., 2002 ). Further studies 
( Gagnon et al., 2002 ) showed that NKCC2 variants A 
and F, but not B, are present in the shark kidney, and 
also that the NKCC2A variant exhibits higher affinity 
for transported ions than the NKCC2F variant. Then, 
additional chimeric proteins were constructed: chi-
mera A/F contained the TM2 sequence of variant A 
followed by an interconnecting sequence of variant F, 
and vice versa ( Gagnon et al., 2003 ). The results sug-
gested that Cl  �   transport affinity defining domains 
between isoforms A and F were located within the 
predicted interconnecting segment between TM2 
and TM3, rather than within the TM2 segment. 
Interestingly, the chimeras ’  behavior with respect to 
bumetanide affinity was opposite that of Cl  �   affinity, 
suggesting that residues located within TM2 and not 
within the TM2 – TM3 interconnecting segment play 
a role in defining bumetanide affinity. Finally, in one 
study ( Gimenez and Forbush, 2007 ), a series of single 

or multiple point mutations were performed between 
rabbit NKCC2 variants B and F, or A and B, in order 
to switch one or few residues between variants. The 
results demonstrated that replacement of six residues 
in NKCC2B resulted in a variant with Na  �   and Cl  �   
affinities identical to those of NKCC2F. Three of these 
residues are located within the TM2 segment (ATG in 
B isoform were switched to TAY) and the other three 
within the interconnecting segment between TM2 and 
TM3 (SVT in B isoform were changed to MCV). Thus, 
with respect to Na  �   and Cl  �   affinity, the six muta-
tions (ATG-TAY/SVT-MCV) turned NKCC2B into the 
F variant. These same residues turned NKCC2B into 
the A variant for differences in Cl  �   affinity. Based on 
these observations it was suggested that the intercon-
necting loop between TM2 and TM3 may actually be 
part of a membrane-embedded domain, as illustrated 
in  Fig. 16.5   . 

 All   studies of NKCC1 and NKCC2 discussed in the 
previous paragraphs were performed in native, chime-
ric and mutant proteins that were expected to perform 
as Na  �  -K  �  -2Cl  �   cotransporters. Thus, no information 
was obtained concerning structural requirements to 
define specificity for ions or diuretics. In this regard, as 
discussed above, a short isoform of NKCC2 in mouse 
behaves as a K  �  -independent, but loop diuretic-sen-
sitive Na  �  -Cl  �   cotransporter ( Plata et al., 2001 ), sug-
gesting that sequences within the carboxyl terminal 
domain could be critical to endow NKCC2 with K  �   
transport ability. However, Tovar-Palacio and collabo-
rators ( Tovar-Palacio et al., 2004 ) constructed  chimeras 

 FIGURE 16.5          Proposed model of the TM1 to TM3 region of 
the NKCC2 after analysis of the contribution of several residues of 
exons A, B or F on defining ion transport affinity. (Modified from 
 Gimenez and Forbush, 2007 . Figure kindly provided by Professor 
Biff Forbush.)    
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 mixing rat NCC and rat NKCC2F in which both 
amino- and carboxyl-terminal domains were switched 
between cotransporters. As shown in  Fig. 16.6   , the chi-
mera with the central hydrophobic domain of NKCC2 
flanked by amino- and carboxyl-terminal domains of 
rat NCC exhibits NKCC2 behavior. That is, it acted as 
a bumetanide-sensitive Na  �  -K  �  -2Cl  �   cotransporter, 
indicating that the residues that endow rat NKCC2F 
with its functional properties are located within the 
central hydrophobic domain. Thus, there is no clear 
explanation so far on how the short NKCC2 vari-
ant performs as a K  �  -independent transporter that 
is bumetanide sensitive, i.e. a bumetanide-sensitive 
Na  �  -Cl  �   cotransporter. The unique 55 amino acid seg-
ment at the end of this isoform contains several nega-
tively charged residues, suggesting that this fragment 
could interact with the cotransporter core to prevent 
K  �   translocation, like the ball and chain mechanism 
proposed for some membrane channels ( Malysiak and 
Grzywna, 2008 ). 

 Similar   chimera construction and directed point 
mutation approaches have been used to gain insight 
into the structure – function relationships of NCC. As 
discussed above, it was observed that rat ( Monroy 
et al., 2000 ) and mouse ( Sabath et al., 2004 ) NCCs 
exhibit similar functional properties that are signifi-
cantly different from those documented for floun-
der NCC ( Vazquez et al., 2002 ). Since identity degree 
between mammalian and flounder NCC is about 
60%, differences in functional properties and pri-
mary sequences between rat and flounder NCCs 
were exploited to define affinity modifying domains 
( Moreno et al., 2006 ). In this study, NCCs were 
divided into five fragments: amino terminal domain, 
TM segments 1 – 7, extracellular glycosylated loop, 
TM segments 8 – 12 and the entire carboxyl terminal 
domain that was swapped between rat and flounder 
NCC. The results indicated that the functional char-
acteristics of rat and flounder NCC are defined by 
their central hydrophobic domains. As shown in  Fig. 
16.7   , however, the authors were able to define differ-
ent segments within the central domain defining Cl  �   
or thiazide affinity. Chimeras in which the TM seg-
ments 1 – 7 were interchanged between flounder and 
rat NCCs demonstrated that affinity defining residues 
for Cl  �   are located within these segments. Similarly, 
it was observed that affinity defining residues for 
thiazide inhibition are located within TM segments 
8 – 12. This information argued against a previous 
proposal that thiazide diuretics and Cl  �   compete for 
the same binding site ( Tran et al., 1990 ). The observa-
tion that Cl  �   affinity is defined by residues located 
within TM segments 1 – 7 is supported by another 
study from Moreno et al. ( Moreno et al., 2004 ). The 

authors  analyzed the functional consequences of 
single nucleotide polymorphisms located within the 
exons of the human  SLC12A3  gene that changed the 
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 FIGURE 16.7          Affinity modifying domains in the thiazide-sensi-
tive Na  �  -Cl  �   cotransporter, NCC.    
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 primary structure of NCC. The results revealed that 
a highly conserved glycine within the fourth trans-
membrane domain plays a critical role in defining the 
level of cotransporter activity and the affinity for Cl  �  . 
Accordingly, it was observed that a glycine to alanine 
SNP at position 264 resulted in decreased activity of 
the cotransporter by 50%, with increased affinity for 
Cl  �   by one order of magnitude. 

 Analysis   of the putative glycosylation sites in rat 
NCC by means of mutagenesis revealed that glycosyl-
ation itself is another component of the cotransporter 
that affects thiazide affinity. In one study, Hoover et al. 
( Hoover et al., 2003 ) eliminated the two glycosylation 
sites located within the extracellular loop between 
TM segments 7 and 8. It was observed that the elimi-
nation of one site (either N404 or N424) resulted in a 
50% reduction of NCC activity and the elimination 
of both sites was associated with a 95% reduction. 
Interestingly, prevention of glycosylation was associ-
ated with increased affinity for extracellular Cl  �   and 
metolazone. This effect of glycosylation upon thiazide 
affinity seems to be unique to rat NCC since it was not 
observed after preventing glycosylation of flounder 
NCC ( Moreno et al., 2006 ) or rat NKCC2F ( Paredes 
et al., 2006 ). In this last cotransporter, elimination of 
glycosylation by means of site-directed mutagenesis 
was associated with increased affinity for extracellular 
chloride, but no effect was observed on the affinity for 
the loop diuretic bumetanide.  

    B .      Residues Involved in Regulation of the 
Cotransporter Activity 

 Chapter   18 in this volume focuses on the analysis 
of the regulation of cotransporter’s activity, a field 
that has experienced significant progress during the 
last decade. Thus, here we just highlight the structure – 
function relationship aspects. Accordingly, we dis-
cuss the residues that have been found to be critical 
for the regulation of the Na-coupled Cl  �   cotransport-
ers. It is well known that activity of NKCC1/2 and 
NCC is tightly regulated; activity of these cotransport-
ers should be coordinated with that of Cl  �   extrusion 
mechanisms. It has been established that, at least for 
NKCC1 and NKCC2 proteins, cotransporter regula-
tion is associated with their phosphorylation/dephos-
phorylation. Further, several lines of evidence strongly 
suggest that [Cl  �  ] i  is a common pathway of NKCCs 
regulation. When [Cl  �  ]i falls, the cotransporter 
becomes phosphorylated, and when [Cl  �  ] i  rises, the 
cotransporter is dephosphorylated and inhibited. 
These effects of [Cl  �  ] i  on cotransporter activity have 
been demonstrated for NKCC1 ( Lytle and McManus, 

2002 ;  Dowd and Forbush, 2003 ;  Flemmer et al., 2002 ), 
NKCC2 ( Ponce-Coria et al., 2008 ) and NCC ( Pacheco-
Alvarez et al., 2006 ). In all cases, it was observed that 
activation of the cotransporter by intracellular Cl  �   
depletion is associated with increased phosphoryla-
tion of the cotransporter in several conserved threo-
nine residues located within the amino terminal 
domain. The first study that presented evidence sug-
gesting that activation of NKCC1 cotransporter was 
associated with phosphorylation of a threonine resi-
due was carried out by Lytle and Forbush ( Lytle and 
Forbush, 1992 ), who analyzed suspensions of shark 
rectal-gland tubules. The peptide FGHNTIDAVP, 
which became phosphorylated, was isolated in this 
study. When shark NKCC1 cDNA was identified 
at the molecular level ( Xu et al., 1994 ) it was shown 
that this peptide corresponds to amino acid residues 
184 – 194, which are located within the amino terminal 
domain. It was later demonstrated by mass spectro-
photometry that phosphoacceptor amino acid sites 
within the cotransporter amino terminal domain cor-
responded to the threonines located at positions 184, 
189 and 202 of NKCC1. Of these, threonine 189 is 
absolutely required for NKCC1 to be functional. Then, 
the same group performed studies  in vivo  using a spe-
cific antiphospho-NKCC1 antibody denominated R5, 
which was raised against a synthetic peptide of the 
amino terminal domain containing threonines 212 and 
217 of human NKCC1 (corresponding to threonines 
184 and 189 of shark NKCC1) ( Flemmer et al., 2002 ; 
 Darman and Forbush, 2002 ). The results demonstrated 
that activation of NKCC1 by intracellular Cl  �   deple-
tion is associated with phosphorylation of these threo-
nines. Later, the same R5 phosphoantibody was used 
to demonstrate that both in rat NKCC2 and NCC, 
the conserved threonines (96/101 and 53/58, respec-
tively) become phosphorylated when intracellular 
Cl  �   is depleted ( Moriguchi et al., 2005 ; Ponce-Coria 
et al., 2000;  Pacheco-Alvarez et al., 2006 ). In addition, 
a recent publication using human NCC also deemed 
the corresponding sites (threonines 55 and 60) to be 
critical for NCC regulation by intracellular Cl  �   and 
suggested the serine 91 as a third potential residue to 
be involved ( Richardson et al., 2008 ).  

    C .      The Na-coupled Chloride Cotransporters 
Form Homodimers 

 There   is evidence suggesting that Na  �  -K  �  -2Cl  �   
and Na  �  -Cl  �   cotransporters form homodimers in the 
plasma membrane. First, Moore-Hoon and Turner 
( Moore-Hoon and Turner, 2000 ) used rat parotid 
plasma membrane to analyze NKCC1 using the 
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 reversible chemical cross-linker DTSSP (3,3 	 -dithiobis-
[sulfosuccinimidyl propionate]). They observed that 
NKCC1 migrates at  � 335       kDa. After protein denatur-
ation, single monomers of approximately  � 170       kDa 
were obtained, in which the investigators were unable 
to detect the presence of any additional protein. 
Similar results were later observed on human NKCC2 
by Starremans et al. ( Starremans et al., 2003b ) and 
human NCC by De Jong et al. (De  Jong et al., 2003a ). 
These studies were performed in  X. laevis  oocytes 
injected with  in vitro -transcribed cRNA from FLAG- 
and/or HA-tagged wild-type cotransporters and con-
catamer constructions. These experiments revealed 
that FLAG-NKCC2 and HA-NKCC2 are physically 
linked ( Starremans et al., 2003b ). Similar observations 
were obtained for FLAG-NCC and HA-NCC con-
structs (De  Jong et al., 2003a ). Thus, NKCC1, NKCC2 
and NCC are able to form homodimers and might be 
functional in this conformation. Interestingly, some 
data suggest that members of the  SLC12A  family can 
build heterocomplexes comprised of different mem-
bers of the family. For example, an orphan gene of 
the family known as CIP does not appear to transport 
ions itself, but does appear to inhibit transport activ-
ity of NKCC1 or activate KCC2 ( Wenz et al., 2009 ). 
However, it does not appear to inhibit the activity 
of other family members, raising the possibility that 
CIP may form an activating heterocomplex specifi-
cally with NKCC1 ( Caron et al., 2000 ). In this regard, a 
recent study has shown, by means of yeast two-hybrid 
and pull-down assays, that K  �  -Cl  �   cotransporter iso-
forms can interact among themselves and even with 
NKCC1 ( Simard et al., 2007 ). The functional signifi-
cance of such interactions is still to be determined. In 
this context the study of Wenz and co-workers (2009) 
adds a novel facet to the regulation of cation-coupled 
Cl  �   cotransporters by identifying CIP as a possible 
reciprocal regulator of NKCC1 and KCC2.   

    V .      PHYSIOLOGICAL ROLES 

 Electroneutral   cation-chloride cotransporters are 
membrane proteins that translocate Cl  �   ions together 
with a cation that can be Na  �  , K  �   or both. Their stoi-
chiometries  –  1Na  �  -1Cl  �  , 1       K  �  -1Cl  �   or 1Na  �  -1       K  �  -
2Cl  �    –  are consistent with the transport process being 
electroneutral. The cation gradient is the main deter-
minant of the direction in which Cl  �   ions are moved 
by members of the  SLC12A  gene family, as discussed 
in Chapter 5. Thus, Na-coupled cotransporters trans-
locate ions inwardly across the plasma membrane. 
Because Na  �   is quickly returned to the  extracellular 

space, the activity of NKCC1, NKCC2 and NCC pri-
marily serves to regulate [Cl  �  ] i . This is one of the 
major functions of these cotransporters at the cell 
physiology level as discussed in Chapter 5 and in 
 Alvarez-Leefmans (2001) . This role of the SLC12A 
family members is particularly critical in setting intra 
neuronal [Cl  �  ] i , either above or below its electrochem-
ical equilibrium potential. Thus, the activity of these 
cotransporters is critical in determining the polarity 
and magnitude of the effect of neurotransmitters that 
gate Cl  �   channel in postsynaptic membranes, such as 
GABA, as discussed in several chapters throughout 
this book. Another major function of electroneutral cat-
ion-chloride cotransporters is their well-known role as 
regulators of cell volume ( Russell, 2000 ). Na-coupled-
Cl  �   cotransporters also participate in transepithelial 
movement of ions. NCC and NKCC2 are polarized to 
the apical membrane in certain nephron segments in 
which they participate in renal salt reabsorption (see 
below). In kidney, NKCC1 is expressed in the basolat-
eral membrane and is critical for salt secretion. 

    A .      The Thiazide-sensitive Na  �  -Cl  �   
Cotransporter 

 NCC   is the major salt transport pathway in the api-
cal membrane of mammalian distal convoluted tubule 
(DCT) cells ( Kunau et al., 1975 ;  Velazquez et al., 1984 ; 
 Costanzo, 1985 ;  Ellison et al., 1987 ;  Plotkin et al., 1996 ), 
a nephron region that mediates reabsorption of 5 – 10% 
of glomerular filtrate. The molecular mechanism of 
salt reabsorption in DCT is illustrated in  Fig. 16.8   . 
The majority of studies in human, rabbit, mouse and 
rat kidneys agree that NCC is the only sodium reab-
sorption pathway along the early DCT and shares this 
work with the Na  �   channel ENaC in late DCT ( Loffing 
and Kaissling, 2003 ;  Loffing et al., 2001 ;  Ellison et al., 
1987 ;  Obermuller et al., 1995 ;  Campean et al., 2001 ; 
 Reilly and Ellison, 2000 ). The Na  �   gradient that drives 
transport from the lumen to the interstitium is gen-
erated and maintained by very intense activity of 
Na  �  /K  �   ATPase which is polarized to the basolateral 
membrane ( Doucet, 1988 ). Potassium entering the cell 
through the Na  �  /K  �   pump is secreted by the luminal 
membrane via ROMK K  �   channels ( Xu et al., 1997 ) 
and by an apical K  �  -Cl  �   cotransporter ( Amorim et al., 
2003 ). Thus, the rate of Na  �  -Cl  �   reabsorption deter-
mines, in part, the rate of K  �   secretion. In addition, 
NCC modulates magnesium and calcium reabsorp-
tion, the latter in an inversely related fashion with 
sodium reabsorption. The higher the sodium reab-
sorption, the lower the calcium reabsorption and vice 
versa ( Costanzo, 1985 ). 
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16.   THE SODIUM-DEPENDENT CHLORIDE COTRANSPORTERS320

  Consistent   with its role in renal salt reabsorption, 
NCC is regulated by the mineralocorticoid hormone 
aldosterone that is produced by the adrenal glands 
( Masilamani et al., 1999 ;  Kim et al., 1998 ;  Nielsen 
et al., 2002 ). Despite positive regulation by aldoste-
rone, NCC is the only transport protein along the 
nephron that is decreased during the aldosterone 
escape phenomenon ( Wang et al., 2001 ), indicating 
that NCC is a major target of pressure natriuresis. This 
conclusion was suggested many years ago by Majid 
and Navar based on measurements of pressure natri-
uresis in intact dogs ( Majid and Navar, 1994 ). As illus-
trated in  Fig. 16.8A , the apical Na  �  -Cl  �   cotransporter 
in DCT is the major target for thiazide-type diuretics 
(chlorthalidone, hydrochlorothiazide, bendroflume-
thiazide, metolazone) ( Stokes et al., 1984 ;  Ellison et al., 
1987 ;  Gamba et al., 1994 ), which are among the most 
commonly prescribed drugs in the world due to their 
beneficial effects in the treatment of arterial hyperten-
sion, edematous states and renal stone disease ( Rose, 
1991 ). Thus, pharmacologic inhibition of NCC is fre-
quently used in the clinical setting. 

 Although   NCC was considered to be a kidney-
specific gene for many years, recent studies have 
clearly demonstrated its expression in intestine 
( Bazzini et al., 2005 ) and bone ( Dvorak et al., 2007 ). 
In addition, a thiazide-sensitive Na  �  -Cl  �   cotrans-
porter has been postulated to exist in the brain ( Deng 
and Chen, 2003 ), blood vessels ( Clader et al., 1992 ), 
pancreas ( Bernstein et al., 1995 ), peripheral blood 

 mononuclear cells ( Abuladze et al., 1998 ), bone ( Barry 
et al., 1997 ), gallbladder ( Cremaschi et al., 2000 ) and 
heart ( Drewnowska and Baumgarten, 1991 ) (see also 
Chapter 11). In the intestine, the role of NCC is not 
clear, but it may be important in salt and calcium 
absorption. In bone, NCC activity is associated with 
the rate of bone formation. It has been shown in many 
clinical studies that use of thiazide diuretics in elderly 
subjects promotes an increase in bone mineral den-
sity and helps to prevent pathological fractures ( Jones 
et al., 1995 ;  Schoofs et al., 2003 ). Consistent with this 
beneficial effect of thiazides, it was recently demon-
strated that NCC is expressed in osteoblasts of rat and 
human bones and that addition of thiazides to osteo-
blast in culture increases the formation of mineralized 
nodules. This effect of thiazides was not present after 
decreasing NCC expression by transfecting cells with 
an NCC antisense plasmid ( Dvorak et al., 2007 ).  

    B .      The Na  �  -K  �  -2Cl  �   Cotransporter 2 
(NKCC2) 

 The   bumetanide-sensitive Na  �  -K  �  -2Cl  �   cotrans-
porter NKCC2 is the major salt transport pathway in 
mammalian TALH, a nephron segment in which 15 –
 20% of glomerular filtrate is reabsorbed. The activity 
of NKCC2, which is located in the apical membrane 
of the epithelial cells of the TALH (Kaplan, 1996), is 
also critical for the maintenance of the countercurrent 
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 FIGURE 16.8          Representation of sodium-coupled chloride cotransporters in transepithelial ion transport.  A.  Distal convoluted tubule. Salt 
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  multiplication mechanism, and thus for our ability to 
dilute or concentrate urine. It is also crucial for diva-
lent cation (Ca 2 �   and Mg 2 �  ) and ammonium (NH 4   �  ) 
reabsorption (for reviews see  Greger, 1985 ;  Hebert, 
2003 ). The molecular mechanisms of salt reabsorp-
tion by TALH are illustrated in  Fig. 16.8B . NKCC2 is 
the major pathway for sodium reabsorption in TALH 
apical membranes (       Greger et al., 1981, 1983 ;  Greger 
and Schlatter, 1983 ;  Hebert et al., 1981a , Greger et al., 
2003), but for this to occur, the simultaneous opera-
tion of other membrane transport proteins is required. 
Na  �   and Cl  �   leave the cells via the basolateral mem-
brane through Na  �  /K  �   ATPase and Cl  �   channels 
(CLC-Kb), respectively, while K  �   ions return to the 
tubular lumen via an inwardly rectifying K  �   channel 
known as ROMK. This recycling of K  �   is fundamental 
for maintaining a sufficient concentration of this ion 
in the lumen and generating a positive voltage within 
the TALH lumen. The positive voltage in the lumen 
drives the reabsorption of a second cation, Ca 2 �  , Mg 2 �   
or Na  �  , through a paracellular pathway. 

 NKCC2   also plays an important role in cardiovas-
cular and renal pharmacology because this cotrans-
porter is the main pharmacologic target of loop 
diuretics, such as furosemide or bumetanide, which 
are the most potent natriuretic agents available for 
clinical use. By inhibiting NKCC2, loop diuretics 
reduce the rate of salt reabsorption in TALH, produc-
ing significant natriuresis and diuresis. Under physi-
ological conditions, when the macula densa cells at 
the end of TALH sense an increase in NaCl delivery, 
a compensatory decrease in glomerular filtration rate 
occurs thereby preventing the loss of salt in urine 
( Schnermann, 1998 ). This compensation is absent, 
however, when loop diuretics are present, because the 
salt-sensing protein in macula densa is also NKCC2 
( Nielsen et al., 1998 ). Since the B variant of NKCC2 
is the most abundant variant in macula densa cells 
( Gimenez et al., 2002 ), and it is not expressed in shark 
kidney, which also lacks a macula densa ( Gagnon 
et al., 2002 ), it has been proposed that NKCC2B is the 
Cl  �   sensor in TALH cells. However, variant-specific 
knockout mice lacking NKCC2B developed a compen-
satory increase in NKCC2A expression in the TALH 
cells and only exhibited a very slight shift to the right 
of the tubuloglomerular feedback curve ( Oppermann 
et al., 2006 ). Isoform-specific null mice for the A vari-
ant also showed slight changes in tubuloglomerular 
feedback ( Oppermann et al., 2007 ). These observations 
suggest that both isoforms working together compose 
the Cl  �   sensor in the macula densa. 

 Increasing   net NaCl reabsorption in TALH by hor-
mones generating cAMP via Gs-coupled receptors 
such as vasopressin, glucagon, PTH,  β -adrenergic and 

calcitonin is a fundamental mechanism for regulating 
salt transport in this nephron segment (       Hebert et al., 
1981b, c ). Among these hormones, the most impor-
tant is the antidiuretic hormone vasopressin, which 
increases NaCl absorption by TALH through a mecha-
nism that appears to involve trafficking of NKCC2 to 
the apical plasma membrane ( Gimenez and Forbush, 
2003 ;  Plata et al., 1999 ;  Meade et al., 2003 ). Consistent 
with this notion is the observation in medullary TAL 
suspensions that most NKCC2 protein is located 
in intracellular vesicles, and that addition of cAMP 
increases their concentration by more than 100% when 
compared with basal conditions ( Ortiz, 2006 ). Long-
term increases in vasopressin are associated with 
increased expression of NKCC2 and maximal urinary 
concentration ability ( Kim et al., 1999 ).  

    C .      The Na  �  -K  �  -2Cl  �   Cotransporter 1 
(NKCC1) 

 NKCC1   is a salt transport pathway present in sev-
eral epithelial and non-epithelial cells. As mentioned 
above, at the cellular physiology level, NKCC1 plays 
important roles in the regulation of cell volume ( Lang 
et al., 1998 ;  Hoffmann, et al., 2009 ) and [Cl  �  ] i  ( Russell, 
2000 ;  Alvarez-Leefmans, 2001 ;  Gamba, 2005 ;  Rocha-
Gonz á lez et al., 2008 ). As illustrated in  Fig. 16.8C , by 
virtue of its localization in the basolateral membrane 
of most epithelial cells, NKCC1 plays a critical role in 
providing cells with K  �   or Cl  �   ions that are secreted 
through the apical membrane. Most of our knowledge 
about the role of NKCC1 in specific organ or system 
physiology has come from analyzing the consequences 
of eliminating NKCC1 expression by traditional knock-
out models (Delpire and Mount, 2002). A full chapter 
in this book is devoted to the analysis of knockout mice 
in the study of the SLC12A family of membrane trans-
porters (Chapter 10). 

 Mice   lacking NKCC1 expression were produced 
simultaneously by Delpire et al. ( Delpire et al., 1999 ) 
and Flagella et al. ( Flagella et al., 1999 ) through targeted 
disruption of exons 9 and 6, respectively. NKCC1-null 
mice exhibited growth retardation apparent from the 
first day of life and were deaf due to a sensorineural 
defect with dysfunction of epithelial secretion in the 
labyrinth (see Chapter 21 in this volume). Thus, it is 
likely that NKCC1 plays an important role in providing 
epithelial cells with enough K  �   to be secreted into the 
cochlear chamber ( Sakaguchi et al., 1998 ). Supporting 
this conclusion, a similar phenotype occurs in knock-
out mice lacking the K  �   channel ( minK ), which is pres-
ent in the apical membrane of the stria vascularis, and 
through which K  �   ions are secreted ( Vetter et al., 1996 ). 

V. PHYSIOLOGICAL ROLES
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  NKCC1  -null mice also exhibit an intestinal pheno-
type. About 30% of the colony died between days 18 
and 26 of life, due to cecum bleeding and severe block-
ade of the colon. This phenotype is similar to that of 
CFTR knockout mice ( Snouwaert et al., 1992 ), indicat-
ing that NKCC1 may play a role in providing epithelial 
cells with ions that will then be secreted through the 
apical membrane. In addition, NKCC1 knockout mice 
also exhibited severe salivation impairment ( Evans 
et al., 2000 ). The reduced secretory capacity of epithe-
lial cells in NKCC1 null mice is also evidenced by the 
fact that males are infertile due to a deficit in spermato-
cytes production accompanied by architectural disrup-
tion of the testis and epididymis ( Pace et al., 2000 ). 

 Although   initial studies reported no changes in 
blood pressure in NKCC1-null mice ( Pace et al., 2000 ), 
other groups, using more direct analyses, demon-
strated that blood pressure in these mice is decreased 
( Flagella et al., 1999 ;  Meyer et al., 2002 ;  Wall et al., 
2006 ), probably due to a decreased vascular tone. In 
agreement with this hypothesis, it has been recently 
shown that bumetanide decreased blood pressure 
in normal mice by inhibiting the activity of NKCC1 
in vascular beds, an effect that was not observed in 
NKCC1-null mice ( Garg et al., 2007 ). 

 The   absence of NKCC1 also has consequences for 
the function of primary sensory neurons. The cell 
bodies of these neurons are located in brain stem and 
dorsal root ganglia. These neurons are depolarized 
by GABA in the adult, and this depolarization plays 
an important role in generating presynaptic inhibi-
tion, as discussed in Chapter 22 in this volume. This 
depolarization is mediated by an inward current due 
to efflux of Cl  �  . This is possible because primary sen-
sory neurons maintain a higher than passive [Cl  �  ] i  
in adult animals due to the functional expression of 
a Na  �  ,K  �  ,2Cl  �   cotransporter, as first demonstrated 
by Alvarez-Leefmans and collaborators ( Alvarez-
Leefmans et al., 1988 ; Rocha-Gonz á lez et al., 2008). 
Later studies confirmed these observations and iden-
tified NKCC1 as the isoform responsible for keep-
ing the outward Cl  �   gradient in these cells ( Plotkin 
et al., 1997 ;  Sung et al., 2000 ). In NKCC1-null mice the 
GABA-evoked inward current is decreased, abolished 
or even reversed in polarity. Further, it was also shown 
that NKCC1-null animals exhibited increased noci-
ceptive threshold in the hot plate test and in touch-
evoked pain (allodynia), suggesting that NKCC1 is 
involved in pain perception ( Sung et al., 2000 ;  Laird et 
al., 2004 ). Consistent with this notion, it has been dem-
onstrated that bumetanide either applied peripherally 
or intrathecally in the spinal cord of rats significantly 
reduces nociception in the formalin test ( Granados-
Soto et al., 2005 ). Finally, the absence of NKCC1 has 

been shown to be a protective factor against cerebral 
ischemia ( Chen et al., 2005 ) as discussed in Chapter 25 
in this volume, and bacteremia due to bacterial pneu-
monia ( Nguyen et al., 2007 ).   

    VI .      THE ROLE OF THE SODIUM-
COUPLED CATION CHLORIDE 

COTRANSPORTERS IN INHERITED 
DISEASE 

 Given   the important roles of NCC and NKCC2 in 
renal physiology, it was expected that mutations in 
these cotransporters could be associated with mono-
genic disease. In fact, to date, inactivating mutations 
of NCC and NKCC2 have been shown to be linked 
with development of inherited conditions such as 
Gitelman’s and Bartter’s diseases, respectively. In 
addition, by affecting the way in which NCC is mod-
ulated by certain kinases, increased activity of this 
cotransporter has been associated with another mono-
genic disease known as pseudohypoaldosteronims 
type II, or Gordon’s disease. 

    A .      Gitelman’s Disease 

 This   is an inherited monogenic autosomic recessive 
disease. The clinical presentation usually becomes evi-
dent by the second decade of life. It is characterized by 
hypokalemic metabolic alkalosis, arterial hypotension, 
hypocalciuria and hypomagenesemia. The clinical pre-
sentation resembles that observed in patients intoxi-
cated with thiazide-type diuretics. Because of this, 
NCC became a strong candidate for the cause of the 
disease and linkage between Gitelman’s disease and 
the locus for  SLC12A3  in human chromosome 16 was 
found by several groups ( Simon et al., 1996b ;  Pollak et 
al., 1996 ;  Mastroianni et al., 1996a,b ;  Lemmink et al., 
1996 ). At present, more than 70 families have been 
studied and more than 100 different mutations of NCC 
have been reported ( http://archive.uwcm.ac.uk/
uwcm/mg/hgmd0.html ). In addition, a phenotype 
resembling Gitelman’s disease was obtained in mice 
by targeted disruption of the NCC gene ( Schultheis 
et al., 1998 ) and functional analysis of human or rat 
NCC containing some of the reported point mutations 
revealed that mutant NCC proteins are non-functional 
( Kunchaparty et al., 1999 ; De  Jong et al., 2002 ;  Sabath 
et al., 2004 ). 

 Although   Gitelman’s disease is an autosomal reces-
sive disorder, surprisingly, many Gitelman patients 
have been diagnosed with mutations in only one 
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 allele. These patients represent up to 30% of kin-
dreds ( Cruz et al., 2001 ;  Maki et al., 2004 ;  Lemmink 
et al., 1998 ;  Lin et al., 2004 ;  Syren et al., 2002 ;  Simon 
et al., 1996 ). Because inheritance of Gitelman’s dis-
ease is clearly recessive and heterozygous relatives 
of patients with Gitelman’s disease are clinically and 
metabolically asymptomatic, it is likely that unde-
tected mutations in the other allele also existed. Up to 
five potential mechanisms by which mutations reduce 
or abolish transporter activity have been described: 
(1) impairment of protein synthesis, (2) impairment 
protein processing, (3) impairment of insertion of 
a functional protein into the plasma membrane, (4) 
impairment of functional properties of the cotrans-
porter and (5) acceleration of protein removal from 
the membrane or degradation. Using heterologous 
expression system in  X. laevis  oocytes, initial reports 
of missense mutations (a single nucleotide change 
resulting in a codon encoding for a different amino 
acid) reported along NCC protein revealed that the 
cotransporter is synthesized, but not properly glyco-
sylated and thus not expressed at plasma membrane. 
Similarly, a study showed that elimination of NCC 
glycosylation remarkably reduces the activity of the 
cotransporter due to a deficient insertion into the 
plasma membrane ( Hoover et al., 2003 ). Later stud-
ies of functional properties and surface expression of 
more mutants of NCC (De  Jong et al., 2002 ;  Sabath 
et al., 2004 ) revealed that some Gitelman’s missense 
mutations resulting in partially functional proteins are 
explained by the third mechanism mentioned above, 
that is a cotransporter with apparently normal pro-
cessing and normal functional and kinetic properties, 
but in which insertion into plasma membrane is par-
tially impaired.  

    B .      Bartter’s Disease 

 Bartter  ’s disease is a monogenic, but neverthe-
less heterogeneous, disease in which at least five dif-
ferent genes in TALH are implicated. Three of these 
genes are directly involved in salt reabsorption and 
two genes regulate salt transporters. Thus, Bartter’s 
disease is classified into five types: the first four 
(I to IV) are due to inactivating mutations of NKCC2, 
the potassium channel ROMK, the basolateral Cl  �   
channel CLC-KB and the CLC-KB chaperon protein 
Barttin, whereas type V is the result of activating 
mutations in the calcium sensing receptor located in 
the basolateral membrane ( Hebert, 2003 ). The char-
acteristic clinical picture includes a salt wasting state 
with low blood pressure, metabolic alkalosis with 
hypokalemia, hypercalciuria, hypereninemia and sec-
ondary aldosteronism ( Shaer, 2001 ). The disease is 
usually apparent at birth or even earlier, due to exces-
sive accumulation of amniotic fluid (polyhydram-
nios). A striking difference with Gitelman’s disease is 
that patients exhibit hypercalciuria and some develop 
nephrocalcinosis. 

 As   seen in  Table 16.3   , there are similarities and 
differences in the clinical features of patients with 
Bartter’s disease based on the gene causing the dis-
ease; therefore, there is a clinical/molecular correla-
tion. All patients present hypokalemia and metabolic 
alkalosis, which are less severe in type III patients. 
Antenatal presentation and polyhydramnios are more 
often seen in Bartter’s type I, II and IV, than in type III 
disease. In addition, patients with type III disease do 
not develop nephrocalcinosis. Type IV is associated 
with deafness and with development of chronic renal 
failure ( Meade et al., 2003 ;  Hebert, 2003 ). Therefore, 

 TABLE 16.3           Clinical presentation of patients with Bartter’s disease 
according to genomic classification in type I to IV  

     Type I  Type II  Type III  Type IV 

   Affected gene  SLC12A1  KCNJ1/ROMK  ClCNKB  BSND 

    Age of onset   Neonatal  Neonatal  First decade  Neonatal 

   Polyhydramnios  Yes  Yes  No  Yes 

   Sensorineural 
deafness 

 rare  rare  No  Yes 

   Poliuria  Yes  Yes  Uncommon  Yes 

   End stage renal 
disease 

 No  No  No  Yes 

    Hypokalemia   Severe  Severe  Moderate  Severe 

    Metabolic alkalosis   Moderate  Moderate  Mild  Moderate 

   Nephrocalcinosis  Yes  Yes  No  Yes 
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 age of clinical presentation and certain features such 
as nephrocalcinosis, deafness and chronic renal failure 
help the clinician in the identification of the proper 
molecular target.  

    C .      Gordon’s Disease 

 A   disease known as Gordon’s disease, pseudo-
hypoaldosteronism type II (PHAII), familial hyper-
tension with hyperkalemia is the mirror image of 
Gitelman’s disease. It is an inherited disease with a 
dominant pattern of inheritance. PHAII patients fea-
ture arterial hypertension with hyperkalemia, despite 
a normal glomerular filtration rate, and decreased 
urinary H  �   excretion with the consequent hyperchlo-
remic metabolic acidosis. Hypertension appears in 
all patients until adult life if untreated. Thus, meta-
bolic abnormalities develop first and hypertension 
develops later in life. In addition, while Gitelman 
patients exhibit increased bone mineral density ( Cruz, 
2001 ;  Nicolet-Barousse et al., 2005 ), PHAII patients 
develop a significant decrease ( Mayan et al., 2002 ). 
Interestingly, all clinical features in PHAII patients 
are quite sensitive to treatment with low-dose, thia-
zide-type diuretics ( Gordon and Hodsman, 1986 ; 
Mayan et al., 2002). Thus, it was hypothesized that 
PHAII could be due to gain-of-function mutations in 
the  SLC12A3  gene encoding for NCC. However, no 
significant linkage was found between PHAII and 
the  SLC12A3  locus on chromosome 16 ( Simon et al., 
1995 ). Instead, three different loci for PHAII have been 
observed in the human genome located on chromo-
somes 1q31-42 ( Mansfield et al., 1997 ), 12p13 ( Disse-
Nicodeme et al., 2000 ) and 17p11-q21 ( Mansfield et al., 
1997 ). In addition, the existence of PHAII kindreds 
not linked to these chromosome regions indicates 
the existence of another locus ( Disse-Nicodeme et al., 
2001 ). The gene responsible in families linked to chro-
mosome 1 remains a mystery, but in chromosomes 12 
and 17, it was found that Gordon’s disease is associ-
ated with mutation of two kinases known as WNK1 
and WNK4, respectively ( Wilson et al., 2001 ). In the 
first case, nucleotide deletions in the first intron of the 
WNK1 gene correlated with increased expression of a 
normal WNK1 protein, while in the second case, mis-
sense mutations in a conserved acidic region of WNK4 
are responsible for the disease. 

 Most   of the pathophysiology of the Gordon’s dis-
ease seems to be explained by the effects of WNKs 
upon the activity of salt transport proteins in the distal 
nephron, particularly NCC. WNK4 is a negative regu-
lator of NCC activity. This effect of WNK4 upon NCC 
is prevented by introducing the PHAII-type  mutations 

( Wilson et al., 2003 ;  Yang et al., 2003 ;  Cai et al., 2006 ; 
 Golbang et al., 2006 ). Thus, under normal conditions, 
WNK4 inhibits NCC activity and in patients with 
PHAII mutations this inhibition is not present lead-
ing to a chronic increase in the activity of NCC that 
produces arterial hypertension and hyperkalemia. 
Experiments in transgenic animals support this hypoth-
esis. A clear PHAII syndrome has been reproduced in 
BAC transgenic or knock-in mouse harboring WNK4 
with PHAII-type mutations ( Lalioti et al., 2006 ;  Yang et 
al., 2007 ). In these studies, PHAII clinical features were 
rescued by treatment with a thiazide-type diuretic or 
by crossing the mouse with the NCC null mice. A more 
detailed discussion is provided in Chapter 18.   

    VII .      POTENTIAL ROLE IN POLYGENIC 
DISEASES 

 The   known physiological roles of cation- coupled 
chloride cotransporters and their involvement in mono-
genic diseases strongly suggest that these cotransport-
ers could be implicated in development of complex 
polygenic diseases, such as arterial hypertension and 
osteoporosis. 

 High   blood pressure is one of the most com-
mon diseases in adults, with a prevalence of  � 20%. 
Arterial hypertension is diagnosed by chronic sus-
tained increase in diastolic blood pressure  � 90       mmHg, 
usually accompanied with systolic blood pressure 
 � 140       mmHg. Arterial hypertension increases the risk 
of developing acute myocardial infarction, stroke, 
chronic renal failure and congestive cardiac failure. 
Hypertension is a disease with an important genetic 
component. NCC and NKCC2 are strong candidates 
for defining blood pressure levels and involvement in 
the genesis of arterial hypertension. This is due to their 
role in renal salt handling, in the treatment of hyper-
tension and the fact that inherited diseases caused by 
inactivating mutations in the genes encoding these 
cotransporters feature low blood pressure. Supporting 
this hypothesis, in a recent study based on genetic 
analysis of the Framingham population study, it was 
observed that people exhibiting mutations in one allele 
of the  SLC12A1  (NKCC2) or  SLC12A3  (NCC) genes 
tend to have lower blood pressure and a lower risk 
of hypertension ( Ji et al., 2008 ). Additionally, a recent 
study demonstrated strong genome-wide association 
in several populations of SPAK or STK39, a kinase that 
regulates NCC function (Chapter 18) and systolic and 
diastolic blood pressure ( Wang et al., 2009 ). 

 Osteoporosis   is a polygenic disease of the skeleton 
that is secondary to a decrease in bone mineral density, 
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 with a disruption of the normal bone architecture and 
the consequent increase in the risk of fractures. Due to 
functional interaction of NCC with calcium-transport 
mechanisms, this cotransporter is involved in renal 
calcium absorption. Inactivating mutations of NCC 
in Gitelman’s disease are associated with high bone 
mineral density ( Cruz, 2001 ;  Nicolet-Barousse et al., 
2005 ), whereas activation of NCC in PHAII subjects 
is accompanied by decreased bone mineral density 
(Mayan et al., 2002). In addition, there is strong epide-
miological evidence that hypertensive patients treated 
with thiazides are at a lower risk for osteoporosis ( Ray 
et al., 1989 ;  Jones et al., 1995 ;  Sebastian, 2000 ;  Reid 
et al., 2000 ;  Schoofs et al., 2003 ). In this regard, it has 
been shown recently that the NCC protein is expressed 
in osteoblasts in rat and human bones and that addi-
tion of thiazides to osteoblast cells in culture increases 
the formation of mineralized nodules by a mechanism 
that may involve NCC ( Dvorak et al., 2007 ). Therefore, 
osteoporosis is another polygenic disease in which this 
cotransporter could be implicated.  
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O U T L I N E

    I .       OVERVIEW OF THE K  �  -Cl  �   
COTRANSPORTERS: A HISTORICAL 

PERSPECTIVE 

 K    �  -Cl  �   cotransporters are carrier proteins that 
mediate the coupled, electroneutral transport of one 
K  �   ion and one Cl  �   ion across the plasma mem-
brane. This coupled transport is  obligatory  as it abso-
lutely requires the simultaneous presence of both K  �   
and Cl  �   ions on the same side of the membrane for 
net transport to proceed. The K  �  -Cl  �   cotransport-
ers are members of a larger gene family called the 
cation-chloride cotransporters (CCCs) or solute 
carrier family 12 (SLC12). This gene family also 
includes the Na  �  -K  �  -Cl  �   cotransporter (NKCC) 

and the Na  �  -Cl  �   cotransporter (NCC). Research on 
the cation chloride cotransporters now spans over 
four decades (see Chapter 3). Much of the early 
work characterizing the CCCs was performed using 
vertebrate red blood cells. In the 1960s and 1970s, 
numerous red cell studies characterized movements 
of K  �   as well as Na  �   that were clearly the result of 
the processes we now know as KCC and NKCC (e.g. 
 Hoffman and Kregenow, 1966 ;  Funder and Wieth, 
1967 ;          Kregenow, 1971a, b, 1973 ;  Sachs, 1971 ;  Wiley 
and Cooper, 1974 ;          Schmidt and McManus, 1977a – c ). 
In these early studies, however, the absolute depen-
dency of these cation fluxes on the presence of Cl  �   
was not clearly established. There are a number of 
reasons why it was difficult to link the obligatory 
nature of chloride’s involvement in cation  transport 
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 in these early red cell studies. First, there was the 
 “ cationocentric point of view ”  (as so aptly put by 
 Russell, 2000 ) that was so pervasive at the time, 
which held that Cl  �   was passively distributed and 
moved simply in response to changes in membrane 
potential secondary to cation transport. This view 
stemmed largely from the fact that many of the early 
studies on Cl  �   permeability were performed on cells 
that turned out to be exceptions to the rule, i.e. ver-
tebrate red cells and skeletal muscle cells. These two 
cell types, which were widely accepted experimen-
tal models for ion transport, were shown to exhibit 
remarkably high passive Cl  �   permeability and an 
apparent equilibrium distribution of Cl  �   across their 
plasma membranes (Chapter 1). Researchers simply 
extended findings from red cells and skeletal muscle 
cells to all other cell types, and consequently, Cl  �   was 
thought to be of little importance and uninteresting! 
Relative to cation permeability, however, Cl  �   perme-
ability is uniquely high in vertebrate red cells and 
skeletal muscle cells due to a robust anion exchanger 
(AE1 in red cells) or high Cl  �   conductance (ClC in 
skeletal muscle cells). We now know that most cells 
do not have high Cl  �   permeability, actively main-
tain intracellular Cl  �   away from its electrochemical 
potential equilibrium and exhibit tight regulatory 
control of intracellular [Cl  �  ]. In performing this 
important cellular function, the CCCs permit energy 
stored in the Cl  �   electrochemical gradient to be 
used by other transport pathways to perform useful 
electrical, chemical and even osmotic work. A sec-
ond and more important reason for the difficulty in 
linking Cl  �   to cation transport in red cells was the 
simple presence of a robust anion exchanger. This 
Cl  �  /HCO 3   �   exchanger, which is necessary for the 
red cell’s physiological role in CO 2  transport, medi-
ates such large Cl  �   fluxes across the red cell plasma 
membrane that it is difficult to demonstrate clearly 
the Cl  �   fluxes via other much less robust transport 
systems, like KCC and NKCC. Hence, most early red 
cell researchers overlooked the significance of Cl  �   
involvement in the cation fluxes and simply assumed 
that Cl  �   was important only as a counter ion to cat-
ions and important in charge conservation, i.e. they 
assumed Cl  �   was only  functionally coupled  to the cat-
ion fluxes through the membrane potential and not 
obligatorily coupled. 

 While   there were clear difficulties of studying cat-
ion chloride cotransport in vertebrate red cells, they 
were not insurmountable with time. The use of disul-
fonic stilbene derivatives to inhibit the red cell anion 
exchanger proved helpful. Furthermore, research-
ers using other cell systems which exhibit low Cl  �   
permeability, such as the Ehrlich ascites tumor cell 

and the squid giant axon, began to address the issue 
of Cl  �   transport. A pivotal time period in the history 
of the cation-chloride cotransporters came in 1979 –
 1980 when a number of publications appeared in 
which chloride was shown clearly to be coupled to 
cation transport ( Russell, 1979 ;  Dunham et al., 1980 ; 
 Ellory and Dunham, 1980 ;  Geck et al., 1980 ;  Lauf and 
Theg, 1980 ). Using Ehrlich cells,  Geck et al. (1980)  
provided the most lucid description of an Na  �  -
K  �  -Cl  �   cotransporter by presenting evidence for a 
transport process that was electroneutral, inhibited 
by furosemide, not inhibited by ouabain and exhib-
ited tight coupling of Na  �  , K  �   and Cl  �   ion fluxes 
with a stoichiometry of 1Na  �  :1K  �  :2Cl  �   (Chapters 2 
and 5). Although  Russell (1979)  had clearly demon-
strated the coupling of Cl  �   to Na  �   transport in the 
squid giant axon, the role of K  �   in this process was 
not apparent until a subsequent publication where 
he elegantly characterized an NKCC in this cell type 
( Russell, 1983 ). Early descriptions of K  �  -Cl  �   cotrans-
port were provided by  Ellory and Dunham (1980) , 
 Lauf and Theg (1980) , and  Dunham et al. (1980)  
using either swollen or N-ethylmaleimide (NEM)-
treated sheep red cells or untreated human red cells. 
All three of these reports described a Cl  �  -dependent 
K  �   transport process, but it was not entirely clear 
at the time whether this apparent KCC was a dis-
tinct process/protein from NKCC as described by 
 Geck et al. (1980) . The most important aspect of all 
of these early CCC reports is that they collectively 
set the stage for the idea of obligatory coupling of 
chloride to cation transport. Shortly after these 
papers appeared, numerous reports began to distin-
guish the three separate and distinct cation-chloride 
cotransporters (i.e. NKCC, NCC and KCC) along 
with their respective functional properties and their 
remarkable diversity of expression, as discussed in 
detail in Chapters 2 and 3. 

 During   the period of functional characterization 
of KCC in the 1980s and 1990s, no other cell type 
provided a better model system than the vertebrate 
red cell. It is in the red cell that KCC’s sensitivity to 
volume, to NEM and to loop diuretics as well as its 
kinetic and regulatory properties were clearly identi-
fied and thoroughly studied. Not surprisingly, the 
knowledge gained about KCC in vertebrate red cells 
permitted rapid functional characterization of the 
KCCs once they were cloned and sequenced. The 
purpose of this chapter is to provide a review of 
the KCCs from their initial cloning to studies of struc-
ture and function in neurons. The regulation of the 
KCCs will be covered in a separate chapter, so only 
some important regulatory aspects of KCC operation 
will be touched upon.  
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    II .       MOLECULAR BIOLOGY OF THE 
K  �  -Cl  �   COTRANSPORTERS 

 Among   the cation-chloride cotransporter gene 
family, the K  �  -Cl  �   cotransporters exhibit the great-
est genetic diversity. Four distinct isoforms of the 
K  �  -Cl  �   cotransporter have been identified, KCC1 
(Slc12a4), KCC2 (Slc12a5), KCC3 (Slc12a6) and KCC4 
(Slc12a7). Additionally, these KCC isoforms exhibit 
alternative exon splicing and the use of alternative 
promoters and first exons, leading to an even greater 
diversity (discussed further below). In this section 
I describe the molecular characterization of the K  �  -
Cl  �   cotransporters along with their diverse expres-
sion patterns. 

    A .      Molecular Characterization 

 The   K  �  -Cl  �   cotransporters were the last of the 
functionally distinct CCCs to be identified at a molec-
ular level. Since the Na-dependent cation chloride 
cotransporters, NKCC and NCC, had previously been 
cloned and characterized (       Gamba et al., 1993, 1994 ; 
 Payne and Forbush, 1994 ;  Xu et al., 1994;   Delpire 
et al., 1994 ), one might assume that KCC would be 
quite easily identified using standard homology-
based screening techniques (e.g. low stringency PCR 
and library screening). Unfortunately, this proved dif-
ficult and indicated that there must be low identity 
between KCC and the Na-dependent cation-chloride 
cotransporters. The breakthrough in the molecular 
identification of KCC came from the use of a new and 
rapidly developing GeneBank database, composed of 
human expressed sequence tags (hESTs). Two inde-
pendent groups identified a number of hESTs with 
low but significant identity ( � 50%) with the human 
NKCC1 using BLASTN searches of the hEST database. 
This sequence information along with correspond-
ing clones from the IMAGE Consortium was then 
coupled with standard molecular cloning techniques 
to identify two distinct gene products, KCC1 and 
KCC2 ( Gillen et al., 1996 ;  Payne et al., 1996 ).  Gillen 
et al. (1996)  identified KCC1 from rabbit and human, 
whereas  Payne et al. (1996)  identified KCC1 and KCC2 
from rat. After these initial reports, KCC1 ( Holtzman 
et al., 1998 ;  Pellegrino et al., 1998 ) and KCC2 ( Song et al., 
2002 ) were cloned from other mammalian species (see 
       Tables 17.1 and 17.2     ). 

 The   molecular identification of KCC3 and KCC4 
came a few years after the initial cloning of KCC1 and 
KCC2. Remarkably, three independent groups con-
currently reported the cloning of human KCC3 ( Hiki 
et al., 1999 ;  Mount et al., 1999 ;  Race et al., 1999 ). Using 

differential display PCR,  Hiki et al. (1999)  cloned 
human KCC3 in their attempts to identify transcripts 
that were up-regulated in primary cultured human 
umbilical vein endothelial cells following treatment 
with vascular endothelial cell growth factor.  Race 
et al. (1999)  reported the cloning of human KCC3, and 
 Mount et al. (1999)  reported the cloning of human 
KCC3 and human and mouse KCC4. In cloning KCC3 
and KCC4, both of these latter groups used a strategy 
very similar to that employed in the original iden-
tification of KCC1 and KCC2, i.e. BLASTN searches 
of the hEST database. Interestingly, the KCC3 cDNA 
cloned by  Hiki et al. (1999)  predicted a protein that 
was shorter (KCC3b: 1099 amino acids) and signifi-
cantly different at the amino terminus than that iden-
tified by  Mount et al. (1999)  and  Race et al. (1999)  
(KCC3a: 1150 amino acids). Because tissue Northern 
blots with KCC3 probes showed the presence of sev-
eral bands, these two different KCC3s were predicted 
at the time to be the result of alternative splicing. This 
prediction has since proved to be correct as KCC3a 
and KCC3b result from the use of alternative first 
exons in the KCC3 gene ( Fig. 17.1C    and see section 
II.C: KCC3). 

 Since   the initial cloning of all four KCC isoforms, 
additional vertebrate and non-vertebrate orthologs 
of KCC1-4 have been reported (       Tables 17.1 and 17.2 ). 
All of the vertebrate KCCs code for proteins over 
1000 amino acids with core molecular weights of 
120 – 128       kDa ( Table 17.1 ). Each has a similar predicted 
structure with 12 transmembrane segments and 
intracellular amino- and carboxy-terminal ends with 
the latter making up nearly half the protein size ( Fig. 
17.2 ). Not surprisingly, this molecular structure fits 
well with that predicted for NKCC and NCC. Over 
the entire protein length, the KCCs are 25 – 30% iden-
tical to the Na-dependent cation chloride cotrans-
porters NCC and NKCC [N(K)CCs]. The greatest 
identity between the KCCs and the N(K)CCs is pres-
ent within the predicted transmembrane (TM) region 
and a short intracellular loop between putative 
TM2 and TM3. The one major structural difference 
between the KCCs and the N(K)CCs is the position 
of the extracellular loop containing potential N-
linked glycosylation sites. In each of the KCCs, this 
loop is between putative TM5 and TM6, whereas 
with NKCC and NCC the loop is between putative 
TM7 and TM8. Just as with NKCC and NCC ( Lytle 
et al., 1992 ;  Kunchaparty et al., 1999 ), a number of 
studies have confirmed that the KCCs are heavily 
glycosylated with apparent molecular weights of 
120 – 180       kDa ( Gillen et al., 1996 ;  Payne, 1997 ;  Hiki 
et al., 1999 ;  Williams et al., 1999 ;  Pearson et al., 2001 ; 
 Mu ñ oz et al., 2007 ).  
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    B .        Tissue, Cell and Subcellular Expression 
of Transcript and Protein 

 Both   human and rat KCC1 exhibited a broad tissue 
expression pattern on Northern blots. A prominent 
3.8       kb transcript was observed in all tissues along with 
a much less abundant 4.4       kb transcript in some rat tis-
sues ( Gillen et al., 1996 ). This ubiquitous expression 
pattern of KCC1 was further supported by the presence 
of KCC1 hESTs identified from a number of different 

tissue libraries. KCC1 mRNA and protein have been 
reported in numerous epithelial cells ( Di Stefano 
et al., 2001 ;        Lee et al., 2003, 2005b ;  Misri et al., 2006 ; 
 Ubels et al., 2006 ) and osteoclasts ( Kajiya et al., 2006 ) 
as well as neurons and glial cells ( Kanaka et al., 2001 ; 
 Mikawa et al., 2002 ;  Becker et al., 2003 ). Extensive tis-
sue localization with anti-KCC1 antibodies has not 
been performed, but it is widely considered to be the 
 “ housekeeping ”  isoform of the KCCs. In contrast to 
KCC1, Northern blots of rat KCC2 exhibited a single 

 TABLE 17.1          Potassium-chloride cotransporter transcript and protein  

   Organism  Common name  ORF (bp)  Amino acids 
 Core MW 

(kDa)  cDNA Accession No. 
 Protein 

Accession No. 

   KCC1 (Slc12a4) 

    Homo sapiens   human  3258  1085  120.7  NM_005072  NP_005063 

    Sus scrofa   pig  3261  1086  120.8  NM_213949  NP_999114 

    Mus musculus   mouse  3258  1085  120.6  NM_009195  NP_033221 

    Rattus norvegicus   rat  3258  1085  120.6  NM_019229  NP_062102 

    Canis lupus familiaris   dog  3261  1086  120.7  NM_001010952  NP_001010952 

    Oryctolagus cuniculus   rabbit  3258  1085  120.8  NM_001082703  NP_001076172 

    Ovis aries   sheep  3261  1086  120.7  AF_515770  AA_P47188 

   KCC2 (Slc12a5) 

    Homo sapiens   human  3351  1116  123.5  NM_020708  NP_065759 

    Mus musculus   mouse  3348  1115  123.6  NM_020333  NP_065066 

    Rattus norvegicus   rat  3351  1116  123.6  NM_134363  NP_599190 

   KCC3 variant a (Slc12a6) 

    Homo sapiens   human  3453  1150  127.6  NM_133647  NP_598408 

    Pan troglodytes   chimpanzee  3453  1150  127.6  XM_001173480  XP_001173480 

    Mus musculus   mouse  3453  1150  127.5  NM_133649  NP_598410 

    Rattus norvegicus   rat  3453  1150  127.6  NM_001109630  NP_001103100 

   KCC3 variant b (Slc12a6) 

    Homo sapiens   human  3300  1099  122.1  NM_005135  NP_005126 

    Mus musculus   mouse  3300  1099  122.0  NM_133648  NP_598409 

    Rattus norvegicus   rat  3300  1099  122.0  XM_001074289  XP_001074289 

   KCC4 (Slc12a7) 

    Homo sapiens   human  3252  1083  119.1  NM_006598  NP006589 

    Mus musculus   mouse  3252  1083  119.5  NM_011390  NP035520 

    Rattus norvegicus   rat  3252  1083  119.4  XM_001071999  XP_001071999 

    Oryctolagus cuniculus   rabbit  3321  1106  120.9  NM_001082123  NP_001075592 

   Non-vertebrate putative 
KCCs 

    Ciona intestinalis   tunicate  3483  1160  127.6  NM_001033830  NP_001029002 

    Strongylocentrotus 
purpuratus  

 sea urchin  3069  1022  112.8  XM_778532  XP_783625 

    Drosophila melanogaster   fruit fly  3225  1074  119.3  NM_166630  NP_726377 

    Caenorhabditis elegans   nematode  2934  977  108.4  NM_068509  NP_500910 

  Predicted KCC sequences are displayed for  Canis  KCC1,  Pan  KCC1, and  Rattus  KCC4. There are multiple putative KCC sequences in the 
database for  Drosophila  and  Caenorhabditis , but most represent splice variants from the same gene. The accesssion number for only the longest 
variant is listed.  
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 5.6       kb transcript that was exclusively expressed in 
brain tissue at exceptionally high levels ( Payne et al., 
1996 ). This restricted distribution of KCC2 was further 
supported by the finding that all KCC2 hESTs identi-
fied from the database were derived exclusively from 
brain or retinal tissue. Evidence for an exclusively neu-
ronal distribution of KCC2 in rat brain was provided 
by reverse transcriptase PCR (RT-PCR) and  in situ  
hybridization studies ( Payne et al., 1996 ;  Rivera et al., 
1999 ). Using total RNA from a cell line of glial origin 
as well as rat primary cultured astrocytes in RT-PCR 
experiments, a product of the correct size was observed 
with specific primers for KCC1 but not with specific 
primers for KCC2 ( Payne et al., 1996 ). In contrast to 
glial cells, RT-PCR experiments with total RNA from 
primary cultured neurons (e.g. amacrine cells of the 
retina) exhibited products of appropriate size and were 
observed with specific primers for both KCC1 and 
KCC2 ( Payne et al., 1996 ).  In situ  hybridization stud-
ies in rat brain using a KCC2-specific antisense cRNA 
probe showed intense expression of mRNA throughout 
the brain, including cortex, hippocampus, cerebellum 
and brainstem ( Payne et al., 1996 ;  Rivera et al., 1999 ). 
The fact that the white matter of the corpus callosum 

was devoid of any hybridization signal supported 
the view that the distribution is exclusively neuronal. 
Numerous subsequent protein localization studies 
with KCC2-specific antibodies have fully corroborated 
the neuronal specificity of KCC2 (e.g.  Lu et al., 1999 ; 
 Williams et al., 1999 ;  Gulyas et al., 2001 ;  Hubner et al., 
2001 ). Immunolocalization reveals a remarkably punc-
tate distribution of KCC2 along dendrites ( Zhu et al. 
2005 ), indicating that the transporter is primarily tar-
geted to the postsynaptic membrane and closely asso-
ciated with synapses. Remarkably, KCC2 appears to 
be localized at both inhibitory and excitatory synapses 
( Williams et al., 1999 ;  Gulyas et al., 2001 ). While its 
localization at inhibitory synapses correlates well with 
its function in intracellular [Cl  �  ] regulation of neu-
rons and hence functional coupling with GABA A  and 
glycine receptors, KCC2 localization at excitatory syn-
apses was surprising ( Gulyas et al., 2001 ). Recent work 
suggests that KCC2 localization at excitatory synapses 
may play a unique non-transporting, morphogenic role 
in neurons ( Li et al., 2007 ). 

 As   mentioned above, KCC3 was shown to exhibit 
rather extensive transcript heterogeneity in the initial 
cloning reports ( Hiki et al., 1999 ;  Mount et al., 1999 ; 

 TABLE 17.2          Potassium-chloride cotransporter genes  

   Organism  Common name  Chromosome  Position  Exons  Gene ID 

   KCC1 (Slc12a4) 

    Homo sapiens   human  16  16q22.1  24  6560 

    Sus scrofa   pig  NA  NA    396992 

    Mus musculus   mouse  8  8 D3|8 53.0       cM    20498 

    Rattus norvegicus   rat  19  19q12    29501 

    Canis lupus familiaris   dog  5  NA    479679 

    Oryctolagus cuniculus   rabbit  NA  NA    100009441 

   KCC2 (Slc12a5) 

    Homo sapiens   human  20  20q13.12  27  57468 

    Mus musculus   mouse  2  *    2 G2-G3  *      57138 

    Rattus norvegicus   rat  3  3q42    171373 

   KCC3 (Slc12a6) 

    Homo sapiens   human  15  15q13-q15  28  9990 

    Pan troglodytes   chimpanzee  15  NA    750207 

    Mus musculus   mouse  2  2 E3    107723 

    Rattus norvegicus   rat  3  3q34    691209 

   KCC4 (Slc12a7) 

    Homo sapiens   human  5  5p15  24  10723 

    Mus musculus   mouse  13  13 C1|13 43.0       cM    20499 

    Rattus norvegicus   rat  1  1p11    308069 

    Oryctolagus cuniculus   rabbit  NA  NA    100008847 

   *   Note that  Sallinen et al. (2001)  have reported a disruption of the well-established homology between 
human chromosome 20 and mouse chromosome 2, and they have assigned the murine homolog of 
KCC2 ( Slc12a5 ) to chromosome 5 (5G2-G3).  
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  Race et al., 1999 ). At least three mRNA transcripts 
sizes were observed on Northern blots with KCC3 
probes, ranging in size from  � 4.5       kb to  � 8       kb. We now 
know that much of this variation is due to alternative 
splicing of the KCC3 gene (see section II.C: KCC3). 
A  � 4.5 and  � 7       kb transcript were observed in kidney, 
whereas  � 7 and  � 8       kb transcripts were more broadly 

expressed in heart placenta, lung, liver and pancreas 
( Race et al., 1999 ). Skeletal muscle and brain expressed 
primarily the  � 8       kb transcript of KCC3. On Northern 
blots,  Mercado et al. (2005)  showed that KCC3a-
 specific probes hybridized with the  � 8       kb transcript 
were observed in brain, heart, kidney and skeletal 
muscle, whereas KCC3b-specific probes hybridized 

KCC1 Amino-terminal Variants 
0605040320011

|||||||
hKCC1

mouse KCC1a
MPHFTVVPVDGPRRGDYDNLEGLSWVDYGERAELDDS--DGHGNHRESSPFLSPLEASRG
---------------------------------MGDTLHPGQGNHRENSPFLCPLDASRG

KCC1 Carboxy-terminal Variants 
520151015001599589579569

|||||||
YSDEEDESAVGADKIQMTWTRDKYMTETWDPSHAPDNFRELVHIKPDQSNVRRMHTAVKL 
YSDEEDESAVGADKIQMTWTRDKYMTETWDPSHAPDNFRELVHIKPDQSNVRRMHTAVKL 
YSDEEDESAVGADKIQMTWTRDKYMTETWDPSHAPDNFRELVHIKP-------------- 

5801570156015501540153016201
|||||||

NEVIVTRSHDARLVLLNMPGPPRNSEGDENYMEFLEVLTEGLERVLLVRGGGREVITIYS
NEVIVTRSHDARLVLLNMPGPPRNSEGDENCIPLWRGRQLGGG-----------------
------------------------------------------------------------ 

KCC2 N-terminal Variants 
0605040302011
|||||||

hKCC2a
hKCC2b

MSRRFTVTSLPPAGPARSPDPESRRHSVADPRHLPGEDVKGDGNPKESSPFINSTDTEKG
-----------------------MLNNLTDCEDGDGGANPGDGNPKESSPFINSTDTEKG

KCC3 N-terminal Variants 
0605040302011
|||||||

MHPPETTTKMASVRFMVTPTKIDDIPGLSDTSPDLSSRSSSRVRFSSRESVPETSRSEPM
MHPPETTTKMASVRFMVTPTKIDDIPGLSDTSPDLSSRSSSRVRFSSRESVPETSRSEPM

MPHFTVTKVE
MPHFTVTKVE

hKCC3a
hKCC3a-x2M

--------------------------------------------------
--------------------------------------------------
-----------------------------------------------------------M

02101100109080716
|||||||

hKCC3a SEMSGATTSLATVALDPP-SDRTSHPQDVIE-DLSQNSITGEHSQLLDDGHKKARNAYLN
hKCC3a-x2M SEMSGATTSLATVALDPP-SDRTSHPQDVIE----------------DDGHKKARNAYLN

hKCC3b DPEEGAA---ASISQEPSLADIKARIQDSDEPDLSQNSITGEHSQLLDDGHKKARNAYLN
hKCC3b-x2M DPEEGAA---ASISQEPSLADIKARIQDSDEP---------------DDGHKKARNAYLN
hKCC3a-S1/2 SEMSGATTSLATVALDPP-SDRTSHPQDVIE-DLSQNSITGEHSQLLDDGHKKARNAYLN

KCC4 N-terminal Variants 
0605040302011
|||||||

-------------------------MPTNFTVVPVEAHADGGGDETAERTEAPGTPEGPE
rabbit KCC4

hKCC4
MVYTALTWQRLHGTAAGLVPSHLPQEGEKGSTHPTPRPLGTTPRVTAHIEPPRPWAAGAE

02101100109080716
|||||||

hKCC4 PERPSPGDGNPRENSPFLNNVEVEQESFFEGKNMALFEEEMDSNPMVSSLLNKLANYTNL
rabbit KCC4 PPLPA-GDGSARESSPFIGSAAADGDSLLEGKNMALFEEEMDSNPMVSSLLNKLANYTNL

hKCC1
hKCC1 variant1
hKCC1 variant2

hKCC1
hKCC1 variant1
hKCC1 variant2

hKCC3b
hKCC3b-x2M
hKCC3a-S1/2

A

B

C

D

 FIGURE 17.1          Alignment of alternative first exons and splicing variants that have been proposed for each of the KCC isoforms.  A.  KCC1 
amino-terminal and carboxy-terminal variants as published by  Pellegrino et al. (1998)  and  Crable et al. (2005) .  B.  KCC2 amino-terminal variants 
as published by  Uvarov et al. (2007) .  C.  KCC3 amino-terminal variants as published by  Mercado et al. (2005) .  D.  KCC4 amino-terminal variant 
published for rabbit as published by Valezquez and Silva (2003). The human (h) sequence is shown except where noted (mouse and rabbit).    



339

 with the  � 7       kb transcript were observed only in kid-
ney. Hence, KCC3b appears to be restricted to the 
kidney, and its mRNA transcript is shorter by  � 1       kb 
than that of KCC3a. Antibodies to KCC3 have been 
prepared, and protein localization studies have been 
reported in nervous system, kidney, inner ear and 
gastric mucosa ( Pearson et al., 2001 ;  Boettger et al., 
2003 ;  Mercado et al., 2005 ;  Fujii et al., 2008 ). KCC3 
exhibited broad expression in most brain regions, 
being found in large neurons of the hippocampus, 
cortex, brainstem and cerebellum. In the nervous 
system, KCC3 was most highly expressed in the spi-
nal cord primarily along myelin sheaths that sur-
round axons ( Pearson et al., 2001 ). KCC3 exhibited 
colocalization with CNPase, an oligodendrocyte 
marker, confirming its presence in these cells and its 
close association with myelin sheaths ( Pearson et al., 
2001 ). Interestingly, even though KCC3  knockout mice 

exhibited a peripheral neuropathy associated with 
locomotor defects ( Howard et al., 2002 ), no KCC3 
immunoreactivity is observed in peripheral nerves of 
wildtype animals ( Pearson et al., 2001 ). The base of 
the choroid plexus epithelium also exhibited strong 
KCC3 immunoreactivity, indicating that KCC3 was 
expressed either at the basolateral membrane of the 
choroid plexus epithelium or possibly in the vascu-
lature just underneath the epithelium ( Pearson et al., 
2001 ). KCC3 immunoreactivity within rodent kidney 
was most prominent in basolateral membranes of 
proximal tubules ( Mercado et al., 2005 ). In the mouse 
inner ear, KCC3 was expressed in many of the sup-
porting cells of the hair cells along with type 1 and 
type III fibrocytes underneath the stria vascularis 
( Boettger et al., 2003 ). In gastric mucosa, KCC3 local-
ized to the basolateral membrane of luminal parietal 
cells ( Fujii et al., 2008 ). 

 FIGURE 17.2          Hypothetical structural model of the K  �  -Cl  �   cotransporter. Human KCC2 (hKCC2) and human KCC1 (hKCC1) are com-
pared to one another by colors that indicate the degree of similarity on a per residue basis: red residues are identical and black residues are 
absent from hKCC1 (alignment performed using CLUSTAL X ver. 1.8). The branched lines are potential N-linked glycosylation sites between 
putative transmembrane segments 5 and 6. Predicted secondary structural elements are shown as helices for predicted  α -helix and wavy lines 
for predicted  β -sheet. A reentrant loop between putative transmembrane segments 2 and 3 has been predicted for NKCC2 (see  Gimenez and 
Forbush, 2007 ) and is shown for KCC2. See text for description of carboxy-terminal notations of hKCC2. This figure was kindly provided by 
Bliss Forbush using DNAPLOT.    
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  On   Northern blots, probes of KCC4 detected a 
single 5.3       kb transcript in numerous tissues with the 
most prominent found in heart and kidney ( Mount 
et al., 1999 ). Immunolocalization studies with KCC4 anti-
bodies have been performed in inner ear, kidney 
and nervous system ( Boettger et al., 2002 ;  Velazquez 
and Silva, 2003 ;  Karadsheh et al., 2004 ). KCC4 
exhibited a developmental expression pattern in 
the mouse inner ear. One week after birth, KCC4 
immunoreactivity was found in the stria vascularis, 
the developing supporting cells (organ of Corti) 
and outer hair cells. Two weeks after birth, KCC4 
immunoreactivity became restricted to a subset of 
supporting cells, i.e. Deiter’s cells. KCC4 immunore-
activity was found in the basolateral membranes of 
numerous nephron segments, including the proxi-
mal tubule, medullary thick ascending limb, distal 
convoluted tubule, connecting segment and alpha-
intercalated cells of the collecting duct ( Boettger 
et al., 2002 ;  Velazquez and Silva, 2003 ). In the ner-
vous system, KCC4 immunoreactivity was observed 
primarily in brainstem and peripheral nerves. KCC4 
immunoreactivity was absent from the cortex, hippo-
campus and cerebellum. KCC4 staining in the brain-
stem was observed only in the cranial nerves and 
nuclei, where it colocalized with CNPase and MAP2, 
indicating expression in both oligodendrocytes 
and neurons. In peripheral nerves, KCC4 exhibited 
immunoreactivity that was consistent with localiza-
tion in axons and Schwann cells ( Karadsheh et al., 
2004 ). Additionally, KCC4 antibodies stained the 
apical membrane of the choroid plexus ( Karadsheh 
et al., 2004 ). Interestingly, KCC3 and KCC4 appear 
to be expressed together in a number of cell types, 
including Deiter’s cells of the inner ear, renal prox-
imal tubule cells, oligodendrocytes and choroid 
plexus epithelium.  

    C .       Transcript and Protein Heterogeneity: 
Alternative Splicing, Alternative Exons 
and Alternative Transcriptional Start Sites 

 All   of the KCC isoforms have been reported to 
exhibit some form of transcript variation, yet little is 
known about the physiological significance of the 
predicted protein heterogeneity. Most of the variation 
reported for the KCCs is due to the use of alternative 
first exons and would lead to alteration in potential 
regulatory sites. In the following section, I describe 
some of the reported variation for each of the KCC 
isoforms. In some cases, it is not known if the reported 
variation in transcript translates into variation at the 
protein level and hence functional level. 

    1 .      KCC1 

    Pellegrino et al. (1998)  and  Crable et al. (2005)  have 
reported the identification of a number of alternative 
transcripts for KCC1 which would lead to variations 
in the amino-terminus and carboxy-terminus of the 
protein. The predicted proteins from some of these 
alternative transcripts are displayed in  Fig. 17.1A . 
Most of the amino-terminal splice variants of KCC1 
appear to be due to alternative first exons but this has 
not been extensively analyzed. Using the terminology 
of  Crable et al. (2005) , exon 1 (this is the variant iden-
tified in the initial cloning) encodes 39 amino acids, 
whereas exon 1a encodes only 7 amino acids. The 
alternative transcripts that lead to carboxy- terminal 
changes appear to be  “ readthrough ”  transcripts that 
incorporate intronic sequence, leading to either pre-
mature termination of the protein or incorporation 
of additional coding sequence prior to termination 
( Crable et al., 2005 ). Most of these carboxy-terminal 
variants appear to be minor transcripts compared 
to the full-length original KCC1 ( Crable et al., 2005 ). 
Other than the initial cloned KCC1, none of the other 
reported variants of KCC1 have been functionally 
characterized. Hence, the significance of these variants 
remains uncertain. It is important to point out that 
relatively minor truncations of the carboxy- terminus 
of the KCC1 are known to lead to non- functional pro-
teins ( Casula et al., 2001 ).  

    2 .      KCC2 

    Uvarov et al. (2007)  have recently shown that the 
neuronal K  �  -Cl  �   cotransporter, KCC2, exhibits amino 
terminal heterogeneity due to the use of alternative 
promoters and alternative first exons ( Fig. 17.1B ). 
Exon 1a encodes 40 amino acids (KCC2a) and exon 
1b encodes 17 amino acids (KCC2b; this is the vari-
ant identified in the initial cloning). Both KCC2a 
and KCC2b are exclusively expressed in neurons of 
the central nervous system; however, they differ in 
the developmental timing and level of expression. 
In brains of newborn mice, transcript expression of 
KCC2a and KCC2b are similar. Upon postnatal devel-
opment, however, KCC2b is steeply up-regulated 
whereas KCC2a is not ( Uvarov et al., 2007 ). KCC2b 
appears to be the predominant variant in the mature 
rodent cortex. KCC2a exhibits significant levels of 
mRNA expression in the brainstem and spinal cord 
during prenatal and early postnatal development, 
indicating it may play an important developmen-
tal role in these CNS regions. This latter supposition 
is supported by the finding that mice lacking KCC2b 
but retaining normal levels of KCC2a survive up to 
2 weeks after birth ( Woo et al., 2002 ), whereas mice 
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 lacking both KCC2 variants die at birth because of 
severe motor deficits, including the inability to breath 
( Hubner et al., 2001 ). Flux analysis of KCC2a and 
KCC2b transiently expressed in HEK 293 cells dem-
onstrated that both variants exhibit comparable K  �  -
Cl  �   cotransport activity. Importantly, both KCC2a and 
KCC2b exhibit constitutive activity under isotonic 
conditions (often termed  “ isotonic ”  activity) which is 
a unique functional feature of KCC2 and likely impor-
tant with regard to the control of cell [Cl  �  ] in neurons 
( Payne, 1997 ), as discussed below in section III.  

    3 .      KCC3 

 Transcript   heterogeneity of KCC3 was evident dur-
ing its initial cloning. The KCC3 cDNA cloned by  Hiki 
et al. (1999)  predicted a protein of 1099 amino acids 
which was shorter than the 1150 amino acid protein 
predicted from the cDNA cloned by  Race et al. (1999)  
and  Mount et al. (1999) . These two KCC3 variants 
termed KCC3a (1150aa) and KCC3b (1099aa) were 
identical except for their amino-termini, indicating 
that they may have resulted from alternative splic-
ing events. The identification of two distinct KCC3 
cDNAs was consistent with the presence of at least 
two transcripts observed on tissue Northern blots 
( Mount et al., 1999 ). The fact that KCC3a and KCC3b 
were both predicted to be on human chromosome 15 
(15q13) also supported the hypothesis that these were 
splice variants of the same gene, SLC12A6 ( Hiki et al., 
1999 ;  Race et al., 1999 ). A subsequent report clearly 
demonstrated that KCC3a and KCC3b are produced 
by the use of alternative first exons in the KCC3 gene 
( Mercado et al., 2005 ) ( Fig. 17.1C ). Exon 1a of the 
KCC3 gene encodes 90 amino acids, whereas exon 1b 
of the KCC3 gene encodes 39 amino acids, and this 
accounts for the 51 amino acid difference in the two 
predicted proteins. In addition to the use of alterna-
tive first exons in KCC3, exon 2 (encoding 15 amino 
acids) is subject to alternative splicing, resulting in 
two additional KCC3 transcripts, KCC3a-x2M (KCC3a 
minus exon 2) and KCC3b-x2M (KCC3b minus exon 2). 
 Mercado et al. (2005)  have identified two additional 
KCC3 transcripts that differ only by the presence of 
alternative upstream non-coding exons (KCC3a-S1 
and KCC3a-S2). Hence, they have identical open read-
ing frames and both code for the same KCC3 variant 
(KCC3a-S). Interestingly, KCC3a-S differs from KCC3a 
because of the use of an alternative internal splicing 
acceptor site in exon 1a, which removes the first ini-
tiating methionine of exon 1a. This leads to the use 
of a downstream initiating methionine in KCC3a-S 
and removal of the first 51 amino acids. As there are 
three in-frame methionines in exon 1a, there remains 

some uncertainty about which is used, but the  Fig. 
17.1C  follows the description provided by  Mercado 
et al. (2005) . In summary, six different KCC3 tran-
scripts are known to exist, and they code for five dif-
ferent KCC3 variants. All of these KCC3 variants 
function as K  �  -Cl  �   cotransporters based on flux anal-
ysis of protein expressed in  Xenopus  oocytes ( Mercado 
et al., 2005 ). Whether this KCC3 amino-terminus het-
erogeneity leads to differences in physiological func-
tion is not clear. Since exons 1a, 1b and 2 of the KCC3 
gene encode a number of potential phospho-acceptor 
sites it seems reasonable that such KCC3 heterogene-
ity would lead to differences in regulation.  

    4 .      KCC4 

 Transcript   heterogeneity has not been extensively 
studied in KCC4. However, Valezquez and Silva have 
reported 5 	 -variation in the transcript cloned from 
rabbit ( Velazquez and Silva, 2003 ). The rabbit KCC4 
transcript predicts a longer amino-terminus which 
exhibits little identity to that of the human, rat, or 
mouse orthologs ( Fig. 17.1D ). Rabbit KCC4 is longer at 
the amino-terminus by 24 amino acids. Furthermore, 
the first 89 amino acids of the rabbit KCC4 predicted 
protein show no identity to any known KCC isoform. 
It is currently unclear if this variation is due to some 
type of alternative splicing event or due to a cloning 
artifact. No functional characterization of the rabbit 
KCC4 was reported ( Velazquez and Silva, 2003 ).    

    III .      STRUCTURE – FUNCTION STUDIES 
WITH THE K  �  -Cl  �   COTRANSPORTERS 

 After   the cloning of the KCCs, information on the 
basic operation of the different KCC isoforms, includ-
ing their transport kinetics, ion selectivity, inhibitor 
sensitivity, regulation and other functional differences, 
emerged rapidly, mainly from studies using heter-
ologous expression systems such as  Xenopus  oocytes 
and culture mammalian cells. The findings reported 
by a number of research groups for each of the KCCs 
expressed in various expression systems are nicely 
summarized in a recent review by  Gamba (2005) . All 
of the KCC isoforms exhibited hallmark characteristics 
of K  �  -Cl  �   cotransport that were so well documented 
by previous red cell studies. These include  “ loop ”  
diuretic (furosemide and bumetanide) sensitivity, 
activation by N-ethylmaleimide (NEM), and activa-
tion by hypotonic swelling. With regards to activation 
by hypotonic swelling, it is important to point out 
that KCC expression studies using human  embryonic 
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  kidney-293 (HEK-293) cells or Chinese hamster ovary 
(CHO) cells often exhibited little swelling activation 
of the expressed KCC ( Payne, 1997 ;  Hiki et al., 1999 ; 
 Strange et al., 2000 ). This appears to be due largely 
to a deficit in the signaling mechanism present in 
the cell system rather than to an unresponsive KCC 
to swelling. For example, while KCC2 was not acti-
vated by hypotonic swelling in HEK-293 cells ( Payne, 
1997 ) or CHO cells ( Strange et al., 2000 ), it was clearly 
activated by hypotonic swelling when expressed in 
 Xenopus  oocytes ( Strange et al., 2000 ;  Song et al., 2002 ) 
or MDCK cells (Payne, unpublished data). These find-
ings bring to light the importance of understanding 
the limitations of studying regulation of expressed 
protein in heterologous expression systems. 

 In   contrast to an abundance of structure –  function 
studies performed with the sodium transporting mem-
bers of the CCC family (NKCC and NCC), only a 
handful of structure – function studies have been 
performed with the KCC isoforms. Early structure –
  function studies on the KCCs examined simple trun-
cation mutants of KCC1 expressed either in  Xenopus  
oocytes or HEK-293 cells ( Casula et al., 2001 ;  Lauf 
et al., 2001b ). In general, these studies demonstrated 
that while short truncations (46 amino acids) of the 
amino-terminus may diminish function, carboxy ter-
minal truncations as small as 8 amino acids lead to 
total loss of function. Interestingly, the carboxy termi-
nal truncations reported by  Casula et al. (2001)  exhib-
ited no function despite expression of the protein and 
its apparent presence at the plasma membrane. These 
data are consistent with the findings that additions of 

epitope tags at the amino-terminus of the KCCs are 
well tolerated functionally but that such additions 
at the carboxy-terminus lead to non-functional pro-
tein ( Gillen et al., 1996 ;  Payne, 1997 ). The functional 
importance of the carboxy-terminus of the KCCs may 
be related to recent findings that the CCCs appear to 
form oligomeric carrier assemblies by interacting at the 
carboxy-terminus of the proteins ( Simard et al., 2007 ). 

 Additional   structure – function studies have exam-
ined some unique operational and structural features 
of KCC2. In alignments of the KCC isoforms, it be came 
immediately apparent that KCC2 had a large extended 
region in the carboxy-terminus, exhibiting little iden-
tity with the other KCCs (       Figs 17.2 and 17.3     ). This 
unique region of KCC2 is coded by two extra exons 
(exon 22 and 24) which are apparently absent from 
the other KCC genes. Exon 22 of KCC2 codes for 41 
amino acids and exon 24 of KCC2 codes for 5 amino 
acids. Exon 23 of the KCC2 gene is conserved among 
the KCC genes; however, the identity of the predicted 
amino acids in exon 23 of KCC2 is quite low when 
compared to the other KCC isoforms. Overall, the pre-
dicted protein spanning these three exons of KCC2 is 
unique among the KCCs in containing a large num-
ber of serines and negatively charged residues, and it 
was originally predicted to be an important regulatory 
region ( Payne et al., 1996 ). This prediction has been 
fully supported by recent structure – function studies. 

 As   mentioned above, one unique functional feature of 
KCC2 that has been noted in numerous heterologous ex-
 pression studies is the presence of a significant basal 
constitutive activity under isotonic conditions, often 

Alignment of KCC Isoforms

--|--       *       exon 22             --|--
hKCC2   QILKQMHLTKNEREREIQSITDESRGSIRRKNPANTRLRLNVPEETAGDSEEKPEEEVQL
hKCC1   QMLRQMRLTKTERERE-----------------------------------------AQL
hKCC3   QMLRHMRLSKTERDRE-----------------------------------------AQL
hKCC4   QMLKQMQLSKNEQERE-----------------------------------------AQL

exon 23
hKCC2   IHDQSAPSCPSSSPSPGEEPEGEGETDPEKVHLTWTKDKSVAEKNKGPSPVSSEGIKDFF
hKCC1   VKDRHSALRLESLYSDEEDES---AVGADKIQMTWTRDKYMTETWDPSH--APDNFRELV
hKCC3   VKDRNSMLRLTSIGSDEDEET---ETYQEKVHMTWTKDKYMASRGQKAK--SMEGFQDLL
hKCC4   IHDRNTASHTAAAARTQAPP-----T-PDKVQMTWTREKLIAEKYRSRD-TSLSGFKDLF

exon
--| 24 |--

hKCC2   SMKPEWENLNQSNVRRMHTAVRLN
hKCC1   HIKP-----DQSNVRRMHTAVKLN
hKCC3   NMRP-----DQSNVRRMHTAVKLN
hKCC4   SMKP-----DQSNVRRMHTAVKLN

 FIGURE 17.3          Carboxy-terminal alignment of the KCC isoforms. Additional KCC2 exons (exon 22 and 24) are noted in boldface. The 15 
amino acid region identified by  Mercado et al. (2006)  as required for constitutive  “ isotonic ”  activity of KCC2 is underlined. Serine-940 (S940) of 
KCC2 is noted with an asterisk.  Lee et al. (2007)  have reported that protein kinase C directly phosphorylates S940 of KCC2 and that S940 phos-
phorylation is required for activation of KCC2 by protein kinase C. Human (h) sequences are displayed.    
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 referred to as  “ isotonic ”  activity (e.g.  Payne, 1997 ; 
 Strange et al., 2000 ;  Song et al., 2002 ). This constitu-
tive activity of KCC2 likely plays an important role in 
establishing the steady state intracellular [Cl  �  ] of neu-
rons. One structure – function study tested the hypo -
thesis that the unique structural region in the carboxy-
terminal domain of KCC2 conferred its constitutive 
 “ isotonic ”  activity.  Mercado et al. (2006)  tested this 
hypothesis using chimeric constructs in which por-
tions of the carboxy-terminal domains were switched 
between KCC2 and KCC4. Two generations of KCC2-
4 chimeras were used to narrow down the region 
conferring constitutive  “ isotonic ”  activity to a 15 
amino acid region within exon 23 of KCC2 (       Figs 17.2 
and 17.3 ). Interestingly, they found that the constitu-
tive  “ isotonic ”  activity of KCC2 was unaffected by 
serine/threonine (S/T) phosphatase inhibitor calycu-
lin A whereas the swelling-induced activity of KCC2 
was completely abolished by pre-incubation with 
calyculin A. Based upon these findings, they con-
cluded that the constitutive  “ isotonic ”  activity and the 
swelling-induced activity of KCC2 are mediated by 
two distinct mechanisms. 

 Red   cell studies have clearly shown the importance 
of phosphorylation – dephosphorylation events in the 
regulation of the K  �  -Cl  �   cotransporter, and this has 
been confirmed in numerous KCC expression stud-
ies ( Jennings and Al-Rohil, 1990 ). Both S/T and tyro-
sine phosphorylation – dephosphorylation events have 
been implicated in the regulation of the red cell KCC. 
Specifically, it has been shown that inhibition of S/T 
protein phosphatases (e.g. calyculin A, okadaic acid) 
prevent activation of K  �  -Cl  �   cotransport whereas 
inhibition of S/T protein kinases (e.g. staurosporine) 
activate K  �  -Cl  �   cotransport ( Jennings and Schulz, 
1991 ;  Kaji and Tsukitani, 1991 ;  Starke and Jennings, 
1993 ;  Bize and Dunham, 1994 ;  Bize et al., 1999 ). 
Additionally, tyrosine kinase inhibitors (genistein) 
prevent activation and tyrosine phosphatase inhibitors 
promote activation of the K  �  -Cl  �   transporter ( Flatman 
et al., 1996 ). While little is known about the exact 
mechanism, some of the phosphorylation substrate 
proteins involved in KCC regulation are beginning 
to emerge, including the S/T kinases, Ste20-related 
proline alanine-rich kinases (SPAK), oxidative stress 
response kinase (OSR1) and the  “ with no lysine ”  
kinases (WNK). One early structure – function study 
examined the regulatory role of a well-conserved 
tyrosine residue present in the carboxy-terminus of 
all KCC isoforms ( Strange et al., 2000 ; see Y1087 in 
 Fig. 17.2 ). In KCC2 and KCC4, this particular tyro-
sine was identified to be a consensus tyrosine pro-
tein kinase phosphorylation site. When this tyrosine 
residue in KCC2 was mutated to  aspartate (Y1087D) 

to mimic phosphorylation and then expressed in 
 Xenopus  oocytes, constitutive  “ isotonic ”  activity as well 
as swelling-induced activity of the transporter were 
dramatically inhibited despite normal trafficking of 
the mutated protein to the plasma membrane. Remar-
kably, replacement of the tyrosine residue in KCC2 
with phenylalanine (Y1087F) did not alter the consti-
tutive or swelling-induced activity from that observed 
with non-mutated controls. Similar data were obtai-
ned when they expressed equivalent mutants of KCC1 
(Y1056D and Y1056F) in  Xenopus  oocytes. Further-
more,  Strange et al. (2000)  demonstrated that neither 
tyrosine phosphatase (dephostatin, pervanadate) nor 
kinase (genistein) inhibitors altered basal KCC2 activ-
ity expressed in CHO cells. They concluded that tyro-
sine phosphorylation of KCC2 protein did not play an 
important role in regulating KCC2 activity, but that 
this well-conserved tyrosine does play an important 
functional role in the KCCs. 

 While   the importance of phosphorylation – dephos-
phorylation events in the regulation of the K  �  -Cl  �   
cotransporter has been inferred for many years, it 
has not been clear if changes in its activity were due 
to changes in the phosphorylation state of the trans-
porter itself. This issue was recently examined by  Lee 
et al. (2007)  in their study of the regulation of KCC2 
by protein kinase C (PKC), an S/T protein kinase. 
First, using an  in vitro  kinase assay and fusion proteins 
of KCC2 containing point mutations of potential PKC 
phosphorylation sites (S/T for alanine), they demon-
strated that purified PKC directly phosphorylated ser-
ine 940 (S940) within the carboxyl-terminal domain of 
KCC2 (       Figs 17.2 and 17.3 ). Second, they showed that 
S940 is a major site for PKC-dependent phosphoryla-
tion of KCC2 protein expressed in HEK-293 cells and 
that phosphorylation of S940 increases KCC2 activ-
ity by increasing its cell surface stability. Third, they 
confirmed their recombinant studies by demonstrat-
ing that PKC-dependent phosphorylation of KCC2 
increases cell surface expression of KCC2 in cultured 
hippocampal neurons. The fact that phosphorylation 
of S940 leads to KCC2 activation seems contrary to the 
dogma that dephosphorylation of K  �  -Cl  �   cotransport 
activates it. However, it must be remembered that 
S940 is one of many phosphorylation sites in KCC2 
that are altered by PKC  –  some phosphorylated and 
some dephosphorylated. In fact, in other studies we 
have found that activation of PKC with phorbol esters 
leads to a net dephosphorylation of KCC2 expressed 
in MDCK cells. Interestingly, we found phospho-
 serine levels to increase but phospho-threonine lev-
els to decrease in greater proportion. These findings 
are consistent with a net dephosphorylation of KCC2 
being associated with its activation.  
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    IV .        PHYSIOLOGICAL FUNCTION OF K  �  -
Cl  �   COTRANSPORTER IN NEURONS 

 In   mediating the coupled transport of K  �   and Cl  �  , 
the KCCs carry no net charge across the plasma mem-
brane (i.e. they are electroneutral), and they do not 
directly hydrolyze ATP (i.e. they are secondary active). 
In most mammalian cells, the KCCs derive their 
energy for net transport from the asymmetric distribu-
tion of potassium across the plasma membrane which 
is generated by the Na,K-ATPase (i.e. the K  �   chemi-
cal potential difference,  Δ  μ  K ). Using the energy in the 
K  �   chemical concentration gradient, the KCCs can 
extrude Cl  �   from a cell against the Cl  �   chemical con-
centration gradient (i.e. Cl  �   chemical potential differ-
ence,  Δ  μ  Cl )  –  hence, secondary active transport of Cl  �  . 
As cotransporters, however, the KCCs are, by defini-
tion, bi-directional and can carry out net ion influx as 
well as efflux, depending upon the magnitude and 
sign of energy stored in the chemical concentration 
gradients of the transported ions (i.e. thermodynamic 
driving force for KCC,  Δ  μ  KCC       �       Δ  μ  K       �       Δ  μ  Cl ; for more 
information on thermodynamics of KCC, see Chapter 
5). This later property is of immense importance to 
understanding the physiology of the KCCs. Because 
this transporter is poised near thermodynamic equi-
librium, it has the potential to mediate net ion flux in 
either direction and thus serve as a  “ dynamic buffer ”  
of the transported ions. To illustrate this point con-
sider the well-described and much studied Cl-HCO 3  
exchanger of red cells which with its robust consti-
tutive activity can mitigate changes in intracellular 
Cl  �   and HCO 3   �  . As we will see, K  �  -Cl  �   cotransport 
in neurons operates close to thermodynamic equi-
librium and KCC2, like the red cell anion exchanger, 
exhibits all of the transport properties required of a 
 “ dynamic buffer ” . In this section, I provide a review 
of the physiological functions of K  �  -Cl  �   cotransport 
in neurons and specifically discuss the operation of 
KCC2 and KCC3, the two KCC isoforms that perform 
significant neuronal functions. Additionally, I have 
attempted to highlight some unique aspects of K  �  -Cl  �   
 cotransporter operation in neurons. 

    A .      Regulation of Intracellular [Cl  �  ] 

    1 .      Pump – Leak Model of Cl  �   Homeostasis 

 The    “ pump – leak ”  model of cellular ion homeo-
stasis can be applied to Cl  �   just as it was applied to 
Na  �   and K  �   of sheep red cells some 50 years ago by 
 Tosteson and Hoffman (1960) . Here, steady state [Cl  �  ] i  
will be determined by the relative contributions of 

active (conservative)  “ pumps ”  and passive (dissipa-
tive)  “ leaks ” . Since most animal cells maintain steady 
state [Cl  �  ] i  well above electrochemical equilibrium, 
there must be a conservative transport pathway that 
mediates Cl  �   accumulation in the cell interior. The 
one major exception to this general rule of Cl  �   accu-
mulation in animal cells is observed in neurons that 
exhibit hyperpolarizing synaptic inhibition mediated 
by ligand-gated anion channels. Because [Cl  �  ] i  in such 
neurons must be below electrochemical equilibrium 
to permit Cl  �   influx to carry hyperpolarizing current, 
a conservative transport pathway that extrudes Cl  �   
from the neuron is necessary. The most important and 
clearly identifiable Cl  �    “ pumps ”  or conservative Cl  �   
transport pathways are the secondary active cation-
chloride cotransporters. By maintaining intracellular 
[Cl  �  ] either above or below electrochemical equilib-
rium, these transport proteins store energy in the Cl  �   
electrochemical gradient to be used by dissipative 
 “ leak ”  pathways to perform useful electrical and 
chemical work, i.e. Cl  �   secretion in epithelial cells and 
Cl  �  -dependent signaling in neurons. Of the CCCs, 
NKCC1 and KCC2 are of particular interest with 
regard to neuronal Cl  �   homeostasis. The NKCC1 iso-
form is prominently expressed in the central nervous 
system where it is found not only in neurons but also 
in vascular endothelial cells, glial cells, and epithe-
lial cells of the choroid plexus ( O’Donnell et al., 1995 ; 
 Plotkin et al., 1997 ;  Yan et al., 2001 ) as discussed in 
Chapters 25, 26, 29 and 30 in this book. NKCC1 is also 
highly expressed in adult primary afferent neurons 
in the peripheral nervous system ( Alvarez-Leefmans 
et al., 1988 ;  Plotkin et al, 1997 ), where it is involved in 
maintaining [Cl  �  ] above electrochemical equilibrium, 
a key phenomenon in gating of somatosensory infor-
mation through GABAergic mechanisms, as discussed 
in detail in Chapter 22. In contrast, KCC2 is expressed 
exclusively and at high levels in mature central neu-
rons ( Payne et al., 1996 ;  Lu et al., 1999 ;  Rivera et al., 
1999 ;  Williams and Payne, 2004 ), and it is believed to 
be the primary neuronal Cl  �   extrusion mechanism 
that is responsible for keeping [Cl  �  ]i lower than equi-
librium ( E  Cl  more negative than  E  m ), a unique feature 
of this cell type.  

    2 .       Is KCC2 the Neuronal Cl  �   Extrusion 
Mechanism? 

 Years   before the KCCs were identified at a molecu-
lar level, a K  �  -Cl  �   cotransport mechanism was sus-
pec ted to function in neurons, maintaining the low 
intra cellular [Cl  �  ] essential for hyperpolarizing syn-
aptic inhibition (see  Alvarez-Leefmans, 1990 ). This 
mecha nism was often referred to in the early  literature 
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 as a  ‘ Cl  �  -pump ’  ’  (e.g.  Llinas et al., 1974 ). While a num-
ber of reports suggested the involvement of a primary 
active Cl �  extrusion mechanism in neurons (Shiroya 
et al., 1989; Inoue et al., 1991), the participation of elec-
troneutral, secondary active transporters (i.e., Na � -K � -
Cl �  cotransporter) in “active Cl �  transport” had been 
identified in dorsal root ganglion neurons (Alvarez-
Leefmans et al., 1988), and numerous non-nervous tis-
sues. Evidence supporting the role of a K  �  -dependent 
Cl  �   extrusion mechanism of neurons was provided by 
studies using both vertebrate and invertebrate systems. 
The crayfish stretch receptor neuron (       Aickin et al., 
1982, 1984 ), insect neurosecretory cells ( Dubreil et al., 
1995 ) and vertebrate cortical and hippocampal neurons 
(       Thompson et al., 1988a, b ;        Thompson and Gahwiler, 
1989a, b ) were reported to use the favorable outwardly 
directed K  �   chemical concentration gradient to drive 
Cl  �   extrusion. These studies essentially characterized 
a neuronal K  �  -Cl  �   cotransport by examining shifts 
in  E  Cl  as measured by  E  GABA  or  E  IPSP  following altera-
tions in extracellular [K  �  ] or furosemide treatment. 
Recognizing the uniqueness of neuronal Cl  �   homeo-
stasis (i.e.  E  Cl  more negative than  E  m ) among animal 
cells, the simple fact that KCC2 exhibited an exclusive 
and robust expression pattern in neurons throughout 
the central nervous system provided me with enough 
circumstantial evidence to hypothesize that KCC2 was 
the neuronal  “ Cl  �   pump ”  responsible for low cell [Cl  �  ] 
( Payne et al., 1996 ). This hypothesis has been fully sup-
ported by an abundance of research from my labora-
tory and those of others. 

 After   the development of specific antibodies against 
KCC2, immunolocalization studies confirmed the 
neuron-specific expression of KCC2 protein (e.g.  Lu 
et al., 1999 ;  Williams et al., 1999 ;  Vardi et al., 2000 ;  Vu 
et al., 2000 ;  Gulyas et al., 2001 ). While KCC2 was found 
at the somata of neurons, it exhibited distinct punctate 
localization along dendrites where it often colocalized 
with GABA A  receptors, providing more circumstantial 
evidence consistent with the role of KCC2 in neuronal 
Cl  �   extrusion ( Williams et al., 1999 ). One of the more 
intriguing findings from the localization studies was 
the fact that KCC2 was present near excitatory inputs 
in rat hippocampus which was certainly not expected 
given its proposed role in Cl  �   homeostasis ( Gulyas 
et al., 2001 ). At the time, it was suggested that KCC2 
could be playing a role in volume regulation, but we 
now have an additional explanation to this perplex-
ing finding (discussed below). In addition to informa-
tion about specific localization of KCC2, antibodies 
also established that KCC2 protein expression in the 
brain correlated temporally with the well- established app-
earance of hyperpolarizing GABA A  receptor- me diated 
responses in the developing brain ( Lu et al., 1999 ;  

Vu et al., 2000 ;  Stein et al., 2004 ). In the rat hippocam-
pus, fast GABAergic transmission is depolarizing (and 
often excitatory) at birth, yet becomes hyperpolarizing 
and inhibitory by the second week of postnatal devel-
opment (see discussion below). This implies that the 
neuronal Cl  �   extrusion mechanism of hippocampal 
neurons does not become functionally expressed until 
the end of the first week after birth. Indeed, KCC2 
mRNA and protein expression in the rat hippocampus 
was absent at birth yet appeared by the end of the first 
week of postnatal development ( Rivera et al., 1999 ; 
 Stein et al., 2004 ). 

 The   most convincing data to support the major 
role of KCC2 in active neuronal Cl  �   extrusion and 
regulation of intracellular [Cl  �  ] have come from func-
tional studies of neurons in which the expression level 
of KCC2 has been manipulated ( Rivera et al., 1999 ; 
 Chudotvorova et al., 2005 ;  Zhu et al, 2005 ;  Lee 
et al., 2005a ;  Akerman and Cline, 2006 ;  Cancedda 
et al., 2007 ) and from the production of KCC2 knock-
out mice ( Hubner et al., 2001 ;  Woo et al., 2002 ). Using 
cultured rat hippocampal slices,  Rivera et al. (1999)  
demonstrated that KCC2 protein was greatly reduced 
after 15       h exposure of the slices to KCC2 antisense 
oligonucleotides. Measurements of  E  GABA � A  in slices 
treated with KCC2 antisense oligonucleotides were 
near the resting membrane potential or depolarizing, 
indicating that neuronal Cl  �   was at or above equilib-
rium ( E  Cl  equal or more positive than  E  m ). Control 
slices, however, always exhibited hyperpolarizing 
responses to the GABA A  receptor agonist muscimol, 
indicating that Cl  �   was below equilibrium ( E  Cl  more 
negative than  E  m ). These data clearly demonstrated 
that the Cl  �   extrusion mechanism was significantly 
impaired in the KCC2 antisense treated slices, and 
they provided the first functional data supporting the 
hypothesis that KCC2 was essential for hyperpolar-
izing GABA A -receptor-mediated responses. In con-
trast to the KCC2 knockdown experiments of  Rivera 
et al. (1999) , a number of more recent studies have 
taken a  “ gain of function ”  approach to examining the 
role of KCC2 as the main Cl  �   extrusion pathway of 
neurons ( Chudotvorova et al., 2005 ;  Lee et al., 2005a ; 
 Akerman and Cline, 2006 ;  Cancedda et al., 2007 ). Each 
of these studies demonstrated that transfection and 
overexpression of KCC2 in neurons at an early devel-
opmental stage can convert normally depolarizing 
GABA A  receptor-mediated responses into hyperpolar-
izing ones by lowering neuronal [Cl  �  ] prematurely. 
Collectively, these studies demonstrated the key role 
that KCC2 plays in Cl  �   homeostasis as the primary 
Cl  �   extrusion pathway of neurons. These studies also 
demonstrated the importance of KCC2 in develop-
ment of the nervous system (discussed further below). 
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  The   importance of KCC2 in neuronal function has 
also come from  Kcc2   � / �   knockout mice. Here, it is 
important to remember that KCC2 is subject to alter-
native splicing that results from the use of alternative 
first exons, leading to the production of two differ-
ent KCC2 variants, KCC2a and KCC2b (see section 
II.C above). These two KCC2 variants were not dis-
covered until after the development of the  Kcc2   � / �   
knockout mice. Two  Kcc2   � / �   mouse strains have been 
developed each by a different research group.  Hubner 
et al. (2001)  targeted exon 4 of  Slc12a5 , which we 
now know inhibited expression of both KCC2a and 
KCC2b. These true  Kcc2   � / �   mice died immediately 
after birth because of excitatory actions of GABA and 
glycine which prevent motor function, including the 
control of respiration. In contrast,  Woo et al. (2002)  tar-
geted the disruption of exon 1b of  Slc12a5 , thus their 
mice lacked KCC2b expression but retained KCC2a 
expression. While it was not known at the time, the 
expression of KCC2a in these particular knockout 
mice could account for the small amount of KCC2 
protein (5% of normal) that was expressed after the 
first week of postnatal development. Remarkably, 
some of the mice produced by  Woo et al. (2002)  sur-
vived for up to 2 – 3 weeks, but they exhibited signifi-
cant difficulties with their posture and gait as well as 
recurrent seizures. The latter being the likely cause of 
their demise. Since cultured cortical neurons prepared 
from the KCC2b knockout mice exhibit impaired Cl  �   
 regulation and depolarizing GABAergic responses 
( Zhu et al., 2005 ), it appears that KCC2b is the vari-
ant responsible for neuronal Cl  �   regulation at least in 
the cortex. Additional studies will be required to iden-
tify the exact roles of KCC2a and KCC2b in neurons of 
other brain regions.  

    3 .       Role of KCC2 in Development of the Nervous 
System 

 GABAergic   transmission exhibits many unique 
features that permit it to serve important roles during 
the life of a neuron  –  from controlling the maturation 
of neurons and neuronal networks during develop-
ment to operating as the main inhibitory system in 
mature central neurons. This versatility of GABAergic 
transmission lies partly in the plasticity of the sys-
tem, i.e. the ability of the neuron to change subtly the 
magnitude and even the polarity of the driving force 
of GABA A  receptor-mediated responses. For exam-
ple, in the immature brain GABA acting on GABA A  
receptors is depolarizing and some times excitatory, 
yet in the mature brain GABA A  receptor-mediated 
responses are inhibitory and often hyperpolari zing. 
This developmental polarity change in GABAergic 

 transmission, often termed the developmental  “ shift ” , 
is due primarily to alterations in the temporal and spa-
tial expression of the main neuronal Cl  �   transporters, 
NKCC1 and KCC2 ( Payne et al., 2003 ). Immature neu-
rons predominantly express NKCC1 which maintains 
high, above equilibrium intracellular [Cl  �  ], and hence 
these cells exhibit depolarizing GABA A  receptor-
mediated responses. With the appearance of KCC2 
expression later in neuronal development, intracel-
lular [Cl  �  ] is lowered (see Chapter 7), and GABA A  
receptor- mediated responses become hyperpolarizing. 
This developmental  “ shift ”  has been observed in a 
wide variety of different neurons from various differ-
ent regions of the central nervous system, and hence, 
it is believed to be a fundamental characteristic in the 
development of central neurons. It should be empha-
sized, however, that this developmental  “ shift ”  of 
GABA A  receptor-mediated responses is tightly linked 
to the maturation of a particular neuron, and therefore 
the exact timing of its appearance exhibits significant 
regional differences ( Rivera et al., 1999 ;  Li et al., 2002 ; 
 Vinay and Jean-Xavier, 2008 ), animal species differ-
ences (altricial vs. precocious young; see  Rivera et al., 
1999 ), and even sex differences ( Kyrozis et al., 2006 ; 
 Perrot-Sinal et al., 2007 ). Significantly, the temporal 
expression of KCC2 correlates well with each of these 
observed alterations in timing of the developmental 
 “ shift ” , providing support for the key role that KCC2 
plays in this phenomenon. 

 GABA   and GABA A  receptors are present and func-
tional well before synapse formation, indicating that 
they are involved in non-synaptic processes early in 
development. Since depolarizing GABAergic signal-
ing occurs during a period when neurons exhibit 
much of their morphological development and syn-
aptogenesis, these depolarizations likely provide an 
important developmental signal. Indeed, GABA A  
receptor-induced depolarizations can generate action 
potentials, open voltage-gated Ca  � 2  channels, or acti-
vate N-methyl-D-aspartate (NMDA) receptors by remov-
ing their Mg  � 2  block. Each of these responses can lead 
to transient elevations of intracellular Ca  � 2  and trig-
ger Ca  � 2 -dependent mechanisms involved in a wide 
range of developmental processes, including neuro-
nal proliferation, migration and maturation ( Owens 
and Kriegstein, 2002 ). A number of recent studies 
have provided evidence identifying GABA A  receptor-
mediated depolarizations as a key signal in early 
development of neurons and neuronal networks. 
These studies manipulated the expression of KCC2 
in order to prematurely decrease intracellular [Cl  �  ] 
in immature neurons and therefore alter the  timing 
of the developmental  “ shift ”  of GABA A  receptor-
 mediated responses ( Chudotvorova et al., 2005 ; 
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  Akerman and Cline, 2006 ;  Cancedda et al., 2007 ). Two 
of these studies examined premature expression of 
KCC2  in vivo . Electroporation of immature tectal cells 
of the  Xenopus  tadpole with KCC2 prevented normal 
development of glutamatergic synapses and increased 
the development of inhibitory GABAergic inputs 
( Akerman and Cline, 2006 ).  Cancedda et al. (2007)  
used  in utero  electroporation of rat embryos to express 
KCC2 and found dramatic alterations in the matura-
tion of cortical neurons. Early expression of KCC2 has 
also been examined in cultured hippocampal neurons 
and resulted in a significant increase in the density of 
GABA receptors and formation of GABAergic syn-
apses ( Chudotvorova et al., 2005 ). Another study has 
taken a slightly different approach to shift GABA A  
receptor-mediated responses from depolarizing to 
hyperpolarizing by knocking down expression of 
NKCC1 in newly generated neurons of the adult hip-
pocampus ( Ge et al., 2006 ). Remarkably, this caused 
significant defects in synapse formation and dendritic 
development of the immature neurons and prevented 
their integration into the mature network. It is clear 
from these studies that depolarizing GABA A  receptor-
mediated responses in early development provide 
an important signal for the development of neurons 
and their networks and that KCC2 functions not only 
in the transition of GABAergic transmission (from 
depolarizing to hyperpolarizing) but also as an inte-
gral part of the entire developmental process of the 
nervous system. An important question that remains 
is how KCC2 mediates its effect on neuronal develop-
ment. Is it the cotransporter itself that provides the 
signal or is it acting indirectly through its effect on 
intracellular [Cl  �  ] ( Chudotvorova et al., 2005 )? If it is 
the latter it will elevate the status of Cl  �   as an impor-
tant signaling molecule. 

 The   role of KCC2 in neuronal development has 
taken a new and exciting turn recently with the find-
ing that it plays a morphogenic role in the formation 
of excitatory synapses ( Li et al., 2007 ). Remarkably, 
this function of KCC2 does not require its transport 
activity, but rather KCC2 appears to act as a key cyto-
skeletal scaffolding protein involved in dendritic 
spine morphogenesis.  Li et al. (2007)  noted that cul-
tured cortical neurons from  Kcc2   � / �   mice exhibited 
dendritic protrusions that were long and had aber-
rant  “ filopodia-like ”  spines. Moreover, many of these 
protrusions showed significantly reduced expression 
of pre- and postsynaptic marker proteins, indicat-
ing reduced synapse formation in cortical neurons 
from  Kcc2   � / �   mice. Indeed, the frequency of minia-
ture excitatory postsynaptic currents was reduced in 
these cells from  KCC2   � / �   mice, confirming a signifi-
cant reduction in the number of functional excitatory 

 synapses. Most remarkable was the finding that nor-
mal spine phenotype could be restored by transfecting 
the  Kcc2   � / �   cortical neurons with a non-transporting 
construct of KCC2 (i.e. lacking the amino-terminus 
of the protein). Clearly, the morphogenic role of KCC2 
in excitatory synapse formation must be structural 
rather than related to its transport operation.  Li et al. 
(2007)  went on to show using immunoprecipitation 
assays that KCC2 interacts with 4.1       N protein, a pre-
viously characterized postsynaptic protein which in 
turn interacts with cytoskeletal proteins, including 
spectrin and actin. This study helps to explain the 
earlier finding by  Gulyas et al. (2001)  that KCC2 was 
highly expressed at excitatory inputs of the rat hippo-
campus. Thus, it now appears that KCC2 plays a key 
role in the development of both inhibitory and excit-
atory synapses.  

    4 .       How does KCC2 Help Regulate Neuronal 
[Cl  �  ]? 

 In   any homeostatic process, the effector mechanism 
must be sensitive to changes in the parameter being 
controlled. This implies that KCC2 must be sensi-
tive to changes in [Cl  �  ] i . This sensitivity of KCC2 to 
changes in [Cl  �  ] i  could be direct and/or indirect 
through allosteric regulation. After considering the 
typical ion gradients that exist in neurons, I have rea-
soned that KCC2 might be capable of sensing and reg-
ulating [Cl  �  ] i  directly through the effect that changes 
in [Cl  �  ] i  have on the thermodynamic driving force of 
K  �  -Cl  �   cotransport ( Payne, 1997 ). Such a mechanism 
is rapid and efficient as the effector is also the sen-
sor. Precedence for a transporter operating in such a 
manner is provided by the C  �  -HCO 3   �   exchanger in 
vertebrate red cells ( Cala and Grinstein, 1988 ) and in 
gastric parietal cells during histamine-induced secre-
tion ( Thomas and Machen, 1991 ). This type of trans-
porter operation has been previously referred to as 
 “ dynamic buffering ”  or  “ thermodynamic activation ”  
( Cala and Grinstein, 1988 ;  Thomas and Machen, 1991 ). 

 In   order for a transporter to operate as a  “ dynamic 
buffer ” , a number of conditions must be met. First, 
the transporter must be constitutively active and must 
have a high transport capacity. Second, the transporter 
must be near thermodynamic equilibrium. Third, its 
ion transport affinities must be near physiological 
ion concentrations so as to permit maximal altera-
tions in transporter velocity to respond to incipient 
and modest changes in ion concentration. Given these 
conditions, a Cl  �   transporter would appear to be 
 “ activated ”  by a rapid increase in [Cl  �  ] i , and it would 
operate to mitigate that change by eliciting a com-
pensatory net Cl  �   efflux. Does KCC2 of  neurons meet 
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 these conditions? In mature neurons where [Cl  �  ] i  
is low (5 – 10       mM), i.e. below equilibrium, the out-
wardly directed K  �   chemical gradient is closely bal-
anced by the inwardly directed Cl  �   chemical gradient, 
i.e. KCC2 is operating near thermodynamic equilib-
rium (zero point on ordinate of  Fig. 17.4   ). Thus, one 
of the conditions is met. Significantly, [Cl  �  ] i  and [K  �  ] o  
are small compared to [Cl  �  ] o  and [K  �  ] i  (100 – 130       mM); 
thus, small concentration changes such as those occur-
ring with GABA A R activation (elevated [Cl  �  ] i ) or with 
high excitatory activity (elevated [K  �  ] o ) will dramati-
cally alter the  magnitude  and possibly the  direction  of 
the thermodynamic force driving net K  �  -Cl  �   cotrans-
port. Hence, KCC2 can lower neuronal [Cl  �  ] to lev-
els that permit fast hyperpolarizing inhibition, but 
because KCC2 is poised near its reversal point, it can 
also mediate net K  �   and Cl  �   uptake in response to ele-
vated extracellular [K  �  ]. This latter property permits 
KCC2 to operate as a dynamic buffer of extracellular 
[K  �  ] ( Payne, 1997 ). The role of KCC2 in regulation of 
extracellular [K  �  ] is important to consider given the 
fact that the extracellular space in the brain is rela-
tively small ( � 20% of total) and continually threat-
ened by the reservoir of K  �   held within neurons by 
the membrane voltage. What about the other condi-
tions required for a significant thermodynamic effect 
on KCC2 activity? Remarkably, KCC2 appears to 
meet each one: constitutive activity, proper kinetics 

 (transport affinities for extracellular K  �   and intracellu-
lar Cl  �   are in the physiological range), and high trans-
port capacity. Using heterologous expression systems, 
we and others have shown that membrane-resident 
KCC2 is constitutively active and exhibits high basal 
transport activity ( Payne, 1997 ;  Strange et al., 2000 ; 
 Song et al., 2002 ). Constitutive activity and high trans-
port activity for KCC2 have also been inferred by 
studies using native protein in cultured neurons and 
brain slices (e.g.  Jarolimek et al., 1999 ;  DeFazio et al., 
2000 ). Significantly, we demonstrated that KCC2 has a 
high transport affinity for external Rb  �  /K  �  ,  K  m  � 5       mM 
( Payne, 1997 ;  Williams and Payne, 2004 )  –  close to the 
physiological level of [K  �  ] o  in the brain interstitium 
(3 – 4       mM). The neuronal Cl  �   extrusion pathway is often 
reported as being robust, and immunolocalization 
studies, showing that KCC2 is highly expressed throug-
hout most of the CNS, is consistent with a high trans-
port capacity ( Lu et al., 1999 ;  Williams et al., 1999 ; 
 Vardi et al., 2000 ;  Vu et al., 2000 ;  Gulyas et al., 2001 ). 

 The   apparent  “ control ”  of KCC2 as described 
above does not preclude additional allosteric regula-
tion either through alteration in unitary transport rate 
and/or surface protein density. In this regard, a study 
by  Kelsch et al. (2001)  demonstrated that KCC2 activ-
ity in cultured hippocampal neurons required protein 
tyrosine kinase (PTK) activity. Within minutes after 
genistein or lavendustin A application (tyrosine kinase 

 FIGURE 17.4          Thermodynamic driving force for K  �  -Cl  �   cotransport (J/mole) as a function of extracellular [K  �  ] at various intracellular 
[Cl  �  ] ([Cl  �  ] i ). Driving force was calculated using constant intracellular [K  �  ] of 100       mM and extracellular [Cl  �  ] of 130       mM at 37 ° C using the fol-
lowing equation:  Δ  μ  KCC       �       Δ  μ  K       �       Δ  μ  Cl       �       RT  ln[K  �  ] i /[K  �  ] o       �       RT  ln[Cl  �  ] i /[Cl  �  ] o , where the subscripts i and o denote intracellular and extracel-
lular, respectively,  R  is the gas constant (8.314       J mol      �      1       K      �      1) and  T  is absolute temperature. This figure is modified from  Payne (1997) .    
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 inhibitors),  E  GABA  shifted to more positive values in 
the dendrites of hippocampal neurons, indicating a 
rapid inhibition of Cl  �   extrusion via KCC2 and con-
comitant elevation of dendritic [Cl  �  ] i . Furthermore, 
their study indicated that KCC2 activity could be rap-
idly induced (10       min) if insulin or IGF-1 was coapplied 
with a cytoplasmic PTK (c-Src via recording pipette). 
As tyrosine phosphorylation is known to increase 
amplitudes of GABA A  receptor Cl  �   currents ( Moss 
et al., 1995 ;  Wan et al., 1997 ) allosteric regulation of 
KCC2 by PTKs would permit efficient functional 
coupling between the Cl  �    “ leak ”  and Cl  �    “ pump ”  
pathways. Although the study by  Kelsch et al. (2001)  
indicated that KCC2 was biochemically regulated via 
a tyrosine kinase cascade in hippocampal neurons, 
the mechanism by which KCC2 transport capac-
ity was altered could not be determined. Recently, 
 Lee and coworkers (2007)  reported that activation of 
KCC2 by protein kinase C (PKC) required the phos-
phorylation of a specific serine on KCC2 (S940). This 
PKC phosphorylation of S940 appeared to be direct 
as  in vitro  experiments showed that purified PKC 
could specifically phosphorylate this site of a carboxy-
 terminal fusion protein of KCC2. They also provided 
evidence that the activation of KCC2 induced by 
PKC was due to an increase in surface stability of the 
transporter. In addition to PTK and PKC, a number of 
other kinases have been shown to alter KCC2 activ-
ity, including brain-type creatine kinase (       Inoue et al., 
2004, 2006 ), with no lysine kinases (WNKs;  Kahle et 
al., 2005 ;  Gagnon et al., 2006 ), and Ste-20 related pro-
line alanine-rich kinase (SPAK;  Gagnon et al., 2006 ). 
Collectively, these studies demonstrate that KCC2 is 
subject to significant allosteric regulation by a myriad 
of cell signaling mechanisms.   

    B .      Regulation of Cell Volume 

 The   most widely stated physiological function of 
the K  �  -Cl  �   cotransporter is a role in cell volume reg-
ulation. This KCC function is long-standing because 
much of the early work on the KCCs was in vertebrate 
red cells stimulated by swelling in hyposmotic media. 
Cell volume regulation refers to the process whereby 
a cell is able to restore volume to normal following 
an osmotic challenge. As animal cells are incapable of 
withstanding any significant hydrostatic pressure dif-
ference across their plasma membranes, volume regu-
lation results from the activation of transporters that 
mediate net solute movement with concurrent flow of 
osmotically obliged water. As a net efflux mechanism, 
KCC can participate in the restoration of cell volume 
following osmotic swelling. Indeed, a role for KCC 

in cell volume regulation has been demonstrated for 
some vertebrate red cells (e.g.          Kregenow, 1971b, 1981 ; 
 Lauf, 1982 ) as well as non-erythroid cells ( Thornhill 
and Laris, 1984 ), as discussed in Chapter 3. The par-
ticular KCC isoform(s) that is/are responsible for cell 
volume regulation has/have been the subject of much 
interest. While each KCC isoform has been shown 
to be activated by hyposmotic swelling, one must 
be careful in assigning a volume regulatory role to a 
transporter when one has only demonstrated volume 
sensitivity. A transporter should be considered vol-
ume regulatory only after it has been demonstrated 
that the transport rate is a graded function of the 
stimulus and that  net  ion transport is large enough to 
restore cell volume to normal. In the absence of such 
measurements, it is best to refer to the transporter as 
volume sensitive until more extensive experimenta-
tion is conducted. 

    1 .      Is KCC3 the Primary Volume Regulatory KCC? 

 It   has generally been assumed that KCC1 with its 
wide tissue expression is the  “ housekeeping ”  isoform 
responsible for cell volume regulation. However, ver-
tebrate red cells where K  �  -Cl  �   cotransport has been 
clearly shown to be involved in cell volume regulation 
express both KCC1 and KCC3 isoforms ( Pellegrino 
et al., 1998 ;  Su et al., 1999 ;  Lauf et al., 2001a ;  Crable et al., 
2005 ). In a more recent study,  Rust et al. (2007)  have 
provided convincing data that volume-sensitive K  �  -
Cl  �   cotransporter activity in mouse red cells is largely 
mediated by KCC3. In this study,  Rust et al. (2007)  
examined K  �  -Cl  �   cotransporter activity in the red cells 
of three different knockout mice,  Kcc1   � / �  ,  Kcc3   � / �   
and the double mutant,  Kcc1   � / �   Kcc3   � / �  . Compared 
to red cells from wildtype mice cotransporter activ-
ity following hyposmotic swelling was unaffected in 
 Kcc1   � / �   mice, whereas it was dramatically reduced in 
 Kcc3   � / �   mice and completely abolished in the double 
mutant,  Kcc1   � / �   Kcc3   � / �  . A significant role of KCC3 in 
volume homeostasis of other cell types is supported 
by a preceding study which examined the volume 
regulatory response of neurons and renal tubule cells 
of  Kcc3   � / �   mice ( Boettger et al., 2003 ). In this study, 
volume regulation after hyposmotic swelling was dra-
matically reduced in hippocampal pyramidal neurons 
cultured from  Kcc3   � / �   mice compared to those cul-
tured from wildtype mice. Additionally, isolated per-
fused proximal straight tubules from the  Kcc3   � / �   mice 
exhibited impaired cell volume regulation following 
hyposmotic swelling. From these knockout studies, it 
appears that KCC3 is the primary isoform involved 
in cell volume regulation following hyposmotic 
swelling. 
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  One   peculiar finding of the  Kcc3   � / �   mice was that as 
they aged a distinct neurodegeneration was observed in 
both the central and peripheral nervous systems. This 
neurodegeneration was often accompanied by vascuol-
ization and significant axonal swelling ( Boettger et al., 
2003 ). Furthermore, while the  Kcc3   � / �   mice exhibited 
peripheral neuropathy ( Howard et al., 2002 ), strangely 
enough KCC3 protein was not observed in the sciatic 
nerve or axons of the mature nervous system. A recent 
study has helped to clarify these findings.  Byun and 
Delpire (2007)  demonstrated that KCC3 is expressed 
in the sciatic nerve of juvenile mice but is absent in the 
sciatic nerve of adult mice. They also showed that the 
axonal swelling observed in  Kcc3   � / �   mice progressed 
throughout postnatal development and was the likely 
cause of the neurodegeneration. These data support a 
key role of KCC3 in volume regulation of peripheral 
axons and revealed the importance of this cell function 
to the maintenance of neurons.  

    2 .      Hyposmotic vs. Isosmotic Swelling 

 At   this point it seems appropriate to take time to 
discuss some issues of significant importance to the 
volume regulatory function of K  �  -Cl  �   cotransport in 
neurons. The first issue concerns the nature of volume 
perturbation most commonly incurred by neurons and 
by mammalian cells in general, and how this directly 
affects the thermodynamics of K  �  -Cl  �   cotransport. 
Such alterations in KCC thermodynamics following 
cell swelling places significant constraints on cotrans-
porter operation and may dictate cellular localization 
of a particular K  �  -Cl  �   cotransporter based on its spe-
cific cellular function. 

 Most   studies examining swelling activation of the 
KCCs have used hyposmotic solutions to mediate the 
volume perturbation. While experimentally expedient, 
this mechanism of cell swelling is not the most physi-
ological for mammalian systems. Most mammalian 
cells and neurons in particular gain or lose volume as 
a result of the activation of ion transport mechanisms 
under conditions of constant osmolarity, i.e. isosmotic 
swelling/shrinkage (for review see,  O’Neill, 1999 ). 
Good examples of isosmotic swelling/shrinkage are 
evident both in transporting epithelia and in neurons. 
In epithelial cells, significant changes in cell volume 
can occur whenever there is a subtle mismatch in the 
large apical and basolateral fluxes activated during 
secretion or absorption. In neurons, isosmotic swell-
ing occurs in dendrites following intense synaptic 
activity, leading to significant channel-mediated Na  �   
and Cl  �   uptake along with osmotically obliged water. 
While the difference between hyposmotic and isos-
motic swelling may seem small at first, the nature of 

the swelling and the mechanism by which the K  �  -
Cl  �   cotransporter becomes activated can be signifi-
cantly different. Briefly, with hyposmotic swelling, 
the volume increase is due exclusively to water move-
ment. Hence, cell volume increases and intracellular 
[Cl  �  ] decreases. In contrast, isosmotic swelling is the 
result of osmotically obliged water uptake second-
ary to solute uptake (typically Na  �   and Cl  �  ). This is 
a subtle but important point. Hyposmotic swelling 
reduces [Cl  �  ] i  yet isosmotic swelling increases [Cl  �  ] i , 
and this is the key to understanding the difference 
between the two types of cell swelling. With either 
hyposmotic or isosmotic swelling, the K  �  -Cl  �   cotrans-
porter could be allosterically regulated by a truly 
volume-sensitive mechanism (e.g. volume-sensitive 
kinase/phosphatase system). Unlike hyposmotic 
swelling, however, isosmotic swelling could poten-
tially use two additional mechanisms for activation of 
K  �  -Cl  �   cotransport: an increase in intracellular [Cl  �  ] 
could allosterically activate K  �  -Cl  �   cotransport (e.g. 
Cl  �  -sensitive kinase/phosphatase system) and/or the 
increase in intracellular [Cl  �  ] could simply increase 
the thermodynamic force driving net KCC efflux. 
Significantly, studies have shown that elevation of 
intracellular [Cl  �  ] can be a potent activator of K  �  -Cl  �   
cotransport ( Lytle and McManus, 2002 ;  Williams and 
Payne, 2004 ). Furthermore, in neurons with a robust 
constitutively active K  �  -Cl  �   cotransporter, like KCC2, 
the alteration in the driving force favoring net efflux is 
an appealing mechanism for volume regulation since 
it would occur simply as a consequence of KCC2’s pri-
mary function in neuronal Cl  �   homeostasis. Because 
KCC2 exhibits all of the necessary transport proper-
ties of a neuronal  “ dynamic buffer ”  (see IV.A;  Payne, 
1997 ), it is poised to respond rapidly to any incipient 
increase in intracellular [Cl  �  ] with a net K  �  , Cl  �   and 
water efflux. It follows from this discussion that while 
KCC3 may be the major KCC isoform responsible for 
volume regulation following hyposmotic swelling in 
neurons and other cells, KCC2 can operate as a signif-
icant volume regulatory process following the more 
physiological isosmotic swelling of neurons. 

 The   second issue to discuss deals with the ther-
modynamics of K  �  -Cl  �   cotransport in neurons, and 
the constraints it places on the operation of K  �  -Cl  �   
cotransport in neurons. It is now widely accepted 
that KCC2 plays a key role in Cl  �   homeostasis of 
mature neurons (see section IV.A). As KCC2 is the pri-
mary neuronal Cl  �   extrusion mechanism, it is largely 
responsible for the low intracellular [Cl  �  ] needed 
for hyperpolarizing GABA A  and glycine receptor-
 mediated responses observed in mature neurons. Most 
estimates of intracellular [Cl  �  ] of neurons have been 
obtained using the gramicidin perforated-patch clamp 
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 technique which is believed to preserve the endog-
enous neuronal intracellular Cl  �   levels because the 
gramicidin pore is impermeable to Cl  �   (see Chapter 8). 
Using this technique, one can monitor current changes 
with voltage ramps following the application of a 
GABA A  receptor agonist and obtain a measurement 
of the reversal potential of GABA A  receptor-mediated 
responses ( E  GABA ). Since the GABA A  receptor is pri-
marily permeable to Cl  �  ,  E  GABA  provides an estimate 
of the Cl  �   equilibrium potential ( E  Cl ) and from knowl-
edge of extracellular [Cl  �  ], one can easily calculate 
intracellular [Cl  �  ]. It should be emphasized, however, 
that the GABA A  receptor is also permeable to HCO 3   �   
which carries depolarizing current through the chan-
nel ( Kaila and Voipio, 1987 ). Therefore, measurements 
of  E  GABA  will exhibit more positive values than  E  Cl  and 
therefore calculations based on  E  GABA  will overesti-
mate intracellular [Cl  �  ] (see Chapter 31). Estimates of 
intracellular [Cl  �  ] based upon  E  GABA  using perforated-
patch clamp range between 5 and 10       mM for a wide 
variety of different mature neurons (Chapter 7). This 
level of intracellular [Cl  �  ] is quite low compared to the 
typical [Cl  �  ] level found in virtually all other animal 
cells ( � 40       mM; see below section IV.A, and Chapter 22). 
With such a low level of Cl  �   in mature neurons, the 
ability of K     �     -Cl  �   cotransport to aid in the recovery of 
volume following cell swelling will be limited by sub-
strate (Cl  �  ) availability as well as by a steep Cl  �   chem-
ical concentration gradient against which the carrier 
must transport. As discussed above, this is where the 
difference between isosmotic and hyposmotic swelling 
becomes most evident. The increase in intracellular 
[Cl  �  ] with isosmotic swelling provides much needed 
substrate (i.e. Cl  �  ) and a more favorable thermody-
namic force driving net ion and water efflux. In stark 
contrast, hyposmotic swelling causes intracellular 
[Cl  �  ] to decrease further and the thermodynamic force 
driving net KCC efflux becomes less favorable. Since 
intracellular [Cl  �  ] is at such low levels, subtle changes 
in its value will have dramatic effects on the thermo-
dynamic force driving net KCC (note broadening 
between lines in  Fig. 17.4  as [Cl  �  ] i  decreases). Based 
upon considerations of substrate availability and ther-
modynamic driving force, it is difficult to see how any 
cell with an intracellular [Cl  �  ] of  � 5       mM could use 
KCC to move meaningful volumes of water absent a 
mechanism for Cl  �   recycling. Yet, as mentioned above, 
 Boettger et al. (2003)  have reported that cultured hip-
pocampal pyramidal neurons (with normal [Cl  �  ] i  of 
5.6       mM by their measurement using gramicidin per-
forated patch clamp) mediated full recovery of cell 
volume within 20       min following a  � 25% hyposmotic 
swelling (300       mOsm/l to 230       mOsm/l) apparently via 
KCC3 (since neurons of  Kcc3   � / �   mice exhibited no 

volume recovery from swelling). How can this conun-
drum be explained? The most reasonable explanations 
require a means of Cl  �   recycling and/or intracellular 
compartmentalization of Cl  �   and the distinct subcel-
lular localization of KCC2 and KCC3 in those neurons 
where these two proteins are coexpressed. One must 
realize that measurements of intracellular [Cl  �  ] using 
the perforated patch-clamp technique provide a very 
localized estimate of intracellular [Cl  �  ] (e.g. soma vs. 
dendrite), and it is not appropriate to generalize intra-
cellular [Cl  �  ] for the entire neuron from one localized 
measurement. Recent research indicates that there exist 
significant steady state intracellular Cl  �   gradients in 
neurons with axo-somato-dendritic gradients as large 
as  � 20       mM in certain neurons ( Duebel et al., 2006 ; 
 Price and Trussell, 2006 ;  Khirug et al., 2008 ). By all 
accounts, these gradients are maintained primarily (but 
not exclusively; see  Khirug et al., 2008 ) by members of 
the CCC family, i.e. KCC2 as a Cl  �   extrusion pathway 
maintaining low [Cl  �  ] i  and NKCC1 as a Cl  �   accumu-
lation pathway maintaining high [Cl  �  ] i . By necessity, 
KCC2 and NKCC1 must also exhibit distinct neuronal 
subcellular localizations, and the available data sup-
port this conclusion ( Vardi et al., 2000 ;  Szabadics et al., 
2006 ;  Khirug et al., 2008 ). Based on thermodynamics 
and the transport characteristics of KCC3, it follows 
that in order for this KCC isoform to play a significant 
role in regulation of neuronal volume, KCC3 must be 
localized in neuronal subcellular regions where intra-
cellular [Cl  �  ] is high enough ( � 20       mM) to provide the 
necessary substrate and energy for efficient volume 
recovery. This would require KCC3 to follow a dis-
tribution that is more closely associated with NKCC1 
than with KCC2. Immunolocalization studies which 
examine the colocalization of these transporters at the 
cellular and subcellular level will be required to test 
this hypothesis.    

    V .      CONCLUDING REMARKS 

 The   molecular characterization of the different K  �  -
Cl  �   cotransporter isoforms has highlighted a much 
greater functional diversity than would have ever 
been predicted from the early red cell studies. K  �  -
Cl  �   cotransporters participate not only in cell volume 
regulation as first studied in vertebrate red cells but 
also in transepithelial transport, in intracellular Cl  �   
homeostasis and possibly in regulation of extracellu-
lar [K  �  ]. The interest in these transporters by neuro-
scientists has increased dramatically over the years, 
and this is no doubt due to the many key roles that 
the neuronal K  �  -Cl  �   cotransporter, KCC2, plays in 

V. CONCLUDING REMARKS
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 the central nervous system. Many of these roles are 
directly linked to KCC2’s transport operation, and its 
contribution to intracellular [Cl  �  ] regulation. By con-
trolling intracellular [Cl  �  ], KCC2 dictates the electri-
cal consequences of the ligand-gated anion channels, 
GABA A  and glycine receptors in central neurons. 
As we have discussed, this function can have sig-
nificant effects on neuronal maturation, proliferation 
and tar geting, and the development of both inhibi-
tory and excitatory synapses as well as the devel-
opment of neu ronal networks. Additionally, recent 
work on KCC2 has pointed to a function that goes 
beyond the process of transporting ions. KCC2 appears 
to be a scaffolding protein interacting with the neuro-
nal cytoskeleton, where it can have a morphogenic 
role in the development of excitatory synapses ( Li 
et al., 2007 ). 

 While   I have centered the discussion on the operation 
of K  �  -Cl  �   cotransport in neurons under physiological 
conditions, alterations in neuronal K  �  -Cl  �   cotransport 
during pathological states has become a significant area 
of research (see Chapters 23 and 24 in this book). KCC2 
expression in neurons decreases dramatically in certain 
pathological states (e.g. trauma, epilepsy, inflamma-
tion and ischemia/hypoxia), and this can result in the 
appearance of depolarizing GABA A  receptor-mediated 
responses. Understanding the cellular mechanisms that 
control KCC2 expression and activity under both phys-
iological and pathological states is an active area of 
research. But beyond this, researchers must determine 
why KCC2 expression changes so dramatically and 
rapidly in certain pathological states. It seems possible 
that reduction in KCC2 expression and appearance of 
depolarizing GABA A  receptor-mediated responses fol-
lowing a traumatic event may be an adaptive response 
that provides neurons with greater flexibility in recov-
ering from the insult. This may provide neurons with 
a key signal necessary for neuronal sprouting, retarget-
ing and reconnecting within the circuit. Clearly, this is 
an exciting time for studying the functional roles of the 
K  �  -Cl  �   cotransporters in neurons.  
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O U T L I N E

    I .      INTRODUCTION 

 Ion   transporters, as well as other membrane-bound 
transport proteins, are regulated at multiple levels 
( Fig. 18.1   ). This regulation starts at the transcriptional 
level, where the broadly defined promoter of a specific 
transporter gene determines spatial (tissue- or cell-
type specificity) and temporal expression. The second 
level of regulation occurs post-translationally, with 
trafficking of the protein to the plasma membrane, its 
insertion, and later its retrieval from the membrane. 
The overall turnover of transporters in the membrane 
is rather short, measured in terms of hours. Thus, 
there is a constant supply of newly synthesized trans-
porters ready for transit to the plasma membrane. 
The amount of transporters at the cell surface, or 

steady-state level, is in itself certainly not constant, but 
often can vary widely based on conditions surround-
ing the tissue. In fact, it is becoming increasingly clear 
that tissues are highly dynamic, remodeling them-
selves in response to physiological (or pathophysio-
logical) conditions, and changing transport properties 
are an important part of this process. Finally, over 
their lifetime at the cell surface, transporters may 
undergo  conformational changes that affect their 
activity. These changes are often directly caused by 
intracellular cytoplasmic  signaling cascades that have 
been triggered by a wide variety of extracellular stim-
uli. This chapter will cover most of these mechanisms 
of regulation and will focus more specifically on the 
modulation of transporter activity during expression 
at the cell surface.  

  18   18 
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  II .      REGULATION OF PROTEIN 
EXPRESSION AND ABUNDANCE 

 The   literature provides ample evidence that the 
amount of cation-chloride cotransporters at the cell 
membrane is not fixed or constant, but modulated in 
response to changing physiological conditions. Indeed, 
multiple studies have highlighted significant alteration 
in cotransporter expression in the distal nephron upon 
dietary changes. For instance, dietary salt restriction 
results in a significant increase in expression of the thi-
azide-sensitive Na �   -Cl �    cotransporter in the distal con-
voluted tubule ( Masilamani et al., 2002 ;  Sandberg et al., 
2006 ). This increase is mediated by aldosterone, which 
is known to activate gene expression by binding to 
regulatory elements in the 5 	  flanking region of genes. 
However, concomitant to the level of NCC increasing 
at the apical membrane, there was no change in mRNA 
abundance, as demonstrated by RNA protection assay 
( Masilamani et al., 2002 ). Abundance of NKCC2 in the 
thick ascending limb of Henle is also modulated by a 
variety of factors including vasopressin, angiotensin, 
prostaglandins, acidosis and salt loading ( Attmane-
Elakeb et al., 1998 ;  Ecelbarger et al., 2001 ;  Knepper 
et al., 2003 ;  Kwon et al., 2003 ). 

 Cotransporter   expression is also regulated during 
development. The most studied example is the up-reg-
ulation of the neuronal-specific K �   -Cl �    cotransporter 
KCC2 during postnatal development ( Clayton et al., 
1998 ;  Lu et al., 1999 ;  Rivera et al., 1999 ). This increase 
is mediated at least in part by brain-derived neuro-
trophic factor (BDNF) ( Aguado et al., 2003 ;  Rivera 

et al., 2002 ). This aspect of KCC2 regulation will be cov-
ered in greater detail in Chapter 17. The literature also 
provides many hints that cotransporter expression lev-
els are affected under pathophysiological conditions. 
For example, changes in KCC2 expression are observed 
in central neurons after epileptic seizures ( Palma 
et al., 2006 ) or following nerve injury ( Coull et al., 2003 ). 
Similarly, changes in KCC3 and KCC4 expression have 
been observed in tumor cells ( Shen et al., 2003 ;  Shiozaki 
et al., 2006 ). While these changes in expression levels 
under physiological or pathological conditions are well 
documented, the specific mechanism(s) by which these 
changes occur are not always understood. 

    A .      Promoter Analysis 

 There   are only a few studies which have exam-
ined the promoter and 5 	  flanking region of cation-
 chloride cotransporter genes. The promoter and 5 	  
flanking region of the two Na �   -K �   -2Cl �    cotransport-
ers and the Na �   -Cl �    cotransporter have received 
some attention ( Igarashi et al., 1996 ;  Randall et al., 
1997 ;  Taniyama et al., 2001 ). As expected for a protein 
with restricted expression pattern, the renal specific-
ity of NKCC2 is determined at the gene transcription 
level, as demonstrated by nuclear run-off assays, as 
well as luciferase assays of promoter deletion mutants 
in kidney and fibroblast cells. The promoter contains 
the binding site for the transcription factor HNF-1 or 
hepatocyte nuclear factor-1, and this likely confers 
kidney specificity to NKCC2 expression ( Igarashi 
et al., 1996 ). Expression of the thiazide-sensitive Na �   -Cl �    
cotransporter is thought to be driven in the distal 
convoluted tubule of the kidney by HFH-3 hepatocyte 
nuclear factor-3/folk head homolog-3, a transcription 
factor expressed in this segment of the renal tubule 
( Taniyama et al., 2001 ). However, it has recently been 
demonstrated that NCC is also expressed outside the 
kidney, in intestine ( Bazzini et al., 2005 ), bone ( Dvorak 
et al., 2007 ) and eye ( Lauf et al., 2008 ). 

 There   is some indication that the KCCs are like-
wise regulated by transcription factors. Analysis of the 
murine KCC2 gene has identified a neuronal restric-
tive silencing element (NRSE) within intron 1, possi-
bly confining expression of the cotransporter to central 
neurons ( Karadsheh and Delpire, 2001 ). Indeed, in 
non-neuronal cells, binding of the transcription factors 
NRSF/REST to NRSE represses gene transcription, 
whereas in neuronal cells which lack the NRSF/REST 
transcription factors, transcription and expression are 
allowed ( Schoenherr and Anderson, 1995 ). However, 
KCC2’s NRSE alone is not necessary for the neuron-
specific expression, as a 6.8       kb region covering 1.4       kb of 
the promoter and KCC2 intron 1 lacking the NRSE can 

 FIGURE 18.1          Schematic representation of the life of a mem-
brane protein, starting from gene transcription to degradation. The 
scheme identifies seven major steps of regulation: (1) transcription, 
(2) translation, (3) maturation, (4) trafficking/insertion, (5) regula-
tion, (6) internalization and (7) degradation.    
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still sufficiently replicate the pattern of endogenous 
KCC2 expression in the brain ( Uvarov et al., 2005 ). 

 Analysis   of the KCC2 gene has also identified sev-
eral potential transcription factor binding sites in the 
KCC2 promoter region. One of these proposed tran-
scription factors, early growth response 4 (Egr4) has 
been demonstrated in cultured neurons as having a 
functional effect on KCC2 transcription (       Uvarov et al., 
2006, 2005 ).  

    B. Isoform Variants 

 The   repertoire of cotransporter function is expanded 
through the existence of multiple cotransporter variants 
or isoforms. Such isoforms are generated by alternative 
promoters or alternative splicing. To date, there is no 
report of RNA editing events regulating cotransporter 
expression or function. The differential expression of 
cotransporter isoforms adds another level of regula-
tion by altering intrinsic transport properties. The best 
example of this is the existence of three cassette exons 
(A, B and F) encoding the second transmembrane 
domain, TM2, and part of the intracellular loop between 
TM2 and TM3 in NKCC2 ( Igarashi et al., 1995 ;  Payne 
and Forbush, 1994 ). These alternatively spliced cotrans-
porters are differentially expressed along the thick 
ascending limb of the kidney nephron, and the specific 
exon sequences confer distinct transport properties to 
the cotransporter at these locations (       Oppermann et al., 
2006, 2007 ;  Payne and Forbush, 1994 ). The physiologi-
cal relevance of this splicing is covered in greater detail 
in Chapter 16. 

 In   1997, Randall and colleagues reported a splice 
variant of NKCC1 which lacks exon 21 ( Randall et al., 
1997 ). The addition of exon 21 generates a consensus 
site for PKA phosphorylation which is absent in the 
isoform lacking the exon. The functional significance 
of this has not yet been determined. Exon 21 also con-
tains a dileucine motif, and inclusion of this exon has 
recently been shown to direct the expression of the 
cotransporter to the basolateral membrane ( Carmosino 
et al., 2008 ). In the absence of exon 21, the transporter is 
localized on the apical membrane. These splice variants 
were quantified in a variety of human tissues by Vibat 
and O’Donnell and demonstrated to be highly variable 
from tissue to tissue, indicating that this differential 
splicing may play an important regulatory role ( Vibat 
et al., 2001 ). Importantly, the region encoded by exon 
21 has no corresponding sequence within the NKCC2 
gene, likely accounting for the apical localization of 
NKCC2 ( Carmosino et al., 2008 ). 

 The   K �   -Cl �    cotransporters likewise are reported to 
undergo modification through alternative splicing. Four 
isoforms of KCC1 have been reported in erythrocytes, 

differentiated by a variable first exon. Interestingly, 
there is a trend towards increased expression of exon 
1b in red blood cells carrying sickle hemoglobin. The 1b 
isoform displays an elongated N 	 -terminus and deleted 
phosphorylation sites, as compared to the KCC1 exp-
ressed in wild-type  erythrocytes ( Crable et al., 2005 ). 

 Although   there was only one known isoform of 
KCC2 for over a decade, we now know the existence 
of at least two gene products derived from alternate 
promoters. In 2007, Uvarov and colleagues identified 
KCC2a which is encoded by an alternative promoter 
and first exon located upstream of KCC2b, the iso-
form cloned in 1996. These two isoforms differ by 40 
amino acids in their N-terminal region. The KCC2a 
isoform makes up almost 50% of the low KCC2 levels 
present after birth, but only between 5 and 10% of the 
total KCC2 in the mature cortex ( Uvarov et al., 2007 ). 
The second isoform, KCC2b, has low expression levels 
early in life, but is up-regulated during postnatal 
development. It is the most abundant isoform in 
the mature brain ( Lu et al., 1999 ;  Payne et al., 1996 ). 
More studies are needed to understand the functional 
significance of these individually transcribed KCC2 
transporters. 

 Several   splice isoforms of KCC3 also exist. KCC3a 
was cloned from human tissues and reported by two 
groups ( Mount et al., 1999 ;  Race et al., 1999 ), whereas a 
second isoform, KCC3b, was reported by a third group 
in the same year ( Hiki et al., 1999 ). Differences between 
these isoforms exist in the amino termini due to an alter-
native exon 1 generated by alternative transcription ini-
tiation within independent promoter regions ( Pearson 
et al., 2001 ). Further analysis in later studies of KCC3 
demonstrated that this cotransporter also undergoes 
alternative splicing to generate three additional iso-
forms which also differ in the N 	 -terminal tail ( Mercado 
et al., 2005 ). Removal of the 15-residue exon 2 occurs in 
both KCC3a and KCC3b, generating KCC3a-x2M and 
KCC3b-x2M, respectively. Additionally, an alternative 
acceptor site within exon 1 results in a KCC3 isoform 60 
residues shorter in length, termed KCC3a-S. 

 Several   studies have begun to point towards the func-
tional differences between KCC3 isoforms. In vascular 
smooth muscle cells, the nitric oxide signaling pathway 
appears to preferentially up-regulate mRNA transcripts 
of KCC3b over KCC3as (Di  Fulvio et al., 2003 ). Also, 
Mercado and co-workers report that the five isoforms 
do not differ significantly in their sensitivity to extracel-
lular osmolarity, although KCC3a-x2M and in KCC3a-S 
were shown to activate more rapidly than other KCC3 
isoforms under hypotonic conditions ( Mercado et al., 
2005 ). Further indication of the physiological role of 
this KCC3 heterogeneity comes from isoform localiza-
tion and sequence  analysis. Transcript for KCC3a is 
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widely expressed in the brain, lung, kidney, heart and 
muscle, whereas transcript for KCC3b is mainly located 
in the kidney ( Mercado et al., 2005 ;  Pearson et al., 2001 ). 
Several PKC phosphorylation sites and serine/threo-
nine residues exist in the KCC3a-specific region, sites 
which are absent in KCC3b. Additionally, the deletion 
of exon 2 removes several putative phospho-regulatory 
sites ( Hiki et al., 1999 ;  Mercado et al., 2005 ;  Race et al., 
1999 ). In 2003, Velasquez and Silva reported the clon-
ing of KCC4 from rabbit. In this species, the sequence 
had an additional 23 residues not found in mouse or 
human sequences. Whether or not this difference is due 
to alternative splicing is currently not known.   

    III .      POST-TRANSLATIONAL 
PROCESSING 

 During   and following the synthesis of the poly-
peptide chain, several modifications are made to the 
protein to allow proper trafficking and assembly of 
functional units. One such modification is glycosyl-
ation, in which glycan groups are enzymatically linked 
to proteins. Glycosylation is required in the traffick-
ing of many membrane-bound transport proteins, 
including the cation-chloride cotransporters. There is 
increasing evidence that points to dimerization and/or 
oligomerization as another important post-translational 
mechanism of transport regulation. Oligomerization 
of proteins can be critical for release from the ER, traf-
ficking to the cell surface and functional activity at the 
membrane. Furthermore, transport proteins are known 
to expand their functional repertoire via changes in 
hetero-oligomeric assembly. 

 In   this section, we will describe post-translational 
modifications of the cation-chloride cotransporters. 
We will focus on studies of the glycosylation state of 
the CCCs, and studies that suggest CCC functional 
regulation is dependent on multimeric assembly. 

    A .      Glycosylation 

 The   molecular cloning of cation-chloride cotrans-
porters identified key conserved asparagine residues 
in the large extracellular loop that connect transmem-
brane domains TM7 and TM8 in the Na �   -Cl �    and the 
two Na �   -K �   -2Cl �    cotransporters ( Delpire et al., 1994 ; 
       Gamba et al., 1994, 1993 ;  Payne et al., 1995 ;  Xu et al., 
1994 ). These asparagine residues are putative sites of 
N-linked glycosylation, a post-translational event in 
which an oligosaccharide chain is transferred to the 
nascent polypeptide at asparagine residues within 

the specific consensus sequence Asn-Xaa-Ser/Thr, 
where Xaa is any amino acid except a proline ( Landolt-
Marticorena and Reithmeier, 1994 ). Evidence that 
these asparagines are sites of glycosylation was later 
provided for NCC by enzymatic deglycosylation of 
isolated membrane proteins, and by incubation of 
NCC-expressing  Xenopus laevis  oocytes with tuni-
camicin (a compound that blocks the synthesis of all 
N-linked glycoproteins). Both experiments resulted 
in significant protein size reduction on Western blots, 
collapsing the size to the core molecular weight of the 
cotransporter ( Hoover et al., 2003 ). As expected, muta-
genesis of these residues led to decreased cotransporter 
function ensuing from decreased cell surface expres-
sion. Interestingly, it was also shown that elimination of 
glycosylation altered the binding of thiazide to the few 
cotransporters that made it to the plasma membrane, 
indicating that the glycan groups somehow hindered 
the access of the protein to the inhibitor. Similarly, 
the activity of NKCC2 is reduced by exchanging Asn 
residues (N442, N452) with Gln residues. Although 
cell surface expression was not affected by one single 
residue substitution, there was a significant reduction 
of NKCC2 at the membrane when the two asparagine 
residues were mutated ( Paredes et al., 2006 ). 

 Very   little direct information exists on the role 
of glycosylation of K �   -Cl �    cotransporters, with the 
exception of the identification of four conserved sites 
in the loop between transmembrane segments TM5 
and TM6 ( Gillen et al., 1996 ;  Hiki et al., 1999 ;  Mount et 
al., 1999 ;  Payne et al., 1996 ).  

    B .      Oligomerization 

 Many   membrane-bound proteins exist as oligomers, 
and proper multimeric assembly of these proteins is 
required for protein stability, endoplasmic reticulum 
release, trafficking to the cell membrane and/or func-
tion at the cell surface. Additionally, formation of hetero-
oligomers can also change protein function dependent 
on the multimeric makeup, as seen in G-protein-cou-
pled receptors ( Milligan and Smith, 2007 ). Studies of 
cation-chloride cotransporters suggest that this family 
of proteins likewise exists as oligomers in their native 
state. 

 The   first indications of homo-oligomeric cation-
chloride cotransporters come from Western blot exp-
eriments revealing the presence of immunoreactive 
bands approximately twice the core molecular weight 
of the cotransporter. Crosslinking studies with full-
length and truncated NKCC1 clones demonstrated that 
NKCC1 forms homodimers ( Moore-Hoon and Turner, 
2000 ). Analysis of high-molecular weight protein 
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complexes excreted in the urine, followed by crosslink-
ing of membranes from kidney tissue, likewise demon-
strated that both NCC and NKCC2 exist as multimers 
( McKee et al., 2000 ). Further studies demonstrated that 
homodimers formed by NCC and NKCC2 are func-
tional units (de  Jong et al., 2003 ;  Starremans et al., 
2003 ). Oligomerization determinants were mapped 
using yeast 2-hybrid and GST pull-down experiments. In 
both NKCC1 and NKCC2, there are two self-interacting 
domains located in the carboxy termini ( Brunet et al., 
2005 ;  Simard et al., 2004 ). 

 Western   blotting for the KCCs has likewise revealed 
the presence of immunoreactive bands at double the 
cotransporter’s molecular weight. The first indications 
of KCC oligomerization came from experiments by 
Casula et al., which demonstrated that truncated KCC1 
could exert a dominant negative effect when coex-
pressed with full-length KCC1 ( Casula et al., 2001 ). 
More recently, Simard and colleagues demonstrated 
that the KCCs, as well as NKCC1, can form hetero-
oligomeric structures when heterologously expressed 
in  Xenopus laevis  oocytes ( Simard et al., 2007 ). Whether 
these associations occur  in vivo , or have physiological 
and functional significance, is, however, unknown. 

 A   recent study has, however, demonstrated that 
homo-oligomerization of KCC2 occurs  in vivo  and 
likely has functional effects. Analysis of rat brain tis-
sues shows that in young immature brainstem neu-
rons, KCC2 is expressed at the membranes, but exists 
mostly as a monomeric protein. This is in contrast 
with mature neurons, which express more multimers 
than monomers. Functional activation of KCC2 devel-
ops during brain maturation concomitant with oligo-
merization of the cotransporter, thus suggesting that 
oligomerization is a critical and required mechanism 
for KCC2 function ( Blaesse et al., 2006 ).   

    IV .      MEMBRANE RETRIEVAL AND 
DEGRADATION 

 Very   little is known about the specific processes and 
stimuli which contribute to retrieval of cation-chloride 
transporters from the membrane. However, based on 
other fields of ion transport, it is clear that this regu-
lated process should receive more attention. For both 
KCC2 and NKCC1, it was shown that PKC phosphory-
lation affects surface expression (membrane stability) of 
the cotransporters. However, PKC  activity has opposite 
effects on the two cotransporters: in the case of KCC2, 
the rate of internalization from the plasma membrane 
was decreased thereby inducing an increased cell sur-
face stability ( Lee et al., 2007 ), whereas PKC activity 

triggered internalization of NKCC1 reducing cell sur-
face expression ( Del Castillo et al., 2005 ). The retrieval 
mechanisms of KCC2 were shown to be dynamin- and 
clathrin-dependent  mechanisms, and shown to involve 
a non-canonical di-leucine motif LLXXEE located in 
the cytoplasmic carboxyl terminus of the cotransporter 
( Zhao et al., 2008 ).  

    V .      REGULATION OF TRANSPORT RATE 

 So   far in this chapter, we have addressed some of the 
mechanisms that impact the number of  ‘  ‘ functional ’  ’  
transporters expressed at the membrane of cells at any 
given time (an important factor behind the  V  max  in trans-
port kinetics). These mechanisms involved the synthe-
sis, trafficking and post- translational modification of 
transporters, as well as the retrieval of proteins from the 
membrane and their degradation. In this section, we will 
discuss the modulation of cotransporter activity, strictly 
speaking, the increase and decrease in the function of 
transporters already existing in the plasma membrane. 
These functional changes are related to alteration in 
ion concentrations, allosteric modifications and protein 
modification by phosphorylation/dephosphorylation. 

    A .      Ionic Concentration 

 The   concentration of ions obviously plays an impor-
tant role in determining how much substrate crosses 
the plasma membrane. Transport is first dependent 
upon the ion concentrations on both sides ( cis  and 
 trans ) of the membrane. While inward and outward 
transport occurs through all cation-chloride cotrans-
porters, the net movement is determined by the ion 
gradients. Thermodynamic considerations of transport 
through cation-chloride cotransporters are covered in 
detail in other chapters. However, ions can have effects 
on transport different from those related to gradients. 
Indeed, ion binding at sites different from the sites of 
transport can cause an allosteric change in transport 
rate. One such indication that this may occur comes 
via kinetic analysis of K �   -Cl �    cotransport in sheep red 
blood cells. KCC1 has a second Cl  �   binding site on the 
transporter ( Delpire and Lauf, 1992 ) and furosemide 
binding is altered by K  �   and Cl  �   ions, which are trans-
ported across the plasma membrane, as well as by Na  �   
ions, which are not transported ( Lauf, 1984 ). Similar 
ionic effects have also been shown with the Na �   -K �   -
2Cl �    cotransporter (for review, see  Russell, 2000 ). 
Thus, changes in ion composition, both physiological 
and pathophysiological, at either side of the membrane 
will have profound effects on transport properties.  

V. REGULATION OF TRANSPORT RATE
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    B .      Cell Volume and Osmotic Stress 

 The   early studies that have identified the cotrans-
porters as functional transport units and first described 
their basic transport properties have also demonstrated 
cation-chloride cotransporter sensitivity to cell volume 
changes ( Dunham and Ellory, 1981 ;  Geck et al., 1980 ). 
Since this original observation was made almost 30 
years ago, many studies have attempted to understand 
the relationship between cell volume and ion transport. 
While it is clear that Na �   -K �   -2Cl �    and K �   -Cl �    cotrans-
porters are oppositely affected by cell volume changes, 
and that phosphorylation of the transporters is one of 
the last steps leading to changes in cotransporter activity, 
the signaling events between cell volume and the final 
phosphorylation steps are still not well understood.  

    C .      Growth and Trophic Factors 

 Many   circulating factors have been shown to modu-
late transport properties of epithelia and cells. These 

transport properties are in part due to changes in cat-
ion-chloride cotransporter activity. We have already 
provided some examples of factors that lead to altered 
cotransporter expression at the plasma membrane in 
different tubule segments and that are dependent upon 
dietary changes and hormonal control. In  Table 18.1   , 
we summarize several studies reporting short-term 
effects of growth factors and other trophic factors on 
Na �   -K �   -2Cl �    cotransporter activity. 

 Studies   on KCC2 have identified several growth fac-
tors and trophic factors which may be involved with 
regulation; however, it is unknown if this is a direct 
effect, or more likely part of a larger signaling cascade. 
Insulin growth factor-1 (IGF-1) as well as the cytoplas-
mic protein tyrosine kinase c-src impacts KCC2 activ-
ity. Coapplication of IGF-1 and c-src has been shown 
to rapidly activate KCC2 in immature neurons ( Kelsch 
et al., 2001 ), and as further des-cribed in other chap-
ters, affect KCC2 turnover   (       Rivera et al., 2005, 2004 ). 
However, it is unknown if BDNF signaling through 
the TrkB receptors directly causes a change in KCC2 

 TABLE 18.1          Factors affecting Na � -K � -2Cl �  cotransporter activity  

   NKCC1 activation     

   Deoxygenation  turkey erythrocytes (2)    Muzyamba et al. (1999)  

   Shear stress  vascular endothelium   Topper et al. (1997)  

   IL-6  brain endothelial cells   Sun et al. (1997)  

   IL-1b, TNF  vascular endothelium   Topper et al. (1997)  

   Arsenite  ferret erythrocytes (1)    Flatman and Creanor (1999)  

   Norepinephrine  H29 human colonic adenocarc.   Kim et al. (1988)  

 turkey erythrocytes   Uebersch ä r and Bakker-Grunwald (1983)  

     rabbit tracheal epithelial   Liedtke (1990)  

     bovine retinal pigment epithelium   Edelman and Miller (1991)  

   Isoproterenol  turkey erythrocytes   Muzyamba et al. (1999)  

     simian eccrine cells   Toyomoto et al. (1997)  

   acethylcholine  hen trachea   Winding and Bindslev (1990)  

   β-adrenergic  rat parotid acinar cells   Paulais and Turner (1992)  

     skeletal muscle   Gosmanov et al. (2002)  

   cAMP (3)   simian eccrine cells   Toyomoto et al. (1997)  

     shark rectal gland   Palfrey et al. (1984)  

     osteoblasts   Whisenant et al. (1991)  

     ocular ciliary body non-pigmented EC  Crook 
et al. (1992)  

  

   Ca 2 �    vascular smooth muscle   Smith and Smith (1987)  

     rabbit tracheal epithelial   Liedtke (1990)  

     vascular endothelial cells   O’Donnell (1991)  

     osteoblasts   Whisenant et al. (1991)  

   Ca 2 �  , TPA  Ehrlich ascites   Jensen et al. (1993)  

   PMA  human airway epithelial cells   Liedtke (1995)  
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activity at the cell surface via direct interaction or 
phosphoregulation of the cotransporter.  

    D .       Phosphoregulation of the Cation-Chloride 
Cotransporters 

 Like   many other proteins, cation-chloride cotrans-
porters are directly regulated by phosphorylation and 
dephosphorylation events ( Fig. 18.2   ). A role for kinases 
and phosphatases in the regulation of Cl-dependent K  �   
fluxes was first proposed in the very early studies that 
described the properties of K � -Cl �  cotransport ( Hall 

and Ellory, 1986 ;  Lauf, 1983 ;  Sachs, 1988 ) and Na � -K � -
2Cl �  cotransport ( Altamirano et al., 1988 ;  Geck et al., 
1980 ;  Hall and Ellory, 1985 ;  Hoffmann et al., 1983 ;  Lytle 
and Forbush, 1992 ;  Uebersch ä r and Bakker-Grunwald, 
1985 ). Evidence to support these ideas came first from 
studies using ATP depletion, followed by studies using 
vanadate and/or fluoride as unspecific protein phos-
phatase inhibitors ( Altamirano et al., 1988 ;        Paulais and 
Turner, 1992 ). Based on kinetics of transport  activation, 
and the observation of a time delay for activation, 
Jennings and al-Rohil suggested in 1991 that swelling-
induced activation of K � -Cl �  cotransport was due to 
net dephosphorylation ( Jennings and al-Rohil, 1990 ). 

   VIP  T84 colonic cells   Dharmsathaphorn et al. (1985)  

   H29 human colonic adenocarc.   Kim et al. (1988)    

     small intestinal crypts   O’Brien et al. (1993)  

   PGE1  T84 colonic cells   Weymer et al. (1985)  

     H29 human colonic adenocarc.   Kim et al. (1988)  

   PGE2  osteoblasts   Whisenant et al. (1991)  

     fetal lung   McCray and Bettencourt (1993)  

   α-thrombin  hamster fibroblasts   Paris and Pouyssegur (1986)  

   EGF  hamster fibroblasts   Paris and Pouyssegur (1986)  

     retinal pigment epithelium   Arrindell et al. (1992)  

   Bradykinin  endothelial cells   Brock et al. (1986 );  Klein and O’Neill (1990)      

 Erhlich ascites   Jensen et al. (1993)  

   Vasopressin  endothelial cells   Brock et al. (1986)  

      O’Donnell et al. (2005)    

   Angiotensin II  vascular smooth muscle   Smith and Smith (1987)  

   Parathyroid h.  osteoblasts   Whisenant et al. (1991)  

   Calcitonin (cAMP)  renal tubule cells   Vuillemin et al. (1992)  

   NGF  PC12 cells   Leung et al. (1994)  

   Insulin  3T2-L1 adipocytes   Sargeant et al. (1995)  

   NKCC1 inactivation     

   oxidative stress  vascular endothelial cells   Elliott and Schilling (1992)  

     skeletal muscle   Sen et al. (1995)  

   TPA  Balb/3T3   Guo and O’Brien (1996)  

     simian eccrine cells   Toyomoto et al. (1997)  

   PMA  ocular ciliary body non-pigmented EC  Crook 
et al. (1992)  

  

     T84 colonic cells   Matthews et al. (1993)  

     fetal human pigmented ciliary EC   Von Brauchitsch and Crook (1993)  

 PBDu    rabbit non-pigmented ciliary epithelium   Dong and Delamere (1994)  

   Isoproterenol  vascular smooth muscle   Smith and Smith (1987)  

   cAMP  vascular smooth muscle   Smith and Smith (1987)  

   ANP, cGMP  rabbit myocytes   Clemo and Baumgarten (1991) ;  Clemo et al. 
(1992)  

  Notes: (1) inactivated by staurosporine, PP1, genestein, A23187            �            EGTA  
(2) inactivated by staurosporine  
(3) or shown through forskolin, theophyllin  
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They argued that this dephosphorylation was likely 
the result of kinase inhibition rather than stimulation 
of a phosphatase. One year later, they provided evi-
dence showing that PP1 inactivation resulted in the 
activation of the cotransporter ( Jennings and Schultz, 
1991 ). A role for PP1 was also reported for the modula-
tion of Na � -K � -2Cl �  cotransporter ( Palfrey and Pewitt, 
1993 ;  Pewitt et al., 1990 ). In fact, the cotransporter was 
demonstrated to be a PP1 binding partner, as it con-
tains a x[F/W] consensus binding motif ( Darman and 
Forbush, 2002 ). 

 Na �   -K � -2Cl �  and K � -Cl �  cotransporters hold an 
inverse, reciprocal activation – deactivation relationship 
where phosphorylation activates the Na  �  -dependent 
cotransporters and dephosphorylation activates the 
Na  �  -independent cotransporters (       Gagnon et al., 2006 ; 
 Jennings and Schultz, 1991 ;  Lauf et al., 1992 ;  Mercado 
et al., 2000 ;  Starke and Jennings, 1993 ). This indicates a 
coordinated balance between cation-chloride influx/
efflux and suggests coexpression of the two types 
of cotransporters. Whereas the identity of the pro-
tein phosphatase was recognized in the early 1990s 
( Jennings and Schultz, 1991 ;  Kaji and Tsukitani, 1991 ; 
 Krarup and Dunham, 1996 ;  Krarup et al., 1998 ;  Palfrey 
and Pewitt, 1993 ;  Pewitt et al., 1990 ), the identity of the 
kinases regulating NKCC1 have remained elusive. 

 Early   studies in secretory epithelium of the shark 
rectal gland showed increased Cl  �   transport by vaso-
active intestinal peptide, or VIP ( Stoff et al., 1979 ). 

The peptide, via a mechanism involving activation of 
adenyl cyclase, increases cAMP levels. Similar effects 
on Cl  �   transport can be elicited by forskolin, an activa-
tor of the adenyl cyclase, or by theophylline or IBMX, 
inhibitors of the phosphodiesterase. In the avian salt 
gland, VIP and forskolin treatment result in increased 
phosphorylation of NKCC1 ( Torchia et al., 1992 ). These 
data strongly suggest a role for the cAMP-dependent 
protein kinase in the activation of the cotransporter. 
Parallel to these studies showing transport activa-
tion by cAMP, there were also many studies report-
ing inhibition of Na � -K � -2Cl �  cotransport by cAMP 
( Garay and Ciccone, 1982 ;  Guandalini et al., 1982 ; 
 Owen, 1984 ). This cell-type-dependent effect of cAMP 
indicates that the cyclic nucleotide-dependent pro-
tein kinase does not directly affect the cotransporter, 
but rather acts somewhere upstream of the direct 
 mechanism of cotransporter activation. 

 A   similar argument can be made for protein kinase 
C (PKC). Early studies have established a relationship 
between activation of muscarinic receptors, protein 
kinase C and NKCC1 ( Table 18.1 ). In a variety of cell 
types, activation of PKC by phorbol-12-myristate-13-
acetate (PMA/TPA) leads, however, to inhibition of 
cotransporter activity ( Table 18.1 ). 

 Phosphorylation   of NKCC1 has been examined in 
a variety of systems. The first technique utilized NKCC1-
specific immunoprecipitation from protein lysates 
exposed to  32 P-orthophosphate. These experiments 

 FIGURE 18.2          Mirror regulation of Na � -K � -2Cl �  and K � -Cl �  cotransporters by phosphorylation. Model shows that phosphorylation of 
NKCC leads to its activation, whereas dephosphorylation of KCC leads to its activation. Model also illustrates that shrinkage activates NKCC, 
while swelling activates KCC. The major kinases and phosphatases are also regulated by phosphorylation/dephosphorylation events. The 
putative mode of action of some pharmacological compounds is also illustrated.    
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established that NKCC1 phosphorylation mirrors 
NKCC1 activity ( Lytle, 1997 ;  Lytle and Forbush, 1992 ). 
Furthermore, hormones such as bradykinin and vaso-
pressin in endothelial cells increased NKCC1 phos-
phorylation signals ( O’Donnell et al., 1995 ), whereas 
cGMP but not cAMP increased phosphorylation of 
flounder intestine brush border membrane NKCC1 
( Suvitayavat et al., 1994 ). The phosphorylation of 
NKCC1 at specific sites is now demonstrated through 
the use of mass spectrometry ( Darman and Forbush, 
2002 ;  Vitari et al., 2006 ) and phosphopeptide-specific 
antibodies ( Flemmer et al., 2002 ;  Vitari et al., 2006 ). 
Immunoreactivity mirrors closely the activity of the 
cotransporter ( Flemmer et al., 2002 ). 

    1 .      Ste20 Kinases 

 Between   1997 and 1999, two kinases related to the 
yeast Sterile20p (Ste20p) kinase were identified in mam-
malian cells by three independent groups ( DeAizpurua 
et al., 1997 ;  Tamari et al., 1999 ;  Ushiro et al., 1998 ). 
Typical for this competitive era of cloning novel cDNAs, 
the groups were unaware of each others ’   discovery and 
the names of the kinases PASK (proline-alanine-rich sterile 
20p kinase), SPAK (Ste20p-related proline-alanine-rich 
kinase), and OSR1 (oxidative stress response 1) reflect 
this lack of coordination. To add to the nomenclature 
debacle, GenBank assigned the name STK39 to human 
SPAK/PASK, seemingly unaware of the existence of 
OSR1, which today stands alone in its database with-
out clear connection to SPAK. For clarity, from this 
point, we will refer to these two kinases as SPAK and 
OSR1. Models of SPAK and OSR1 kinase are illustrated 
in  Fig. 18.4   . 

 Within   one species (mouse or human), SPAK and 
OSR1 share a high degree of homology, both in their 
N-terminal catalytic domain and their C-terminal regu-
latory domain. No other protein kinase shares homol-
ogy in the C-terminal domain, making SPAK and OSR1 
unique kinases, likely to serve unique functions. Close 
examination of the genomes from a wide variety of 
organisms identifies OSR1 as the original kinase, with 
SPAK likely arising from gene duplication during late 
vertebrate evolution ( Delpire and Gagnon, 2008  and 
 Fig. 18.4   ). 

 In   a 2002 study searching for proteins that interact 
with the K � -Cl �  cotransporter KCC3, Piechotta et al. 
found a direct interaction between SPAK/OSR1 and 
the cytosolic amino terminus of KCC3. The kinase –
 cotransporter interaction was extended to NKCC1 and 
NKCC2 ( Piechotta et al., 2002 ). Yeast 2-hybrid screen-
ing and immunoprecipitation experiments have identi-
fied a number of additional proteins that bind to SPAK 
and OSR1. These proteins include other kinases such as 

WNK1, WNK2, WNK4, AATYK, AATYK3, heat shock 
and cytoskeletal proteins such as HSP105 and gelsolin, 
and other membrane proteins such as the tumor necro-
sis factor receptors RELT and RELT-2 and the  C. elegans  
chloride channel CLH3 ( Denton et al., 2005 ;  Moriguchi 
et al., 2006 ;        Piechotta et al., 2003, 2002 ;  Polek et al., 2006 ). 

 Extensive   work has been done to characterize the 
binding between these kinases and the cotransport-
ers. An RFx[V/I] motif was identified within several 
cation-chloride cotransporters and specific residues 
were tested through mutagenesis using yeast 2-hybrid 
assays ( Piechotta et al., 2002 ). These experiments identi-
fied several details about the nature of this motif. First, 
the arginine at position 1 of the motif can be substituted 
with a lysine residue but not an alanine, indicating 
the importance of the positive charge. Second, the 

 FIGURE 18.3          Representation of SPAK and OSR1 kinases. 
The kinase domain follows a relatively short amino terminus. 
The extreme carboxyl terminus ( � 90 residues) forms a protein 
fold which interacts with other proteins containing RFxV motifs. 
Sequence of a caspase cleavage site is also highlighted.    

 FIGURE 18.4          This cluster dendrogram represents SPAK and 
OSR1 kinases from a variety of organisms. It provides evidence for 
OSR1 evolving first, as it is found from roundworm to mammals. 
As SPAK is only found in birds and mammals, the gene likely origi-
nated from OSR1 gene duplication during late vertebrate evolution. 
Adapted from  Delpire and Gagnon (2008) .    
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phenylalanine residue at position 2 cannot be substi-
tuted by tyrosine, valine or alanine residues. Third, there 
is no conservation of the residue at position 3. Fourth, 
the valine residue at position 4 can be substituted by 
an isoleucine, but not leucine or alanine. Finally, the 
RFxV motif requires five additional residues at its 3 	  
end, at least for yeast 2-hybrid interaction. Although 
mutagenesis of these residues affected protein – protein 
interaction, no consensus could be extracted from 
these experiments. Interestingly, a large segment of the 
kinase regulatory domain, consisting of the 90 most 
C-terminal residues, was shown to be necessary for 
protein interaction with the RFxV sequence, suggest-
ing that this rather large region of the kinase formed 
a protein fold that could interact with an RFxVxxxxx 
peptide ( Piechotta et al., 2002 ). In fact, this domain was 
recently crystallized in the presence of a WNK4 peptide 
 RFQV TSSKE, and the structure reveals the presence of 
a hydrophobic groove or cavity that can accommodate 
the hydrophobic phenylalanine residue at position 2, 
and the presence of aspartic and glutamic acid residues 
which can form salt bridges with the arginine residue 
at position 1 ( Villa et al., 2007 ). The cavity is followed 
by a larger pocket for which function has not yet been 
determined. It could conceivably accommodate the 
additional five residues shown to be necessary for inter-
action, and by extension could conceivably provide 
a more specific binding site for a particular protein. 
It was noted by the authors that a threonine residue 
directly follows the RFxV motif. Because the possibility 
exists that this residue might be phosphorylated  in vivo , 
they proceeded to test whether the phosphorylated 
peptide could bind to the kinase. They found that once 
phosphorylated, the peptide was no longer recognized 
by the kinase. This intriguing observation leaves the 
possibility that phosphorylation of this residue might 
constitute a mechanism by which SPAK binding can be 
regulated in cells. This exciting possibility has not yet 
received experimental support. Interestingly, following 
this threonine residue are two serines, further raising 
the possibility that phosphorylation of additional resi-
dues within the 9 residue peptide might constitute a 
 mechanism of binding/unbinding between kinase and 
substrate. This theory has even greater relevance since 
a genome-wide search of proteins with putative SPAK 
binding motifs revealed that serine residues are by far 
the most frequent amino acids found at positions 5, 6, 7 
and 8 of the motif ( Delpire and Gagnon, 2007 ). 

 Among   the proteins containing an RFxV motif, the 
with-no-lysine kinase 4 (WNK4) has been best studied 
for its relationship with SPAK. In heterologous expres-
sion systems, WNK1 and WNK4 were demonstrated 
to be upstream effectors of SPAK (       Gagnon et al., 2006 ; 
 Moriguchi et al., 2006 ). Binding of WNK4 to SPAK is 

indeed required for SPAK phosphorylation and acti-
vation. In a model of NKCC1 regulation, Gagnon 
and Delpire postulated a chain of kinase reactions 
involving SPAK/OSR1 as kinases directly phosphory-
lating NKCC1, a WNK kinase phosphorylating SPAK, 
and additional upstream kinases activating WNK 
( Fig. 18.5   ). As binding of the C-terminal domain of 
SPAK is required for both SPAK and WNK4, it is likely 
that there is a hierarchical order to the interaction; first, 
WNK binds and activates SPAK, and next SPAK binds 
and activates the cotransporter (       Gagnon et al., 2006 ). 
It has been demonstrated that WNK4 phosphorylates 
SPAK on two specific threonine and serine residues: 
T243 and S383 (for mouse NKCC1 sequence) ( Vitari 
et al., 2005 ).  In vivo  experiments have shown that 
residue T243 is critical to SPAK function. In addition, 
 in vitro  phosphorylation experiments have identified 
T243 as one of the four threonine residues in the activa-
tion loop which is phosphorylated by SPAK through an 
intramolecular autophosphorylation reaction (       Gagnon 
et al., 2006 ). Whether autophosphorylation of this thre-
onine along the other threonines of the activation loop 
was due to the presence of manganese, rather than 
magnesium, in the  in vitro  phosphorylation reaction 
is still unresolved. Interestingly, mutation of S383, the 
other residue targeted by WNK4, into an alanine has no 
functional effect on the activation of NKCC1 in  Xenopus 
laevis  oocytes coinjected with WNK4-SPAK-NKCC1 
cRNA (unpublished data). However, the fact that the 
S383A mutant is functional, but still requires WNK4 

 FIGURE 18.5          Model of NKCC1 regulation by kinases. Binding 
of the Ste20 kinases SPAK and OSR1 is necessary for NKCC1 phos-
phorylation and activation. WNK kinases lie upstream of the Ste20 
kinases. WNKs bind to SPAK and OSR1 and phosphorylate and 
activate them. WNKs are themselves phosphorylated and activated 
by upstream kinase(s) responsive to osmolarity changes.    
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?

WNK (WNK1, WNK4, ?)

Ste20 (SPAK, OSR1)
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activation, suggests that WNK4 phosphorylation of 
S383 has a similar effect as mutation of this residue 
into an alanine. The exact mechanism by which S383 
affects SPAK function is still unresolved. 

 Phosphorylation   of NKCC1 is also not completely 
understood. In 2002, Darman and Forbush used mass 
spectrometry analysis and Edman sequencing to iden-
tify three threonine residues (T184, T189 and T202) 
located in the N-terminus of shark NKCC1 which are 
phosphorylated upon forskolin treatment ( Darman 
and Forbush, 2002 ). These residues correspond to T206, 
T211 and T224 in the mouse NKCC1 sequence. In 2006, 
Vitari et al. used similar techniques on recombinant 
NKCC1 which had been phosphorylated by SPAK 
 in vitro . They identified residues T197, T201 and T206 
as targets of SPAK phosphorylation, whereas residue 
T211 was not phosphorylated ( Vitari et al., 2006 ). These 
data were confirmed by site-directed mutagenesis 
experiments (       Gagnon et al., 2007 ). It is worth noting 
that T206 and T211 are the most significant residues, as 
their substitution to alanine residues completely abro-
gates NKCC1 function ( Darman and Forbush, 2002 ; 
       Gagnon et al., 2007 ). Interestingly, T206 was common 
to both SPAK and forskolin-induced phosphorylation. 
In contrast, substitution of residues T197, T199 (not a 
target of phosphorylation), T201 and T224 has minimal 
effect of NKCC1 function. Whether there are truly two 
independent kinases, as the data suggest, still needs to 
be resolved. As the kinase acting downstream of the 
forskolin stimulation is still unknown, work is clearly 
needed both to identify and determine if these kinases 
act dependently or independently. One possibility is 
that phosphorylation of specific residues by one kinase 
could prime the phosphorylation of different residues 
by the other kinase. Finally, it is important to note that 
the phosphorylation events discussed in this section 
do not preclude the possibility that additional kinases 
modulate NKCC1 at other serine/threonine sites within 
the amino or carboxyl termini of the cotransporter. 

 NKCC2   regulation by SPAK and WNK3 has been 
assessed under low Cl  �   stimulation conditions 
( Ponce-Coria et al., 2008 ). When expressed in  Xenopus 
laevis  oocytes, the renal-specific cotransporter was 
unaffected by coinjection of SPAK alone, but acti-
vated by the coinjection of both SPAK and WNK3. 
Furthermore, just as in NKCC1, NKCC2 was also 
inactivated by expressing dominant negative kinases: 
SPAK (K104R) or WNK3 (D294A). The study also 
demonstrated that WNK3 lies upstream of SPAK and 
the cotransporter, and that binding between SPAK 
and WNK3 is required for cotransporter regulation 
( Ponce-Coria et al., 2008 ). Taken together, these results 
demonstrate similar regulatory pathways for the two 
Na � -K � -2Cl �  cotransporters. 

 Based   on the high conservation between the phos-
pho-threonine residues in the amino terminus of 
NKCC1, NKCC2 and NCC, and the presence of SPAK 
binding sites on the three cotransporters, regulation 
of the Na � -Cl �  cotransporter by SPAK and OSR1 has 
also been recently investigated ( Richardson et al., 
2008 ). The Ste20 kinases were shown to phosphorylate 
NCC at three conserved threonines within the N-ter-
minal tail of the cotransporter. This phosphorylation 
could be triggered by exposing the cells to a low Cl  �   
hypotonic medium which activated a WNK1-SPAK/
OSR1-dependent signaling pathway. 

 Although   not much information is known about 
phosphorylation sites on K � -Cl �  cotransporters, het-
erologous expression of dominant negative SPAK 
together with KCC2 in  Xenopus laevis  oocytes revealed 
a role for the kinase in the inactivation of the cotrans-
porter (       Gagnon et al., 2006 ). This observation, repro-
duced in another study, seemed to be KCC2 specific, 
as the other K � -Cl �  cotransporters were seemingly 
directly regulated by WNK4 independent of SPAK 
( Garz ó n-Muvdi et al., 2007 ). 

 Certainly   more work is needed to understand fully 
the relationship between SPAK/OSR1 and WNKs. The 
work described here points to an important and com-
plex interplay between SPAK/OSR1 and WNK taking 
place  in vivo  to impact cation-chloride cotransport func-
tion. The contribution of each of these kinases likely 
adds additional levels of regulation and specificity to 
CCC modulation. However, there is a significant body 
of work on the independent role of the WNK kinases in 
CCC regulation, and this will be discussed in the next 
section.  

    3 .      WNK Kinases 

 The   WNK family of serine/threonine kinases was 
discovered in 2000 by the group of Melanie Cobb 
during a search for novel members of the mitogen-
activated protein (MAP) kinase and extracellular-
signal regulated kinase (ERK) families in the central 
nervous system. Functional and sequence analyses 
revealed that a newly isolated kinase was both closely 
related to MAP kinases, yet also fundamentally differ-
ent. The kinase had high homology to serine/threonine 
kinases in the catalytic domain, yet lacked the con-
served catalytic lysine (K) which most of the serine/
threonine kinases possess in subdomain II, and which 
is required for ATP binding. Thus, the new kinase was 
named WNK1 for  ‘  ‘ with no K ’  ’ . Since WNK1 was able 
to autophosphorylate and phosphorylate myelin basic 
protein, a non-specific kinase substrate, it was evident 
that WNK1 possessed catalytic activity ( Xu et al., 2000 ). 
The crystal structure of the WNK1 catalytic domain 
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revealed that the  ‘  ‘ missing ’  ’  lysine is located within 
subdomain I ( Min et al., 2004 ). In the initial study, it 
was observed that among many stimuli tested, only 
the NaCl concentration of the extracellular medium 
affected WNK1 autophosphorylation. In addition, 
some specific mutations, like D368A were also shown 
to eliminate WNK1 kinase activity ( Xu et al., 2000 ). 

 The   initial identification of WNK1 was quickly fol-
lowed by the isolation of three additional members of 
the family: WNK2, WNK3 and WNK4 ( Verissimo and 
Jordan, 2001 ). WNKs can be divided in three domains: 
a short amino terminal domain of 146 to 220 amino acid 
residues in length, a serine/threonine kinase domain 
of 294 residues and finally a carboxyl terminal domain 
of variable size ranging from 796 residues in WNK4 to 
1888 in WNK1 ( Fig. 18.6   ). The degree of conservation 
among the four isoforms is very high within the kinase 
domain ( � 80%), but extremely low within the amino 
or carboxyl terminal domains ( � 15%). There are two 
coiled-coil domains in the carboxyl  terminal domain 
conserved among the four WNKs, as well as a conserved 
auto-inhibitory motif shown to inhibit autophosphoryla-
tion in WNK1 ( Lenertz et al., 2005 ;  Xu et al., 2000 ). 

 The   importance of WNKs could have passed 
unnoticed to the transport physiology world, but for 
Lifton’s group ( Wilson et al., 2001 ) which demon-
strated in a landmark 2001 paper that intronic dele-
tions of WNK1 or missense mutations in an acidic 
conserved region of WNK4 were the cause of a human 
form of inherited arterial hypertension accompanied 
by hyperkalemia (increased K  �   serum levels) and met-
abolic acidosis, known as pseudo-hypo-aldosteronism 

type II (PHAII). Two main reasons led to the hypoth-
esis that PHAII was the result of increased activity of 
the distal nephron Na � -Cl �  cotransporter, NCC. First, 
PHAII patients feature a clinical condition which is 
the mirror image of Gitelman’s syndrome, an inher-
ited monogenic disease which causes arterial hypoten-
sion, hypokalemia and metabolic alkalosis, and which 
is due to inactivating mutations along the  SLC12A3  
gene encoding NCC ( Simon et al., 1996 ). Second, cli-
nicians had long observed that PHAII patients were 
particularly sensitive to very low doses of thiazide 
diuretics, a pharmacological agent which targets the 
Na � -Cl �  cotransporter ( Costanzo, 1985 ;  Gamba et al., 
1993 ;  Stokes et al., 1984 ). Merely 20% of the typical 
thiazide dose was enough to improve hypertension 
and the other clinical features of PHAII. Furthermore, 
PHAII kindreds did not exhibit positive linkage to 
the  SLC12A3  region of chromosome 16, eliminating 
the possibility of gain of function mutations in the 
cotransporter to account for the disease ( Simon et al., 
1995 ). Since WNK1 and WNK4 were both shown to be 
expressed in the distal nephron ( Wilson et al., 2001 ), 
WNKs were proposed to modulate the activity of 
NCC and a few months later this was indeed demon-
strated simultaneously by two independent groups 
( Wilson et al., 2003 ;  Yang et al., 2003 ). 

    a .      Modulation of NCC Activity by WNK4 

 In   2003, Wilson and co-workers ( Wilson et al., 2003 ) 
showed that wild-type WNK4 reduces the activity 
of NCC when coexpressed in  Xenopus laevis  oocytes 
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 FIGURE 18.6          Proposed topological model of WNK proteins. The central kinase domain is shown by bracket. The auto-inhibitory domain 
and the coiled/coiled domains are highlighted. Locations of the negatively charged residues stretch in which WNK4 mutations occur are 
shown below WNK4.    
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( Table 18.2   ). This decrease was due, at least in part, to 
a decrease in the amount of NCC present at the cell 
surface. In contrast, the inhibitory effect of WNK4 was 
not observed when using mutant WNK4 cRNAs, either 
harboring the D318A mutation which eliminates WNK4 
catalytic activity, or containing one of the PHAII-type 
mutations (E562K) reported in at least one family with 
PHAII ( Wilson et al., 2001 ). Interestingly, other PHAII-
type mutations tested were still able to inhibit NCC 
( Yang et al., 2003 ). These observations suggest that 
wild-type WNK4 is a natural inhibitor of NCC, and that 
inhibition requires the catalytic activity of the kinase 
( Table 18.2 ). PHAII-type mutations result in a partial 
or complete loss of WNK4 ability to inhibit the cotrans-
porter, thereby resulting in arterial hypertension, hypo-
kalemia and metabolic acidosis. The inhibitory effect 
of WNK4 upon NCC activity was confirmed by other 
groups, using not only  Xenopus laevis  oocytes, but also 
mammalian cells in culture ( Cai et al., 2006 ;  Golbang 
et al., 2006 ). In addition to NCC, other transport systems 
are regulated by WNK4 that help to explain the phe-
notype in PHAII patients. For instance, the activity of 
the epithelial potassium channel ROMK, located in the 
distal nephron and  responsible for K  �   secretion into 
the urine, is also inhibited by WNK4. Thus, PHAII-type 
WNK4 mutations dis-inhibit ROMK leading to hyper-
kalemia ( Kahle et al., 2003 ). In addition, similar to NCC, 
it has also been observed that WNK4 inhibits the activ-
ity of the epithelial sodium channel, ENaC, and that 
this effect is prevented by PHAII-type mutations ( Ring 
et al., 2007 ). This demonstrates the presence of another 
component in the development of hypertension and 
hyperkalemia in PHAII patients, this being the loss of 
ENaC inhibition by mutant WNK4. 

 The   proposed roles for wild-type WNK4 and PHAII-
mutant WNK4 upon NCC have also been corroborated 

by two independent groups using transgenic animals 
as  in vivo  models. These studies further suggest that 
the consequences of WNK4 mutations upon NCC were 
sufficient to explain the whole PHAII phenotype. By 
introducing genomic segments harboring wild-type 
or PHAII-mutant WNK4 into the mouse genome, 
Lalioti et al. produced BAC transgenic mice ( Lalioti 
et al., 2006 ) with extra activity of wild-type WNK4, 
Tg(WNK4 WT ), as well as transgenic mice overexpress-
ing the PHAII-type mutant WNK4, Tg(WNK4 PHAII ) (see 
 Fig. 18.7   ). When compared to normal mice, the arterial 
pressure of Tg(WNK4 WT ) mice was significantly lower, 
whereas the arterial pressure of Tg(WNK4 PHAII ) mice 
was significantly higher. These observations correlate 
well with the transgene effect upon the distal convo-
luted tubule (DCT). Furthermore, Tg(WNK4 WT ) mice 
exhibited a decreased size and number of DCTs, while 
a clear hyperplasia and hypertrophy was observed 
in Tg(WNK4 PHAII ) mice. Additionally, serum potas-
sium levels were reduced in Tg(WNK4 WT ) mice, while 
increased in Tg(WNK4 PHAII ) mice. Taken together, the 
extra activity of wild-type WNK4 produces a Gitelman-
like syndrome in which the animals exhibit arterial 
hypotension, hypokalemia and decreased number 
of DCTs, consistent with wild-type WNK4 inhibiting 
NCC activity. In contrast, the presence of the PHAII 
mutation in Tg(WNK4 PHAII ) mice was associated with 
a PHAII-like syndrome featuring arterial hypertension, 
hyperkalemia and increased number of DCTs, again 
consistent with the idea that a single PHAII-type muta-
tion on WNK4 switched its effect on NCC from inhibi-
tion to activation. Similar observations were obtained 
using a PHAII-type mutant knock-in mouse in which 
homologous recombination was used to create a 
mutant allele of WNK4 harboring the D561A mutation 
( Yang et al., 2007 ). The BAC transgenic animals and 

 TABLE 18.2          Effects of WNKs and their catalytically inactive forms on SLC12A cotransporters  

     NCC  NKCC1  NKCC2  KCC1  KCC2  KCC3  KCC4 

   WNK1                                           

   WNK1-DA                                           

   WNK3 
                                          

   WNK3-DA 
                                          

   WNK4 
        *                                   

   WNK4-DA                         
            

      

              *One study shows inhibition and one activation (see text for explanation)     
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knock-in mice are somewhat different models: in the 
first model, the mice have two normal WNK4 alleles 
plus extra copies of wild-type or PHAII mutant WNK4 
DNAs. In contrast, in the second model, there are 
only two WNK4 alleles, one normal and one mutated. 
The clinical consequences of both models were, how-
ever, similar. Interestingly, in both studies, eliminating 
the activity of NCC was enough to reverse the entire 
phenotype. Indeed, crossing the Tg(WNK4 PHAII ) mice 
with NCC null mice prevented the appearance of arte-
rial hypertension and of hyperkalemia, even in mice 
exposed to high potassium diet ( Lalioti et al., 2006 ). 
Similarly, treatment of WNK4-D561A  � / �   knock-in 
mice with thiazide also reversed all clinical features 
( Yang et al., 2007 ). 

 A   recent study has shown that WNK4 effect 
towards NCC is modulated by the hypertension-
induced hormone angiotensin II and that this effect 
involves SPAK and NCC phosphorylation ( San 
Cristobal P., 2009 ). Reconstitution experiments in 
oocytes using combinations of NCC, WNK4, SPAK 
and the angiotensin II AT1 receptor cRNAs demon-
strated that wild-type WNK4 inhibition on NCC is 
switched to activation in the presence of angiotensin 
II. The effect required the presence of AT1 receptor and 
was completely abrogated with the specific AT1 recep-
tor blocker losartan. In mammalian cells from distal 
convoluted tubule the angiotensin II effect was accom-
panied by SPAK and NCC phosphorylation in key 
residues known to be associated with their activation 

( Pacheco-Alvarez et al., 2006 ;  Richardson et al., 
2008 ). Thus, angiotensin II modulates the WNK4-
SPAK-NCC interaction to switch WNK4 from an 
inhibitor to an activator of NCC. Interestingly, WNK4 
harboring PHAII-type mutations no longer inhibited 
NCC and also did not respond to angiotensin II pro-
viding constitutive activation of the signaling path-
way between AT1 receptor and NCC. 

 WNK4   also regulates other members of the SLC12 
family ( Table 18.2 ). Using  Xenopus laevis  oocytes as a 
heterologous expression system, WNK4 was observed 
to inhibit NKCC1 by decreasing its expression at the 
cell surface ( Kahle et al., 2004 ). However, using the 
same expression system, it was later demonstrated that 
the effect of WNK4 on NKCC1 activity is completely 
opposite in the presence of SPAK (       Gagnon et al., 2006 ). 
Indeed, while coinjection of NKCC1 cRNA with either 
WNK4 cRNA or SPAK cRNA alone had no significant 
effect on NKCC1 activity, the coinjection of the cotrans-
porter with both kinases resulted in a significant acti-
vation of the cotransporter. These observations were 
consistent with data showing that phosphorylation 
of the amino terminal domain of NKCC1 was only 
achieved when coincubated with WNK1 or WNK4 
together with SPAK or OSR1 ( Moriguchi et al., 2006 ; 
       Vitari et al., 2005, 2006 ). In support of these observa-
tions, it was also demonstrated that WNK1 is activated 
by hyperosmotic stress which is known to significantly 
increase the activity of NKCC1 ( Lenertz et al., 2005 ; 
 Zag ó rska et al., 2007 ), and that WNK1 modulates the 

+ Wild type 
WNK4

WT

Control

+WNK4
PHAII

(Q562E)

Tg(WNK4PHAII)

Decreased arterial pressure
Decreased serum potassium
DCT hypoplasia
Gitelman’s like picture

Increased arterial pressure
Increased serum potassium
DCT hyperplasia and hypertrophia
PHAII like picture

SLC12A3 -/-

Tg(WNK4WT)

Cross with
SLC12A3 -/- mice

Tg(WNK4WT)

 FIGURE 18.7          BAC transgenic mice demonstrate that wild-type WNK4 is a natural inhibitor of NCC and mutant PHAII-type WNK4 is an 
activator. Based on the results of Lalioti et al. ( Lalioti et al., 2006 ).    
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activity of NKCC1 in HeLa cells ( Anselmo et al., 2006 ). 
Finally, WNK4 is a negative regulator of the K � -Cl �  
cotransporters; this effect is dependent on WNK4 cata-
lytic activity but independent of SPAK ( Garz ó n-Muvdi 
et al., 2007 ).  

    b .      Modulation of NCC Activity by WNK1 

 Deletions   within the first intron of WNK1 result in 
an increased expression of WNK1 protein. An asso-
ciation between these mutations and PHAII suggests 
that increased expression of WNK1 is another possible 
cause of the disease. Consistent with this hypothesis, 
single nucleotide polymorphisms within the WNK1 
gene are associated with variations in blood pres-
sure levels ( Newhouse et al., 2005 ), and heterozy-
gous WNK1  � / �   mice exhibit reduced blood pressure 
( Zambrowicz et al., 2003 ). A direct effect of WNK1 
on NCC or any other member of the SLC12A fam-
ily has yet to be demonstrated using  Xenopus laevis  
oocytes ( Table 18.2 ) as an expression system ( Yang 
et al., 2003 ). Thus, it is currently unknown if WNK1 
alone can modulate NCC function. It is possible that 
WNK1 affects NCC activity by interacting with WNK4 
and/or interacting with a renal-specific spliced iso-
form of WNK1. Indeed, Yang and co-workers did not 
observe an effect of WNK1 on NCC-mediated  22 Na  �   
uptake in  Xenopus laevis  oocytes, while WNK4 inhib-
ited NCC activity ( Yang et al., 2003 ). However, coin-
jection of WNK1, WNK4 and NCC cRNAs resulted 
in the abrogation of WNK4-induced inhibition of the 
cotransporter, indicating that WNK1 was able to pre-
vent WNK4 inhibition of NCC through a mechanism 
that seemed to include physical interaction between 
the two kinases ( Lenertz et al., 2005 ;        Yang et al., 2003, 
2005 ). This observation could suggest that increased 
WNK1 protein in PHAII patients could prevent 
WNK4-induced inhibition of NCC, thus increasing 
the activity of this cotransporter. This explanation 
would be valid if WNK1 was expressed in the dis-
tal convoluted tubule. However, WNK1 is mainly 
expressed as a shorter spliced isoform in the kidney 
( Delaloy et al., 2003 ;  O’Reilly et al., 2003 ) ( Fig. 18.6 ). 
This variant is the result of alternative splicing of 
exons 1 – 4. The transcription of this isoform is under 
the control of an intron 4 alternative promoter and 
contains a sequence from an extra exon designated 
exon 4a, located between exons 4 and 5. As shown in 
 Fig. 18.6 , the shorter WNK1 isoform (S-WNK1) lacks 
the first 437 amino acid residues, including almost 
the entire kinase domain. In the kidney, the L-WNK1 
isoform is present along the entire nephron, while S-
WNK1 is exclusively expressed in the aldosterone-
sensitive distal nephron, and is particularly abundant 

in the distal convoluted tubule (DCT) and connect-
ing tubule (CNT). Therefore, there are more copies of 
S-WNK1 than L-WNK1 in the aldosterone-sensitive 
distal nephron. Interestingly, it was observed that 
S-WNK1, by interacting with L-WNK1 in a dominant 
negative fashion, eliminated the L-WNK1-induced 
inhibition of WNK4 ( Subramanya et al., 2006 ). Our 
current understanding of WNK1-induced hyperten-
sion in PHAII patients is that in normal subjects, the 
ratio of S-WNK1/L-WNK1 expression in DCT and 
CNT is in favor of S-WNK1. Prevention of L-WNK1 
inhibition of WNK4 allows WNK4 to inhibit NCC. 
Conversely, intronic deletions of  PRKWNK1  in PHAII 
patients result in increased expression of L-WNK1. 
As a consequence, the ratio of S-WNK1 to L-WNK1 is 
reduced and there are many copies of L-WNK1 that 
are not affected by S-WNK1. These copies can inhibit 
WNK4 which in turn results in increased NCC activ-
ity, increased DCT salt reabsorption, and increased 
arterial pressure. In support of this model, it has also 
been shown that S-WNK1 and L-WNK1 interact and 
regulate the activity of the potassium channel ROMK 
in a similar fashion ( Lazrak et al., 2006 ).  

    c .       Modulation of Cation-Chloride Cotransporters 
by WNK3 

 As   shown in  Fig. 18.6 , the WNK family is composed 
of four genes, two of which (WNK1 and WNK4) have 
been extensively studied due to their causative role in 
PHAII. However, WNK2 and WNK3 are also impor-
tant kinases. In fact, analysis of WNK3 coexpression 
with cation-chloride cotransporters in  Xenopus laevis  
oocytes revealed a series of effects that positioned 
WNK3 as a strong candidate, along with SPAK and 
OSR1, as the intracellular Cl  �  -sensitive kinase ( Lytle 
and McManus, 2002 ). 

 WNK3   cDNA was first cloned by Holden, Cox and 
Raymond from a human fetal brain cDNA library 
( Holden et al., 2004 ). WNK3 is an 1,800 amino acid 
long serine/threonine kinase from which at least two 
alternatively spliced variants have been identified. One 
variant originates from an alternative splice donor that 
introduces 47 amino acid residues into exon 18 and 
is expressed solely in brain. The other variant results 
from alternative splicing of exon 22 and eliminates nine 
residues at the end of the carboxyl terminal domain. 
RT-PCR analysis demonstrated that WNK3 tran-
scripts are present in all tissues ( Holden et al., 2004 ) 
and immunohistochemistry has demonstrated WNK3 
protein present in epithelial cells of the intestine, stom-
ach, pancreas, bile duct and along the entire nephron. 
Interestingly, WNK3 is also expressed in neurons con-
taining GABA receptors, suggesting a direct role for 
the kinase in cation-chloride cotransport regulation, 
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and indirect regulation of GABAergic function ( Kahle 
et al., 2005 ;  Rinehart et al., 2005 ). 

 The   effect of WNK3 on the SLC12 cotransporters 
has been examined using the  Xenopus laevis  oocyte 
expression system ( Table 18.2 ). WNK3 was shown to 
be a powerful activator of the sodium-coupled chlo-
ride cotransporters NCC, NKCC1 and NKCC2 ( Kahle 
et al., 2005 ;  Rinehart et al., 2005 ) ( Fig. 18.8   ). The activ-
ity of these cotransporters is increased by more than 
two-fold when coexpressed with WNK3. Activation of 
NCC by WNK3 is associated with increased amounts 
of cell-surface NCC, suggesting that WNK3 promotes 
insertion of NCC into the plasma membrane ( Rinehart 
et al., 2005 ). Activation of NKCC1 and NKCC2 is 
accompanied by phosphorylation of threonines in 
the amino terminal domain. These phospho- acceptor 
sites were previously shown to become phosphory-
lated in NKCC1 when activated by depletion of [Cl  �  ] i  
( Darman et al., 2001 ;  Darman and Forbush, 2002 ; 
 Dowd and Forbush, 2003 ) and in NKCC2 when acti-
vated by cell shrinkage ( Gimenez and Forbush, 2005 ) 
or by vasopressin  in vivo  ( Gim é nez and Forbush, 2003 ). 
Interestingly, the WNK3-induced activation of NKCC1 
and NKCC2 is observed even in oocytes incubated in 
hypotonic medium to induce cell swelling. For exam-
ple, NKCC1 activity in shrunken oocytes injected with 
NKCC1 cRNA alone was similar to NKCC1 activity in 

swollen oocytes coinjected with NKCC1 and WNK3 
cRNA. This situation is similar to NKCC1’s loss of 
osmotic sensitivity seen in oocytes coinjected with 
SPAK and WNK4 (       Gagnon et al., 2006 ). 

 It   is known that eliminating an aspartic acid in 
WNK kinase domains renders these proteins catalyti-
cally inactive ( Xu et al., 2000 ). In WNK3, this aspar-
tate corresponds to amino acid residue 294. Thus, the 
WNK3-D294A mutant has been extensively used to 
define the extent to which WNK3 requires the cata-
lytic activity of the kinase. Interestingly, catalytically 
inactive WNK3 (WNK3-D294A) is not able to activate 
NKCC1, NKCC2 and NCC. Instead, WNK3-D294A 
became a powerful inhibitor of these cotransport-
ers ( Fig. 18.8 ). When NCC, NKCC1 or NKCC2 are 
 coinjected with WNK3-D294A cRNA, the basal  activity 
of the cotransporters is reduced by more than 70%. 
The inhibitory effect was observed even in shrunken 
oocytes in which NKCC1 or NKCC2 are maximally 
active ( Kahle et al., 2005 ). In addition, inactivation of 
NKCC1 and NKCC2 by catalytically inactive WNK3 
was accompanied by dephosphorylation of the amino 
terminal threonines. Again, this situation is similar to 
the requirement of WNK4 catalytic activity for NKCC1 
stimulation (       Gagnon et al., 2006 ). 

 As   discussed above, the SLC12 family is com-
posed of two branches that are completely opposite 

WNK3-WT
0

KCC4KCC3KCC2KCC1

Hypotonicity

*
*

*
*5

10

15

20

25

86
R

b+ 
U

pt
ak

e
(n

m
ol

/o
oc

yt
e/

h)

86
R

b+ 
U

pt
ak

e
(n

m
ol

/o
oc

yt
e/

h)

22
N

a+ 
up

ta
ke

(n
m

ol
/o

oc
yt

e/
h)

 

22
N

a+ 
up

ta
ke

(n
m

ol
/o

oc
yt

e/
h)

 

*

NCC NKCC2 NKCC1
WNK3-WT +

+ + + +

+ + + + +

0

5

10

15

20

*

NCC NKCC2 NKCC1
WNK3-DA

0

2.5

5.0

7.5

10

*

*

*

WNK3-DA
0

5

10

15

20

KCC4KCC3KCC2KCC1

*

*
* *

Isosmoticity

−

− + + + +− − − − −− − − −

− − − − −− −

 FIGURE 18.8          Effect of wild-type (WNK3-WT) and catalytically inactive WNK3 (WNK3-DA) on SLC12A cotransporters. A and B depict 
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to each other. One branch includes cotransporters that 
use sodium as a cation coupled to chloride: NKCC1, 
NKCC2 and NCC. These cotransporters follow the 
sodium gradient established by the Na � /K � -ATPase, 
and move chloride ions from outside to inside. 
Their activity is increased by cell shrinkage through 
mechanisms that are associated with phosphoryla-
tion processes. In contrast, the other branch consists 
of cotransporters that are sodium independent and 
move K  �   together with Cl  �  . Thus, following the gradi-
ent established by the Na � /K � -ATPase for K  �  , KCCs 
move chloride ions from inside the cell to outside. 
These cotransporters are activated by cell swelling via 
mechanisms that involve dephosphorylation processes. 
Interestingly, the WNK3 effect upon KCCs is com-
pletely opposite to that for NKCCs. When expressed 
in  Xenopus laevis  oocytes, the K � -Cl �  cotransporters 
KCC1, KCC3 and KCC4 are completely inactive under 
isotonic conditions (       Mercado et al., 2000, 2005 ), while 
KCC2 exhibits a small, but significant activity ( Song 
et al., 2002 ;  Strange et al., 2000 ). All four cotransport-
ers are activated by cell swelling (       Mercado et al., 2000, 
2005 ;  Song et al., 2002 ;  Strange et al., 2000 ); however, 
when coexpressed with wild-type WNK3, activa-
tion by cell swelling is completely prevented (de  Los 
Heros et al., 2006 ) (Fig. 18.8). These results suggest that 
wild-type WNK3 is a powerful inhibitor of the Na  �  -
independent branch of the SLC12 family. The effect 
of catalytically inactive WNK3 (WNK3-D294A) is 
also significant and opposite to the effect of wild-type 
WNK3. Indeed, coinjection of  Xenopus laevis  oocytes 
with any KCC and WNK3-D294A results in substantial 
activation of the cotransporters ( Fig. 18.8 ), even under 
isotonic conditions in which these cotransporters are 
usually inactive. Moreover, it was observed that acti-
vation of K � -Cl �  cotransporters by WNK3-D294A was 
prevented by incubation of oocytes in the presence of 
calyculin A and/or cyclosporine A, indicating that the 
increased cotransporter activity was associated with 
the activity of protein phosphatases 1 and 2B (de  Los 
Heros et al., 2006 ). Thus, for the activation or inhibi-
tion of all members of the SLC12 family, WNK3 and 
WNK3-D294A are bypassing the normal changes in cell 
volume and/or [Cl  �  ] i  that are usually required for reg-
ulation. A recent study shows that activation of NKCC2 
by intracellular chloride depletion requires the pres-
ence and activity of WNK3 and SPAK, and that WNK3 
lies upstream of SPAK ( Ponce-Coria et al., 2008 ).   

    3 .      Apoptosis-Associated Tyrosine Kinase 

 AATYK   (apoptosis-associated tyrosine kinase), 
a protein with dual serine/threonine and tyrosine 
kinase activity, was identified and cloned in 1997 using 

subtractive hybridization techniques from myeloid 
precursor cells triggered to undergo apoptosis ( Gaozza 
et al., 1997 ). The kinase was identified based on its 
up-regulation upon apoptotic induction. Later studies 
showed that AATYK is highly expressed in neurons 
and is also up-regulated during neuronal differen-
tiation ( Raghunath et al., 2000 ). AATYK and a closely 
related protein (known today as AATYK3 ( Tomomura 
et al., 2007 )) were also identified as interactors of 
SPAK through a yeast 2-hybrid screen ( Piechotta 
et al., 2003 ). As SPAK regulates NKCC1 activity, the 
function of AATYK was also assessed in relation-
ship to the cotransporter. Coinjection of AATYK with 
NKCC1 resulted in a complete loss of NKCC1 func-
tion (       Gagnon et al., 2007 ). Several experiments were 
performed to understand the mechanism by which 
the kinase affects NKCC1 function. First, it was shown 
that AATYK does not affect cotransporter expression 
at the cell surface, thus indicating that the kinase does 
not impact NKCC1 activity via insertion or removal of 
NKCC1 into the plasma membrane. Second, and more 
puzzling, was the observation that AATYK exerted its 
effect even when its catalytic kinase activity was abol-
ished through mutagenesis. This observation pointed 
to AATYK acting as a scaffolding protein rather than 
a phosphoregulator. Third, the need for SPAK bind-
ing to the regulatory domain was also tested through 
mutagenesis of the two RFxV SPAK binding motifs 
which were mutated to prevent SPAK interaction 
( Fig. 18.9   ). In this case, inactivating mutations of 
the SPAK binding motifs completely abolished the 
AATYK effect, indicating that AATYK was exert-
ing its effect on NKCC1 through the Ste20 kinase. 
Interestingly, there was an additional requirement for 
the AATYK effect: the interaction of the kinase with 
PP1. The possibility of PP1’s involvement was consid-
ered after the realization that the regulatory domain 
of AATYK also contained a PP1 binding motif ( Fig. 
18.9 ). When oocytes were injected with an AATYK 
mutant that was unable to interact with PP1, there 
was no inhibition of NKCC1 function by the mutant. 
This observation led to a model where both kinase 
(SPAK) and phosphatase (PP1) needed to be brought 
together to promote NKCC1 inhibition (       Gagnon et al., 
2007 ). This model proposes that PP1 is held in prox-
imity of SPAK to dephosphorylate and inactivate the 
kinases. Interestingly, SPAK and PP1 binding motifs 
are also present on the amino terminus of NKCC1, 
itself suggesting that the cotransporter itself might 
serve as a scaffold ( Darman et al., 2001 ;  Piechotta et al., 
2002 ). AATYK might play a similar role by scaffold-
ing PP1 and the kinase Cdk5 at its carboxyl terminus 
( Honma et al., 2003 ). Finally, for AATYK to be relevant 
to NKCC1 function, it needs to be expressed in the 
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same cells as the cotransporter. Such colocalization 
has not yet been tested in detail, but it is important to 
note both proteins are expressed in neurons, and have 
particularly high expression in sensory dorsal root 
ganglion neurons ( Alvarez-Leefmans et al., 2002 ;  Sung 
et al., 2000 ;  Tomomura et al., 2007 ).  

    4 .      AMP-activated Kinase 

 In   2007, Fraser and co-workers demonstrated that 
AMP-activated protein kinase also regulated NKCC2 
function ( Fraser et al., 2007 ). It was demonstrated 
that (1) AMP-activated kinase was coexpressed with 
NKCC2 on the apical membrane of the thick ascending 
limb of Henle ( Fraser et al., 2005 ); (2) the kinase coim-
munoprecipitated with the N-terminus of NKCC2; (3) 
the kinase phosphorylated NKCC2 at residue S126 
(rabbit NKCC2); and (4) mutation of S126 resulted 

in a decrease in basal NKCC2 transport, as mea-
sured in  Xenopus laevis  oocytes through  86 Rb influx. 
Interestingly, residue S126 is highly conserved among 
the Na  �  -dependent cation-chloride  cotransporters, 
indicating a broader function of the AMP-activated 
kinase on ion transport. The addition of this new 
player makes the study of cotransporter phospho-
regulation even more challenging.    

    VI .      CONCLUSIONS 

 As   evidenced in this chapter, the regulation of 
cation-chloride cotransporters is very complex and 
involves many processes. Work of the past 30 years has 
only begun highlighting the complexity of regulation, 
and many more studies are required to fill the many 

 FIGURE 18.9          Putative role of AATYK in the modulation of NKCC1 function.  A.  Representation of the 1,800 amino acid long AATYK1 pro-
tein showing the kinase domain and long downstream regulatory domain. One PP1 binding site and two SPAK binding sites are highlighted. 
Binding of respective proteins to these sites was confirmed by yeast 2-hybrid analysis ( Gagnon et al., 2007 ).  B.  Summary of data from  Gagnon 
et al. (2007)  showing inhibition of NKCC1 occurring upon expression of AATYK. Mutations of the SPAK binding domains or the PP1 binding 
domain prevent this inhibition.    
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remaining blanks and unanswered questions. Because 
of its important role in kidney function and the exis-
tence of potent pharmacological agents, the physiol-
ogy of cation-chloride cotransporters is better known in 
this organ, and the impact of its regulation by complex 
phosphorylation/dephosphorylation mechanisms (and 
its players) has received greater attention. The devel-
opment of specific phosphopeptide antibodies and 
specific kinase inhibitors should facilitate our under-
standing of cation-chloride cotransporter regulation. 
As the role of cation-chloride cotransporters expands 
to other systems, including the nervous system (a topic 
covered in many chapters of this book), particular 
attention to the regulatory pathways will certainly con-
stitute the focus of future efforts.   
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O U T L I N E

    I .      INTRODUCTION 

 Chloride   ions (Cl  �  ) are pivotal in neuronal signal-
ing; they permeate through anion channels thereby 
regulating membrane potential and excitability in 
neurons. A large proportion of Cl  �   permeable chan-
nels are gated by the neurotransmitters GABA and 
glycine. Both neurotransmitters act by opening anion 
channels that are mainly, but not exclusively, perme-
able to Cl  �  . However, since the permeability to Cl  �   

is significantly greater than that to other anions, the 
reversal potential for GABA ( E  GABA ) is determined 
primarily by the equilibrium potential for chloride 
( E  Cl ). Therefore  E  GABA  can be considered close to 
 E  Cl . Thus, for practical purposes, in this chapter we 
will use  E  GABA ,  E  glycine  and  E  Cl  interchangeably even 
though they are not necessarily equal. Whether Cl  �   
flows into or out of a neuron critically depends on the 
value of  E  Cl  with respect to  E  m , the resting membrane 
potential, as discussed in detail in Chapters 5 and 13 
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in this volume. When  E  Cl  is more negative than  E  m , 
Cl  �   flows into the cell and hyperpolarizes it; con-
versely, when  E  Cl  is less negative than  E  m , Cl  �   flows 
out and depolarizes the cell. 

 Relatively   small changes in intracellular [Cl  �  ] are 
reflected in fluctuations in  E  Cl  around the resting 
potential and thus can switch GABA’s action from 
hyperpolarizing to depolarizing. The ease of switch-
ing a transmitter from being hyperpolarizing and 
inhibitory into depolarizing and excitatory contributes 
to the versatility and diversity of neuronal circuits. 
The first part of this chapter discusses the diversity 
of GABA and glycine’s actions in mature nervous 
system. It focuses mainly on the retina because, as 
explained below, the wealth of information regard-
ing specific cell types and their functions in this tissue 
greatly facilitates the understanding of computations 
and performance of neuronal circuits. The second part 
of the chapter discusses the function of inhibitory neu-
rotransmitters and cation-coupled Cl  �   cotransporters 
in retinal development.  

    II .      FUNCTION OF GABA, GLYCINE 
AND CHLORIDE COTRANSPORTERS 

IN THE ADULT RETINA 

    A .      Retinal Cell Types and Circuits 

 The   retina is a thin sheet of brain tissue (100 to 
250        μ m thick) that grows out into the eye to provide 
neural processing for image processing. The retina 
includes photoreceptors and two stages of neural 
processing. Its output cells project centrally and the 
information they convey is analyzed by about half of 
the cerebral cortex ( Van Essen et al., 1992 ). Neuronal 
processes in the cerebral cortex can span millimeters to 
centimeters while in the retina the two synaptic layers 
span only 60        μ m, and most lateral processes span only 
several hundred  μ m. Therefore, it is relatively easy to 
identify retinal neurons and quantify their synaptic 
connections. This revealed that the retina comprises 
about 75 discrete neuron types connected in specific 
and highly stereotyped patterns. Each of these neuro-
nal types also has a unique set of neurochemicals (e.g. 
transmitters, transporters, receptors) and physiologi-
cal response to light stimulation. Further, the known 
circuits can explain both intrinsic retinal mechanisms 
and visual performance to a high degree. For these 
reasons, the retina is an excellent model of brain func-
tion. What follows is a brief account of retinal struc-
ture and function, a necessary prelude to understand 
the workings of inhibitory circuits. 

    1 .       Feedforward Pathways (also Called Vertical 
Pathways) 

 The   general design of the retina encompasses sev-
eral parallel feedforward pathways and many intri-
cate feedback circuits. The feedforward pathways 
comprise three orders of hierarchical neurons that 
transmit information in two stages, using glutamate 
as their neurotransmitter. The feedback circuits mod-
ulate this information at each stage of processing via 
interneurons that use GABA or glycine as their main 
neurotransmitters ( Fig. 19.1   ). The first order neurons 
are the photoreceptors, which detect light using a spe-
cial compartment called the outer segment. The outer 
segment is packed with membranous disks that pro-
vide a very large surface area housing molecules of 
rhodopsin (the chromophore that captures photons 
and transduces its energy into electrical energy) and 
its signaling cascade elements. In mammals, there 
are two classes of photoreceptors: rods and cones. 
The rods are characterized for having a thin and long 
outer segment. The rods detect very dim light, down 
to a single photon event. These photoreceptors are 
essential for nocturnal vision. The cones, in primates, 
include three spectral types, whose outer segment is 
thicker and shorter than that of the rods. These photo-
receptors have a threshold for light that is four orders 
of magnitude higher than that of rods. Cones are 
essential for diurnal color vision. The outer segments 
of rods and cones packed in the first layer of the retina 
thereby maximize light capture. Light is transduced 
into electrical signals by a G-protein-coupled cascade 
that greatly amplifies the signal. This transduction 
occurs in the photoreceptor outer segment, and the 
resulting membrane depolarization modulates the 
glutamate released from photoreceptor terminals. 
Photoreceptors do not generate action potentials 
because information needs to be transmitted only 
over a short distance of  � 100        μ m from the outer seg-
ment to the photoreceptor synaptic terminal. Unique 
to photoreceptors is the fact that the  ‘  ‘ unstimulated ’  ’  
dark membrane potential is maintained depolarized 
at  � 45       mV, and light hyperpolarizes it. Consequently, 
in total darkness, photoreceptors continuously release 
glutamate, and light reduces this release. 

 Glutamate   released from photoreceptors acts 
on second order neurons called bipolar cells. At its 
apex, a bipolar cell’s soma extends a primary den-
drite toward the first synaptic layer (also called 
the outer plexiform layer) that collects information 
from the photoreceptors. At its base the soma emits 
an axon that branches at specific levels within the 
second synaptic layer (also called the inner plexiform 
layer). There are about ten different types of bipolar 
cells, which are classified by their morphology. The 
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most important morphological feature that distin-
guishes each of these cell types is the stratification 
level (or sublamina) of their axon terminals within 
the inner plexiform layer. Roughly, half of the bipolar 
cells stratify in the sublaminas that reside closer to the 
somata of the bipolar cells. These constitute the OFF 
class. The other half of bipolar cells, the ON bipo-
lar cells, stratify in the laminas that are distal to the 
bipolar somas. The OFF bipolar cells include about 
five cell types, all of which contact cones and thus are 
called cone bipolar cells. The ON bipolar cells include 
about five types that contact cones, and a single type, 
the rod bipolar cell, that contacts rods. The different 
types of cone bipolar cells are thought to divide the 
time domain of the image into separate information 
channels such that each bipolar type, or channel, pro-
cesses a different range of temporal frequencies. The 
single rod bipolar cell type is a key link in transmit-
ting information at low light levels (see below). 

 Like   photoreceptors, the OFF bipolar cells respond 
to light with a hyperpolarization. This is because 
these cells express AMPA/kainite receptor channels 
that, in response to glutamate released in the dark, 
stay open and keep the cells depolarized. When the 
synaptic release of glutamate decreases with light, 
the receptor channels close, and the cells hyperpolar-
ize. In contrast, the ON bipolar cells respond to light 
with a depolarization. This is because they express a 
specific type of G-protein-coupled glutamate receptor, 

mGluR6, that initiates a signaling cascade that even-
tually closes cation channels ( Nawy and Jahr, 1990 ; 
 Shiells and Falk, 1990 ;  de la Villa et al., 1995 ). Thus, 
in darkness, when synaptic release of glutamate from 
the photoreceptors is high, these cells are hyperpolar-
ized. When light reduces synaptic glutamate release, 
the cation channels are allowed to open and the ON 
bipolar cells depolarize. Like photoreceptors, bipolar 
cells do not generate action potentials. Rather, infor-
mation is transmitted by graded potentials that modu-
late the release of glutamate from their axon terminals 
in a graded fashion. 

 Glutamate   released from bipolar cells is sensed by 
the third order neurons, the ganglion cell. Ganglion 
cells also come in about ten different morphological 
types that are roughly divided into two classes: ON 
and OFF ganglion cells. ON ganglion cells receive 
their input from ON bipolar cells and increase their 
spiking activity in response to an increment of light 
intensity whereas OFF ganglion cells receive their 
input from OFF bipolar cells and increase their activ-
ity in response to a decrement of light. Different types 
of ganglion cells convey different aspects or features 
of the light image. For example, certain ganglion cells 
convey small spatial details while others blur spa-
tial information but are highly sensitive to contrast 
and motion, and yet others are sensitive to the direc-
tion of motion. Different types of ganglion cells emit 
dendrites that stratify in different sublaminas of the 
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 FIGURE 19.1          Basic organization of the retina and its circuits.  Left,  schematic of retinal cell classes (from Tartuferi, 1887). R, rod; C, cone; 
H, horizontal cell; B, bipolar cell; A, amacrine cell; G, ganglion cell.  Middle,  1        μ m thick plastic radial section of monkey retina stained with 
toluidine blue. Diagonal lines point to the middle of each layer in the two panels.  Right,  schematic of cell connections and a typical receptive 
field of a ganglion cell with its excitatory center and inhibitory surround. The receptive field looks oval (due to space constraint) but is actually 
circular. Forward pathways: cone terminals (CT) release glutamate onto horizontal and bipolar cells. Bipolar cells release glutamate onto ama-
crine and ganglion cells (straight black arrows). Feedback circuits: horizontal cells provide feedback to photoreceptor terminals (blue curved 
arrow) and GABAergic feedforward to bipolar cell dendrites (black curved arrow). Amacrine cells provide GABAergic or glycinergic input to 
bipolar axon terminals and to ganglion cell dendrites (curved black arrows). The synaptic layers: OS, outer segment; IS, inner segment; ONL, 
outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.    
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inner plexiform layer, and thus contact bipolar cells 
that mostly stratify in the same sublamina. Thus par-
allel pathways are formed, each conveying a different 
attribute of the light image. The different types of gan-
glion cells code image attributes as spike trains that 
are sent in parallel to the lateral geniculate nucleus 
for further processing of the visual image. Thus the 
retina  ‘  ‘ fragments ’  ’  the light information for efficient 
analysis, processing and transmission, and the brain 
must put back together the image attributes to per-
ceive a coherent picture. In addition to these  ‘  ‘ image-
forming ’  ’  ganglion cell types, there are certain types 
of ganglion cell that have intrinsic phototransduction 
mechanisms, and their output is sent to the suprachi-
asmatic nucleus to entrain the circadian clock.  

    2 .      Feedback Circuits and Lateral Interactions 

 The   information that flows forward is intercepted 
at each synaptic layer by lateral elements. At the first 
synaptic layer, one (in the case of rodents) or two (in 
cats and primates) type(s) of horizontal cell modu-
late the information that flows from photoreceptors 
to bipolar cells. At the second synaptic layer, about 30 
types of amacrine cells modulate the information that 
flows from bipolar cells to ganglion cells ( Fig. 19.1 
right ). In addition to inhibitory circuits mediated by 
horizontal cells within the outer plexiform layer and 
by amacrine cells within the inner plexiform layer, 
there exists a cell type that communicates  between  
the two synaptic layers. This neuron is appropriately 
termed the inter-plexiform cell, and it is GABAergic 
in cats and monkeys. Inter-plexiform cells synapse 
primarily onto the dendrites of bipolar cells. The func-
tion of these cells in mammals is unknown. 

 Horizontal   cells have a large dendritic field and are 
electrically coupled by gap junctions, so they collect 
and average light information from a large area. This 
averaged signal is fed back onto the synaptic termi-
nals of the photoreceptors and onto the dendrites of 
bipolar cells. The mechanism of this feedback is still 
controversial. In some but not all species studied, 
horizontal cells express GAD and immunostain for 
GABA ( Vardi et al., 1994 ;  Zhang et al., 2006b ). In rab-
bit and monkey, this expression varies along retinal 
eccentricity ( Gr ü nert and W ä ssle, 1990 ;  Johnson and 
Vardi, 1998 ). GABA receptors located postsynaptic to 
horizontal cells were found by immunostaining on 
bipolar dendrites, but not on photoreceptors ( Vardi 
and Sterling, 1994 ). Furthermore, although some stud-
ies report GABA A  responses by photoreceptors, most 
do not. Yet, horizontal cells of all types, in all species, 
feed back onto photoreceptors as evidenced by record-
ings from photoreceptors, bipolar cells and ganglion 

cells. The variability in GABA content between spe-
cies, combined with failure to detect GABA receptors 
on photoreceptors, suggests that the feedback onto 
photoreceptors is not GABAergic. Current theories 
attribute this feedback to an ephaptic effect or a mod-
ulation of pH in the synaptic cleft ( Kamermans and 
Fahrenfort, 2004 ;  Davenport et al., 2008 ). 

 Amacrine   cells receive light information from bipo-
lar cells and feed this information back to bipolar cell’s 
axon terminals, and forward to other amacrine cells 
and to ganglion cell dendrites. The synapses from 
amacrine cells are mostly inhibitory and account for 
over 60% of all synapses in the inner plexiform layer. 
The 30 types of amacrine cells are classified mainly 
by their morphology (dendritic area and stratification 
level in the inner plexiform layer) ( Masland, 2004 ). 
Roughly half of the amacrine cells are GABAergic and 
the other half are glycinergic. Amacrine cells do not 
corelease GABA and glycine, but many GABAergic 
types do release an additional neurotransmitter, 
such as dopamine, acetylcholine, NO, or a variety 
of peptides ( Vardi and Auerbach, 1995 ). Thus, ama-
crine cell circuits are highly diverse and contribute in 
many ways to all aspects of signal processing and its 
modulation.  

    3 .       Basic Physiological Responses to Light: 
the Concept of Receptive Field 

 The   output of a ganglion cell does not depend on 
the absolute energy that strikes its photoreceptors, but 
on the local contrast. Thus, both the light/dark pattern 
that strikes a particular cell and the pattern that strikes 
its neighbors affect the cell’s response. Furthermore, 
the response is also greatly modulated by the history 
of the light stimulus since the system adapts, i.e. it 
modulates its gain to enable high sensitivity around 
the ambient light intensities. The key feature of the 
system that makes possible these response proper-
ties is the receptive field. The receptive field of a reti-
nal neuron is defined as the area in the visual field (in 
degrees) or on the retina (in  μ m) whose light stimu-
lation affects the neuron’s response. A typical recep-
tive field is circular and is composed of an excitatory 
(or inhibitory) center and an inhibitory (or excitatory) 
surround ( Fig. 19.1 right ). 

 For   an ON ganglion cell, a spot of light at the 
cell’s center increases spike rate; a larger spot further 
increases this response but only up to a certain spot 
size; this defines the receptive field center. A further 
increase of spot size decreases the light response. The 
annulus, whose light stimulation decreases spike fre-
quency, defines the inhibitory antagonistic surround. 
While a light increment in the surround reduces spike 
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frequency, a light decrement in this area increases 
spike frequency. For OFF ganglion cells, the reverse 
occurs (i.e. inhibitory center and excitatory surround); 
the cell increases its spike rate when the light inten-
sity striking its center decreases or when the intensity 
striking its surround increases. The sensitivity of the 
ganglion cell to illuminating a small spot in its recep-
tive field depends on the distance of the spot from 
the receptive field center. Plotting the cell response 
as a function of distance from the center for either the 
center or the surround gives a  ‘  ‘ Mexican hat ’  ’  shape, 
which is modeled by subtracting two Gaussians func-
tions, the center minus the surround. 

 This   center/surround structure of the receptive 
field has several consequences. First, it defines an 
optimal stimulus size and thus an optimal spatial fre-
quency for a particular cell. Different ganglion cell 
types have different receptive field sizes and there-
fore different functions. Ganglion cells with small 
dendritic areas have small receptive field center sizes 
and they can resolve high spatial frequencies (e.g. 
primate midget ganglion cells). Ganglion cells with 
larger dendritic areas are optimized to resolve lower 
spatial frequencies (e.g. primate parasol ganglion 
cell). The second consequence of a receptive field is 
that it increases the contrast sensitivity of the ganglion 
cell, thus converting the cell into a contrast detector 
rather than a light detector. This is because the stron-
gest stimulus paradigm for an ON ganglion cell is not 
light stimulation of the center alone, but a light incre-
ment in the center simultaneous with a decrement in 
the surround; i.e. the cell responds best to contrast 
presented within its receptive field. Larger cells (such 
as the primate parasol cell) have higher contrast sen-
sitivity (lower threshold) because they integrate infor-
mation from a larger area. The third consequence of 
a receptive field is that the center-surround structure 
increases the dynamic range of the cell. By subtracting 
the mean luminance, a cell’s voltage response can be 
mapped around the mean luminance thus readjusting 
for different mean intensities. 

 The   center-surround organization was first discov-
ered in ganglion cells, but it arises already at the first 
synapse. Thus, while a photoreceptor hyperpolar-
izes in response to light striking its outer segment, it 
depolarizes in response to light striking its neighbors. 
The basis for this antagonistic surround is the hori-
zontal cell network that provides a shallow surround 
by collecting input from a large area and feeding it 
back to the photoreceptor terminals. This center-sur-
round structure is then transmitted to bipolar cells. 
These cells show a more significant surround due to 
the summation of the output from several cones, and 
to the additional surround inhibition from horizontal 

cells to bipolar dendrites and from amacrine cells to 
their axons. Like horizontal cells, amacrine cells that 
contribute to the formation of the receptive field sur-
round collect information from a large area, greater 
than the bipolar cell’s center or the ganglion cell’s 
center area. At the next stage of processing, the center-
surround structure of bipolar cells is summed by the 
ganglion cells and again this summation deepens the 
surround. Further extension of the surround results 
from amacrine cell inhibition of ganglion cell den-
drites. This inhibition is typically GABAergic or gly-
cinergic, but additional neuromodulatory transmitters 
are coreleased, thus providing further computation 
abilities.  

    4 .       Contribution of inhibitory interneurons 
to specific retinal functions 

 In   addition to contributing to the receptive field 
structure, GABAergic and/or glycinergic interneurons 
actively take part in feeding information forward at 
low light levels, contributing to adaptation processes, 
and shaping the temporal waveforms of bipolar and 
ganglion cell responses. Three examples will be dis-
cussed below. 

    a .       Glycinergic Amacrine Cell (AII) Participates in the 
Rod Bipolar Feedforward Pathway 

 As   described above in section II.A.1, low-level 
light is captured by rods, and the signal is transmit-
ted to the rod bipolar cell (recall that this cell is an 
ON type). Unlike cone bipolar cells, which directly 
contact ganglion cells, the rod bipolar cell sends its 
signal to ganglion cells indirectly. The rod bipolar 
cell contacts a glycinergic amacrine cell, called the 
 ‘  ‘ AII amacrine cell ’  ’ , that forms gap junctions with 
neighboring AII cells and with ON cone bipolar cells. 
These cone bipolar cells then contact ON ganglion 
cells ( Fig. 19.2   ). There is no OFF rod bipolar cell, 
yet OFF ganglion cells do respond to low light lev-
els with a reduction of their spontaneous spike rate 
( Mastronarde, 1983 ). Information reaches the OFF 
ganglion cell from the rod bipolar cells through the 
AII amacrine cell that makes glycinergic synapses 
both onto OFF cone bipolar and OFF ganglion cells. 
Thus glycinergic amacrine cells are key linkers in 
the rod bipolar pathway and not merely modula-
tors. Since the electrical synapses from AII to ON 
bipolar cells retain the polarity of the response, and 
the glycinergic synapses to OFF bipolar cells reverse 
the polarity, the AII amacrine cells provide informa-
tion of opposite polarities to both ON and OFF gan-
glion cells. Consequently, a photon absorbed by a rod 

II. FUNCTION OF GABA, GLYCINE AND CHLORIDE COTRANSPORTERS IN THE ADULT RETINA



19.   GABA, GLYCINE AND CATION-CHLORIDE COTRANSPORTERS IN RETINAL FUNCTION AND DEVELOPMENT390

would increase spiking frequency in the ON ganglion 
cell while decreasing spiking rate in the OFF ganglion 
cell. Thus, the AII amacrine negatively correlates the 
responses of neighboring ON and OFF ganglion cells 
( Murphy and Rieke, 2008 ). The  ‘  ‘ bridge ’  ’  from the 
ON system to the OFF system is also manifested at 

higher light levels. In daylight, when light decreases, 
the cones hyperpolarize the ON cone bipolar cells, 
and this is relayed to the AII amacrine cells through 
the cone bipolar to AII gap junctions (in the opposite 
direction to night vision). The AII then releases less 
glycine and releases the OFF cell from its inhibition. 
Thus, this disinhibition contributes to excitation of 
the OFF ganglion cells, and by doing so it extends the 
dynamic range of the OFF ganglion cell in daylight 
( Manookin et al., 2008 ).  

    b .       The GABAergic Amacrine Cells (A17) quicken the 
Time Course of the Responses to Light 

 An   important function of inhibition in the rod 
bipolar cell pathway is to speed up the responses to 
light ( Fig. 19.2 , boxed inset). The light response of the 
AII amacrine cell is faster and more transient than 
that of the rod bipolar cell. The response of the bipo-
lar cell is in turn faster than the light-evoked response 
of the rod. There are multiple mechanisms that 
speed up the rod-to-bipolar light-evoked response 
( Armstrong-Gold and Rieke, 2003 ;  Xu et al., 2008 ) 
and the AII response ( Nelson, 1982 ;  Smith and Vardi, 
1995 ;  Bloomfield and Volgyi, 2004a ;  Bloomfield and 
Volgyi, 2004b ). Relevant to this chapter, an important 
mechanism that accomplishes this speeding up of the 
responses to light is the feedback inhibition from a 
certain type of amacrine cell called A17. This cell type 
radiates from its soma many dendrites that extend 
for long distances. The dendrites are varicose, and 
the varicosities are connected with slender dendrites 
from other cells. This morphological feature causes 
the electrical signals to decay fast, thus rendering 
each varicosity electrically isolated from each other. 
The A17 varicosities receive input from the rod bipo-
lar axon terminal and feed back to the same termi-
nal via a reciprocal GABAergic synapse ( Nelson and 
Kolb, 1985 ;  Chavez et al., 2006 ). Since this feedback 
signal is delayed by two synapses relative to the rod-
to-bipolar signal, the A17 cell starts to inhibit the rod 
bipolar’s light response after it has reached its peak. 
Consequently, the response of the rod bipolar cell to 
a long-lasting light stimulus has two phases, a tran-
sient one that peaks around 150       msec after stimula-
tion, and a sustained phase with lower amplitude that 
remains for the duration of the stimulus. When the 
light stimulus is briefer than the response rise time, 
the response has only one phase. Blocking GABAergic 
inhibition or both GABAergic and glycinergic inhibi-
tion greatly increases the decay time, suggesting that 
the feedback accelerates the light response ( Dong and 
Werblin, 1998 ;  Dong and Hare, 2002 ;  Xu et al., 2008 ). 
Thus, the A17’s GABAergic inhibition of rod bipolar 
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 FIGURE 19.2          The rod bipolar pathway. At low light levels, 
below cone threshold, the information flows from rod terminals to 
rod bipolar cells to AII amacrine cells. From here the information 
splits. In the ON sublamina, it flows to the axon terminals of cone 
bipolar cells (via gap junctions) and then on to the ON ganglion 
cells (green pathway). In the OFF sublamina, it flows from the AII 
to the axons of OFF bipolar cells and to the OFF ganglion cells (via 
glycinergic synapses). Information also flows from the OFF cone 
bipolar cells to the OFF ganglion cells (pink pathway). Black arrows 
show glutamatergic transmission; blue arrows show glycinergic 
and GABAergic transmission. Schematized response is shown for 
each cell type. Note inversion of polarity from rod to rod bipolar 
and from AII amacrine to OFF cone bipolar and OFF ganglion cells. 
Also note that the response becomes faster and more transient as 
it proceeds from rod to rod bipolar cell and to AII amacrine cell. 
Responses prior to the ganglion cells are graded while ganglion 
cell responses are spikes; green bars under ganglion cell responses 
represent the light stimulus. Inset shows a schematized response 
of a rod bipolar cell before (black) and after (red) blocking inhibi-
tion. This inhibition arrives from the A17 amacrine cell that receives 
input from the rod bipolar cell and releases GABA back onto it. RT, 
rod terminal; CT, cone terminal; RB, rod bipolar cell; CB, cone bipo-
lar cell; GC, ganglion cell; gj, gap junction.    



391

cells facilitates its light response and enables this cell 
to resolve higher temporal frequencies than the rod. 
Interestingly, rod bipolar cells express at least three 
different ligand-gated chloride channels, GABA A , 
GABA C  and glycine receptors, each of which dis-
plays a different response time course. The sharpen-
ing of the light-evoked response is attributed mainly 
to the relatively slow GABA C  receptor ( Eggers and 
Lukasiewicz, 2006 ).  

    c .       Asymmetric Inhibition Computes Directional 
Selectivity 

 A   fascinating example of computation by inhibitory 
circuits is the extraction of motion direction (highly 
developed in rabbits). The retina has two types of 
directionally selective ganglion cells, the ON type and 
the ON-OFF type. Most work has been performed 
on the more dense ON-OFF cell type (see reviews by 
 Taylor and Vaney, 2002 ;  Demb, 2007 ;  Zhou and Lee, 
2008 ). A directionally selective ganglion cell responds 
best to an object moving in one (preferred) of four 
directions (up, down, left or right) and it does not 
respond to an object moving in the opposite direction 
(null). Blocking GABA A  receptors results in the loss of 
direction selectivity, i.e. the cell now responds equally 
to an object moving in any direction. 

 A   classical model to explain directional selectivity 
was suggested by Barlow and Levick (1965). In this 
model ( Fig. 19.3A   ), inhibition arises from the null 
direction with a delay. When the object moves from 
point 1 toward point 2, the delayed inhibition from 
point 1 coincides with the excitation from point 2 and 
nulls it. A similar process occurs when the object con-
tinues to move from point 2 to 3. In contrast, when the 
object moves from point 3 to point 2, the inhibition 
from 2 arrives too late to nullify the excitation from 
point 3, so the cell responds. It is now known that 
the GABAergic neuron that provides this asymmetric 
input is the  ‘  ‘ starburst ’  ’  amacrine cell. The starburst 
cell itself exhibits a directionally selective response 
to moving objects, but this selectivity is for radial 
movement; the cell’s soma shows a greater response 
to centrifugal movement (objects moving away from 
the soma) than to centripetal movement (objects mov-
ing toward the soma). However, the starburst cell has 
no axon, and its soma’s response is practically irrel-
evant to the circuit. The dendrites of the starburst cell 
work as independent units; they receive bipolar input 
throughout their length, but release neurotransmitter 
only from their ends. Calcium imaging makes it pos-
sible to record the dendrite’s response and to assess 
the output of the cell. It has been found that each 
dendrite is sensitive to motion away from the soma. 

Thus each dendrite is selective for linear motion in 
one direction, but a cell with 4 – 5 dendrites radiating 
from its soma is endowed with the capacity to inte-
grate and transmit information about all directions 
of motion of the stimulus. The mechanism for this 
selectivity to stimulus motion direction is thought 
to arise from reciprocal inhibition between starburst 
cells ( Fig. 19.3C ). This inhibition creates the surround 
of the starburst cell that in turn creates the directional 
selectivity of its dendrites ( Lee and Zhou, 2006 ). An 
additional mechanism that may explain the radial 
direction selectivity of the starburst cells is attributed 
to differential distribution of KCC2 and NKCC trans-
porters along the dendrites of these cells (       Gavrikov et 
al., 2003, 2006 ). 

 Starburst   cells also release acetylcholine and GABA 
onto the ganglion cells. The function of acetylcholine 
is probably to enhance the excitatory input that gan-
glion cells receive from bipolar cells, but its precise 
contribution is not clear. The function of GABA is 
clearly to shape the directional selectivity of the gan-
glion cell. Since all cells distribute evenly across the 
retina, each directionally selective ganglion cell is 
surrounded by several starburst cells. However, only 
the starburst cells on the null side provide inhibition 
to the directionally selective ganglion cell. Therefore, 
when an object moves in the null direction, the inhibi-
tion coincides with the excitation ( Fig. 19.3B, C ) and 
nulls the response ( Fried et al., 2002 ;  Lee and Zhou, 
2006 ). In contrast, when the object moves in the pre-
ferred direction, the inhibition is small and lags 
behind the excitation, so it does not greatly interfere 
with the response. Thus, in many respects, the model 
shown in  Fig. 19.3C  supports the general idea pro-
posed by Barlow and Levick.    

    B .       Diversity of GABA Actions in Different 
Types of Mature Neurons and its Relation to 
the Expression of Chloride Cotransporters 

 As   noted at the beginning of this chapter,  E  GABA  
is relatively close to  E  m  and thus the action of GABA 
in neuronal circuits may be modulated by changing 
 E  Cl  and/or  E  m . Indeed, as discussed in several chap-
ters throughout this book, GABA and glycine can 
be hyperpolarizing and inhibitory in some neurons, 
depolarizing and even excitatory in others, or have a 
dual excitatory and inhibitory action in the same neu-
ron. In the latter case  E  Cl  is thought to have a different 
value with respect to  E  m  in different cell compart-
ments. In these cells, opposing responses to GABA or 
glycine can be spatially segregated. Moreover, besides 
being spatially segregated, the responses can also be 
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temporally segregated by dynamic changes in [Cl  �  ] i  
and therefore in  E  Cl  that switch the responses to GABA 
or glycine from inhibitory to excitatory (or vice versa), 
as illustrated in  Fig. 19.4   . In almost all mature CNS 
neurons studied to date the level of intracellular Cl  �   
is determined by the relative functional expression of 

the active Cl  �   extruder KCC2 and active Cl  �   accumu-
lators such as NKCC1. Diverse patterns of expression 
of these transporters may result in a variety of signal 
processing modes in different networks. The pattern 
of expression of cation-coupled Cl  �   cotransporters in 
the retina is illustrated in the diagram of  Fig. 19.5   . 
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 FIGURE 19.3          Asymmetric inhibitory input creates directionally selective cells.  A.  A  ‘  ‘ concept ’  ’  model modified from Barlow and Levick 
(1965).  ‘  ‘ A ’  ’  units provide excitatory input to  ‘  ‘ B ’  ’  units (filled arrows).  ‘  ‘ A ’  ’  units also send a delayed inhibitory output leftward but not right-
ward (empty arrows). When the stimulus moves in the null direction, inhibition from location A1 coincides with excitation from A2 and nulls 
the response at B1. When the stimulus moves in the preferred direction, excitation from A2 arrives before inhibition from A1, and B1 can 
respond. Thus B units are directionally selective and summing these units will retain directional selectivity (not shown).  B.  A summary (repro-
duced with permission from Fried et al., 2005) of excitatory and inhibitory currents in the directionally selective ON-OFF ganglion cell. This 
cell gives action potentials (top traces) both when the leading edge (LE) and when the trailing edge (TE) of the object enter the receptive field 
center and move in the preferred direction. It does not give action potentials when the object moves in the null direction. Clamping the cell at 
0       mV, to record inhibitory currents (middle traces), and at  E  Cl , to record excitatory currents (bottom traces), shows that in the preferred direc-
tion, inhibitory current lags excitatory current while, in the null direction, it coincides or even precedes the excitatory current, just as predicted 
by Barlow and Levick.  C.  A model (modified from  Zhou and Lee, 2008 ) showing the interaction between cells that participate in computing 
directional selectivity. Arrays of bipolar cells are blue, starburst cells are red, and the directionally selective (DS) ganglion cell is gray. Bipolar 
cells provide excitation both to the starbursts and the ganglion cell. Starburst dendrites inhibit each other in a symmetrical manner (open 
arrows) and this provides them with a receptive field surround. In the direction of movement shown (null for the example DS), starburst den-
drite 1 (dendrite numbers shown in black) responds before starburst dendrite 2 and inhibits it, thus nulling the response of dendrite 2. Since 
the dendrites are electrically isolated, i.e. inhibition from dendrite 1 does not affect the response of dendrite 3, dendrite 3 does respond to this 
direction, which is centrifugal. Thus reciprocal inhibition endows the starburst dendrites with responses that are selective for movement away 
from the soma as shown by the orange arrows. Starburst cells from the null side (right), but not from the preferred side, also provide inhibi-
tory input to the ganglion cell (open bent arrow) and possibly to the bipolar cell (not shown). The starburst cells therefore create the asymme-
try shown in A. Therefore, inhibition resulting from bipolar 1’s output (which is in the surround of the DS cell) coincides with excitation from 
bipolar 2 (which is in the center). In summary, reciprocal inhibition between starburst cells, and asymmetric inhibition between these cells and 
the directionally selective ganglion cell vetoes the response to movement in the null direction, and thus computes direction of motion.    
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    1 .       GABA as a Hyperpolarizing Inhibitory 
Neurotransmitter: Neurons with Lower than 
Passive Intracellular Cl  �   Levels 

 Most   mature brain neurons hyperpolarize to GABA 
and glycine. In retina, this strict and clear type of 
inhibition is exemplified in the multiple inputs from 
GABAergic and glycinergic amacrine cells onto gan-
glion cells. Retinal ganglion cells receive glutamater-
gic excitatory input from bipolar cells and inhibitory 
input from GABAergic and glycinergic amacrine cells. 
There are about 30 types of amacrine cells whose pri-
mary function is to shape the receptive field of gan-
glion cells. They modulate ganglion cells ’  temporal 
response, control their gain and sensitize them to 
motion. Realizing the importance of Cl  �   currents 
to information processing in the retina,  Miller and 
Dacheux (1983)  first measured [Cl  �  ] i  in different types 
of neurons from mudpuppy retina, using double-barrel 
Cl  �  -sensitive microelectrodes. This approach allowed 
them to measure  E  m  and intracellular Cl  �   activity in 
single cells. They found that Ganglion cells have an 
 E  Cl  more negative than the resting  E  m  in darkness. 
Specifically, the average  E  Cl  in these neurons was  � 
49       mV whereas the  ‘  ‘ dark ’  ’  membrane potential was 
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 FIGURE 19.4          Diversity of intracellular chloride concentrations in neurons and the consequences of activating chloride channels. Numbers 
within the cells are approximate [Cl  �  ] i  and in the analysis below we assume a membrane resting potential ( E  m ) of  � 65       mV. Arrows show direc-
tion of Cl  �   flux when chloride channels are open.  A.  Cells that are hyperpolarized by GABA: ganglion cells and most mature neurons. GABA 
causes chloride influx.  B.  Cells that are shunted by GABA: certain amacrine cells, neocortical neurons and many mature neurons. Net Cl �  flux 
is null, but due to conductance increase, GABA shunts the excitatory current and inhibits the cell.  C.  Cells that are depolarized by GABA e.g. 
immature neurons, horizontal cells, DRG neurons, and hippocampal granule cells. In these cell types GABA causes chloride efflux.  D.  Cells in 
which the chloride current produces a depolarizing receptor potential e.g.: olfactory receptor neurons (in these cells  E  Cl  is more positive than 
 E  m  and opening of calcium-activated chloride channels produces a depolarizing chloride efflux).  E.  Cells with compartmentalized  E  Cl : ON 
bipolar cells ( E  Cl  is more positive than  E  m  in dendrites, and more negative than  E  m  in axon); possibly starburst amacrine cells ( E  Cl  is more posi-
tive than  E  m  in proximal dendrites, and more negative than  E  m  in distal); principal neurons ( E  Cl  is high in axon initial segment and low in the 
rest of the cell).  F.  Cells with dynamic  E  Cl : certain amacrine cells ( E  Cl  shifts posit i ve with NO); some hippocampal cells ( E  Cl  shifts positive with 
NO); gonadotropin-releasing hormone neuron ( E  Cl  shifts negative with long application GABA); many hippocampal cells ( E  Cl  shifts negative 
with repetitive application of GABA); certain neurons in dorsal suprachiasmatic nucleus ( E  Cl  shifts positive at night).    
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 FIGURE 19.5          Expression of chloride cotransporters in adult 
retinal cells. HC, horizontal cell; AC, amacrine cell; GC, ganglion 
cell; star, starburst amacrine cell; ON, ON bipolar cell; OFF, OFF 
bipolar cell. ON bipolar dendritic tips express a protein that is not 
NKCC1, but might be similar to it (black). Among different types of 
cone bipolar cells only certain types express KCC2. Rods and cones 
express KCC2 transiently, but probably not in the adult.    
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 � 39       mV. Subsequent studies in mature mammalian 
ganglion cells using gramicidin-perforated patches 
and the Cl  �   indicator MEQ showed much lower val-
ues:  � 60 to  � 80       mV for  E  Cl  and around  � 60       mV for 
the resting  E  m  ( Demb et al., 2001 ;  Murphy and Rieke, 
2006 ;  Zhang et al., 2006b ), but  E  Cl  is always close to 
or more negative than resting  E  m ; thus GABA and gly-
cine produce inhibition by membrane shunting and/
or hyperpolarization. 

 The   lower than passive [Cl  �  ] i  of ganglion cells 
suggests that they are endowed with an active Cl  �   
extruder like KCC2. Immunolabeling studies using a 
specific antibody against KCC2 revealed that mature 
ganglion cells indeed express KCC2 (         Figs 19.5 and 
19.6A ). Immunofluorescence and electron microscopy 
revealed that KCC2 immunolabeling was associated 
with the plasma membrane. KCC2 immunolabel-
ing was found to be relatively weak at the somas and 
much stronger at the dendrites, in consonance with 
the fact that most inhibitory synapses contact the den-
drites. This proximity of KCC2 to synaptic regions 
suggests that the transporter tightly regulates [Cl  �  ] i  in 
the postsynaptic membranes.  

    2 .       GABA as a Depolarizing and Excitatory 
Neurotransmitter: Neurons with Higher than 
Passive Intracellular Cl  �   Levels 

 It   is unusual for mature neurons to maintain an [Cl  �  ] i  
higher than predicted for a passive Cl  �   distribution 
across their plasma membrane. Primary sensory neurons 
and olfactory sensory neurons are well-documented 

examples of  mature  nerve cells in which [Cl  �  ] i  is main-
tained above electrochemical equilibrium ( Alvarez-
Leefmans et al., 1988 ;  Kaneko et al., 2004 ; Rocha-Gonz á lez 
et al., 2008). The functional significance of the outward 
Cl  �   gradients in these sensory neurons is discussed in 
detail in Chapters 20 and 22 in this volume. In mature 
brain, there are fast spiking interneurons that maintain 
an  E  Cl  close to the spike threshold and therefore GABA 
excites them ( Martina et al., 2001 ). Another example is 
the gonadotropin-releasing hormone neurons in the 
hypothalamus, which are consistently depolarized by 
GABA. Further, immunostaining shows that most of 
these cells express NKCC1 ( DeFazio et al., 2002 ). In the 
mature retina, a well-studied example where GABA acts 
to depolarize the cell is provided by the horizontal cell 
(see below). 

    a .      Retinal Horizontal Cells 

 It   has long been known that Cl  �   gradients play key 
roles in light-evoked signaling and image processing 
in the retina because replacing Cl  �   with an imperme-
ant anion blocks ON ganglion cell responses ( Miller 
and Dacheux, 1973 ). Cl  �  -dependent mechanisms 
were studied by systematically measuring intra- and 
extracellular Cl  �    activities  throughout the retina using 
Cl  �  -selective microelectrodes. In horizontal cells of 
mudpuppy and fish, average intracellular Cl  �    activ-
ity  was  � 42       mM. Thus, taking an activity coefficient 
of  � 0.76 ( Parsons, 1959 ), the average intracellular 
Cl  �   concentration is  � 55       mM. The average  E  Cl  was 
 � 17       mV, which is about 10       mV more depolarized than 
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 FIGURE 19.6          Immunostaining of mouse retina for KCC2 and NKCC1 (radial sections).  A.  Staining for KCC2 shows that the strongest stain 
lies in the synaptic layers. Stained puncta in the outer plexiform layer (OPL) belong to the dendrites of OFF bipolar cells (bd). Staining in bipo-
lar cell somas (b) is strong, in ganglion cell somas (gc) is weak, and in amacrine cell somas is too weak to be seen in this image.  B, C.  Staining 
for NKCC1 shows that in the wild type (wt) labeling in horizontal cell somas (hc) and their processes is strong, and there is no staining any-
where else. The faint staining elsewhere is at background level, same as in NKCC1 knockout mouse (NKCC  � / �  ). Staining of horizontal cells in 
NKCC1 knockout retina is absent. PRL, photoreceptor layer; remaining retinal layers are as labeled in  Fig. 19.1 . Reproduced with permission 
from Zhang et al. 2007.    
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the dark resting potential ( Miller and Dacheux, 1983 ; 
 Djamgoz and Laming, 1987 ). Subsequent intracellu-
lar recordings with sharp microelectrodes from skate 
rod-driven dissociated horizontal cells and from rabbit 
horizontal cells in the eye-cup preparation showed that 
GABA depolarized these cells, and this depolarization 
was mediated by GABA A  receptors, further suggesting 
that [Cl  �  ] i  is higher than electrochemical equilibrium 
in these cells ( Lasater et al., 1984 ;  Blanco et al., 1996 ). 
Additional observations consistent with the hypothesis 
that retinal horizontal cells maintain a higher than pas-
sive [Cl  �  ] i  came from experiments using gramicidin-
perforated patch microelectrodes. In these experiments, 
the authors recorded GABA responses of dissociated 
rabbit horizontal cells, thus eliminating network influ-
ences.  E  Cl  and [Cl  �  ] i  were estimated to be  � 29       mV and 
44       mM, respectively ( Varela et al., 2005b ). 

 Active   Cl  �   accumulation in horizontal cells is 
most likely mediated by NKCC1. However, the evi-
dence that supports this hypothesis is based only on 
immunostaining. The commonly used monoclonal 
T4 antibody weakly immunolabels horizontal cells in 
several mammalian retinas and strongly immunola-
bels horizontal cells of lower vertebrates and mouse 
horizontal cells treated with SDS (       Vardi et al., 2000, 
2002 ;  Li and Shen, 2007 ;  Li et al., 2008 ). However, this 
antibody is not NKCC isoform specific; it recognizes 
both NKCC1 and NKCC2. To determine the NKCC 
isoform expressed in horizontal cells we used an 
antibody prepared against the C-terminus of mouse 
NKCC1 ( Plotkin et al., 1997a ). This antibody showed 
strong immunostaining in horizontal cells of mouse 
retina, which was absent in control NKCC1-null mice, 
as shown in  Fig. 19.6B, C  ( Zhang et al., 2007 ). In these 
studies, KCC2 was not detected in mouse horizontal 
cells but an earlier study by a different group reported 
KCC2 immunolocalization in rat horizontal cells 
labeled with calbindin ( Vu et al., 2000 ). In our opinion, 
this apparent colocalization results from a relatively 
low image resolution and the proximity of horizontal 
cell processes to structures that do express KCC2. Still 
missing are functional experiments that test the contri-
bution and regulation of NKCC1 and possibly KCC2 
to Cl  �   accumulation in horizontal cells. 

 While   the evidence for [Cl  �  ] i  being higher than 
electrochemical equilibrium and that the GABA A -
mediated depolarization in horizontal cells is strong, 
the function of this depolarization remains unclear. 
The main source of GABA within the outer plexiform 
layer, the layer at which horizontal cells arborize, is 
the horizontal cell itself ( Vardi et al., 1994 ;  Johnson 
and Vardi, 1998 ). Another source is a unique interneu-
ron called the interplexiform cell, but this cell does not 
seem to make synaptic contacts with horizontal cells 

( Nakamura et al., 1980 ;  Chun and W ä ssle, 1989 ). Thus, 
the GABA A  receptors on horizontal cells are auto-
receptors that could provide positive feedback onto 
the horizontal cell network (see below). We think this 
feedback is positive because horizontal cells do not 
spike and their signaling is transmitted via changes in 
graded membrane potential. Interestingly, the phar-
macological properties of the GABA A  receptors on 
horizontal cells of several species often differ from that 
of the classical GABA A  or GABA C  receptors, suggest-
ing that they may express a different type of GABA A/

C  receptor. Consistent with this, receptor subunits of 
GABA A/C  have not yet been detected by immunos-
taining. Furthermore, certain types of horizontal cells 
in zebra fish do not express GABA receptors, and yet 
they are depolarized in response to GABA. It appears 
that this depolarization is mediated by the Na  �  -
dependent GABA transporter ( Nelson et al., 2008 ). 
Thus, the GABAergic feedback loop provided by hor-
izontal cells may be an important design aspect, but 
how the feedback occurs may vary between species 
and between horizontal cell types. 

 Two   hypotheses have been proposed to explain the 
function of the positive GABAergic feedback loop: (a) 
the loop couples horizontal cells chemically and (b) it 
slows down their light-evoked response. As explained 
at the beginning of this chapter, the main function of 
horizontal cells is to collect input from a large area, 
compute the mean local luminance and feed it back 
to the photoreceptors and bipolar cells. A horizontal 
cell’s dendritic diameter spans 60        μ m (in mouse), but 
since they are electrically coupled by gap junctions, 
their receptive field (i.e. collection area) is doubled 
( Shelley et al., 2006 ). It is possible that the feedback 
depolarization by GABA provides another way to 
increase this receptive field. This GABA-mediated 
depolarization would occur particularly in darkness 
when photoreceptors constantly release glutamate, 
and thus depolarize the horizontal cells via AMPA/
kainate receptors. This depolarization would then 
increase GABA release and that would further depo-
larize the same cell and its neighbors. Thus, the posi-
tive feedback by GABA can be viewed as chemical 
coupling that enhances the cell’s response to gluta-
mate and extends its receptive field much like electri-
cal coupling does ( Varela et al., 2005b ). Alternatively, 
GABA’s positive feedback may function to slow 
down the kinetics of the light response. It has been 
shown that the horizontal cell light response in the 
dark is much slower than that in the light, and this 
effect can be mimicked by GABA application. Thus, 
while GABA released in darkness helps to depolar-
ize the cells, it also increases cell conductance, so 
when  glutamate decreases in light, the horizontal cell 
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 hyperpolarizes and GABA release decreases with a 
delay. Consequently, the hyperpolarization of the hor-
izontal cell is slowed ( Kamermans and Werblin, 1992 ).   

    3 .       Spatial Gradient of  E  Cl  and 
Compartmentalization of GABA Function 

 Cl    �   has long been thought to distribute evenly 
within a cell but there is mounting evidence showing 
that, within many neuron types, Cl  �   concentration 
does vary along different parts of the cell. It is tempt-
ing to draw analogies between Cl  �   and Ca 2 �  . The lat-
ter is known to be compartmentalized and there are 
numerous proteins that bind Ca 2 �   and buffer its local 
concentration. It would be exciting if future research 
identifies a protein that binds Cl  �   and restricts its 
intracellular diffusion. However, fast transport of Cl  �   
across the plasma membrane in one region and lack 
of transport in another may be sufficient to generate 
and maintain a gradient within the cell. In addition, 
intracellular organelles, which have been found to 
have high Cl  �   concentrations and CLC channels and 
transporters, may regulate and dynamically modulate 
Cl  �   concentration within a local area that could define 
a compartment. In the following section, we will dis-
cuss the functional significance of Cl  �   gradients in ON 
bipolar cells and describe evidence that supports it. 

    a .       Intracellular Cl  �   Gradients in Retinal ON Bipolar 
Cells 

 We   have already discussed the function of hori-
zontal cells in forming the receptive field surround of 
photoreceptors and bipolar cells. The principle of this 
action is to antagonize the effect of glutamate released 
from photoreceptors. Glutamate depolarizes OFF 
bipolar cells and hyperpolarizes ON bipolar cells. To 
antagonize glutamate’s action, GABA released from 
horizontal cells should hyperpolarize OFF bipolar 
dendrites and depolarize ON bipolar dendrites. Since 
both classes of bipolar cells express GABA A  recep-
tors on their distal dendrites, this opposite polarity 
can only be achieved if  E  Cl  in OFF bipolar dendrites 
is close to or more negative than the resting  E  m , 
whereas in ON bipolar dendrites  E  Cl  is more depo-
larized than  E  m  ( Vardi and Sterling, 1994 ). Yet, at the 
axon terminal, ON bipolar cells receive GABAergic 
and glycinergic feedback from amacrine cells, and this 
feedback is known to hyperpolarize the cell ( Suzuki 
et al., 1990 ). Therefore, theory predicts that ON bipolar 
cells should maintain relatively high [Cl  �  ] i  in the den-
drites and relatively low [Cl  �  ] i  in the axon terminal, i.e. 
ON bipolar neurons maintain a Cl  �   gradient within the 
cell. This hypothesis was tested by several approaches 
as discussed below.  

    b .      Immunostaining 

 KCC2   immunolabeling in a variety of mamma-
lian retinas clearly shows that the axon terminals of 
rod bipolar cells, a type of ON bipolar cell, are immu-
nopositive and that this immunostaining concentrates 
near the GABA receptors ( Vardi et al., 2000 ). On the 
other hand, the somas of these cells are weakly immu-
noreactive for KCC2 and the dendritic tips are KCC2 
immunonegative. In contrast, OFF bipolar cells show 
clear KCC2 immunoreactivity both in their axon ter-
minals and their dendritic tips. Immunolabeling for 
NKCC using T4 monoclonal antibody shows that 
NKCC immunoreactivity is restricted to the dendritic 
tips of the ON bipolar cell. Neither the ON bipolar 
axon terminal nor any compartment of the OFF bipo-
lar cell are NKCC immunoreactive. Similar differential 
NKCC immunolabeling between ON and OFF bipolar 
cells and between dendrites and axons in ON bipolar 
cells has also been shown in goldfish retina ( Li et al., 
2008 ). These observations suggest that the same cell 
expresses both an active Cl  �   extruder and an active Cl  �   
uptake cotransporter protein, but that they are located 
at different endings of the cell, just as predicted by the-
ory. Thus, KCC2 extrudes Cl  �   from the axon terminal 
permitting GABA and glycine released by amacrine 
cells to hyperpolarize the cell, while NKCC1 accumu-
lates Cl  �   at the tips of the dendrites permitting GABA 
released by horizontal cells to depolarize it. 

 A   complication of this clear picture arose when the 
staining obtained with the T4 antibody was retained 
in NKCC1-null mice retina ( Zhang et al., 2007 ). 
Furthermore, staining with an antibody that is specific 
to NKCC1 revealed staining in the horizontal cells, but 
not in the ON bipolar dendritic tips. These results sug-
gest that ON bipolar dendritic tips (at least in mouse) 
do not express NKCC1, but a closely related protein. 
NKCC2 could be a candidate. However, available 
antibodies against this protein used in Western blot-
ting do not reveal a band with the mobility described 
for the kidney protein NKCC2.  

    c .      Whole-cell Recording with Gramicidin 

 The   hypotheses supported by immunostaining 
predict two important differences in  E  Cl : a difference 
between ON and OFF bipolar cells (where  E  Cl  in ON 
dendrites have a more depolarized value than that of 
OFF dendrites) and a difference within the ON bipolar 
cell (where the dendritic tips have a more depolarized 
value than at the axon). Several labs have tested these 
hypotheses by focal application of GABA to either the 
dendrites or the axon. The results are consistent with 
the predictions but the details are still somewhat con-
troversial, as discussed below. 
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 Comparing    E  Cl  values between classes of bipolar 
cells by puffing GABA onto their dendrites (in mouse 
slice preparations) revealed that the  E  Cl  of the rod 
bipolar cell was significantly more depolarized than 
that of the ON cone bipolar cell which in turn was 
more depolarized than that of the OFF cone bipolar 
cell ( � 39,  � 55 and  � 67       mV, respectively). The dark 
membrane potential of these cells is estimated to be  � 
45       mV; therefore GABA is expected to depolarize the 
rod bipolar cell but hyperpolarize both types of cone 
bipolar cells. Comparing the  E  Cl  of rod bipolar den-
drites to that of axon terminals by selectively puffing 
GABA either on the dendrite or the axon showed that 
there was no difference ( Satoh et al., 2001 ). However, 
these experiments were done without blocking net-
work signaling. Similar experiments were performed 
in rat slices where cells were pharmacologically iso-
lated from the network. For each rod bipolar cell,  E  Cl  
in the dendrites was more depolarized than that in the 
axon. Although small ( � 4       mV) the difference was sig-
nificant ( Billups and Attwell, 2002 ). Nonetheless, the 
authors concluded that this difference was too small 
to contribute to GABA antagonism. Interestingly, in 
these experiments, although  E  Cl  changed when the 
holding membrane potential was changed for more 
than a minute,  E  Cl  in the dendrites always remained 
more depolarized than that in the axon, favoring the 
idea of compartmentalization of intracellular Cl  �  . 

 The   possible  E  Cl  gradient in ON bipolar cells was 
re-examined in mouse dissociated rod bipolar cells 
( Varela et al., 2005a ). Dissociation has two advantages: 
first, complex network effects are eliminated; second, 
visualization of the processes allows more precise focal 
application of GABA. Also, using mouse as experi-
mental model is convenient because its rod bipolar 
cells express mainly GABA A  receptors on their den-
dritic tips and GABA C  receptors at their axon terminals. 
Thus GABA-gated Cl  �   channels on the dendrites can 
be activated by puffing GABA and TPMPA (to block 
the residual GABA C  receptors) and those on the axons 
by puffing GABA and bicuculin (to block the residual 
GABA A  receptors). Their analysis revealed that  E  Cl  in 
dendrites is significantly more depolarized than in axon 
terminals ( � 33 vs.  � 60       mV, respectively). Current clamp 
experiments verified that, as suggested by immunocyto-
chemistry, GABA applied onto these cells ’  dendrites has 
a depolarizing action whereas when applied to the axon 
terminals has a hyperpolarizing action.  

    d .      Imaging with Clomeleon 

 A   breakthrough in estimating [Cl  �  ] i  within different 
parts of a cell came with the development of the Cl  �   
sensor Clomeleon , as discussed in detail in Chapter 7 
in this volume. A mouse expressing Clomeleon under 

control of thy1 promoter has been developed. Several 
retinal cell types in this genetically modified mouse, 
including three types of ON cone bipolar cells (but 
not the rod bipolar cell), express Clomeleon. This pro-
vides a direct method for testing the theory that ON 
bipolar cells maintain a Cl  �   gradient. Furthermore, 
since the cells in these mice fluoresce, they can be 
identified by their morphology ( Duebel et al., 2006 ). 
These results are discussed in detail in Chapter 7 of 
this book. Briefly, it was found that [Cl  �  ] i  in ON bipo-
lar cells is 35       mM in the dendrites, 27       mM in their 
soma and 25       mM in their axon, i.e.  E  Cl  is  � 33       mV, 
 � 40       mV and  � 42       mV, respectively. Since the average 
resting  E  m  of these cells is  � 42       mV, GABA applied to 
the dendrites depolarizes them, while at the soma or 
the axon causes shunting inhibition. When cell type 
was considered, Duebel and collaborators found that 
one type of bipolar cell (type 9) exhibits a significant 
(20       mV)  E  Cl  gradient with respect to the soma ([Cl  �  ] i  is 
44       mM in dendrite vs. 24       mM in soma) while another 
type of bipolar cell (type 7) has only a  � 4       mV differ-
ence. Accordingly, GABA puffed onto the dendrites 
of type 9 decreased [Cl  �  ] i  but when puffed onto their 
axon increased [Cl  �  ] i . Simultaneous application of 
furosemide and bumetanide to maximally block the 
Cl  �   gradients reduced, but did not abolish them. One 
possible interpretation of this finding is that the Cl  �   
uptake mechanism in ON bipolar dendritic tips is not 
sufficiently sensitive to loop diuretics. 

 In   summary, most studies to date support the 
notion that ON bipolar cells exhibit an intracellular 
Cl  �   gradient, but the data still suffer from high vari-
ability. Although some of this variability may reflect 
true differences between cells, much of it is prob-
ably due to limitations of the methods used to mea-
sure [Cl  �  ] i  and  E  Cl  and insufficient resolution to 
discriminate between different parts of a single cell. 
Antibodies used for immunostaining are often non-
specific, may have low sensitivity, and do not prove 
function. Gramicidin-perforated membrane patch 
may retain the native anion content of a cell, but the 
recordings suffer from high access resistance and 
inadequate voltage clamp. Further, the reversal of 
GABA or glycine currents does not necessarily cor-
respond to  E  Cl  because the anion channels opened 
by these neurotransmitters are often non-selective 
for Cl  �  . Clomeleon imaging may be a promising 
technique for Cl  �   imaging. However, it is inherently 
difficult to reliably image thin processes; slight devia-
tions from the focal plane introduce large variability. 
In addition, Clomeleon is difficult to calibrate reliably 
and it is highly sensitive to intracellular pH. Some 
of these limitations are discussed in Chapter 7. New 
chemical and GFP-based fluorescent Cl  �   indicators 
are discussed in Chapter 6.   

II. FUNCTION OF GABA, GLYCINE AND CHLORIDE COTRANSPORTERS IN THE ADULT RETINA
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    4 .       Temporal Change of  E  Cl : Modulation by 
Neurotransmitters 

 In   the previous sections, we discussed examples of 
cells in which  E  Cl  is fixed in the whole cell or in some 
cell compartments. However, [Cl  �  ] i  and thus  E  Cl  may 
change over time. The best known and studied exam-
ples come from developing neurons that experience 
a dramatic shift in  E  Cl  after maturation (see below). 
Shifts in  E  Cl  may also occur during a circuit’s malfunc-
tioning, as discussed in Chapters 22 to 24. In healthy 
adult neurons,  E  Cl  can also change, with a relatively 
fast time course and in response to neurotransmitter 
stimulation. In the sections that follow, we discuss 
modulation of  E  Cl  by GABA, by membrane potential 
and by nitric oxide (NO). 

    a .      Modulation of  E  Cl  by GABA 

 Neurons   typically maintain  E  Cl  constant even in 
the face of continuous inhibition. There are, however, 
numerous examples of neurons that undergo posi-
tive shifts in  E  Cl  under repetitive GABAergic inhibi-
tion. These shifts are typically more pronounced in 
the dendrites than in the soma. The vulnerability of 
dendrites to such changes is probably due to their rel-
atively small volume so that GABA A  receptor-medi-
ated Cl  �   influx exceeds Cl  �   extruder capacity leading 
to intracellular Cl  �   accumulation. Under certain con-
ditions, this positive shift in  E  Cl  can be of sufficient 
magnitude to cause a depolarizing response to GABA. 
Two explanations have been given for this phenom-
enon. One hypothesis suggests that the positive shift 
in  E  GABA  is due to the contribution of HCO 3   �   flux 
through GABA receptor channels becoming evident. 
When  E  Cl  lies below the resting membrane potential, 
HCO 3   �   efflux through the anion channels gated by 
GABA is outweighed by Cl  �   influx. However, follow-
ing Cl  �    accumulation,  E  Cl  becomes close to  E  m  and 
the HCO 3   �   efflux becomes evident thereby producing 
a  depolarization ( Staley and Proctor, 1999 ). Another 
possible explanation, based on measurements of 
[Cl  �  ] i , attributes the positive shift in  E  GABA  only to 
a rise in [Cl  �  ] i  resulting in a positive shift in  E  Cl . In 
cultured hippocampal neurons, focal application of 
GABA to the soma can elevate somatic [Cl  �  ] i  (mea-
sured with Clomeleon) by 10 – 40       mM, potentially shift-
ing  E  Cl  by  � 30       mV above  E  m  ( Kuner and Augustine, 
2000 ). Further, Cl  �   accumulated in the soma dif-
fuses to proximal dendrites elevating their [Cl  �  ]. 
Similarly, in hippocampal slices tetanic stimulation of 
GABAergic basket cells synapsing onto CA1 pyrami-
dal cell’s soma leads to a postsynaptic depolarization 
that lasts for 1 to 5       sec. This depolarization correlates 
with an increase in [Cl  �  ] i  (measured with the Cl  �   

indicator MEQ) and it decreases but does not com-
pletely disappear with bicuculline, a GABA A  receptor-
blocker ( Isomura et al., 2003 ). It has been suggested 
that a rise in extracellular potassium increases the 
activity of NKCC1 and decreases or reverses the activ-
ity of KCC2, leading to a rise in [Cl  �  ] i  to levels higher 
than would be expected from a passive distribution. 
For further discussion on the effects of increasing 
extracellular potassium on KCCs see Chapter 17 and 
the review by  Voipio and Kaila (2000) . It is possible 
that the changes in the GABA response are mediated 
by multiple mechanisms, including changes in the 
regulation of cation Cl  �   cotransporter’s (CCCs) sur-
face expression (a mechanism with a relatively slow 
time course), CCCs phosphorylation (a mechanism 
with a relatively fast time course), and by environ-
mental intra- and extracellular ions including HCO 3   �   
(fastest process) (reviewed by  Kaila, 1994 ;  Voipio and 
Kaila, 2000 ). None of these mechanisms are mutually 
exclusive.  

    b .      Modulation of  E  Cl  by NO 

 An   intriguing modulation of  E  Cl  with a short time 
constant (1 – 3       sec), which appears to be indepen-
dent of CCCs, was demonstrated in chick amacrine 
cells and rat hippocampal neurons ( Hoffpauir et al., 
2006 ). When cultured amacrine cells are stimulated 
with low micromolar concentrations of NO, GABA-
gated currents are enhanced. This enhancement is 
due to a substantial positive shift (15 – 35       mV) in the 
reversal potential of the current. A similar NO effect 
is seen on glycine-gated currents, indicating that the 
positive shift in  E  GABA  is due to an increase in cyto-
solic [Cl  �  ]. The change in  E  GABA  is sufficiently large 
that it shifts from values below the resting membrane 
potential (resting  E  m       �       �       �      60       mM) to levels above 
it. Consequently, NO inverts the sign of GABA- and 
 glycine-gated voltage responses from hyperpolarizing 
to depolarizing. This NO effect can also be demon-
strated by recording from a postsynaptic amacrine cell 
while stepping up the voltage of a presynaptic ama-
crine cell that releases GABA or glycine. Thus,  E  GABA  
can be shifted by network activity and not only by 
exogenous application of GABA. Furthermore, current 
clamp recordings show that the NO-induced depolar-
izing response to GABA can elicit action potentials, 
suggesting that GABA responses are turned from 
inhibitory to excitatory. 

 All   shifts in  E  Cl  so far discussed were due to a 
change in the balance between the expression and 
activity of different CCCs and Cl  �   conductances. 
The effect of NO appears to be independent of CCCs 
since inhibitors of known transporters (furosemide, 
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bumetanide, DIDS, ethacrynic acid) do not block the 
shift. Furthermore, this shift does not require extracel-
lular Cl  �  , as it still occurs when extracellular chloride 
concentration is decreased to virtually 0       mM. These 
experiments suggest that the transient elevation of 
[Cl  �  ] i  in response to NO is due to Cl  �   release from 
intracellular organelles such as endosomal compart-
ments. This movement of Cl  �   across endosomal com-
partments may be mediated by CLC channels (see 
Chapter 12). The mechanism by which NO stimulates 
Cl  �   efflux from endosomes is not clear. It probably 
does not involve soluble guanylyl cyclase since block-
ing this enzyme does not block the shift in  E  GABA . The 
effect of NO on the GABA response underscores the 
importance of Cl  �   in neural processing and raises 
the possibility that there exist Cl  �  -binding proteins/
organelles that buffer Cl  �   concentration in different 
cell compartments.  

    c .      Modulation of  E  Cl  by Membrane Potential 

 We   have already discussed experiments that inves-
tigated if retinal rod bipolar cells maintain Cl  �   gra-
dients within different parts of the same cell. In one 
of these studies, the authors clamped the membrane 
voltage for 2       min before determining  E  Cl  and found 
that  E  Cl  correlated with the value of the clamped 
membrane voltage ( Billups and Attwell, 2002 ). In 
darkness, resting membrane potential and  E  Cl  were 
similar ( � 40       mV). When membrane voltage was 
clamped to a depolarized potential,  E  Cl  became more 
depolarized; when clamped to a hyperpolarized 
potential,  E  Cl  became more hyperpolarized. However, 
the changes in  E  Cl  never matched with those in  E  m , 
confirming that Cl  �   is not passively distributed across 
the plasma membrane. In these experiments, the 
dynamic change in  E  Cl  occurred under conditions in 
which Ca 2 �  -dependent neurotransmitter release was 
blocked and no exogenous neurotransmitters were 
applied. It was concluded that bipolar cells have a sig-
nificant  ‘  ‘ resting ’  ’  permeability to Cl  �  . Although ClC2 
is expressed by these cells and may tune their  E  Cl  ( Enz 
et al., 1999 ), it probably does not contribute to this 
behavior since this channel is activated by hyperpo-
larization. Alternatively, the Cl  �   permeability may be 
due to calcium-independent tonic release of GABA, a 
result that is reminiscent of  E  Cl  changes due to repeti-
tive GABA applications. A similar phenomenon has 
been described in neurons of the lateral superior 
olive ( Ehrlich et al., 1999 ). Whatever the cause of E Cl ’s 
dynamic changes, they may be viewed as an adapt-
ing behavior of the rod bipolar cell providing it with 
an inherently transient voltage response (albeit over a 
time course of seconds) to a continuous GABA release. 

When the rod bipolar cell is depolarized by a pro-
longed light stimulus, GABA released from amacrine 
cells would initially produce a strong hyperpolarizing 
response. With continued GABA release,  E  Cl  would 
shift towards  E  m  thereby decreasing the driving force 
for Cl  �   and consequently decreasing the amplitude of 
the response. When the cell is hyperpolarized in con-
stant darkness, GABA released from horizontal cells 
would initially depolarize the dendrites. With time, 
 E  Cl  would move in the negative direction so that sub-
sequent depolarizations by GABA would decrease in 
amplitude.     

    III .      FUNCTION OF GABA, 
GLYCINE AND CATION-CHLORIDE 

COTRANSPORTERS IN RETINAL 
DEVELOPMENT 

 As   discussed in Chapter 17, a dramatic event in 
neural maturation is the shift (also referred to as  ‘  ‘ the 
switch ’  ’ ) in the action of GABA and glycine from 
excitatory to inhibitory. This switch occurs amidst 
a complicated but well-orchestrated sequence of 
events where multiple neuron types are born each 
at its own time and integrated into a functional neu-
ral circuit. It is therefore important to ask how does 
this apparently general rule of the  ‘  ‘ GABA switch ’  ’  
relate to this sequence of developmental processes. 
The retina provides an excellent model to study 
these questions because of the wealth of information 
regarding the intermediate developmental steps of 
different defined cell types ( Fig. 19.7   ). In considering 
the  ‘  ‘ GABA switch ’  ’  during development, several spe-
cific questions come to mind and are addressed in the 
sections that follow. (1) Where are GABA and glycine 
produced and released, and where are their recep-
tors expressed at each developmental stage? (2) When 
during the maturation process does GABA switch its 
action for each cell type? (3) What functions do GABA 
and glycine serve at cellular and circuit level at each 
developmental stage? (4) What sets  E  GABA  at each 
developmental stage for each cell type? 

    A .       Content of GABA and Glycine during 
Development 

 Localization   of GABA during development has 
been addressed in numerous studies in many species 
(reviewed by  Redburn, 1992 ;  Nag and Wadhwa, 1997 ; 
 Lee et al., 1999 ;  Ferreiro-Galve et al., 2008 ). In mouse, 
immunostaining for GABA at postnatal (P) 0 (birth) 
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to P3 is positive throughout the retinal layers ( Fig. 
19.8   ). Similarly in turtle, cells expressing GABA and 
GAD (glutamic acid decarboxylase), the enzyme that 
catalyzes the conversion of glutamate to GABA, are 
both present long before hatching ( Nguyen and Grzy-
wacz, 2000 ). As with GABA, glycine immunoreactivity 

already appears at birth throughout the retina includ-
ing the neuroblast layer ( Fletcher and Kalloniatis, 1997 ; 
 Pow and Hendrickson, 2000 ). The content of GABA 
has been measured in rat retina at different time points 
during development. During the first two postnatal 
weeks, GABA content is about 7       nmol/kg protein. 
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 FIGURE 19.7          Temporal sequence of GABA’s action and timing of major developmental events in developing mouse retina. Where mouse 
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While the concentration of GABA is constant during 
this time, the activity of GAD increases progressively, 
suggesting an additional source of GABA production 
right after birth. Indeed, GABA may be produced from 
putrescine since both putrescine and ornithine decar-
boxylase decrease progressively as GAD increases ( de 
Mello et al., 1993 ). Thus, before GAD expression is 
adequate to produce sufficient GABA, GABA is syn-
thesized by an alternative pathway, underscoring its 
importance as a trophic factor. 

 At   P4 in mouse retina (and at the corresponding 
developmental age in other mammals), most of the 
somas in the neuroblast layer are already negative for 
GABA immunostaining, but some of them, located at 
the position of newly migrated horizontal cells, are 
weakly stained. Interestingly, horizontal cells increase 
the expression of their GABAergic markers (GABA, 
GAD) during the first postnatal week, and thereafter 
decrease their expression. In some species, including 
mouse, immunostaining for GABA or GAD cannot 

be detected in the adult horizontal cells (reviewed by 
 Redburn, 1992 ). At that time, many progenitor cells 
have already differentiated, the inner nuclear layer 
starts to emerge and many amacrine cells assume 
their final position in the tiers of somas that border 
the inner plexiform layer. Many of these amacrine 
cells are now strongly stained for GABA and the label-
ing pattern begins to resemble that of the adult. Thus, 
before differentiation, most progenitor cells have the 
potential to release GABA, but as soon as the cells dif-
ferentiate, depending on their type and destination, 
some cells lose this potential and others strengthen 
it. At maturity, only half of the amacrine cells release 
GABA while the other half release glycine. 

 What   is the mechanism of neurotransmitter release 
at an early age? Neither conventional synapses nor 
synaptic vesicles can be seen at birth. The release 
mechanism has been studied in hippocampus where 
release of GABA and glutamate can be demonstrated 
in response to an electrical stimulus, suggesting that it 
is voltage dependent. Furthermore, similar to conven-
tional vesicular release, this release can be evoked by 
exposure to a hyperosmotic solution (ACSF      �      500       mM 
sucrose). This evidence supports the notion that neu-
rotransmitters are released by neuronal precursors. 
However, this release is clearly unconventional since it 
is Ca 2 �   independent and does not require the SNARE 
complex. The release mechanism is still unknown. At 
this time during development, several synaptic pro-
teins, including synaptophysin, different isoforms of 
SV2, and the vesicular GABA and glycine transporter 
VGAT, are expressed diffusely ( de Mello et al., 1993 ; 
 Wang et al., 2003 ). The transition to conventional syn-
aptic release is gradual. In the inner plexiform layer, 
immature synapses between amacrine cells and gan-
glion cells in the first postnatal week have electron 
dense pre- and postsynaptic membranes, but no aggre-
gates of synaptic vesicles ( Olney, 1968a ;  Weidman 
and Kuwabara, 1969 ). The latter appear in the second 
postnatal week. Since immature synapses exist, it is 
possible that they use some elements of the release 
machinery that have already been developed thereby 
releasing the neurotransmitter in an unconventional 
manner. Alternatively, neurotransmitters may leak or 
be released via gap junction hemichannels.  

    B .       Expression of GABA and Glycine 
Receptors during Development 

 The   expression of GABA and glycine receptors dur-
ing development was studied with immunostaining 
using antibodies specific for a variety of receptor sub-
units. In all vertebrates tested so far, GABA and glycine 
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 FIGURE 19.8          GABA is present in all layers of the developing 
retina. Immunostaining for GABA in P2 and P21 mouse retina. At 
P2, GABA is present throughout the neuroblastic layer (NBL), in 
the developing inner plexiform layer (IPL) and in all or most somas 
of the ganglion cell layer (GCL). Cells that stain strongly (arrows) 
are probably amacrine cells. In contrast, at P21, when the retina is 
mature, GABA is present only in amacrine cells. Somas of amacrine 
cells flank the IPL, and their processes distribute throughout the 
IPL, but most strongly in 3 strata (arrowheads). Layers are as in pre-
vious figures. Reproduced with permission from Zhang et al. 2006.    
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receptors are already expressed prior to birth. In 
mammals, receptor distribution and staining patterns 
were carefully studied mainly in postnatal retinas. The 
receptor subunits that are expressed at P0 – P1, distrib-
ute diffusely over the plasma membrane with only a 
few clusters that correspond to conventional synapses 
( Sassoe-Pognetto and Wässle, 1997 ). As development 
progresses, staining becomes punctate with each 
puncta representing a cluster of receptors, typically at 
a postsynaptic site.  

    C .      Functions of GABA during Development 

    1 .       Timeline of GABA’s Action on Amacrine and 
Ganglion Cells: Function at the Cellular Level 

 The   time course of GABA’s action has been studied 
in mouse, rat, rabbit, ferret, turtle and chick. The most 
complete data set was provided for mouse, and most 
of this work was performed on ganglion and amacrine 
cells (partially because their location at the surface of 
the retina allows easy accessibility). The changes dur-
ing development were determined by imaging the 
effect of GABA on intracellular Ca 2 �   and Cl  �   with 
the fluorescent dyes fura-2 and MEQ, respectively 
( Zhang et al., 2006b ). At P0 to P5, GABA or the GABA 
agonist muscimol increases intracellular Ca 2 �   con-
centration ([Ca 2 �  ] i ) in over 99% of the cells, and this 
increase is reversibly blocked by the GABA A  receptor-
channel blocker picrotoxin ( Fig. 19.9   ). The main car-
rier of this GABA A  response is thought to be Cl  �   since 
GABA consistently evokes an intracellular Ca 2 �   rise in 
nominally CO 2 /HCO 3   �  -free (HEPES-based) medium. 
Further, the rise in [Ca 2 �  ] i  correlates with an increase 
in MEQ fluorescence, suggesting that [Cl  �  ] i  decreases 
during the response due to Cl  �   efflux. This efflux 
should depolarize the membrane and activate voltage-
gated Ca 2 �   channels. Indeed the increase in [Ca 2 �  ] i  in 
response to GABA must be due to Ca 2 �   influx since it 
does not occur in Ca 2 �  -free medium. Thus, during the 
first postnatal week, GABA in mouse retinal neurons 
is depolarizing and promotes voltage-sensitive Ca 2 �   
entry, and this phenomenon is mediated by ionotropic 
GABA receptors. 

 At   P6, the effect of GABA starts to change. On this 
transitional day, GABA evokes an increase in [Ca 2 �  ] i  
in only about half of the retinas. By P7, GABA no 
longer elicits a rise in [Ca 2 �  ] i . Concomitant with this 
phenomenon at P7 – P12 GABA or muscimol causes an 
 increase  in [Cl  �  ] i  most likely due to Cl  �   influx because 
[Cl  �  ] i  is lower than the electrochemical equilibrium. 

 The   above-described effects of GABA on [Ca 2 �  ] i  
strongly suggest that [Cl  �  ] i  in amacrine and ganglion 
cells is higher than the electrochemical equilibrium in 

the first postnatal week, and declines during the sec-
ond postnatal week. This hypothesis was tested with 
gramicidin-perforated patch recording and MEQ fluo-
rescent imaging during different phases of develop-
ment. Consistent with the actions of GABA observed 
with fura-2 and MEQ, gramicidin-perforated patch 
recording at P1 – P3 reveals that  E  GABA  is  �       �      45       mV, 
a value that remains constant irrespective of whether 
the extracellular medium was buffered with bicarbon-
ate or with HEPES that is nominally free of HCO 3   �  . At 
P7 – P11,  E  GABA  becomes significantly more negative, 
with a mean value of  � 60       mV. 

 In   these experiments [Cl  �  ] i  was also measured 
directly by fluorescence imaging using  ‘  ‘ the reference 
method ’  ’  ( Zhang et al., 2006b ). This method compares 
the MEQ fluorescence elicited by the native [Cl  �  ] i  (in 
Ames medium) to that elicited by a specific reference 
Cl  �   solution as described in detail in the study by 
 Zhang et al. (2006b) . The developmental profile of chlo-
ride concentration was measured relative to reference 
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 FIGURE 19.9          Timeline of GABA’s action in the developing 
mouse retina.  Top,  calcium imaging of the ganglion cell layer before 
and during application of GABA at P3 and P11. At P3, all cells 
increased their [Ca 2 �  ] i  in response to GABA. At P11, one cell (circled 
in white) decreased its [Ca 2 �  ] i , but most cells did not change their 
concentrations. When picrotoxin is applied, [Ca 2 �  ] i  is elevated, sug-
gesting tonic GABA is inhibitory.  Bottom,  diamonds and solid line 
graph the average [Cl  �  ] i  during development; data are averages 
from the  ‘  ‘ reference method ’  ’  and the gramicidin-perforated patch 
recordings. Dashed line shows the % cells that respond to GABA 
with a calcium increase. The dashed-dotted line indicates the intra-
cellular chloride level required for GABA to activate low-voltage-
activated calcium channels. Data points above this line indicate a 
potential for calcium to rise with GABA application. Reproduced 
with permission from Zhang et al. 2006.    
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concentrations of 22 and 30       mM. These reference 
Cl  �   concentrations were chosen because similar intra-
cellular Cl  �   levels would set  E  Cl  to the threshold mem-
brane voltage for low- and high-voltage-activated 
calcium channels. The results showed that neighbor-
ing cells respond in a similar manner, suggesting that 
amacrine and ganglion cells have similar chloride 
concentrations. At P0 – P5, when GABA evokes a rise 
in [Ca 2 �  ] i  in virtually all cells, over 75% of the cells 
exhibit [Cl  �  ] i  above 22       mM ( E  Cl       �       � 46       mV) potentially 
allowing GABA to activate low-voltage-activated 
Ca 2 �   channels. Over 50% of the cells have [Cl  �  ] i  above 
30       mM ( E  Cl       �       � 38       mV), potentially allowing GABA 
to activate high-voltage-activated Ca 2 �   channels. At 
P6, when GABA’s action is  ‘  ‘ switching ’  ’ , the percent-
age of cells with over 30       mM [Cl  �  ] i  drops sharply to 
22%. By P8, when the developmental GABA switch 
has occurred, rarely any cell has over 30       mM [Cl  �  ] i , 
yet about half the cells still have concentrations over 
22       mM. At P10      �      P11, [Cl  �  ] i  drops below 22       mM in all 
cells ( E  Cl       �       � 46       mV), and thus GABA cannot depolar-
ize the cells to the point of activating low-voltage-
activated Ca 2 �   channels. 

 Specific   average values for [Cl  �  ] i  were obtained 
by modifying the Stern-Volmer equation ( Zhang et 
al., 2006b ). The average [Cl  �  ] i  was: 29       mM (20 – 40       mM 
range) at P0 – P5, 18       mM (10 – 30       mM range) at P6, and 
14       mM (5 – 20       mM range) after P6 ( Fig. 19.9 ). The  E  Cl  
values were estimated to be  �       �     40       mV in the first 
postnatal week and  �       �     60       mV in the second postnatal 
week, thus allowing only about one day (P6) for the 
voltage drop to occur.  

    2 .       Effects of GABA on Neuronal and Synaptic 
Development: Role at the Level of Local Circuits 

 Excitatory   activity is important in a variety of 
developmental processes, most notably for the refine-
ment and stabilization of synaptic connections. In the 
CNS, the GABAergic system develops prior to the 
glutamatergic system and becomes inhibitory when 
synaptic glutamate starts to be released. Therefore, it 
seems reasonable to hypothesize that GABA depolar-
izations in early development provides the necessary 
level of excitatory drive (reviewed by  Ben Ari, 2001 ). 
The coincidence of the GABA’s  ‘  ‘ switch ’  ’  with gluta-
mate release also occurs in the retina, particularly in 
the inner retina, since bipolar cells develop later than 
amacrine cells. In mouse, bipolar cells invade the inner 
plexiform layer and start to release glutamate at P7, 
the time at which the GABA  ‘  ‘ switch ’  ’  occurs ( Fischer 
et al., 1998 ;  Zhou, 2001 ;  Catsicas and Mobbs, 2001 ). In 
the outer retina, the excitatory action of GABA during 
the early phases of cell development varies, and it can 

be separated into two: the effects on the rod’s genesis 
and those on the cone’s maintenance. 

    a .       Effect of Ligand-gated Chloride Channels on Rod’s 
Genesis 

 The   highest rate of rod genesis occurs at P0 
(mouse), and this rate is critically affected by the neu-
roactive sulfonic acid, taurine. Adding taurine to an 
 in vitro  developing retina at P0 or blocking its uptake 
dramatically increases rod production ( Young and 
Cepko, 2004 ). Application of GABA alone or glycine 
alone does not mimic the effect of taurine, but simul-
taneous application of these transmitters does. It 
was suggested that the effect of taurine is mediated 
through the glycine receptor subunit GlyR α 2, which 
is only expressed during development. This was 
inferred because overexpressing GlyR α 2 increased rod 
production and knocking it down with RNA interfer-
ence decreased it (surprisingly, knocking GlyR α 2 out 
had no effect) ( Young-Pearse et al., 2006 ). Further, the 
effect of taurine could be blocked by strychnine, a gly-
cine receptor antagonist. However, the effect could 
also be blocked by the GABA A  receptor-channel antag-
onists bicuculin or picrotoxin, suggesting that GABA A  
receptors are also involved. Indeed, the  α 6 subunit of 
GABA A  receptors is expressed early on during cone 
and amacrine cell genesis even before the expression 
of GlyR α 2. Since GABA, glycine and taurine are all 
released during rod genesis, they may all affect rod 
production via ligand-gated chloride channels.  

    b .      Effect of GABA on Cone’s Maintenance 

 At   about the same time that rods are produced, 
cones grow their axon and form synapses with hori-
zontal cells ( Fig. 19.7 ). Prior to this, horizontal cells 
assume their final position in the inner nuclear layer 
and their processes define the outer plexiform layer. 
At this stage of their development, horizontal cells 
express GABAergic markers. Also at this time, GABA 
is excitatory, as suggested by the fact that it increases 
intracellular Ca 2 �   in cone photoreceptors (rabbit; 
 Huang and Redburn, 1996 ), and that it is required 
for cone development. Peanut agglutinin staining 
(a cone marker) shows that blocking GABA A  recep-
tors disrupts cone distribution and synaptogenesis. 
This disruption can be rescued by applying GABA 
( Messersmith and Redburn, 1993 ;  Huang et al., 2000 ). 
This effect appears to be mediated by horizontal cells 
since ablating these cells with kainic acid diminishes 
the array of cone terminals normally formed at P5 
( Redburn, 1992 ). Since horizontal cells transiently 
express GABA during cone growth, and cones tran-
siently express GABA receptors during this time 
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( Schnitzer and Rusoff, 1984 ;  Mitchell et al., 1999 ), it 
is inferred that horizontal cells stabilize cones and 
their terminals by releasing GABA onto the develop-
ing cones. However, horizontal cells also transiently 
immunoreact for taurine ( Pow et al., 1994 ;  Lake, 1994 ), 
and since taurine affects GABA A  receptors, both of 
these transmitters may contribute to cone maturation.  

    c .       Effect of GABA Transmission on Retinal Waves: 
Function in Global Network Properties 

 A   retinal wave is a spontaneous burst of action 
potentials accompanied by elevation of [Ca 2 �  ] i  which 
is highly correlated between neighboring cells and 
which propagates across the retina ( Meister et al., 
1991 ). Retinal waves appear early in development, as 
soon as the first differentiated cells (amacrine and gan-
glion cells) express voltage-gated sodium and calcium 
channels and thus become excitable. In rabbit, this 
occurs at embryonic day 22, about 20 days prior to eye 
opening ( Syed et al., 2004 ). Consequently, these waves 
are a major type of activity in the developing retina, 
and they are critical for the development of the visual 
system upstream of retina ( Katz and Shatz, 1996 ). 
Naturally, the study of GABA’s function in early devel-
opment was geared mainly toward determining its 
effect on these waves. The dynamic properties of these 
waves, their mechanism of generation and the modu-
lation of their properties have been divided into three 
stages. In rabbit, chick and turtle retinas, the earliest 
waves (stage I) seem to be generated by cAMP via ade-
nosine receptors. At this stage, GABA A/C  and GABA B  
receptor agonists block the waves whereas GABA B  
antagonists enhance them, suggesting that GABA is 
used to reduce excitability ( Catsicas and Mobbs, 2001 ; 
 Syed et al., 2004 ). In stage II, waves are generated by 
nicotinic receptors. At this stage, GABA B  receptors no 
longer function and the effect of GABA A/C  receptors 
is subtle. Depending on the study and possibly on the 
methodology, application of GABA A/C  antagonists led 
to slightly different results. In one study, these antago-
nists reduced the bursting activity of early waves (fer-
ret, P1 – P10), as would be expected from a depolarizing 
action of GABA and as found in the hippocampus 
( Fischer et al., 1998 ;  Marchionni et al., 2007 ). In other 
studies, when waves were observed in mouse and rab-
bit with intracellular Ca 2 �   imaging at low magnifica-
tion, blocking GABA A/C  receptors did not affect the 
global spatial and temporal properties of the waves 
( Syed et al., 2004 ;  Wang et al., 2007 ). However, when 
observed at high magnification, GABA A/C  blockers 
increased the frequency of spontaneous intracellu-
lar Ca 2 �   transients in some cells and decreased it in 
others. Another source of variability between results 

arose from the blockers concentration used in each 
study. Low concentrations of antagonists applied to 
turtle retina at pre-hatching stage 25 (when GABA was 
depolarizing) blocked the waves, supporting GABA’s 
excitatory role; but a higher concentration of the antag-
onists enhanced the speed of propagation ( Sernagor et 
al., 2003 ). Analyzing the activity of ganglion cells by a 
multi-electrode array revealed that blocking GABA A/C  
receptors correlated the spiking activity of these cells 
( Wang et al., 2007 ). Whole-cell recordings showed 
that blocking these receptors did not affect the excit-
ability of ganglion cells directly, but it did affect the 
conductance and excitability of a specific type of ama-
crine cell that is known to be crucial for wave genera-
tion, the starburst amacrine cells. Thus, tonic or phasic 
release of GABA (likely from the starburst cells them-
selves) modulates the activity of the starburst cells and 
 ‘  ‘ decorrelates ’  ’  spiking activity across ganglion cells. 

 Although   the effect of blocking GABA A  receptors 
is variable between studies, that of applying GABA 
itself is less variable. GABA increases [Ca 2 �  ] i  due to 
its depolarizing nature, yet it blocks the waves. This 
seemingly paradoxical effect can be explained if the 
continuous excitation by applied GABA may inacti-
vate sodium and calcium channels, thereby inhibiting 
the waves. This in turn can explain the variability of 
results obtained by blocking GABA A  receptors. As dis-
cussed above, the depolarizing effect of GABA when 
transiently released depends on the precise timing and 
magnitude of the increase in membrane conductance 
and the residual depolarizing phase relative to other 
modulated conductances. Since, in all studies, the 
investigators apply GABA or GABA A  receptor block-
ers globally, to the whole retina, the intricate interac-
tions of the evoked conductances and voltages are not 
obvious and data interpretation should be cautious. 
Furthermore, in most experimental paradigms, the 
retina is perfused with a medium that may wash away 
tonically released GABA. Thus, these  in vitro  experi-
ments may artificially reduce the effect of endoge-
nously released GABA, leading to underestimation 
and possibly misinterpretation of GABA’s effect. 

 While   the effect of endogenous GABA on stage 
II waves is subtle, its effect on stage III waves and 
afterwards (after the  ‘  ‘ switch ’  ’ ) is dramatic. Applying 
GABA A/C  receptor antagonists at P6 – P9 (mouse) 
increases the frequency of spontaneous Ca 2 �   tran-
sients. At P10 – P11, when spontaneous Ca 2 �   transients 
are absent, GABA A/C  receptor antagonists still elicit 
waves that are indistinguishable from those naturally 
occurring at P0 – P7. Thus, at stage III and afterwards, 
GABA gradually inhibits retinal waves laying down 
the groundwork for ganglion cells to respond, as they 
do, to visual stimuli.    
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    D .       Mechanisms that Determine  E  GABA  during 
Development 

    1 .      Contribution of KCC2 

 The   evidence so far discussed suggests that the 
GABA switch is caused primarily by a change in  E  Cl  
and thus in [Cl  �  ] i  which is set by the concerted activ-
ity of Cl  �   transporters and channels in the plasma 
membrane of neurons. In the retina, as in central 
brain regions, KCC2 appears to be the main active Cl  �   
extrusion mechanism. Western blots of mouse and rat 
retinas do not detect KCC2 during the first postnatal 
week, but show a quick rise in expression level after 
P7, the time at which the  ‘  ‘ switch ’  ’  occurs ( Vu et al., 
2000 ;  Zhang et al., 2007 ). Similarly, in ferret retina, 
KCC2 is hardly detectable before the  ‘  ‘ switch ’  ’  time, 
but starts to rise afterwards (P18). However, since 
the ratio of KCC2 relative to synaptophysin remains 
constant ( Fig. 19.10A   ), the rise in KCC2 expression 
reflects an increase in synaptic density rather than evi-
dence for a correlation with the  ‘  ‘ switch ’  ’  ( Zhang et al., 
2006a ). By immunostaining, a method more sensitive 
than Western blotting, KCC2 can be detected already 
at birth, but the expression level is very low and is 
restricted to the inner retina. The early detection of 
KCC2 is consistent with several studies performed in 
brain that examined the issue physiologically ( Delpy 
et al., 2008 ). Expression level of KCC2 continues to 
rise in parallel with the rate of synapse formation ( Fig. 
19.10A and 19.10B ). Indeed, the dendrites of ganglion 
and amacrine cells, which house most of the synapses, 
consistently stain more strongly for KCC2 than their 
somas, which house only a few synapses.  

    2 .      Contribution of NKCC1 

 While   the contribution of KCC2 to the mature  E  Cl  
level and GABA response is not in doubt, the mecha-
nisms that set the  E  Cl  at depolarizing levels in imma-
ture retina are still unclear. The negative value of  E  Cl  
with respect to that of the resting  E  m  implies that 
there must be a Cl  �   transporter that accumulates Cl  �   
against its thermodynamic equilibrium. The prime 
candidate for neuronal Cl  �   accumulation is NKCC1, 
a transporter that has been shown to contribute to 
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 FIGURE 19.10          KCC2 expression parallels synaptophysin and 
KCC2’s targeting to the membrane may determine switch time (fer-
ret).  A . Western blots of membrane fractions from different-aged fer-
ret retinas were probed, first for KCC2, then stripped and re-probed 
for synaptophysin (SYN). Log of band intensity was normalized to 
adult (adt) intensity levels. The slopes of the KCC2 and synapto-
physin graphs are similar, so expression of KCC2 parallels that of 
synaptophysin. Horizontal bar below  x -axis in (B) shows time of 
GABA’s switch and arrow points to time of eye opening.  B.  KCC2 
expression during development was quantified from immunocyto-
chemistry as the average staining intensity per unit area in IPL or 
OPL normalized to the adult level. Data was fitted with a regression 
line (without using the adult data point). The intensity in the OPL 
is initially lower than that in the IPL because the OFF bipolar den-
drites in the OPL (which express KCC2 in the adult) develop more 
slowly than the amacrine and ganglion cells ’  processes in the IPL.  C.  
Ratio of average KCC2 staining intensity in the plasma membrane 
to that in the cytosol. There is a sharp increase in the proportion 
of KCC2 localized to the membrane relative to the cytosol around 
switch time. Insets: examples of somas stained for KCC2 at P6 and 
P28. Reproduced with permission from Zhang et al. 2006.    
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higher than passive  E  Cl  values in mature sensory neu-
rons, as discussed above in section II.B and in Chapter 
22 in this volume. Initial evidence supporting this 
candidacy relied on the observed down-regulation of 
NKCC1 mRNA and NKCC1 protein during develop-
ment of CNS neurons ( Plotkin et al., 1997b ;  Kanaka et 
al., 2001 ;  Li et al., 2002 ;  Mikawa et al., 2002 ;  Ikeda et 
al., 2003 ) (see also section III in Chapter 24). Further 
support for this notion came from estimates of  E  Cl  and 
measurement of NKCC1 mRNA transcripts from the 
same cells in neocortex. This showed a good correla-
tion between NKCC1 expression; the estimated  E  Cl , 
and the degree to which bumetanide shifted the cells ’  
 E  Cl  ( Yamada et al., 2004 ). Additionally, immature cor-
tical neurons that were electroporated with shRNA 
to knockdown NKCC1 showed a more hyperpolar-
ized  E  Cl  ( Wang and Kriegstein, 2008 ). In retina, careful 
examination of the functional expression and localiza-
tion of NKCC1 disagrees with this notion, as detailed 
below. 

 Immunostaining   for NKCC1 with the T4 mono-
clonal antibody, which recognizes both NKCC1 and 
NKCC2 ( Lytle et al., 1992 ), and with an antibody 
against the C-terminus of NKCC1 ( Kaplan et al., 1996 ) 
reveals that in early developmental stages of mouse 
retina NKCC1 is expressed throughout the retina ( Li 
et al., 2008 ). However, high magnification and double 
labeling with known cell type markers reveals that the 
stain does not localize to immature neurons ( Zhang et 
al., 2007 ) but to M ü ller cells  –  the retinal radial glial 
cells that extend processes from one end of the retina 
(outer limiting membrane) to the other (inner limiting 
membrane). 

 Since   immunostaining often gives variable results 
and highly depends on fixation protocol, we carried 
out an exhaustive functional study using NKCC1-
null mice (see Chapter 10 in this volume). At P0 – P5, 
GABA consistently evokes an intracellular Ca 2 �   rise in 
amacrine and ganglion cells in NKCC1  � / �   that exhib-
its the same rate and magnitude as that in the wild 
type (WT), suggesting that GABA has a depolarizing 
action in these NKCC1  � / �   neurons. Further, [Cl  �  ] i  
in amacrine and ganglion cells of NKCC1-null reti-
nas is 30       mM, same as in WT mice of this age. These 
results are not due to compensatory mechanisms in 
NKCC1  � / �   retinas since applying high concentrations 
of bumetanide (40        μ M) to wild-type and NKCC1-
null mice even for long periods does not abolish the 
GABA-induced Ca 2 �   increase. Furthermore, neither 
bumetanide nor low extracellular [Na  �  ] lowers [Cl  �  ] i  
in these immature mouse ganglion and amacrine 
cells. We conclude that in immature retina, NKCC1 is 
expressed in M ü ller cells but not in neurons, and that 
there must be a different active Cl  �   uptake transport 

mechanism that increases and maintains [Cl  �  ] i  above 
electrochemical equilibrium, and that this mecha-
nism is bumetanide insensitive and Na  �   independent. 
M ü ller cells may use NKCC1 to remove extracellular 
K  �  , consistent with the function of these cells.  

    3 .       Mechanisms that Regulate Expression 
of Chloride Transporters 

    a .      Possible Basis for the Developmental GABA Switch 

 In   most brain regions in which it has been stud-
ied, including retina, the time of GABA’s switch 
coincides with the release of glutamate. In retina, the 
switch occurs at P7, exactly when bipolar cells start to 
develop and release glutamate. In the previous sec-
tion, we stated that in ferret retina KCC2 expression 
increases at the same rate as synaptophysin. This grad-
ual increase in KCC2 expression cannot easily explain 
the relatively fast  ‘  ‘ switch ’  ’  of GABA from excitatory 
to inhibitory. These two facts can be reconciled by at 
least two possible mechanisms. First, down-regulation 
of the Cl  �   uptake mechanism by itself could provide 
the basis for the  ‘  ‘ switch ’  ’ . However, down-regulation 
of NKCC1 in ferret retina, where it was measured rel-
ative to synaptophysin, does not provide a clue since 
NKCC1 is up-regulated in horizontal cells at the time 
in which the GABA switch occurs. Also, since NKCC1 
probably does not accumulate Cl  �   in immature reti-
nal neurons, its hypothetical down-regulation may 
be irrelevant to the process underlying the  ‘  ‘ switch ’  ’ . 
However, the idea may be applicable to Cl  �   accumu-
lator mechanisms whose nature is to be determined in 
future studies. 

 The   second possibility is that in addition to the 
mechanisms that regulate protein expression, there 
are mechanisms that regulate the transport activity of 
the proteins. This idea was examined in ferret retina 
(a common model to study development) because its 
ganglion cell somas are relatively large and permit sub-
cellular localizations. At P6 – P14, when KCC2 expres-
sion is low and  E  Cl  is still maintained at depolarizing 
values, KCC2 accumulates in the cytosol. As ganglion 
cells mature, this protein is trafficked to the plasma 
membrane, where it resides in the adult ( Zhang et 
al., 2006a ). Plotting immunostaining intensity at the 
plasma membrane relative to that in the cytosol reveals 
a sharp increase in membrane staining around the time 
of the switch, suggesting that both expression and traf-
ficking are regulated during development ( Fig. 19.10C ). 

 The   idea that additional regulatory mechanisms 
control the  ‘  ‘ switch ’  ’  was also examined in cultured 
hippocampal neurons where KCC2 is expressed at 
early developmental stages but it is inactive. Upon 
maturation, KCC2 becomes active, and this activity 
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can be enhanced by phosphorylation mediated by 
a growth factor (IGF-1) ( Kelsch et al., 2001 ). Unlike 
cultured neurons, the developing brain does not 
seem to use phosphorylation as a means to trigger 
the  ‘  ‘ switch ’  ’  ( Stein et al., 2004 ;  Khirug et al., 2005 ). 
Possibly other mechanisms, such as increased mem-
brane insertion, take part. Either way, it appears that 
the switch of GABA’s action occurs via several regula-
tory mechanisms, which are different between  in vivo  
and cultured preparations, and possibly between dif-
ferent cell types (see below).  

    b .       KCC2 Expression Parallels Neuronal Differentiation, 
but there are Exceptions 

 Brain   regions that differentiate earlier express 
KCC2 earlier, e.g., hindbrain versus forebrain. In 
the retina we extend this idea to different cell types. 
Amacrine and ganglion cells differentiate before bipo-
lar cells, and they indeed express KCC2 before bipo-
lar cells ( Zhang et al., 2006a ). The polarity of bipolar 
cell responses to GABA has not been investigated so 
far. The progression of KCC2 expression in ganglion 
and bipolar cells and its predicted outcome is illus-
trated in  Fig. 19.11   . However, many cell types do not 
follow this rule. Horizontal cells that do not express 
KCC2 in the adult never seem to express this protein. 
Rods, which exhibit relatively high [Cl  �  ] i  in the adult, 
also do not express KCC2 at maturity ( Vardi et al., 
2000 ;        Thoreson et al., 2002, 2003 ;  Markova et al., 2008 ; 
but see  Li et al., 2008 ). However, they do transiently 
express KCC2 during development (at least in ferret; 
 Zhang et al., 2006a ). Therefore, in addition to differen-
tiation and general up-regulation of KCC2, other fac-
tors must exist that regulate expression of KCC2 and 
allow it to down-regulate.  

    c .       Regulation of KCC2 Expression and Activity may 
be Compartmentalized 

 Since   the GABA  ‘  ‘ switch ’  ’  occurs when glutamate 
starts to be released, one can hypothesize that the 
development of glutamate regulates the expression of 
KCC2. However, in brain slices and in hippocampal 
cultures, glutamate does not regulate KCC2 expres-
sion or affects the GABA  ‘  ‘ switch ’  ’  ( Ganguly et al., 
2001 ;  Ludwig et al., 2003 ). In cultured hippocampal 
neurons, it is believed that GABA itself up-regulates 
the expression of KCC2 by depolarizing the cell and 
elevating [Ca 2 �  ] i . When KCC2 expression is sufficient 
to shift  E  Cl  below the resting  E  m , GABA no longer 
elevates [Ca 2 �  ] i  and no longer up-regulates KCC2 
expression ( Ganguly et al., 2001 ). A similar  conclusion 

was reached using  in vivo  turtle retina. In these 
experiments, chronically blocking GABA A  recep-
tors prevents the shift of GABA from depolarizing 
to hyperpolarizing and the retinal waves continue to 
propagate at the developmental age in which they 
usually stop. However, chronically depolarizing  E  m  
with KCl did not affect GABA action or the retinal 
waves ( Leitch et al., 2005 ). Since glutamate or KCl, 
which also elevates intracellular Ca 2 �  , does not regu-
late KCC2 expression, it appears that GABA does not 
regulate KCC2 via global depolarization or global 
Ca 2 �   elevation. Alternatively, GABA A  receptors may 
regulate KCC2 locally at the synaptic level rather than 
at the cell level. This idea is supported by physiologi-
cal measurements of wave activity performed on rab-
bit retina. These measurements showed that when 
GABA had already become inhibitory, glycine was still 
excitatory, suggesting that KCC2 expression varies 
across different compartments of the same developing 
neuron ( Zhou, 2001 ). In this case, a compartment that 
expresses GABA A  receptors may express KCC2 before 
a compartment that expresses glycine receptors. We 
propose that as soon as a postsynaptic compartment 
receives a mature synaptic contact from a GABAergic 
(or a glycinergic) neuron, this compartment expresses 
KCC2 (see  Fig. 19.11 ). Possibly the glycinergic ama-
crine cells in rabbit retina form contacts with ganglion 
cells after the GABAergic cells do so. Prior to the for-
mation of synaptic contacts between the GABAergic 
(or glycinergic) amacrine cells with the ganglion 
cells, the ganglion cells respond to GABA or glycine 
via extrasynaptic receptors. This hypothesis suggests 
that developing neurons are compartmentalized; i.e. 
the nature of their response to GABA or glycine is 
not homogeneous along the dendrites. Regions of 
the dendrites that receive a mature synaptic contact 
express KCC2 and may hyperpolarize in response to 
GABA while regions that express receptors but did 
not receive contacts may still depolarize. Such fine 
details cannot be detected by recording from the cell’s 
soma, since this averages responses from many syn-
apses. Future experiments can test this hypothesis 
using voltage sensitive dyes.  

    d .       Effect of Exogenous Factors on Regulation of KCC2 
Expression 

 In   addition to the ongoing normal mechanisms that 
regulate KCC2 expression during development (what-
ever they might be) expression of KCC2 in retina is 
modulated by light. In turtle retina, dark rearing slows 
down the normal developmental increase in expression 
of this protein ( Sernagor et al., 2003 ) and this in turn 
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extends the time period of retinal waves. Since light 
modulates GABA release, the effect of light on KCC2 
expression may be mediated by GABA. Expression of 
KCC2 may also be modulated by light after matura-
tion, in which case such regulation could contribute to 
signal processing and dark adaptation. Thus, reduction 
of GABA in the dark might decrease KCC2 expression 
and thereby reduce inhibitory input in the dark. 

 In   conclusion, GABA, glycine and taurine appear 
early in development and they act mainly through 
ionotropic receptors whose subunits and proper-
ties change during different stages of development. 
During the first postnatal week of the developing 
mouse retina, these transmitters are depolarizing and 
may be excitatory, and they contribute to rod produc-
tion, cone growth and tuning the properties of retinal 
waves. At some point GABA (most likely at synap-
tic sites) up-regulate the expression of KCC2 and its 
action becomes inhibitory.     
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do not express KCC2. We predict that bipolar cells at this stage depolarize in response to GABA. In the adult, both bipolar terminals and gan-
glion cells express KCC2 and receive mature synapses that hyperpolarize to GABA. Reproduced with permission from Zhang et al. 2006.    
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O U T L I N E

    I .      ODOR-INDUCED CHLORIDE 
CURRENTS IN OLFACTORY SENSORY 

NEURONS 

 Sensory   cells detect their adequate stimuli by spe-
cialized structures which are localized in sensory 
organelles such as microvillae or cilia. Stimulus detec-
tion is followed by a transduction step that leads to a 
change in membrane potential. This electrical signal, 
the receptor potential, is ultimately translated into a 
change of afferent nerve impulse activity which can 
be read out by the brain and interpreted in terms of 
sensory information. Receptor potentials are gener-
ated by the gating of transduction channels which, in 
many cases, are cation channels of the TRP (transient 
receptor potential) or CNG (cyclic nucleotide-gated) 
families. With seven subfamilies of TRP channels 
( Venkatachalam and Montell, 2007 ), a modular system 
of six CNG-channel subunits ( Bradley et al., 2004 ) and 

an assortment of cation channels from the degenerin 
family (ASIC, ENaC, MEC, and others;  Kellenberger 
and Schild, 2002 ), the variety of transduction chan-
nels is large. The functional properties of these chan-
nels are, however, similar. Once activated by their 
specific gating mechanism, they conduct a depolariz-
ing inward current, carried by Ca 2 �   and monovalent 
cations. Thus, stimulation of a sensory cell invariably 
has two consequences: the generation of an intracel-
lular Ca 2 �   signal, and a change in membrane voltage. 
In this chapter, I discuss a special mechanism that 
employs the stimulus-induced Ca 2 �   signal to boost 
the change of the membrane voltage ten-fold or more. 
This mechanism operates with Ca 2 �   dependent, depo-
larizing Cl  �   currents and is used by olfactory sensory 
neurons (OSNs) to detect weak olfactory stimuli. 

 OSNs   have to deal with weak stimuli because they 
work with low-sensitivity odorant receptors. The logic 
of the olfactory system is that the brain reads out the 
combined response of many OSNs, each of which can 

  20   20 



20.   CHLORIDE-BASED SIGNAL AMPLIFICATION IN OLFACTORY SENSORY NEURONS414

be activated by many different odorants at different 
concentrations. While the information contained in 
the response of a single OSN is fuzzy, the information 
contained in the ensemble activity pattern is precise. 
An experiment by  Sicard and Holley (1984)  illustrates 
this point ( Fig. 20.1   ). It shows the response intensity of 
60 different OSNs to a panel of 25 different odorants. 
Since each individual OSN responds to 2 – 24 odorants 
(a column in  Fig. 20.1 ), it is not possible to identify any 
odorant by any single OSN activity. However, each 
odorant produces a unique activity pattern over all 60 
OSNs (a row in  Fig. 20.1 ) and can be identified by it. 
This way of combinatorial encoding of odor informa-
tion makes it possible to detect a vast number of dif-
ferent odorants and odorant mixtures, for even subtle 
differences between activity patterns can be analyzed. 
In fact, the olfactory system presents to the inhaled 
air, hundreds of different odorant receptors (about 400 
in humans, 900 in dogs, 1200 in mice), the combina-
tions of which amount to a variety of activity patterns 
which, to all intents and purposes, is unlimited. Each 
OSN expresses only one type of receptor, and all OSNs 
with the same receptor type converge onto the same 
point on the surface of the olfactory bulb ( Mombaerts, 
2006 ). It is this surface (the glomerular layer) where a 
two-dimensional activity map represents each odor. 
Information is coded both in the spatial distribution 
of activity, and also in the way the activity pattern 

develops during the first few hundred milliseconds of 
smelling ( Friedrich, 2006 ). Thus, spatial and temporal 
pattern analysis extracts accurate information which 
is supplied by a large number of inaccurate sensors. 
More specific information about olfactory coding 
can be obtained from some excellent recent reviews 
( Elsaesser and Paysan, 2007 ;  Mori et al., 2006 ;  Schaefer 
and Margrie, 2007 ;  Vosshall and Stocker, 2007 ). 

 Working   with fuzzy odorant receptors creates prob-
lems for signal transduction in OSNs, resulting from 
the low efficiency of the initial transduction step. This 
step, the activation of adenylyl cyclase and the pro-
duction of the second messenger cAMP ( Fig. 20.2   ), 
can only work efficiently if the odorant receptor binds 
a ligand with high affinity. This, however, is unlikely. 
As a consequence of their low selectivity, the recep-
tors are mostly activated by non-perfect ligands, that 
is, by odorants for which they have a relatively low 
affinity.  In vitro  experiments have consistently shown 
that odorant concentrations in the range of 1 – 1000        μ M 
are necessary to obtain robust activation of OSNs (e.g. 
 Firestein et al., 1993 ). Compared to the sensitivity of 
olfactory organs observed in behavioral assays, this 
concentration range appears very high indeed. It sug-
gests that olfactory receptor proteins are only weakly 
activated during normal operation.  Bhandawat et al. 
(2005)  estimated that the mean dwell time of an odor-
ant at its receptor is less than 1       ms, a consequence of 
low-affinity binding. Such a brief contact is hardly suf-
ficient to trigger the transduction cascade, and the syn-
thesis of cAMP proceeds at a low rate. Measurements 
with amphibian OSNs revealed that the maximal total 
rate of cAMP synthesis in an OSN at saturating stimu-
lus intensity is about 200,000 cAMP molecules per sec-
ond ( Takeuchi and Kurahashi, 2005 ). This corresponds 
to the approximate rate of cGMP hydrolysis in a rod 
photoreceptor induced by a single photon. OSNs thus 
stand at the bottom end of the scale of metabotropic 
transduction efficiencies, while photoreceptors argu-
ably hold the top position. 

 It   appears that OSNs solve this problem by utiliz-
ing a chloride-based signal-amplification mechanism. 
The rising cAMP concentration in the sensory cilia 
opens cAMP-gated channels which conduct Ca 2 �   
influx and give rise to a ciliary Ca 2 �   signal ( Leinders-
Zufall et al., 1997 ;  Fig. 20.2 ). Triggered by this Ca 2 �   
signal, Cl  �   channels open in the ciliary membrane, 
allow Cl  �   to flow out of the cilia and to amplify the 
depolarizing receptor potential ( Kleene and Gesteland, 
1991 ;  Kurahashi and Yau, 1993 ;  Lowe and Gold, 1993 ). 
Signal amplification is rapid and efficient: Within 
about 50       ms, the receptor current is amplified roughly 
ten-fold ( Boccaccio and Menini, 2007 ) so that even 
small primary cation currents are converted into large 

 FIGURE 20.1          The logic of odor coding. The response of 60 frog 
OSNs to 20 different odorants is displayed using spot sizes to rep-
resent response intensities. Larger spots indicate higher rates of 
odor-induced action potentials. The OSNs are numbered 1 – 60 on 
the top, odorant names are given on the right. A vertical column in 
this matrix represents the response spectrum of an individual OSN. 
It can be seen that most OSNs respond to several odorants and, 
therefore, provide ambiguous  –  fuzzy  –  information to the brain. In 
contrast, the horizontal rows provide unambiguous identification 
of odorants, as each row contains a unique pattern of activity across 
all 60 OSNs. The nose represents olfactory information by a pre-
cise combinatorial code to which many OSNs contribute their own 
fuzzy signal. Altered from  Sicard and Holley (1984) . With permis-
sion of Elsevier Ltd.    
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depolarizations. Following its discovery in frog OSNs 
( Kleene and Gesteland, 1991 ), it soon became clear 
that this amplification mechanism is a general fea-
ture of vertebrate OSNs, operating in fish ( Sato and 
Suzuki, 2000 ), amphibia ( Kleene, 1993 ;  Kurahashi 
and Yau, 1993 ) and mammals ( Lowe and Gold, 1993 ). 
A remarkable feature of this amplification mechanism 
was revealed when  Lowe and Gold (1993)  exam-
ined the relationship between stimulus intensity and 
stimulus-induced currents in rat OSNs. It turned out 
that this relationship is highly non-linear, character-
ized by a Hill coefficient of 3 to 5 ( Fig. 20.3A   ). This 
non-linearity results from the activation of the Cl  �   
current and basically introduces an activation thresh-
old into the OSN transduction cascade. Current noise 
below this threshold is not amplified, while current 
signals that exceed the threshold only by a small incre-
ment are strongly amplified by eliciting the Cl  �   cur-
rent. A further key property of the signal amplification 
was gleaned from variance analysis of ciliary currents. 
 Kleene (1997)  found out that the Ca 2 �  -dependent Cl  �   
current amplified the signal amplitude without ampli-
fying its noise ( Fig. 20.3B ). These findings revealed 
a novel mode of physiological signal amplification 
that works fast, with high gain, and with low noise. 
Indeed, the coordinated activation of cAMP-gated 
cation channels and Ca 2 �  -gated Cl  �   channels in sen-
sory cilia enables OSNs to produce excitatory receptor 

potentials even with fuzzy odorant receptors and their 
weak activation. In the sections that follow, I summa-
rize the current understanding of the molecular orga-
nization of this remarkable mechanism.  

    II .      CALCIUM-ACTIVATED CHLORIDE 
CHANNELS IN OLFACTORY 

SENSORY CILIA 

 During   odor detection, the concentration of cAMP 
rises inside the cilia.  Takeuchi and Kurahashi (2005)  
derived the ciliary cAMP concentration in newt 
OSNs from the cAMP-dependent current ( Fig. 20.4A   ) 
and estimated that the concentration rises at a rate 
of 10 – 100        μ M/s, depending on stimulus intensity. 
Considering that a single sniff in mammals can be as 
short as 100       ms ( Verhagen et al., 2007 ), the cAMP con-
centration is expected to rise to roughly 1 – 10        μ M dur-
ing a sniff, assuming similar cAMP production rates 
in mammals. This is enough to open the cAMP-gated 
channel and to admit Ca 2 �   influx into the cilia. The 
cAMP-gated channels are highly cAMP sensitive. 
Their two modulatory subunits CNGA4 and CNGB1b 
increase the cAMP sensitivity of the primary channel 
subunit CNGA2 and enable channel opening by only 
a few  μ M of cAMP ( Fig. 20.4B ;  B ö nigk et al., 1999 ; 
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 FIGURE 20.2          Olfactory signal transduction and chloride-based signal amplification. The sensory cilia contain all components of olfac-
tory signal transduction. The initial step consists of the activation of odorant receptor proteins (R) which trigger cAMP synthesis by adenylyl 
cyclase typ III (AC) through a GTP-binding protein (G olf ). The second step is the generation of the excitatory receptor potential. Depolarization 
of the ciliary membrane by cAMP-gated, Ca 2 �  -permeable channels is amplified by Ca 2 �  -activated Cl  �   channels. Termination of this process 
involves phosphodiesterase (PDE) and a feedback inhibition of cAMP-gated channels by Ca 2 �  /calmodulin. Ca 2 �   extrusion from the cilia is 
coupled to Na  �   uptake, and Cl  �   accumulation is mediated in part by an electroneutral cation-chloride cotransporter. OSN from  Kleene and 
Gesteland (1981) . With permission from Elsevier Ltd.    
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 Zheng and Zagotta, 2004 ). Channel gating is coop-
erative ( Nache et al., 2005 ;  Biskup et al., 2007 ) and 
contributes to the non-linear dependence of the recep-
tor current on stimulus intensity ( Fig. 20.3A ). Open 

cAMP-gated channels conduct a mixture of Ca 2 �   and 
monovalent cations into the cilia. The Ca 2 �   fraction of 
this current increases with the Ca 2 �   concentration on 
the extracellular side of the channel ( Fig. 20.4C ;  Dzeja 
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 FIGURE 20.3          High-gain, low-noise amplification.  A.  cAMP-induced current in a newt OSN. The current was elicited by photorelease of 
cAMP from caged cAMP. Increasing duration of photolysis produced increasing concentrations of free cAMP and is indicated on the graph 
as relative intensity. The intensity dependence was described by a Hill function with a Hill coefficient of 3.7 reflecting the high cooperativ-
ity of channel gating. A chloride contribution to this current of 70% is revealed by blocking  I  Cl  with 5       mM SITS (4-acetoamido-4 	 -isothiocya-
natostilbene-2,2 	 disulphonic acid). A gain, ( I  cat       �       I  Cl )/ I  cat , of 2 – 3 is typical for amphibia. In mammalian OSNs the gain is in the range of 10. 
Altered from  Lowe and Gold (1993) . With permission of Nature Publishing Group.  B.  Power spectral analysis of cAMP-induced current noise 
in a single frog OSN cilium. Three power density spectra illustrate the noise in the absence of cAMP ( I  0 , circles), after opening of cAMP-gated 
channels ( I  cat , squares), and after Ca 2 �   influx did fully activate the Ca 2 �  -dependent Cl  �   channels ( I  cat       �       I  Cl , triangles). This analysis shows that 
the noise spectrum of the amplified current ( I  cat       �       I  Cl ) is not significantly different from that of the non-amplified current ( I  cat ). It illustrates the 
special low-noise performance of chloride-based signal amplification. Altered from  Kleene (1997) . With permission of Biophysical Society.    
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 FIGURE 20.4          Generation of the odor-induced Ca 2 �   signal in OSN cilia.  A.  Increase of ciliary cAMP concentration during stimulation with 
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et al., 1999 ). Because  in vivo  the cilia are embedded 
in a layer of mucus with a free Ca 2 �   concentration of 
3 – 10       mM, the fractional Ca 2 �   current is high (box in 
 Fig. 20.4C ). Ca 2 �   influx through the cAMP-gated 
channels causes a Ca 2 �   signal inside the cilia, the trig-
ger for the Ca 2 �  -dependent Cl  �   current. 

 Ca   2 �  -activated Cl  �   channels in OSN cilia need 
 � 1        μ M free Ca 2 �   to be activated ( Kleene, 1993 ). This 
Ca 2 �   level builds up rapidly, as several studies have 
shown by monitoring the time course of Cl  �   chan-
nel activation ( Lowe and Gold, 1993 ;  Reisert and 
Matthews, 1998 ; Boccacchio et al., 2007). Activating 
the cAMP-gated channels initially gives rise to a small 
cation current ( I  cat ) carried by both Na  �   and Ca 2 �   
( Fig. 20.5A   ). Within 10 – 100       ms, the inflowing Ca 2 �   

triggers a large Cl  �   current ( I  Cl ) which usually exceeds 
 I  cat  more than ten-fold. The high Ca 2 �   permeability of 
cAMP-gated channels, combined with the small vol-
ume of OSNs cilia (diameter: 0.2        μ m; volume:  � 0.2       fL; 
 Lindemann, 2001 ), ensures the rapid rise of the ciliary 
Ca 2 �   concentration. Chloride-based signal amplifi-
cation thus operates on a time scale similar to that of 
the highly efficient phototransduction cascade, and 
OSNs can respond to odors as fast as photoreceptors 
can respond to light. Importantly, the Ca 2 �  -induced 
Cl  �   current shows only weak inactivation. In the 
presence of a constant Ca 2 �   concentration, the cur-
rent declines by  � 30% over 10       s ( Fig. 20.5B ;  Reisert 
et al., 2003 ). Within the time frame of a sniff, Ca 2 �  -
activated Cl  �   channels thus stereotypically respond to 

D

cAMP
Ca2+

Ca2+

Cl−

Distance <10 nm

buffer buffer

Ca2+

Cl−

Distance >> 10 nm

cAMP
Ca2+

E

Outside

Inside

Cl− Cl−

Ca2+

A2 A4 B1b

High peak Ca
large variance

Lower peak Ca
small variance

ICl

Icat

Time (s)

0 0 2 4 0 0.0

0.0

0.5

1.0

1 10 1002 4 6 8 10 12
−800

−400

−100

−200

−300

00

10 20 30

Time (s)

C
ur

re
nt

 (
pA

)

−800

−400

0

cu
rr

en
t (

pA
)

C
ur

re
nt

 (
pA

)

A B C

Time (s) Ca2+ concentration (μM)

N
or

m
al

iz
ed

 c
ur

re
nt

Ca2+

0.75

2.4

11
67μM −40 mV

+40 mV

 FIGURE 20.5          Coordinated activation of cation channels and chloride channels in OSNs.  A.  Photorelease of 8-Br-cAMP, a hydrolysis-
resistant analog of cAMP, in mouse OSNs induces a transient current which is conducted by the two types of transduction channels. 
Immediately upon flash photolysis (arrow), the cAMP-gated channels open and permit Ca 2 �   entry ( I  cat ). After a certain delay (note the 
extended time scale in the right panel), sufficient Ca 2 �   has accumulated inside the cilia to open Ca 2 �  -dependent Cl  �   channels.  I  Cl  then aug-
ments the currents about ten-fold. Altered from  Boccaccio and Menini (2007) . With permission of the American Physiological Society.  B.  The 
Ca 2 �  -activated Cl  �   channels respond to micromolar concentrations of intracellular Ca 2 �  . Applying various Ca 2 �   concentrations to an apical 
membrane patch excised from a rat OSN induces currents which saturate at  � 10        μ M Ca 2 �  . Note the slow current decline which is reversible 
by exposure to Ca 2 �  -free solution (not shown).  C.  Ca 2 �  -dose – response relations at the indicated voltages were fitted with a Hill coefficient of 
3, indicating cooperative channel activation by Ca 2 �  . The Ca 2 �   concentration for half-maximal activation was 1.4 – 1.5        μ M. Altered from  Reisert 
et al. (2003) . With permission of the Rockefeller University Press.  D.  Schematic illustration of the proximity assay for Ca 2 �  -permeable channels 
and Ca 2 �  -gated channels. Soluble Ca 2 �   buffer can only interrupt the functional coupling of the two channels if they are separated for  � 10       nm. 
The response of the channels to varying concentrations of a Ca 2 �   buffer provides quantitative information about the distance between the 
channels.  E.  Two-dimensional model for the distribution of cAMP-gated Ca 2 �  -permeable channels and Ca 2 �  -gated Cl  �   channels in the ciliary 
membrane of rat OSNs. Eight Cl  �   channels surround each cAMP-gated channel at a mean distance of 120       nm. The intracellular Ca 2 �   concen-
tration peaks within a microdomain at the cAMP-gated channel, and the Ca 2 �   profiles originating from multiple cAMP-gated channels over-
lap at each Cl  �   channel. This model provides a quantitative description of transduction speed, amplification gain and noise suppression in rat 
OSNs ( Reisert et al., 2003 ).    
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the ciliary Ca 2 �   concentration, turning a Ca 2 �   rise into 
an increasing Cl  �   current. It is presently not known if 
the Cl  �   channels are subject to regulation on longer 
time scales. A detailed analysis of the Ca 2 �   sensitivity 
of these channels yielded similar results in amphibia 
and mammals. The concentration for half-maximal 
activation is 1 – 2        μ M free Ca 2 �   and shows only little 
voltage-dependence ( Fig. 20.5C ). The activation is 
cooperative with Hill coefficients near 3, and maximal 
activation is reached at 10        μ M Ca 2 �  . The steep stimu-
lus dependence of the odor-induced current (Hill coef-
ficient near 5;  Fig. 20.3A ) thus reflects the coordinated 
activation of the two transduction channels, each 
cooperatively gated by its ligand cAMP and Ca 2 �  , 
respectively. 

 The   basis of the high gain of this system became 
evident from biophysical analyses of the transduc-
tion channels in frog ( Kleene, 1997 ) and rat ( Reisert 
et al., 2003 ) cilia. In rat OSNs, variance analysis of 
cAMP- and Ca 2 �  -dependent currents revealed that 
both channel types had similarly small single-channel 
conductances of 0.5 – 1.5       pS at physiological ion con-
centrations. However, channel densities differed con-
siderably, with estimations of 8 cAMP-gated channels 
per  μ m 2  and 62 Cl  �   channels per  μ m 2  of ciliary mem-
brane. This result indicates that the high amplification 
gain does not result from differences in single-channel 
conductance but from the fact that each cAMP-gated 
channel can activate on average 8 Cl  �   channels. To 
understand how the functional coupling of a single 
cation channel and 8 Cl  �   channels is organized in the 
cilia,  Reisert et al. (2003)  examined the hypothesis 
that the channels are organized in a supramolecular 
complex, a spatial organization that would maintain 
the Ca 2 �   well (a cation channel) and the Ca 2 �   sensors 
(8 Cl  �   channels) in close proximity. Such a complex 
would keep diffusion distances short and would opti-
mize the efficacy of functional coupling. The decisive 
experiment to obtain information about the proximity 
of the channels is to examine its sensitivity to soluble 
Ca 2 �   buffers ( Fig. 20.5D ). If the channels are located at 
very short distances ( � 10       nm), soluble buffers cannot 
capture Ca 2 �   ions before they bind to a Cl  �   channel. 
In contrast, if the channels are separated by 10       nm, 
buffer compounds can bind Ca 2 �   before it reaches a 
Cl  �   channel. The sensitivity of the functional coupling 
to soluble buffers is, therefore, a quantitative mea-
sure of proximity between Ca 2 �   well and Ca 2 �   sensor 
( Neher, 1998 ). Using HEDTA as soluble Ca 2 �   buf-
fer,  Reisert et al. (2003)  determined a mean distance 
of 120       nm between cAMP-gated channels and Ca 2 �  -
activated Cl  �   channels in the ciliary membrane of rat 
OSNs. This result rules out the notion of a supramo-
lecular complex with the two transduction channels as 

constituents. But the analysis led to a computational 
model which explains the currently available data 
fairly well. The model is based on a regular spatial 
distribution of transduction channels in the ciliary 
membrane with a uniform distance of 120       nm between 
cation channels and Cl  �   channels, and with an eight-
fold excess of the latter ( Fig. 20.5E ; see  Reisert et al., 
2003  for quantitative details). During odor detection, 
Ca 2 �   rises sharply in the immediate vicinity of the 
cation channels, as cAMP activates them. However, 
because the cation channels undergo frequent transi-
tions between open and closed states, the local Ca 2 �   
concentration shows a large variance, rising when the 
channel opens, falling when it closes. The mean Ca 2 �   
concentration decreases exponentially with distance 
from the cation channel. Consequently, Cl  �   chan-
nels, at a mean distance of 120       nm, experience only a 
fraction of this Ca 2 �   microdomain. However, as the 
model assumes an even distribution of channels over 
the cilia, the individual microdomains of at least 11 
cation channels overlap at the site of each Cl  �   chan-
nel. This overlap is an important feature of the model 
because it explains the striking observation that the 
Cl  �   currents amplify current without amplifying noise 
( Kleene, 1997 ). The variance of local Ca 2 �   concentra-
tions, which is high directly at the cation channel, is 
considerably smoothed out by the spatial and tem-
poral averaging of Ca 2 �   fluctuations at the site of the 
Cl  �   channel, as the residual contributions of 11 cation 
channels add up. The Cl  �   current, which faithfully 
reports the local Ca 2 �   concentration, shows little vari-
ance because there is little variance in the local Ca 2 �   
concentration. 

 This   model represents a concept for chloride-based 
signal amplification as it operates in the sensory cilia 
of OSNs. The model provides a comprehensive expla-
nation for the rapidity and the high cooperativity of 
the odor response, the high gain of signal amplifi-
cation and the low-noise property of this system. 
A prerequisite for future work on this model is the 
molecular identification of the ciliary Ca 2 �  -activated 
Cl  �   channels. With the identification of this pro-
tein, structural work on the ciliary membrane will 
become possible to complement the biophysical data. 
A first candidate is the protein bestrophin 2, which 
was shown to be expressed in olfactory cilia ( Pifferi 
et al., 2006 ). This protein displays Cl  �   channel func-
tion when expressed in HEK 293 cells ( Qu et al., 2004 ) 
and can be activated by Ca 2 �  . Various functional 
properties of bestrophin 2 do not match the features 
of native Ca 2 �  -activated Cl  �   channels from OSNs 
( Pifferi et al., 2006 ) but this does not exclude a role 
of this protein in the formation of the native channel. 
While other proteins with putative Ca 2 �  -activated Cl  �   
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 channel function appear weaker candidates today, 
members of the CLCA ( Loewen and Forsyth, 2005 ) 
and the Tweety ( Suzuki, 2006 ) protein families have 
not been definitely excluded from the race for the 
OSN transduction channel. For further discussion on 
molecular aspects of Ca 2 �  -activated Cl  �   channels, see 
Chapters 1 and 13 in this volume.  

    III .      CHLORIDE ACCUMULATION IN 
OLFACTORY SENSORY NEURONS 

 OSNs   are probably the only neurons located at 
the body surface. With the sensory cilia, they expose 
a large part of their plasma membrane to the exter-
nal environment. The cilia are embedded in a mucus 
layer ( Fig. 20.6A   ), and the ionic distribution which is 

relevant for signal transduction is that between the 
mucus and the ciliary lumen. To function as signal 
amplifiers in the transduction cascade, Ca 2 �  -activated 
Cl  �   channels have to conduct a depolarizing Cl  �   efflux 
out of the cilia into the mucus. This can only happen 
if the Cl  �   equilibrium potential,  E  Cl , in the unstimu-
lated OSN is less negative than the resting membrane 
potential ( V  m     �       �     70       mV). An estimate for  E  Cl  was 
obtained in an electron microscopic study where the 
 in vivo  Cl  �   distribution in the olfactory epithelium 
was preserved in a cryosection by a rapid-freezing 
technique ( Reuter et al., 1998 ). Local element contents 
were determined by energy-dispersive X-ray micro-
analysis, and the corresponding original water content 
was derived from electron-scattering analysis. The 
 in vivo E  Cl  was estimated to be near 0       mV, with intracel-
lular and mucosal Cl  �   concentrations of 69    �    19       mM 
and 55    �    11       mM, respectively. This result indicates 
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 FIGURE 20.6          Chloride accumulation in OSNs.  A.  Cartoon of an OSN with its sensory cilia embedded in the mucus layer on the epithelial 
surface.  B.  Chloride concentrations measured at various points of the dendritic knob and distal dendrite. At 50       mM extracellular Cl  �  , the intra-
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that the electrical potential drives Cl  �   ions out of the 
cilia when the channels open at negative values of 
 V  m . To establish and maintain the difference between 
resting voltage and  E  Cl , OSNs have to accumulate Cl  �   
against an electrochemical gradient. In fact, Cl  �   accu-
mulation in OSN needs to be particularly effective 
because the cilia have such a small volume ( � 0.2       fL in 
rat). Without a robust accumulation pathway, the cilia 
would rapidly lose all intracellular Cl  �   and would 
cease to function ( Lindemann, 2001 ). However, this is 
not the case, as Ca 2 �  -dependent Cl  �   currents can per-
sist over several seconds ( Reisert and Matthews, 1998 ; 
 Boccaccio and Menini, 2007 ). Cl  �  -imaging experi-
ments suggested that the mechanism which replen-
ishes intracellular Cl  �   is located in the apical part of 
OSNs ( Kaneko et al., 2004 ). Local Cl  �   concentrations 
were measured at various distances from the base of 
the cilia down to the distal dendritic segment. In this 
apical region of the OSN, a standing Cl  �   gradient 
was established when the olfactory epithelium was 
kept in a Ringer solution containing 150       mM Cl  �   ( Fig. 
20.6B ). The direction of that gradient points to the cilia 
or the dendritic knob as the predominant site of Cl  �   
uptake. The apical intracellular Cl  �   concentration was 
54 � 4       mM in rat and 37 � 7       mM in mouse OSNs, con-
sistent with the X-ray analysis by  Reuter et al. (1998) . 
Apical Cl  �   accumulation is quite uniform in OSNs as 
long as they are in the epithelium. When cells are iso-
lated, the mean Cl  �   concentration decreases to about 
30       mM and show higher variability ( Fig. 20.6C ). Thus, 
cell isolation compromises Cl  �   accumulation in OSNs. 

 Active   Cl  �   accumulation is often accomplished 
by Cl  �   transporters such as the Na  �  -K  �  -2Cl  �   co-
transporter NKCC1, the Na  �  -Cl  �   cotransporter NCC 
or the Cl  �  /HCO 3   �   exchanger ( Payne et al., 2003 ; 
 Gamba, 2005 ;  Alper, 2006 ). The individual contribu-
tions of these (or other) Cl  �   uptake mechanisms to 
Cl  �   accumulation in OSNs are not yet fully under-
stood. Cl  �   imaging showed that apical Cl  �   uptake 
is, in part, Na  �  -dependent and can be suppressed 
by bumetanide, an inhibitor of NKCC1 ( Kaneko 
et al., 2004 ). Moreover, in isolated OSNs of NKCC1  � / �   
knockout mice, the large Cl  �   component of the recep-
tor current was almost completely suppressed, an 
effect that could be mimicked by applying bumetanide 
to NKCC1  � / �   wildtype mice ( Fig. 20.6 D – F;  Reisert 
et al., 2005 ). These results clearly indicate a contribu-
tion of NKCC1 to Cl  �   accumulation. But other Cl  �   
transports must also be involved, as NKCC1  � / �   mice 
still generate odor-induced field potentials (electro 
olfactogram, EOG) which represent the combined 
receptor currents of many OSNs in a patch of olfac-
tory epithelium. The EOG can almost completely be 
blocked by niflumic acid, an inhibitor of the OSN Cl  �   

channels ( Kleene, 1993 ), indicating its origin in the 
Cl  �  -based receptor current ( Nickell et al., 2007 ). EOGs 
can be measured in NKCC1  � / �   mice, and the animals 
display normal olfactory sensitivity in operant behav-
ioral assays ( Nickell et al., 2006 ;  Smith et al., 2008 ). 
A pharmacological investigation of the EOG revealed 
that NKCC1 contributes roughly 50% to Cl  �   accumu-
lation, while the remaining 50% has yet to be identi-
fied ( Nickell et al., 2007 ). The data, so far, support the 
hypothesis that OSNs employ various Cl  �   uptake 
mechanisms to maintain an elevated intracellular Cl  �   
level as requisite for efficient chloride-based signal 
amplification.  

    IV .      BEYOND THE NOSE 

 Chloride  -based signal amplification is not a phe-
nomenon specific for OSNs. It is a uniquely useful 
way of translating Ca 2 �   signals into changes in trans-
membrane voltage, because the amplification gain 
can be adjusted in each individual cell by setting the 
intracellular Cl  �   concentration at an appropriate level. 
Such flexibility cannot be achieved with cation-based 
mechanisms, because the distribution of Na  �  , K  �   and 
Ca 2 �   concentrations is determined by multiple physio-
logical constraints. As two examples of chloride-based 
signal amplification outside the nose, I briefly describe 
in the following paragraph its well-documented 
role in vascular smooth-muscle contraction, as well as 
its hypothetical function in the generation of periph-
eral nociceptive signals. 

 The   vascular smooth muscle of the arterial system 
adjusts blood pressure through narrowing or widen-
ing arteries under the control of various metabotropic 
systems. These include the  α 1 adrenergic pathway 
which promotes vasoconstriction via phospholipase C 
and the  β 2 adrenergic system which promotes vasodi-
lation via adenylyl cyclase. Vasoconstriction is associ-
ated with the generation of a Ca 2 �   signal in the smooth 
muscle cell. Through activation of myosin light chain 
kinase, this Ca 2 �   signal triggers the phosphorylation 
of the regulatory light chain of myosin II which leads 
to contraction ( Eddinger and Meer, 2007 ). The Ca 2 �   
signal is initiated by IP 3 -mediated Ca 2 �   release from 
intracellular stores, but the largest contribution comes 
from L-type Ca 2 �   channels which open upon depo-
larization of the plasma membrane. Ca 2 �  -activated 
Cl  �   channels are expressed in smooth muscle cells 
and open when the intracellular Ca 2 �   concentration 
rises ( Criddle et al., 1997 ). Both Ca 2 �   release and Ca 2 �   
influx induce Cl  �   currents ( Fig. 20.7   A). As in OSNs, 
the physiological role of these channels is linked to the 
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specific mode of chloride homeostasis. The intracellular 
Cl  �  concentration in vascular smooth muscle cell is 
in the range of 30 – 50       mM, the result of Cl  �   accumula-
tion by NKCC1, a Cl  �  /HCO 3   �   exchanger, and a third 
mechanism which is not yet identified at the molecular 
level ( Chipperfield and Harper, 2000 ;  Davis et al., 2000 ). 
With an  E  Cl  of  � 25 to  � 40       mV, opening of Cl  �   channels 
causes depolarization from the resting voltage and is 
sufficient to activate voltage-gated Ca 2 �   channels, or 
to boost Ca 2 �   channel activation by increasing or pro-
longing depolarization. Extensive examinations have 
revealed that the Ca 2 �  -dependent Cl  �   currents play an 
important role in the regulation of vasoconstriction, as 
they augment the excitatory signal and promote mus-
cle contraction ( Leblanc et al., 2005 ; see Chapter 13). 
Ca 2 �  -activated Cl  �   channels in vascular smooth muscle 
and OSNs may be closely related at the structural level. 
It is possible that they are encoded by the same gene 
family. But this question is still unsolved. Members of 
the two candidate protein families CLCA ( Loewen and 
Forsyth, 2005 ) and bestrophin ( Hartzell et al., 2005 ; 
 Leblanc et al., 2005 ) are being studied, but there is not 
yet any conclusive indication for a role of these chan-
nels in smooth muscle contraction (see Chapter 13 for 
further discussion). While the molecular identity of the 
channels remains enigmatic, important progress in the 
exploration of regulatory mechanisms that target Ca 2 �  -
activated Cl  �   channels came from experiments with 

smooth muscle cells ( Fig. 20.7B ). It appears that the 
channels are subject to feedback regulation through the 
Ca 2 �  -calmodulin-dependent protein kinase CaMKII. 
The kinase seems to phosphorylate the channels (or 
some regulatory protein) thereby causing a current 
reduction ( Greenwood et al., 2001 ). The phosphatase 
calcineurin reverses this inhibitory effect ( Ledoux et al., 
2003 ). Most interestingly, such work on channel regula-
tion yields insights into details of the gating machinery 
(e.g.  Angermann et al., 2006 ) which may be critical for 
the molecular identification of the channel protein. Like 
in OSN research, that goal is paramount also in vascu-
lar smooth muscle research because knowledge of the 
channel genes will open the way to decisive experi-
mentation with RNAi, knockout mice and protein 
biochemistry. 

 The   peripheral endings of nociceptive neurons 
(nociceptors) detect stimuli which are intense enough 
to damage tissue ( Woolf and Ma, 2007 ). These stimuli 
gate transduction channels, each of which is special-
ized for an individual stimulus quality. Thus, heat, 
cold, acid and mechanical stress directly operate trans-
duction channels without any metabotropic amplifica-
tion. The transduction channels are cation selective and 
conduct Ca 2 �   into the sensory ending ( Oh, 2006 ). It has 
become apparent in recent years that depolarizing Cl  �   
currents contribute to the generation of sensory sig-
nals in the nociceptive terminals, as discussed in detail 
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in Chapter 22. In particular, it was shown that excit-
atory Cl  �   currents induce pain behavior in mice ( Ault 
and Hildebrand, 1994 ;  Granados-Soto et al., 2005 ), that 
Cl  �   uptake into sensory endings is necessary for nor-
mal pain behavior ( Willis et al., 2004 ;  Laird et al., 2004 ), 
and that somatosensory neurons express Ca 2 �  -acti-
vated Cl  �   channels ( Kenyon and Goff, 1998 ;  Lee et al., 
2005 ; see Chapter 13). Together, these and other publi-
cations (e.g.  Price et al., 2005 ) support the hypothesis 
of chloride-based signal amplification in nociception 
( Fig. 20.8A   ). The depolarization caused by opening of 
transduction channels is accompanied by the genera-
tion of a Ca 2 �   signal in the sensory endings ( Gover et 
al., 2003, 2007 ). This Ca 2 �   signal opens Cl  �   channels 
which augment the depolarization by conducting Cl  �   
efflux. The high intracellular Cl  �   concentration needed 
to drive Cl  �   efflux is supported by NKCC1 (       Alvarez-
Leefmans et al., 1988, 2001 ;  Sung et al., 2000 ;  Granados-
Soto et al., 2005 ;  Rocha-Gonz á lez et al., 2008 ) but, like 
in OSNs and vascular myocytes, NKCC1 may not be 
the only Cl  �   uptake pathway. Moreover, Ca 2 �   influx 
through T-type voltage-gated Ca 2 �   channels in the 
sensory endings ( Jevtovic-Todorovic and Todorovic, 
2006 ) promotes the activation of Cl  �   channels which, in 
turn, boost the Ca 2 �   channels through depolarizing the 
membrane. Presently available evidence thus supports 
the notion that Ca 2 �  -induced Cl  �   currents amplify the 

depolarizing receptor potential in nociceptive end-
ings. Unfortunately, functional studies on the relation 
between transduction channels, voltage-gated Ca 2 �   
channels and Ca 2 �  -activated Cl  �   channels ( Fig. 20.8B ) 
are restricted to the somata of nociceptors isolated from 
dorsal root ganglia. The sensory endings themselves are 
not easily accessible to optical or electrophysiological 
investigations because they are small and embedded in 
tissue. However, new approaches are being developed 
to gain insight into the transduction processes in sen-
sory fibers (e.g.  Gover et al., 2007 ), and the molecular 
dissection of nocicepetive transduction pathways is 
well on its way ( Oh, 2006 ). Details about Cl  �   accumula-
tion, Ca 2 �  -activated Cl  �   channels and peripheral signal 
amplification will hopefully become available soon.  

    V .      CONCLUSION 

 Chloride  -based signal amplification is best under-
stood in OSNs and in vascular smooth muscle cells. 
Both cell types employ Ca 2 �  -activated Cl  �   channels 
to boost membrane depolarization under the control 
of intracellular Ca 2 �   signals. A similar amplification 
mechanism appears to operate in peripheral noci-
ceptive endings of the pain system. While the genes 
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 FIGURE 20.8          Chloride-based signal amplification in nociceptive endings.  A.  Noxious stimuli activate Ca 2 �  -permeable transduction chan-
nels (TRPV, TRPA: transient-receptor-potential type channels; ASIC: acid-sensitive ion channel family; P2X    3: purinergic ATP-sensitive chan-
nels). The ensuing depolarization ( Δ  V  m ) promotes opening of voltage-gated Na  �   and Ca 2 �   channels and, hence, electrical excitation of the 
nociceptor. Ca 2 �   influx also opens Cl  �   channels which conduct a depolarizing Cl  �   efflux and, thereby, amplify the excitatory receptor poten-
tial. A Na  �  , K  �  , 2Cl  �   cotransporter supplies intracellular Cl  �   for this amplification mechanism.  B.  Current recordings from isolated somato-
sensory neurons illustrate the relation between Ca 2 �   influx and Ca 2 �  -dependent Cl  �   currents. The upper recording shows capsaicin-induced 
currents. Roughly half of the current amplitude is carried by cations ( I  cat ; TRPV1-mediated current); the rest is Cl  �   current which is sensitive to 
niflumic acid (NFA, 100        μ M). The lower recording was obtained from a chick DRG neuron ( Kenyon and Goff, 1998 ). A 20       ms depolarizing pulse 
opens voltage-gated Ca 2 �   channels and generates Ca 2 �   influx ( I  Ca ). This Ca 2 �   signal activates Cl  �   channels which greatly amplify the depolar-
izing current. With permission of Harcourt Brace.    
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that encode the Ca 2 �  -activated Cl  �   channels are not 
yet identified, patch-clamp studies have revealed 
their basic functional properties. The critical role of 
these channels in sensory function and in the control 
of blood pressure provides the incentive for intense 
efforts in the search for their molecular identity.  

A most promising development is the recent dis-
covery that the TMEM16 family of membrane proteins 
forms calcium-activated chloride channels (Caputo et 
al., 2008; Schroeder et al., 2008; Yang et al., 2008), and 
that one isoform, TMEM16B, displays all the func-
tional hallmarks of the olfactory channel (Pifferi et al., 
2009). This finding may well be a breakthrough for 
the molecular identification of chloride-based signal 
amplification.  
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O U T L I N E

    I .      INTRODUCTION 

 Sound  , acceleration and gravity are mechani-
cal stimuli that are detected by the cochlea and the 
vestibular labyrinth of the inner ear. The inner ear 
transduces the mechanical stimuli into electrical sig-
nals that are ultimately encoded into neuronal action 
potentials. The encoded information is transmitted 
by afferent neurons to central processing regions in 
the brain. The sensory process is guarded by intricate 
feedback mechanisms that include systems of efferent 
innervation that terminate on the afferent nerves and 
on the sensory cells in the inner ear. The mechano-
sensory transduction in the cochlea and in the vestibular 

labyrinth depends on large electrochemical gradients 
and an unusual fluid composition in the luminal com-
partment of the inner ear. This chapter focuses on 
cellular ion transport mechanisms in the inner ear, 
their dependence on Cl  �   and their physiological role 
in generating the major electrochemical gradients on 
which sensory transduction depends.  

    II .      SENSORY TRANSDUCTION 

 The   inner ear consists of the coiled cochlea and 
the vestibular labyrinth. Three semicircular canals 
that originate from the utricle, the saccule and the 
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endolymphatic duct and sac make up the vestibular 
labyrinth ( Fig. 21.1   ). The luminal fluid in the inner ear 
is called endolymph. Endolymph is an unusual extra-
cellular fluid in that it contains in most parts of the 
inner ear a high K  �   and a low Na  �   and Ca 2 �   concen-
tration ( Table 21.1   ). Endolymph is enclosed by a het-
erogeneous epithelium, which separates endolymph 
from perilymph. Perilymph is a more conventional 
extracellular fluid that contains Na  �  , K  �   and Ca 2 �   
concentrations similar to other extracellular fluids, 
such as plasma and cerebrospinal fluid ( Table 21.1 ). 
The utricle, the ampullae of the three semicircular 
canals and the saccule contain patches of sensory cells 
that detect rotational and linear acceleration including 
gravity. Sensory cells are also placed along the length 
of the cochlea for the detection of sound. Mechanical 
stimulation of the inner ear sensory organs is derived 
from the appropriate stimuli, which is sound for the 
cochlea and acceleration including gravity for the ves-
tibular labyrinth. 

    A .      Cochlear Transduction 

 Sound   waves are pressure variations consisting of 
compressions and rarefactions of air molecules. Sound 
enters the outer ear, sets the tympanic membrane in 
motion and is conducted by middle ear bones to the 
oval window, from where it enters the fluid – filled 
cochlea ( Fig. 21.2   , top and middle panels). 

 The   mechanical properties of the cochlea ensure the 
generation of a standing wave that displaces the basi-
lar membrane within the cochlea ( Fig. 21.2 , bottom 
panel). The envelope of this standing wave peaks at a 
place along the cochlea that depends on the frequency 
of the sound. High frequencies peak at the base of the 
cochlea and low frequencies at the apex. The cochlea 
thus functions as a mechanical frequency analyzer. 
Sensory cells are resting on the basilar membrane in a 
structure called the organ of Corti that stretches along 
the entire length of the cochlea ( Fig. 21.3   ). Mechanical 
stimulation of sensory cells located at the base of 
the cochlea leads to the sensation of high frequency 
sound, and stimulation of sensory cells located in 
the apex of the cochlea leads to the sensation of low 
frequency sound. This tonotopic organization of the 
cochlea is at least in part maintained throughout 
the central processing of auditory stimuli. 

 The   cochlea consists of three open fluid compart-
ments, scala vestibuli, scala media and scala tympani 
( Fig. 21.3 ). Scala media is lined by about 12 different 
types of epithelial cells that include the sensory cells 
in the organ of Corti. The organ of Corti consists of 
inner hair cells, which are the sensory cells, and of 
outer hair cells, which amplify the mechanical stimu-
lus (see below). In addition, the organ of Corti con-
tains a number of supporting cells, rests on the basilar 
membrane and is covered by the tectorial membrane 
( Fig. 21.3 ). The basilar and tectorial membranes pro-
vide mechanical input to the hair cells. 
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 FIGURE 21.1          Diagram of inner ear organs, including the 
cochlea, vestibular labyrinth (utricle, saccule, ampullae of the semi-
circular canals) and endolymphatic sac.    

 TABLE 21.1          Fluid composition of perilymph, cochlear and vestibular endolymph, as well as endolymph of the endolymphatic sac, 
cerebrospinal fluid and plasma ( Wangemann, 2008 )  

    
 Cochlear 

perilymph 
 Cochlear 

endolymph 
 Utricular 

endolymph 
 Sac 

endolymph 
 Cerebrospinal 

fluid Plasma

   Na  �   (mM)  148    1.3    9  129  149   145 

   K  �   (mM)    4.2  157  149   10    3.1     5.0 

   Cl  �   (mM)  119  132   –   124  129   106 

   HCO 3   �   (mM)   21   31   –    –    19    18 

   Ca 2 �   (mM)    1.3    0.023    0.28   –    –      2.6 

   Protein (mg/dl)  178   38   –    –    24  4238 

   pH    7.3    7.5    7.5    6.9    7.3     7.3 
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 Sound  -induced vibrations of the basilar membrane 
cause bending of the stereocilia on the apical mem-
brane of the hair cells, which modulates the ionic cur-
rents through the transduction channels ( Fig. 21.4   ). The 
modulated current through the transduction channel 
at the apical side of the hair cells leads to receptor 
potentials, which are changes in the membrane volt-
age. Stereocilia in the apical membrane of hair cells are 
oriented in a pattern resembling organ pipes. Bending 
of the stereocilia toward the longer stereocilia opens 
the transduction channel whereas bending toward the 
shorter stereocilia closes the channel. 

 The   main consequence of receptor potentials in 
inner hair cells is the modulation of the release of the 
neurotransmitter glutamate and stimulation of type 
I afferent dendrites ( Fig. 21.4 ). Type I afferent den-
drites transmit the primary acoustic input to the audi-
tory brainstem. The activity of afferent dendrites is 
modulated by efferent fibers that terminate on the 
afferents near the base of the inner hair cells. The main 
consequence of receptor potentials in inner hair cells 
differs drastically from that in outer hair cells. 

 The   main consequences of receptor potentials in 
outer hair cells are piezo-electric length changes of 

A
m

pl
itu

de
Time

Tympanic membrane
(during a compression) 

Ear canal

Scala vestibuli
(filled with perilymph)

Scala tympani
(filled with perilymph)

Sound

Tympanic membrane 
(during a rarefraction)

Maleus
Incus

Stapes

Middle ear (air filled)

Basilar membrane

Standing wave

Eutstachian tube

Scala media
(filled with endolymph)

Sound

 FIGURE 21.2          Diagrams of the physical pathway and effects of sounds from the environment to the cochlea. (Upper panel) Sound waves 
enter the outer ear and (middle panel) are transmitted by the tympanic membrane to the middle ear ossicles. The sound waves are then trans-
mitted to scala vestibuli of the inner ear through the oval window. Acoustic energy enters the cochlea (lower panel; diagrammed uncoiled) 
where the frequency content of the sound waves is analyzed by the creation of standing waves along the basilar membrane and excites recep-
tors and associated neurons at locations that code for the frequencies comprising the sound.    

II .    SENSORY TRANSDUCTION
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the outer hair cell that lead to an amplification of the 
sound-induced vibrations of the basilar membrane 
( Fig. 21.4 ). Outer hair cells express in their lateral wall 
the voltage-sensitive protein prestin (SLC26A5). The 
high density of prestin molecules causes a shortening 
of the cell during membrane-potential depolarizations 
and a lengthening during membrane-potential hyper-
polarizations. The resulting amplification of basilar 
membrane vibrations is necessary for the high sensi-
tivity and the sharpness of frequency discrimination 
of the mammalian cochlea.  

    B .      Vestibular Transduction 

 The   vestibular labyrinth houses multiple sensory 
organs for the detection of rotational and linear acceler-
ation including gravity. The three semicircular canals in 
association with their ampullae, which house the sen-
sory hair cells ( Fig. 21.1 ), detect rotational acceleration 

and provide directional information by virtue of the 
orientation of the three canals in x – y – z orthogonal 
planes. Stereocilia of hair cells protrude into gelatinous 
cupulae that span the lumen of the ampullae ( Fig. 
21.5   ). Rotational head movements against the luminal 
fluid resting in the semicircular canals lead to a dis-
placement of the stereocilia. The utricle and saccule 
house sensory hair cells to detect linear acceleration 
including gravity. Stereocilia of these hair cells pro-
trude into an extracellular matrix that is fortified by 
CaCO 3  crystals that comprise an inertial mass during 
linear acceleration ( Fig. 21.5 ). The spatial orientation of 
the hair cells imparts directionality to the neural signal 
emanating from its basal synapse. 

 Acceleration  -induced bending of the stereocilia in 
the apical membrane of the vestibular hair cells modu-
lates the ionic currents through transduction channels 
that are thought to function analogous to their equiva-
lents in the cochlea. The modulated currents through 
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 FIGURE 21.3          Diagram of a cross-section of the coiled cochlea. The cochlear lumen (pink) is filled with endolymph, a high-K/low-Na  �  /
low-Ca 2 �   extracellular fluid, which is produced and maintained by the epithelial cells bounding the cochlear lumen and which sustains the 
acoustic transduction process.    
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the transduction channels lead to receptor potentials 
which modulate the activity of the afferent dendrites 
innervating vestibular hair cells ( Fig. 21.6   ). There are 
two types of hair cells in the vestibular system. Type 
I vestibular hair cells are bottle shaped and contacted 
by a calyx-shaped afferent nerve terminal and type 
II vestibular hair cells are more cylindrical and con-
tacted by several simple bouton-shaped afferent nerve 
terminals. The activity of afferent dendrites is modu-
lated by efferent fibers that terminate on the afferent 
dendrites or directly on the hair cells.   

    III .      IONIC BASIS OF SENSORY 
TRANSDUCTION IN THE COCHLEA 
AND THE VESTIBULAR LABYRINTH 

 The   current through the transduction channel is 
mainly carried by K  �   since the channel is cation selec-
tive and because K  �   is the most abundant cation in 
endolymph ( Table 21.1 ). A small fraction of the cur-
rent through the transduction channel is carried by 
Ca 2 �  . This component of the current is required for 
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 FIGURE 21.4          Diagram of the cochlear sensory structure, the organ of Corti and its inner and outer hair cells. (Top panel) The location of 
the organ of Corti (rectangle; left) and partial detail of an inner hair cell with supporting cell (middle) and an outer hair cell with support-
ing Deiters ’  cell (right) with salient transporters involved in transduction and putative K  �   buffering (see text). (Middle panel) Downward 
deflection of basilar membrane (left) in response to sound is shown with movement of the outer hair cell stereocilia (right), leading to afferent 
inhibition. (Bottom panel) Upward deflection of basilar membrane (left) in response to sound is shown with movement of the outer hair cell 
stereocilia (right), leading to afferent stimulation. Arrows indicate movements of tectorial membrane, subtectorial fluid, basilar membrane 
(open arrow), K  �   flux through transduction channels at the tips of stereocilia and length changes in outer hair cells.    
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 FIGURE 21.5          Vestibular transduction of rotational and linear acceleration. Rotation of the head (center panel) is detected by the ampullae 
of the semicircular canals (upper left and right panels) and the signals are coupled centrally to control of the eye muscles (vestibulo-optical 
reflex; VOR). Linear acceleration (lower left and right panels) excites or inhibits neurons projecting to the brain.    
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 FIGURE 21.6          Vestibular hair cells and innervation. Type I and Type II hair cells are shown with their salient K  �   and Ca 2 �   ion channels and 
neural connections.    

the control of Ca 2 �  -dependent adaptation processes in 
the stereocilia ( Hudspeth et al., 2000 ). 

 Sensory   transduction depends on the electrochemi-
cal driving force that drives K  �   across the transduc-
tion channel into the hair cells. This driving force is 
larger in the cochlea than in the vestibular system 

due to the presence of a large lumen-positive trans-
epithelial voltage, the endocochlear potential, in the 
cochlea. The magnitude of the endocochlear potential 
is 80 – 100       mV. This voltage contributes to the exquisite 
sensitivity of the cochlea. A transepithelial voltage 
of equivalent magnitude is lacking in the vestibular 
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system. K  �   enters the hair cells via the transduction 
channel and leaves the hair cells via K  �   channels in 
the basolateral membrane. Since K  �   is the main 
cation in the cytosol, the relative change of intracellu-
lar ionic concentrations during sensory transduction 
is minimal. 

 K    �   is secreted into endolymph at great energetic 
expense (see below). The expense is justified by the 
advantage of utilizing K  �   to carry the transduction 
current rather than Na  �  , which is the most abundant 
cation in most other extracellular fluids ( Table 21.1 ). 
If the transduction current were to be carried by Na  �  , 
Na  �   loading of the cytosol would require Na  �  /K  �  -
ATPase to remove the Na  �   across the basolateral cell 
membrane, which would require the support of highly 
active metabolic machinery. High metabolic activity 
would require proximity to vasculature and mechani-
cal noise associated with vascular blood flow incom-
patible with sensitive stimulus detection. A solution to 
this problem is to utilize K  �   as charge carrier for sen-
sory transduction. Both influx of K  �   into and efflux 
of K  �   from the hair cells occur down electrochemical 
gradients and the location of sensory transduction in 
the organ of Corti is separated from the location of 
K  �   secretion in stria vascularis, an epithelial structure 
located in the lateral wall of the cochlea ( Fig. 21.7   ). 

 The   use of K  �   as the main charge carrier has a 
potential problem for sensitive neural transmission 

since dendritic nerve endings maintain their resting 
membrane potential with K  �   channels. Elevations of 
K  �   in the small extracellular spaces between the baso-
lateral membrane of the hair cells and the synaptic 
terminals can depolarize neuronal membranes and 
interfere with neuronal transmission. Elevations of 
K  �   near cochlear and vestibular hair cells have been 
observed during sound or mechanical stimulation 
( Johnstone et al., 1989 ;  Valli et al., 1990 ). The magni-
tude of these elevations may be limited by K  �   buff-
ering. Mechanisms for K  �   buffering (see below) may 
include simple diffusion into open fluid spaces such 
as the scala tympani in the cochlea and uptake of K  �   
into neighboring supporting cells and subsequent dis-
charge at one or more sites remote from the hair cells 
and nerve terminals ( Spicer and Schulte, 1996 ). 

    A .      Cl  �   Dependence of Sensory Transduction 

 Sensory   transduction in the cochlea and the ves-
tibular labyrinth depends on Cl  �   on all levels includ-
ing amplification of basilar membrane vibrations 
and the generation of the endocochlear potential in 
the cochlea as well as cochlear and vestibular neu-
rotransmission and ion homeostasis necessary for 
providing K  �   as the main charge carrier of sensory 
transduction.  
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 FIGURE 21.7          Cell transport model for K  �   secretion and generation of the endocochlear potential. Stria vascularis (upper panel, rectangle) 
secretes K  �   that is first taken up by fibrocytes in the spiral ligament of the lateral wall and subsequently passed through a syncytium of basal 
cells and intermediate cells to the intrastrial space between the marginal and intermediate cells. K  �   is taken up from the intrastrial space by the 
marginal cells and secreted into endolymph of scala media. The transporters responsible for K  �   secretion by the marginal cells are identical to 
those employed by vestibular dark cells. The endocochlear potential is generated by K  �   channels in the intermediate cells (see text).    
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    B .      Cl  �   Dependence of Cochlear Amplification 

 The   outer hair cell motility that is mediated by 
prestin is dependent on the intracellular anion con-
centration, although the biophysical mechanism of 
this dependence is currently a matter of discussion 
( Ashmore 2008 ;  He et al., 2006 ;  Muallem and Ashmore, 
2006 ;  Oliver et al., 2001 ). The putative intracellular 
anion binding site is normally thought to be occupied 
by anions such as Cl  �   or HCO 3   �   ( Santos-Sacchi et al., 
2006 ). The mechanism by which Cl  �   or HCO 3   �   sup-
port prestin function has been investigated by several 
groups. It has been proposed that prestin transports a 
bound anion from the intracellular compartment  par-
tially  across the cell membrane, without releasing the 
anion to the extracellular side. The partial transloca-
tion would result in the structural change of prestin to 
the expanded state ( He et al., 2006 ;  Oliver et al., 2001 ). 

 Alternatively  , it has been proposed that prestin 
transports a bound anion from the intracellular com-
partment  fully  across the cell membrane, thereby 
functioning as an anion transporter ( Muallem and 
Ashmore, 2006 ). Two variations of the proposed trans-
port scheme are prestin acting as a uniporter or as 
an anion exchanger. The uniporter model transports 
Cl  �   (or HCO 3   �  ) as the sole charge carrier across the 
cell membrane. By contrast, the anion exchanger has 
the particular properties that Cl  �   (or HCO 3   �  ) is trans-
ported from the cytosolic side to the extracellular side 
along with the transmembrane movement of posi-
tively charged amino acids in the prestin molecule, 
such as during a conformational change. Thus, two 
positive intrinsic charges accompany each Cl  �   (or 
HCO 3   �  ) during movement from inside to outside the 
cell. The return cycle of the exchanger binds two anion 
charges (two monovalent or one divalent anion) that 
 ‘  ‘ neutralize ’  ’  the intrinsic charge. Kinetic modeling of 
the anion exchanger conformed best to many reported 
experimental observations ( Muallem and Ashmore, 
2006 ). 

 Interestingly  , there is evidence for a competition 
between Cl  �   and salicylate (aspirin) for the anion 
binding site on the prestin molecule ( Santos-Sacchi 
et al., 2006 ). Prestin bound to salicylate becomes unre-
sponsive to receptor potentials and this may be the 
primary cause for aspirin-induced hearing loss and 
tinnitus ( Kakehata and Santos-Sacchi, 1996 ;  Mongan 
et al., 1973 ;  Myers and Bernstein, 1965 ). Even though 
salicylate acutely interferes with the outer hair cell 
motor, chronic exposure of outer hair cells leads to 
an up-regulation of mRNA and protein expression 
of prestin ( Yu et al., 2008 ). This up-regulation may 
maintain outer hair cell function and hearing in peo-
ple chronically using aspirin but may also account 

for increased tinnitus from the resulting imbalance of 
inner and outer hair cell function ( Yu et al., 2008 ). 

 Cl    �   supports cochlear amplification not only by 
being essential for prestin function but also by sup-
porting the coordination of outer hair cells, which is 
necessary for the high sensitivity and the sharpness of 
frequency discrimination of the mammalian cochlea. 
Contractions and elongations of outer hair cells are 
modulated via a local neuronal network consist-
ing of GABAergic efferents ( Thiers et al., 2008 ). This 
GABAergic system includes the ionotropic GABA A  
and GABA C  receptors that are ligand-gated channels 
permeable to Cl  �  . The importance of the GABAergic 
innervation in the cochlea is underscored by the 
observation of hearing loss in mice that lack GABA A  
receptor subunits ( Maison et al., 2006 ).  

    C .       Cl  �   Dependence of K  �   Cycling and K  �   
Buffering 

 Sensory   transduction depends on a high concentra-
tion of K  �   in endolymph and, at least in the cochlea, 
on the presence of a large transepithelial potential 
called the endocochlear potential (see below). K  �   
that serves as charge carrier for sensory transduction 
and exits the hair cells at the basolateral membrane is 
recycled into endolymph via remotely located epithe-
lia, stria vascularis in the cochlea and dark cells in the 
vestibular labyrinth. Radiotracer and perfusion stud-
ies have shown that K  �   transport in the cochlea occurs 
in a nearly closed cycle ( Konishi et al., 1978 ;  Marcus 
et al., 1981 ;  Sterkers et al., 1982 ;  Wada et al., 1979 ). 

 K    �   exiting the hair cells is moved away from the 
neuronal elements in the basal region of the hair cells. 
Simple diffusion into the open fluid spaces of scala 
tympani is most likely the most important mechanism, 
which is supported by current and K  �   flux measure-
ments ( Johnstone et al., 1989 ;  Zidanic and Brownell, 
1990 ). In addition, supporting cells in the vicinity of 
hair cells may provide a cellular buffer mechanism that 
depends on inward-rectifying KCNJ10 K  �   channels as 
K  �   uptake mechanisms and less rectifying channels or 
the KCl cotransporters KCC3 (SLC12A6) and KCC4 
(SLC12A7) as K  �   exit mechanisms ( Fig. 21.4 ) (       Boettger 
et al., 2002, 2003 ;  Hibino et al., 1997 ;  Nenov et al., 1998 ; 
 Ruttiger et al., 2004 ). A similar cellular mechanism for 
K  �   buffering has been proposed in M ü ller glial cells of 
the retina ( Kofuji et al., 2002 ;  Reichenbach et al., 1992 ). 
Whether KCC3 and KCC4 act as K  �   release mecha-
nisms or as uptake mechanisms, as proposed earlier, 
awaits experimental determination. 

 Locally   buffered or not, K  �   reaches the cochlear lat-
eral wall either by diffusion across the open perilymph 
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spaces or by diffusion from cell to cell via gap junc-
tions starting from the supporting cells next to the hair 
cells and ending with root cells in the spiral ligament 
of the cochlea ( Spicer and Schulte, 1996 ). Regardless of 
the pathway of K  �   from the basolateral side of the hair 
cells to the spiral ligament, K  �   is taken up by special-
ized fibrocytes, fibrocytes types II, IV and V, in the spi-
ral ligament. Although functional data from fibrocytes 
are lacking, K  �   uptake into fibrocytes is hypothesized 
to function like the well-studied uptake mechanism in 
the basolateral membrane of strial marginal cells and 
vestibular dark cells. Accordingly, K  �   is taken up via 
the Na  �  /K  �  -ATPase and the Na  �  -K  �  -2Cl  �   cotrans-
porter NKCC1 (SLC12A2) with Cl  �   being recycled 
across the membrane via the Cl  �   channels CLCNKA 
and CLCNKB and Na  �   via the Na  �  /K  �  -ATPase 
( Crouch et al., 1997 ;  Maehara et al., 2003 ;  Mizuta et al., 
1997 ;  Qu et al., 2006 ;  Schulte and Adams, 1989 ). K  �   is 
then shuttled via gap junctions from fibrocyte to fibro-
cyte and from there into stria vascularis ( Spicer and 
Schulte, 1996 ). These gap junctions consist of the con-
nexins GJB2 (Cx26) and GJB6 (Cx30) ( Kikuchi et al., 
1995 ;  Lautermann et al., 1998 ;  Xia et al., 1999 ).  

    D .       Cl  �   Dependence of K  �   Secretion and the 
Endocochlear Potential 

 Marginal   cells of stria vascularis and vestibu-
lar dark cells are homologous epithelial cells in the 
cochlea and the vestibular labyrinth that secrete K  �   
into endolymph. K  �   is taken up by strial marginal cells 
from the intrastrial space and by vestibular dark cells 
from perilymph ( Fig. 21.7 ). The uptake mechanism 
consists of the Na  �  -K  �  -2Cl  �   cotransporter NKCC1 
in conjunction with the Na  �  /K  �  -ATPase ATPA1/
ATPB1 ( Marcus and Marcus, 1987 ;  Wangemann et al., 
1995a ). Cl  �   that is brought into the cells by the Na  �  -
K  �  -2Cl  �   cotransporter is recycled across the basolat-
eral membrane through Cl  �   channels (Wangemann, 
1995; Wangemann and Marcus, 1992). Cl  �   channels 
include ClC-K pore-forming  α -subunits and barttin 
 β -subunits (CLCNKA/BSND and CLCNKB/BSND) 
( Ando and Takeuchi, 2000 ;  Estevez et al., 2001 ;  Qu 
et al., 2006 ;  Sage and Marcus, 2001 ). Uptake of K  �   
across the basolateral membrane is followed by 
secretion of K  �   via K  �   channels in the apical mem-
brane ( Marcus and Shen, 1994 ;  Shen et al., 1997 ). 
The K  �   channel consists of KCNQ1 pore-forming 
 α -subunits and KCNE1  β -subunits ( Barhanin et al., 
1996 ;  Sanguinetti et al., 1996 ). The importance of these 
transporters is underscored by the observation of deaf-
ness in mice that lack KCNQ1 ( Casimiro et al., 2001 ;  Lee 
et al., 2000 ), KCNE1 ( Letts et al., 2000 ;  Vetter et al., 1996 ), 

NKCC1 ( Delpire et al., 1999 ;  Dixon et al., 1999 ;  Flagella 
et al., 1999 ), BSND ( Rickheit et al., 2008 ) and in humans 
that bear mutations of BSND, CLCNKA and CLCNKB, 
KCNE1 or KCNQ1 or receive high doses of the furose-
mide-type loop diuretics that block NKCC1. 

 K    �   secretion by strial marginal cells is intimately 
associated with the generation of the endocochlear 
potential, although the transepithelial potential across 
the marginal cell layer itself is no more than a few mV. 
Marginal cells are part of stria vascularis, which is a 
two-layered epithelial structure in the lateral wall of 
the cochlea ( Fig. 21.7 ). The endocochlear potential is 
generated across the basal cell barrier of stria vascu-
laris. The basal cell barrier consists of the basal cells 
themselves, strial intermediate cells and fibrocytes of 
the spiral ligament. Intermediate cells and fibrocytes 
are electrically linked to the basal cells via gap junc-
tions (       Kikuchi et al., 1994, 1995 ;  Takeuchi and Ando, 
1998 ). The endocochlear potential originates from a 
K  �   equilibrium potential that is generated by the K  �   
channel KCNJ10 located in strial intermediate cells 
in conjunction with the high K  �   concentration inside 
intermediate cells and the low K  �   concentration in the 
intrastrial spaces between intermediate cells and mar-
ginal cells ( Marcus et al., 2002 ). The high K  �   concentra-
tion in intermediate cells is ensured by K  �   uptake via 
the Na  �  -K  �  -2Cl  �   cotransporter NKCC1 and the Na  �  /
K  �  -ATPase ATPA1/ATPB1 in spiral ligament fibro-
cytes and the low K  �   concentration in the intrastrial 
spaces is ensured by K  �   uptake by strial marginal cells. 

 The   outer membrane of strial basal cells that faces 
spiral ligament is thought to be depolarized, thereby 
 ‘  ‘ grounding ’  ’  the cytosol of the basal cells and the con-
nected intermediate cells. Consequently, the voltage 
that is generated across the KCNJ10 expressing mem-
branes of the intermediate cells is observed with little 
change as the transepithelial voltage across the basal 
cell barrier. Further, since the marginal cell layer con-
tributes little to the trans-strial voltage, the voltage gen-
erated across the basal cell barrier can be detected in the 
intrastrial space and with little change in scala media 
( Nin et al., 2008 ;  Salt et al., 1987 ). The importance of 
KCNJ10 channel for the generation of the endocochlear 
potential and for hearing is underscored by the obser-
vation that mice lacking the KCNJ10 also lack the endo-
cochlear potential and are deaf ( Marcus et al., 2002 ).  

    E .       Cl  �   Dependence of HCO 3   �   Secretion 
and pH Regulation 

 The   secretion of HCO 3   �   into endolymph leads 
to an endolymphatic pH that is more alkaline than 
the pH of perilymph ( Table 21.1 ). HCO 3   �   is secreted 
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into endolymph by the Cl  �  /HCO 3   �   exchanger pen-
drin (SLC26A4) that is localized in the apical mem-
brane of strial spindle cells, spiral prominence and 
outer sulcus epithelial cells in the cochlea and transi-
tional cells in the vestibular labyrinth ( Everett et al., 
1999 ;  Wangemann et al., 2004 ) (       Figs 21.3 and 21.5 ). 
The importance of pendrin is underscored by the 
fact that mice lacking pendrin are deaf and have ves-
tibular dysfunction (Everett et al., 2007;  Nakaya et al., 
2007 ;  Wangemann et al., 2007 ). Deafness in mice 
lacking pendrin is the consequence of an enlarged 
endolymph volume that requires higher rates of K  �   
secretion leading to oxidative stress in stria vascu-
laris and consequently to the loss of the K  �   channel 
KCNJ10 and the loss of the endocochlear potential 
( Singh and Wangemann, 2007 ;  Wangemann et al., 
2004 ;  Wangemann et al., 2007 ). Further contributors to 
deafness in these mice are the more acidic pH of endo-
lymph that enhances K  �   secretion by marginal cells 
( Wangemann et al., 1995b ) and inhibits Ca 2 �   absorp-
tion mechanisms. Inhibition of Ca 2 �   absorption leads 
to high endolymphatic Ca 2 �   concentrations that are 
likely to initiate the demise of the cochlear hair cells 
( Everett et al., 2001 ;  Nakaya et al., 2007 ;  Wangemann 
et al., 2007 ). Mutations of SLC26A4 are the second most 
prevalent genetic cause of hearing loss in humans and 
the most prevalent cause of hearing losses with a post-
natal onset that provide a window of opportunity for a 
clinical intervention ( Hilgert et al., 2008 ). 

 Important   systems in the inner ear that are sensi-
tive to (luminal) extracellular pH include the tectorial 
membrane, the K  �   secretory mechanism that depends 
on the K  �   channel KCNQ1/KCNE1 and the Ca 2 �   
absorptive transport system that depends on the 
epithelial Ca 2 �   channels TRPV5 and TRPV6. The tec-
torial membrane is involved in transferring mechani-
cal stimuli to the hair cells and its size and shape 
depend on the surrounding pH ( Kronester-Frei, 1979 ; 
 Weiss and Freeman, 1997 ). The K  �   channel KCNQ1/
KCNE1, unlike many other K  �   channels, is stimulated 
by extracellular acidification ( Heitzmann et al., 2007 ) 
and the Ca 2 �   channels TRPV5 and TRPV6 are blocked 
by acidification ( Nakaya et al., 2007 ;  Yeh et al., 2003 ). 

 In   addition to pendrin, there are several other acid 
and base transporters expressed in cochlear and vestib-
ular epithelia including H  �  -ATPase, Na  �  /H  �   exchang-
ers and monocarboxylate transporters. H  �  -ATPase 
consists of many subunits. Subunits of H  �  -ATPase 
are expressed in interdental cells of the spiral limbus, 
marginal cells in the cochlea and in a population of 
epithelial cells of the endolymphatic sac. Functional 
evidence for H  �  -ATPase activity has been obtained 
so far only for the endolymphatic sac ( Couloigner 
et al., 2000 ). Whether at least a minimum complement 

of subunits that are necessary to support H  �  -ATPase 
activity is expressed in the cochlea is currently unclear. 
Functional evidence for H  �  -ATPase activity in the 
cochlea awaits experimental demonstration. The role 
of H  �  -ATPase in cochlear function is currently unclear 
since mice lacking ATP6V1B1 have normal hearing 
( Dou et al., 2003 ). In contrast, human patients bearing 
mutations of either ATP6V1B1 or ATP6V0A4 suffer 
from progressive hearing loss ( Karet et al., 1999 ;  Stover 
et al., 2002 ). Unlike mice, human patients suffer from 
metabolic acidosis and from Ca 2 �   loss from bone in 
addition to hearing loss. It is conceivable that hearing 
loss is an epiphenomenon related to bone loss. 

 In   addition to transepithelial acid or base trans-
port, some epithelial cells bordering endolymph may 
generate an H  �   flux into endolymph that is fed by a 
metabolic source of acid. Vigorous aerobic metabo-
lism is required to support K  �   secretion in stria vas-
cularis ( Konishi et al., 1978 ;  Thalmann et al., 1977 ). 
Strial marginal cells express several acid extruding 
mechanisms in their apical membranes including the 
Na  �  /H  �   exchanger (NHE3) and a monocarboxyl-
ate transporter (MCT1 or MCT2) ( Bond et al., 1998 ; 
       Shimozono et al., 1997, 1998 ). Whether these trans-
porters generate a measurable H  �   flux awaits experi-
mental determination.  

    F .      Cl  �   Secretion 

 Transepithelial   Cl  �   secretion has so far only been 
observed in the semicircular canal duct epithelium of 
the vestibular labyrinth ( Milhaud et al., 2002 ). Cellular 
mechanisms leading to Cl  �   secretion are only par-
tially understood. The physiological significance of 
this transport likely lies in providing an anion path-
way parallel to K  �   secretion. Support for the concept 
of parallel transport comes from the finding that K  �   
secretion and Cl  �   secretion are both under the control 
of adrenergic receptors. Norepinephrine stimulates K  �   
secretion via  β  1 -adrenergic receptors and Cl  �   secre-
tion via  β  2 -adrenergic receptors ( Milhaud et al., 2002 ; 
 Wangemann et al., 2000 ).  

    G .       Cl  �   Independent Absorption of Na  �   
and Ca 2 �   

 There   are several essential transepithelial transport 
systems in the inner ear for which there is no known 
dependence on Cl  �  . Endolymphatic Na  �   is maintained 
at its low levels by active absorption which takes 
place in outer sulcus cells and Reissner’s membrane 
epithelial cells in the cochlea and in transitional cells 
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and semicircular canal epithelial cells in the vestibu-
lar labyrinth. Na  �   is taken up from endolymph via 
Na  �  -permeable channels and transported across the 
basolateral membrane via the Na  �  /K  �  -ATPase with 
K  �   recycling through K  �  -permeable channels. Outer 
sulcus cells of the cochlea and transitional cells of 
the vestibular labyrinth employ an amiloride-insen-
sitive non-selective cation channel for the uptake of 
Na  �   across the apical cell membrane ( Lee et al., 2001 ; 
 Marcus and Chiba, 1999 ). Reissner’s membrane epi-
thelial cells in the cochlea and semicircular canal duct 
cells in the vestibular labyrinth employ an amiloride-
sensitive channel ( Lee and Marcus, 2003 ;        Pondugula 
et al., 2004, 2006 ). 

 The   endolymphatic Ca 2 �   is regulated by a balance 
between secretory and absorptive transport processes. 
Few sites of Ca 2 �   transport have so far been identified 
and supported by functional evidence. These include 
Ca 2 �   secretion via the plasma membrane Ca 2 �  -ATPase 
PMCA2 in stereocilia of cochlear and vestibular hair 
cells ( Wood et al., 2004 ;  Yamoah et al., 1998 ) and Ca 2 �   
absorption via the Ca 2 �   channels TRPV5 and TRPV6 
in semicircular canal duct cells ( Nakaya et al., 2007 ).   
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    I .      INTRODUCTION 

 Primary   sensory neurons (PSNs) are the cells that 
convey virtually all somatic and visceral information 
to the spinal cord and brainstem. The peripheral pro-
cesses of PSNs collect information from somatic (skin, 
muscles and joints) and visceral sensory receptors. 
Their central processes conduct these signals into the 
spinal cord and brainstem where their central termi-
nals make synapses with higher order neurons. Within 
the spinal cord and brainstem these central terminals 
are subject to significant GABAergic presynaptic con-
trol, a crucial mechanism in gating the flow of noci-
ceptive and other sensory information. 

 Unlike   mature central neurons, adult PSNs are 
depolarized by GABA. This GABA-mediated depo-
larization is due to Cl  �   efflux through anion channels 
coupled to GABA A  receptors. This is possible because ,  
unlike most mature central nervous system (CNS) 
neurons, PSNs maintain their intracellular Cl  �   con-
centration ([Cl  �  ] i ) above electrochemical equilibrium. 
This results in an outwardly directed Cl  �   electrical 
gradient across their plasma membranes. It is hypoth-
esized that this Cl  �   gradient, the focus of the first part 
of this chapter, makes possible the depolarization of 
the intraspinal terminals of PSNs by GABA released 
from dorsal horn interneurons. These interneurons 
make axo-axonic synapses with the central terminals 
of primary afferents. GABA-mediated depolarization 
of these central terminals, known as primary afferent 
depolarization (PAD), is a key factor in producing pre-
synaptic inhibition. 

 The   prevailing notion is that PAD inactivates Na  �   
channels, thereby reducing the amplitude of the 
action potential as it invades the primary afferent 
terminals resulting in decreased transmitter release 
from these terminals. The amplitude of PAD affects 
the strength of presynaptic inhibition, and both phe-
nomena are determined by the magnitude of the driv-
ing force for Cl  �  , defined as the difference ( E  Cl       �       E  m ), 
where  E  Cl  is the Cl  �   equilibrium potential and  E  m  the 
resting membrane potential. Further, there is evidence 
suggesting that following peripheral nerve or tissue 
injury,  E  Cl  shifts toward more positive (depolarizing) 
values, enhancing PAD and turning it into an excit-
atory response. When PAD reaches firing threshold of 
PSNs, the resulting action potentials, known as  dorsal 
root reflexes  (DRRs), cause pain and neurogenic inflam-
mation. In sum, a key factor regulating PAD ampli-
tude, presynaptic inhibition and DRRs is the [Cl  �  ] i  in 
primary afferents. Clearly, understanding the mecha-
nisms that regulate [Cl  �  ] i  in PSNs is a fundamental 
problem in sensory physiology. 

 Work   originated in our laboratory first established 
that [Cl  �  ] i  in PSNs is maintained at levels above the 
predicted electrochemical equilibrium due to func-
tional expression of a Na  �  -K  �  -2Cl  �   cotransporter 
mechanism (NKCC) that actively accumulates Cl  �  . 
Subsequent molecular studies identified this cotrans-
porter protein as NKCC1, one of the two known 
NKCC isoforms. Studies in rats and NKCC1-null mice 
(NKCC1  � / �  ) show that NKCC1 is involved in nocicep-
tion, pain and neurogenic inflammation. Specifically, 
behavioral studies show that pain threshold increases 
significantly in NKCC1  � / �   mice, and pharmacologi-
cal blockers of NKCCs have central and peripheral 
antinociceptive actions in rats. Further, it has been 
suggested that peripheral inflammatory mediators 
shift the Cl  �   equilibrium potential ( E  Cl ) of PSNs to 
more depolarizing values, increasing PAD amplitude 
and generating DRRs. These DRRs cause hyperalgesia 
and neurogenic inflammation, both of which can be 
blocked with pharmacological inhibitors of NKCCs. 
The mechanisms underlying the depolarizing shift 
in  E  Cl  are not yet understood. Phosphorylation of 
NKCC1 and increase surface expression have been 
suggested as possible mechanisms mediating this 
putative enhancement of Cl  �   uptake in PSNs. 

 NKCC   is not only expressed in the cell bodies 
of primary sensory neurons located in dorsal root 
ganglia (DRG), but also in the membrane of sen-
sory myelinated axons, and in various parts of the 
Schwann cells. Its distinctive presence and distribu-
tion in the paranodal region of Schwann cells suggest 
that it could also be involved in K  �   uptake from the 
periaxonal space, particularly at the paranodal region 
of myelinated axons, which is a zone prone to extra-
cellular K  �   accumulation. The second part of this 
chapter discusses the possible involvement of NKCC 
in regulating the extracellular ionic environment and 
the excitability of myelinated axons. 

    A .      The Discovery of Presynaptic Inhibition: 
A Kuhnian Paradigm Shift in Concepts and Ideas 
about the Structure and Function of Synapses 

 In   a plenary lecture given at a workshop on 
 ‘  ‘ Integrative Physiology ’  ’  held in Montpellier in 
2004 on the occasion of the retirement of his dis-
ciple Denis Noble, physiologist Otto Hutter (1924 – ) 
gave an insightful account of the development of 
the ideas underlying chemical synaptic transmis-
sion, which began to emerge just over a century ago 
( Hutter, 2006 ). Hutter vividly remembered attending 
the series of lectures on  ‘  ‘ Chemical Transmission in 
the Nervous System ’  ’  that Nobel Laureate Sir Henry 
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Dale (1875 – 1968) gave between 1943 and 1946, at the 
Royal Institution. Dale was a very influential figure 
of his time; he shaped the concept of what later was 
called the  ‘  ‘ Dale’s Principle ’  ’ , based on the notion that 
a neuron is a metabolic unit and operates at all its syn-
apses by the same chemical transmission mechanism. 
The concept was later modified by stating that a neu-
ron releases one and the same transmitter from all its 
branches ( Hokfelt, 2009 ). 

    ‘  ‘ In retrospect ’  ’ , Hutter said,  ‘  ‘ Dale’s message was a 
seductively simple one. In the peripheral nervous sys-
tem, nerve-endings were either cholinergic or adren-
ergic. Receptors were postsynaptic, as John  Langley 
(1907)  had shown ( Langley, 1907 ). Autonomic gan-
glia were relay stations, the rate of transmitter release 
being set centrally. Regarding the central nervous 
system, Dale pointed to the axon reflex. And he sug-
gested that if only the vasodilator substance released 
by sensory nerve endings in the skin could be identi-
fied, it would prove to be also the transmitter at the 
central terminals of the sensory nerve ( Dale, 1935 ). 
Dale based this suggestion on the metabolic unity of 
the neurone, and it became known as Dale’s Principle 
( Eccles, 1957 ). ’  ’  

 In   essence, the tenets of neurobiology during 
the first six decades of the 20th century can be sum-
marized as follows. (1) A neuron released the same 
transmitter from all its branches. (2) Neurotransmitter 
receptors were postsynaptic. (3) Axo-axonic synapses 
were not part of the list of interneuronal contacts that 
Ram ó n y Cajal (1852 – 1934) accepted in his posthu-
mously published monograph  ‘  ‘ Neuron Theory or 
Reticular Theory? ’  ’  ( Ram ó n y Cajal, 1954 ). (4) Synaptic 
inhibition in the vertebrate nervous system was only 
postsynaptic and hyperpolarizing ( Coombs et al., 1955 ) 
(see also Chapter 5). (5) Cl  �   was passively distributed 
across the plasma membrane of neurons, depolariza-
tions were mediated by cation inward currents, and 
hyperpolarizations by K  �   outward currents. 

 But  , as Hutter pointed out, the world was chang-
ing.  ‘  ‘   ‘ Modernism ’  was being challenged by  ‘ post-
modernism ’ , a reaction against principles and prac-
tices of established modernism. The key features of 
modernism  –   ‘ a search of order out of chaos, for sys-
tem, for structure, for coherence, for predictability, for 
universally applicable grand narratives ’   –  were being 
replaced with those of the post-modern era in which 
we now supposedly live  –   ‘ pluralism, fragmentation, 
ambivalence, unpredictability ’ . In post-modernism 
the emphasis is on the local, not the universal, on end-
less variety: dogmas and grand narratives are fodder 
for deconstruction, everything goes! Now curiously 
enough  –  and without any obvious causal connection 
to the sociological scene  –  the physiological scene, it 

seems to me, also underwent a post-modernist trans-
formation, starting in the 1960s. ’  ’  

 Hutter   thinks that one can identify the advent of 
the new epoch in our conception of the structure and 
function of the nervous system in the discovery of 
presynaptic inhibition in the vertebrate spinal cord. 
Presynaptic inhibition was discovered by Karl Frank 
(1916 – 1993) and Michelangelo Fuortes (1917 – 1977) 
working at the National Institute of Neurological 
Diseases and Blindnes, at NIH in Bethesda, MD. Their 
findings were presented at the 78th annual meeting 
of the American Physiological Society in Chicago on 
April 18, 1957, and were published as an abstract in 
the Federation Proceedings ( Frank and Fuortes, 1957 ). 
This may be one of the most cited abstracts in the neu-
roscience literature. The phenomenon they described 
was confirmed, and its functional significance was 
considerably expanded by Sir John Eccles (1903 – 1997) 
and his collaborators. Starting in the early 1960s, they 
produced a series of epoch-making papers that laid 
out our current concepts on this phenomenon (       Eccles 
et al., 1961, 1962 ). 

 The   way in which the facts developed supports 
Hutter’s points of view; Langley’s receptor concept 
had to be modified and extended to  ‘  ‘ presynaptic 
receptors ’  ’  ( Draguhn et al., 2008 ;  Kullmann et al., 
2005 ;  Levy, 1977 ;  Trigo et al., 2008 ). The finding of syn-
apses upon axon terminals of primary afferents, that 
is, axo-axonic synapses, challenged Cajal’s accepted 
views (       Gray, 1962, 1963 ). GABA, the inhibitory trans-
mitter that hyperpolarized neurons, now depolar-
ized primary afferent terminals ( Alvarez-Leefmans, 
1990 ;  Levy, 1977 ;  Nicoll and Alger, 1979 ;  Rudomin and 
Schmidt, 1999 ;  Willis, 2006 ). Since GABA depolariza-
tions were mediated by Cl  �   this implied that [Cl  �  ] i  
in primary afferents was higher than electrochemical 
equilibrium ( De Groat et al., 1972 ;  Nishi et al., 1974 ), 
in sharp contrast to the prevailing notion that Cl  �   
was passively distributed (see Chapter 5  ‘  ‘ passive 
distribution dogma ’  ’ ). This non-passive distribution 
of Cl  �   implied the existence of a  ‘  ‘ Cl  �   pump ’  ’  (dis-
cussed in Chapter 5), as first suggested in the case 
of vertebrate primary afferent neurons by Nishi and 
coworkers ( Gallagher et al., 1978 ;  Nishi et al., 1974 ). 
Later work done in our lab directly measuring [Cl  �  ] i  
and  E  m  was the first to demonstrate that intracellular 
Cl  �   was higher than electrochemical equilibrium, and 
that this non-equilibrium distribution was generated 
and maintained not by an ATP-driven pump, but by 
a bumetanide-sensitive Na  �  -K  �  -2Cl  �   cotransporter 
( Alvarez-Leefmans et al., 1988 ). This set the functional 
basis for Eccles ’  proposal that PAD  causes  presynap-
tic inhibition ( Eccles, 1964 ). The precise mechanism 
by which PAD reduces transmitter release is still not 
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clear and, as discussed below, this field is currently in 
a state of effervescence. It is likely that there is more 
than one mechanism of Cl  �   accumulation. Further, up 
to now there is only indirect evidence that the mech-
anisms that operate in the cell body are the same as 
those operating at the terminals. The way in which 
this history has unfolded is the subject of two excel-
lent reviews ( Burke, 2006 ;  Willis, 2006 ).  

    B .      Axo-axonic Synapses and the Enigma 
of PAD Interneurons 

 To   account for presynaptic inhibition, Eccles postu-
lated the existence of presynaptic contacts on synaptic 
terminals, that is, axo-axonic synapses ( Eccles, 1961 ). 
At the time Eccles first proposed them, there was no 
evidence for the postulated axo-axonal contacts, but 
he was undeterred by this fact. The story goes that in 
a seminar at Oxford University in 1961, Eccles confi-
dently predicted that axo-axonic synapses would soon 
be found  ‘  ‘ because the anatomists are good boys and 
always find what they are told to look for ’  ’  ( Cowan 
and Kandel, 2001 ). The discovery of synapses upon 
axon terminals in the spinal cord by the cytologist 
George Gray (1924 – 1999), using electron microscopy 
(EM) provided the necessary morphological substrate 
for presynaptic inhibition ( Gray, 1962 ). 

 Before   the electron microscope era, the existence of 
axo-axonic synapses in the vertebrate spinal cord was 
first postulated by the Italian neuroanatomist Nello 
Beccari (1883 – 1957), in the case of the Mauthner’s 
cell fiber collaterals of teleosts ( Beccari, 1920 ). These 
axo-axonic contacts were later confirmed by Bodian, 
also using light microscopy (       Bodian, 1952, 1972 ). 
Cajal knew about Beccari’s finding from reading the 
well-known histology book written by Giuseppe 
Levi (1872 – 1965) and published in 1927 ( Levi, 1927 ). 
However, when it came to comment on this issue in 
his final work ( Ram ó n y Cajal, 1954 ), Cajal very cau-
tiously stated  ‘  ‘ I have not been able to verify  dendro-
dendritic  and  axo-axonal  connections as described by 
Levi in fish …  ’  ’   ‘  ‘ I do not deny their possibility; I only 
declare that in thirty five years of patient work with 
impregnation methods I have not been convinced of 
their existence. Nevertheless, I believe that the case 
probably is due to deceiving appearances to which the 
best investigators are at times victims ”  ( Fig. 22.1   ). 

 The   existence of axo-axonal synapses on primary 
afferents in the spinal cord is now well documented 
( Fyffe and Light, 1984 ;  Pierce and Mendell, 1993 ). 
Axo-axonal synapses have been found between pre-
synaptic axon terminals coming from GABAergic 
interneurons, and terminals of group Ia muscle spindle 

afferents ( Fig. 22.2   ), group Ib afferents from Golgi 
tendon organs, group II muscle spindle afferents and 
cutaneous afferents (for extensive and critical reviews 
see  Alvarez, 1998 ;  Rudomin and Schmidt, 1999 ;  Willis, 
2006 ). There is a great deal of electrophysiological 
and pharmacological evidence supporting the exis-
tence of these GABAergic interneurons ( Rudomin, 
2009 ). However, despite strenuous efforts, their mor-
phological identity has not been ascertained. The 
axon terminals of these GABAergic interneurons are 
known as P boutons. There is abundant evidence that 
PAD is produced by GABA released from the P bou-
tons ( Rudomin and Schmidt, 1999 ). More recently, 
using a combined approach of immunocytochemis-
try with confocal immunofluorescence and EM, its 
has been possible to demonstrate that P boutons can 
be distinguished from other GABAergic terminals in 
the ventral horn of rat and mice spinal cord by their 
high levels GAD65, one of the isoforms of glutamic 
acid decarboxylase (GAD), the enzyme that synthe-
sizes GABA. By carrying out retrograde labeling from 
lamina IX in mice that express green fluorescent pro-
tein under the control of the GAD65 promoter, it has 
been possible to demonstrate that the cells of origin of 
the P boutons are located in the medial part of lam-
inae V and VI. Further, it was shown that identified 
Ia afferent fibers labeled by ionophoretic injection of 
neurobiotin received contacts from GAD65 terminals 
( Hughes et al., 2005 ). Altogether these data constitute 
compelling evidence supporting the notion that P bou-
tons represent the major output of these GABAergic 
interneurons within the ventral horn, which is con-
sistent with the view that presynaptic inhibition of 
proprioceptive afferents is mediated by specific popu-
lations of GABAergic interneurons. These results are 
in full agreement with earlier observations showing 
that PAD of proprioceptive terminals can be elicited 
using local intraspinal electrical microestimulation of 
laminae V and VI ( Jankowska et al., 1981 ). 

 Although   there is abundant evidence for PAD 
and presynaptic inhibition via GABAergic axo-axonic 
synapses in primary afferent fibers that innervate 
muscle stretch receptors or cutaneous mechanorecep-
tors, it has been more difficult to demonstrate a simi-
lar mechanism in unmyelinated C fibers and in the 
small thinly myelinated A δ  fibers that carry nocicep-
tive information. Nevertheless, PAD of fine afferents, 
including C fibers, has been obtained by excitability 
testing, by recording DRRs from populations of A δ  
fibers and from individual A δ  and C fibers (for refer-
ences see  Willis, 2006 ). Further, GABA depolarizes 
the cell bodies of DRG neurons belonging to A δ  and 
C fibers ( Desarmenien et al., 1984 ;  Labrakakis et al., 
2003 ). In sum, PAD results from a GABA-mediated 
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 FIGURE 22.1          First histological claims for axo-axonic synapses in vertebrate spinal cord.  Left panel : drawings from  Beccari (1920) , repro-
duced in Levi (1927), showing axo-axonic contacts (c) between the axon (n) of some spinal motoneurons (cr) and the collaterals of the Mauthner 
cell axon (M) in salmon larvae ( Salmo iredeus ).  Upper right panel : fragment of a piece of paper with handwriting by Cajal (ca. 1933), where he 
made a note of the reference to Levi’s book on histology, “Giuseppe Levi: Trattato di Istologia, Torino 1927,” and below wrote that Beccari 
talked about axo-axonic contacts between some spinal neurons in fishes... (“Beccari habla de conexion axo-axonica. En peces algunas motrices 
ademas de conexionarse con otras neuronas con plexos pericelulares...”). Cajal wrote this note when he was preparing his book  Neuron Theory 
or Reticular Theory? , first published in Spanish in 1933. The original of this note is kept at the Cajal Museum in Madrid. (Reproduced with per-
mission from Herederos de Santiago Ram ó n y Cajal.)  Bottom left panel : title page from Levi’s book from which Cajal obtained the information 
about the presumed axo-axonic contacts.  Bottom right panel : Ram ó n y Cajal as he appeared printed on the  ‘  ‘ 50 pesetas ’  ’  notes that circulated 
in Spain in 1935 during the Spanish Republic, one year after his death (courtesy of Mar í a  Á ngeles Ram ó n y Cajal).     
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 FIGURE 22.2           ‘  ‘ P ’  ’  boutons in mammalian spinal cord.  Left : Association of GABAergic terminals from interneurons located in deep medial 
dorsal horn (laminae V – VI), with a neurobiotin-injected Ia afferent fiber in rat spinal cord. The main image is a projection of confocal scans 
through part of a single Ia collateral with eight varicosities in lamina IX (neurobiotin appears red). The remaining pairs of images show the 
association of GAD65 immunostaining (green) with each varicosity. All of the Ia varicosities are contacted by at least one GAD65-immunoreac-
tive bouton. The main image is a projection of 37 optical sections at 0.5        μ m z-spacing, whereas those in the insets are projected from 5, 13, 6, 5, 5 
and 9 optical sections, respectively. Calibration bar: 10        μ m. (Courtesy of Professor Andrew Todd. Reproduced with permission from  Hughes et 
al., 2005 .)  Right : Electron micrograph of an HRP-labeled Ia synaptic bouton in the lumbosacral spinal cord of the cat. The  ‘  ‘ P ’  ’ -type bouton (P) 
is presynaptic to the labeled bouton A. (Courtesy of Professor Robert Fyffe. Modified from  Fyffe and Light, 1984 .)    
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conductance increase to Cl  �   in or near the central ter-
minals of PSNs. GABA is released from spinal inter-
neurons, often called  ‘  ‘ PAD interneurons ’  ’  that make 
axo-axonic or dendro-axonic synapses with the central 
terminals of primary afferents ( Hughes et al., 2005 ; 
 Rudomin and Schmidt, 1999 ;  Willis, 2006 ).   

    II .      THE CELLULAR AND MOLECULAR 
BASIS OF PRESYNAPTIC INHIBITION 

AND PAD 

    A .      Adult Primary Sensory Neurons are 
Depolarized by GABA over their Entire 
Surface Membrane due to an Outward 
Cl  �   Gradient 

 The   realization that GABA acting via GABA A  
receptors coupled to anion channels depolarizes some 
neurons and hyperpolarizes others has challenged 
the classic view that considered this amino acid to 
be a purely inhibitory neurotransmitter ( Bowery and 
Smart, 2006 ;  Owens and Kriegstein, 2002 ). Further,  the 
GABA-induced depolarizations can be excitatory or inhibi-
tory.  GABA depolarizes and excites CNS neurons 
during embryonic and early postnatal development 
( Owens and Kriegstein, 2002 ). Such depolarizations 
are thought to be crucial for developmental processes 
like neurogenesis, neuronal migration, neurite out-
growth, synapse formation and maintenance of early 
network activity ( Ben-Ari et al., 2007 ;  Owens and 
Kriegstein, 2002 ;  Represa and Ben-Ari, 2005 ;  Wang and 
Kriegstein, 2009 ). As development proceeds GABA 
becomes hyperpolarizing and inhibitory in mature 
central neurons. Both depolarizing and hyperpolar-
izing GABA responses are generated by Cl  �   currents 
through anion channels coupled to GABA A -recep-
tors. The polarity and magnitude of these currents are 
determined primarily by [Cl  �  ] i  which is maintained 
either above or below electrochemical equilibrium by 
Cl  �   transporters expressed in the neuronal plasma 
membrane (       Alvarez-Leefmans, 1990, 2001 ;  Blaesse 
et al., 2009 ;  Payne et al., 2003 ). 

 The   hyperpolarizing shift in the reversal potential 
of GABA A  currents ( E  GABA ) during postnatal devel-
opment is due to a relatively abrupt downward shift 
in [Cl  �  ] i , as demonstrated by direct [Cl  �  ] i  measure-
ments in cortical and retinal neurons at different post-
natal ages ( Berglund et al., 2006 ;  Zhang et al., 2006b ). 
Because of the abruptness of this remarkable phe-
nomenon, it is often referred to as  ‘  ‘ the developmen-
tal Cl  �   switch ’  ’ . This developmental polarity change 
in GABAergic transmission in cortical neurons is 

correlated with changes in the temporal and spatial 
expression of Cl  �   transporters that actively accumu-
late or extrude Cl  �   ( Ben-Ari et al., 2007 ;  Kakazu et al., 
1999 ;  Owens and Kriegstein, 2002 ;  Stein et al., 2004 ; 
 Yamada et al., 2004 ;  Zhu et al., 2005 ). 

 Immature   neurons predominantly express iso-
form 1 of the Na  �  -K  �  -2Cl  �   cotransporter (NKCC1), 
a transport protein that mediates active Cl  �   uptake 
across the membrane, maintaining the [Cl  �  ] i  above 
electrochemical equilibrium ( Achilles et al., 2007 ). 
There is evidence that some immature neurons also 
express a Na  �  -independent anion exchanger that 
can also actively accumulate Cl  �   ( Becker et al., 2003 ; 
 Gonzalez-Islas et al., 2009 ). The current paradigm 
holds that with the appearance of KCC2 at later devel-
opment stages ( � P7 – P10), [Cl  �  ] i  is lowered. KCC2 is 
one of the four isoforms of the K  �  -Cl  �   cotransporter 
proteins that actively extrude Cl  �   (see Chapter 17). 
KCC2 maintains the equilibrium potential for Cl  �   
( E  Cl ) at values more negative than the transmembrane 
potential ( E  m ), generating an  inward  Cl  �   gradient 
that makes possible hyperpolarizing inhibition by 
GABA or glycine in the CNS, as discussed in detail in 
Chapter 17 in this volume. 

  Primary   sensory neurons are a notable exception to the 
above scheme; unlike CNS neurons they are depolarized by 
GABA throughout adulthood  ( Alvarez-Leefmans et al., 
1998 ;  Davidoff and Hackman, 1985 ;  Levy, 1977 ). As in 
immature cortical neurons, GABA depolarizations in 
PSNs are primarily due to Cl  �   efflux through GABA A  
receptor-channels. GABA depolarizes the cell bod-
ies ( De Groat et al., 1972 ;  Desarmenien et al., 1984 ; 
 Gallagher et al., 1978 ;  Nishi et al., 1974 ) as well as 
the peripheral ( Ault and Hildebrand, 1994 ;  Bhisitkul 
et al., 1987 ;  Carlton et al., 1999 ) and central processes 
of PSNs ( Curtis and Lodge, 1982 ;  Labrakakis et al., 
2003 ;  Rudomin and Schmidt, 1999 ;  Willis, 1999 ). 
Further, GABA depolarizes non-myelinated sensory 
axons in peripheral nerve ( Brown and Marsh, 1978 ). 
Myelinated sensory axons in dorsal roots are also 
depolarized by GABA or the GABA A  agonist musci-
mol, and the depolarization is blocked with bicucul-
line, indicating that they are mediated by GABA A  
receptors (       Bhisitkul et al., 1990, 1987 ;  Morris et al., 
1983 ). Interestingly mammalian ventral root axons 
and their intraspinal and peripheral terminals are not 
depolarized by GABA ( Bhisitkul et al., 1987 ;  Curtis 
and Gynther, 1986 ;  Smart, 1980 ). The latter indicates 
selectivity in the action of GABA and is consistent 
with the fact that adult motoneurons, whose axons 
form the ventral roots, maintain  E  Cl  at more nega-
tive values than the  E  m . This is why GABA and gly-
cine hyperpolarize spinal motoneurons ( Curtis et al., 
1968 ). The GABA hyperpolarization in motoneurons is 
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sensitive to bicuculline and thus is mediated by 
GABA A  receptors ( Krnjevic et al., 1977 ). However, 
GABA does not produce any changes in  E  m  of motor 
axons. In contrast, the GABA-induced depolariza-
tions of rat dorsal root fibers is present in neonatal 
rats but is most pronounced in adult animals ( Kocsis 
and Sakatani, 1995 ). In sum GABA depolarizes the cell 
bodies as well as the peripheral and central processes 
of primary afferent neurons via GABA A -receptor-
channels. This suggests that an outward Cl  �   gradient 
is maintained throughout the plasma membrane of 
these neurons. 

 Why   does GABA depolarize primary afferent axons, 
the gate of entry of virtually all somatic and visceral 
information, but not ventral root motor axons? One 
possibility is that motor axons do not express GABA A  
receptors. Pharmacological evidence supports this 
view. Alternatively, it could be that motor axons do 
have GABA A  receptors but Cl  �   is at equilibrium 
( E  Cl       �       E  m ) and therefore it is not possible to observe 
any changes in  E  m  (see Chapter 5). This appears to 
be unlikely, at least in the motor nerve terminals of 
frog motoneurons, since GABA does not produce any 
detectable effects on  E  m  when altering the transmem-
brane Cl  �   gradient ( Smart, 1980 ). These findings sug-
gest that there is a fundamental difference between 
primary afferents fibers, their terminals and their 

somata and those of motoneurons, with respect to 
embryological origin, intracellular ion content, phar-
macological properties and possibly also in the mecha-
nism of transmitter release ( Curtis and Gynther, 1986 ).  

    B .      Functional Significance of the Outward Cl  �   
Gradient in the Central Terminals of Primary 
Afferent Neurons: PAD and Presynaptic 
Inhibition 

 This   outward Cl  �   gradient is functionally highly 
significant, as it makes possible the GABA-mediated 
depolarization of the central terminals of primary 
afferent neurons (PAD). As we have seen, PAD of 
the central terminals of PSNs is produced by GABA 
released from P boutons at axo-axonic synapses, 
where the postsynaptic element is a terminal from a 
primary afferent fiber ( Fig. 22.3   ). It has also been pro-
posed that PAD or tonic PAD may also be produced 
via paracrine transmission where GABA would act on 
presynaptic extrajunctional receptors ( Alvarez, 1998 ; 
 Kullmann et al., 2005 ). Whatever the mechanism, 
there is evidence that  PAD is a major cause of presyn-
aptic inhibition, and not a simple epiphenomenon associ-
ated with it  ( French et al., 2006 ;  Lamotte D’Incamps 
et al., 1998 ;        Lev-Tov et al., 1983, 1988 ). GABAergic 
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 FIGURE 22.3          Schematic diagram depicting the known and hypothetical transporters and channels involved in intracellular Cl  �   regula-
tion in primary sensory neurons, and mode of generation of PAD and presynaptic inhibition. The left circle represents a DRG neuron showing 
measured values of intracellular Cl  �   concentration, [Cl  �  ] i ; membrane potential ( E  m ) and Cl  �   equilibrium potential,  E  Cl . The Na  �  /K  �   ATPase 
maintains the Na  �   and K  �   gradients across the membrane. AEs, anion exchangers; NKCCs, Na  �  -K  �  -2Cl  �   cotransporters and   KCCs, are 
K  �  -Cl  �   cotransporters 1, 3 or 4 whose contribution, if any, to intracellular Cl  �   regulation in these neurons under euvolemic conditions is not 
clear. KCC2 is not expressed in DRG neurons. X represents other yet to be identified active Cl �  uptake transporters. The right diagram encir-
cled by a dashed line represents a magnified intraspinal primary afferent terminal from which an intracellular micropipette connected to an 
oscilloscope records  E  m . PA, primary afferent; GT, GABAergic terminal from an interneuron; N, postsynaptic neuron with glutamate receptor 
channels. Note that PAD (blue trace in the oscilloscope screen) blocks the release of neurotransmitter from the PA terminal.    
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presynaptic control is a crucial mechanism in the gating 
of afferent flow of information of various sensory 
modalities including proprioception and pain 
( Cervero et al., 2003 ;  Labrakakis et al., 2003 ;  Pierrot-
Deseilligny and Burkey, 2005 ;        Willis, 2006, 1999 ). 

 The   mechanism by which PAD decreases neu-
rotransmitter release from the boutons of primary 
afferents is not clear. This is mainly because of tech-
nical limitations; it has not been possible to study the 
terminals directly either by electrophysiological or by 
optical methods. The prevailing idea, based on mod-
eling ( Cattaert et al., 2001 ;  French et al., 2006 ;  Graham 
and Redman, 1994 ;  Lamotte D’Incamps et al., 1998 ; 
 Segev, 1990 ) and studies in presynaptic terminals of 
invertebrates ( Cattaert and El Manira, 1999 ;        Cattaert 
et al., 1999, 2001 ) and vertebrates ( Lamotte D’Incamps 
et al., 1998 ;  Zhang and Jackson, 1993 ), is that GABA 
decreases or blocks action potential invasion into the 
primary afferent terminals thereby reducing or block-
ing Ca 2 �   influx into the terminals with a consequent 
decrease in the release of neurotransmitter. There 
are basically two hypotheses that are not mutually 
exclusive to explain how GABA achieves this effect 
via GABA A  presynaptic receptors coupled to anion 
channels. The first hypothesis states that the increase 
in membrane conductance to Cl  �   produced by activa-
tion of GABA A  receptors decreases the input resistance 
of the terminal arborization thereby decreasing the 
amplitude of the invading action potential by a shunt-
ing mechanism (e.g.  Cattaert and El Manira, 1999 ), as 
discussed in Chapter 5. However, computer simula-
tions with realistic parameters suggest that relatively 
large synaptic conductances are required to induce a 
significant reduction in amplitude of the action poten-
tial ( Graham and Redman, 1994 ;  Segev, 1990 ). The 
second hypothesis, which has received more support, 
holds that PAD causes a decreased in spike height 
primarily by Na  �   channel inactivation produced 
by the depolarization ( French et al., 2006 ;  Lamotte 
D’Incamps et al., 1998 ). In both hypotheses the action 
potential invading the primary afferent terminals is 
either decreased in amplitude or blocked. Further, 
as suggested by  Graham and Redman (1994) , PAD 
might also have a more direct effect on transmitter 
release by inactivating the Ca 2 �   current at the termi-
nals. The end result of all these possibilities is reduc-
tion or block of Ca 2 �   influx decreasing the amount of 
transmitter released from the primary afferent termi-
nals and consequently reducing monosynaptic trans-
mission to second order spinal neurons ( Lamotte 
D’Incamps et al., 1998 ;        Lev-Tov et al., 1983, 1988 ; 
 Pierrot-Deseilligny and Burkey, 2005 ;  Rudomin and 
Schmidt, 1999 ).  

    C .      The GABA-mediated PAD is Determined 
by the Magnitude of the Outward Cl  �   Gradient 
across the Plasma Membrane of PSNs 

 The   above-mentioned observations set the stage 
for the following hypotheses: (1) PSNs maintain  E  Cl  
at values less negative than  E  m  generating an outward 
driving force for Cl  �   which makes possible GABA A -
mediated PAD and presynaptic inhibition. Thus, PSNs 
are endowed with active Cl  �   uptake mechanisms that 
keep [Cl  �  ] i  at levels above the predicted electrochemi-
cal equilibrium; (2) since GABA application depolar-
izes all parts of PSNs, the outward Cl  �   gradient must 
be maintained throughout their entire cell surface, 
including the cell body and the peripheral and cen-
tral processes, and hence the Cl  �   uptake mechanisms 
must be expressed in the entire cell surface; (3) PAD 
amplitude and presynaptic inhibition are influenced 
by [Cl  �  ] i ; (4) regulation of Cl  �   transport mechanisms 
that maintain the Cl  �   gradient determines PAD 
amplitude and the strength of presynaptic inhibition. 
Changes in Cl  �   regulatory mechanism increase [Cl  �  ] i  
shifting  E  Cl  to more depolarized values and trans-
forming PAD into an excitatory phenomenon. When 
PAD amplitude reaches the firing threshold of the 
terminal it produces dorsal root reflexes (DRRs), pain 
and neurogenic inflammation, as discussed below; (5) 
the outward Cl  �   gradient contributes to the generator 
potential in nociceptive peripheral terminals, as dis-
cussed below. Altogether, these hypotheses and their 
implications highlight the significance of understand-
ing the mechanisms that regulate intracellular Cl  �   in 
PSNs, and in particular those that generate and main-
tain the outward Cl  �   gradient. 

  The   level of intracellular Cl  �  , and hence the magnitude 
of the outward Cl  �   gradient, is the result of a functional 
balance between Cl  �   channels and carriers present in the 
plasma membrane.  The outward Cl  �   gradient reflects 
the fact that [Cl  �  ] i  is maintained above electrochemical 
equilibrium in PSNs. Hence, the magnitude of the Cl  �   
gradient and, logically, the amplitude of PAD and the 
strength of presynaptic inhibition must be determined 
by the level of intracellular Cl  �   in PSNs, specifically 
in their intraspinal terminals. The level of intracellu-
lar Cl  �   results from a functional balance between Cl  �   
channels (passive leak pathways) and various carriers 
present in the plasma membrane of PSNs ( Fig. 22.3 ). 

 There   are various transporters that could poten-
tially accumulate Cl  �   in PSNs. From a functional per-
spective, these active Cl  �   loaders can be divided into 
two groups: those that are driven by the Na  �   gradient 
(Na  �  dependent) and those that are Na  �  independent. 
The Na  �  -driven Cl  �   cotransporters are members of the 
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SLC12A gene family of electroneutral cation-chloride-
coupled cotransporters (CCCs) that comprises the thia-
zide-sensitive Na  �  -Cl  �   cotransporter NCC (SLC12A3) 
and two isoforms of the Na  �  -K  �  -2Cl  �   cotransporters 
(NKCCs), as discussed in Chapters 11 and 16 in this 
volume. Our published and unpublished pharmaco-
logical tests show that a thiazide-sensitive NCC does 
not play a role in Cl  �   accumulation in DRG neurons 
( Rocha-Gonz á lez et al., 2008 ), and therefore it will not 
be considered further. We have shown that a Na  �  -K  �  -
2Cl  �   cotransport mechanism is expressed in primary 
sensory neurons, as will be discussed below. 

 The   Na  �        �      independent Cl  �   loaders belong to the 
SLC4A gene family ( Romero et al., 2004 ) that encodes 
for the Anion-Exchangers (AEs) 1 – 4, and to some 
members of the SLC26A family ( Mount and Romero, 
2004 ), as discussed in Chapter 4. We have evidence 
showing that some DRG neurons express an AE, as 
will be reported in a forthcoming publication. 

 Regarding   the possible contribution of a Cl  �   leak 
conductance that would impact the [Cl  �  ] i , the ubiqui-
tous ClC-2 anion channel that stabilizes  E  m  in many 
neurons is not functionally expressed in DRG cells 
( Staley et al., 1996 ). In amphibian DRG cells the rest-
ing Cl  �   conductance is negligible ( Alvarez-Leefmans, 
1990 ;  Deschenes et al., 1976 ). In spite of its impor-
tance, little is known about so-called  ‘  ‘ background ’  ’  
Cl  �   channels in PSNs ( Strupp and Grafe, 1991 ). It is 
conceivable, however, that the intraspinal terminals 
of primary sensory neurons have a relatively high 
resting Cl  �   conductance due to putative tonic sig-
naling mediated by extrasynaptic GABA A  receptors 
( Kullmann et al., 2005 ). A similar situation may occur 
in the cell bodies where GABA appears to be released 
from satellite cells ( Hayasaki et al., 2006 ). But for now, 
this is just mere speculation. GABA-gated or Ca 2 �  -
activated anion channels would be expected to tran-
siently increase the membrane permeability to Cl  �   
and may also determine the [Cl  �  ] i  in PSNs. The carri-
ers and channels that may be involved in intracellular 
Cl  �   regulation in PSNs are illustrated in  Fig. 22.3 .  

    D .      Primary Sensory Neurons are Endowed 
with a Na  �  -K  �  -2Cl  �   Cotransporter that 
Generates and Maintains the Outward Cl  �   
Gradient 

 Embryonic   and adult PSNs of various species, 
including humans, are depolarized by GABA ( Alvarez-
Leefmans, 1990 ;  Alvarez-Leefmans et al., 1998 ;  De 
Groat, 1972 ;  De Groat et al., 1972 ;  Deschenes et al., 
1976 ;  Dunlap, 1984 ;  Eccles et al., 1963 ;        Gallagher et al., 

1978, 1983 ;  Levy, 1977 ;  Nishi et al., 1974 ;  Rohrbough 
and Spitzer, 1996 ;  Sung et al., 2000 ;  Valeyev et al., 
1999 ). These GABA A -mediated depolarizations must 
be an evolutionary meaningful phenomenon for sen-
sory signaling since they are preserved from lower 
vertebrates to humans. 

 Primary   sensory neurons were the first vertebrate 
neurons in which, more than 35 years ago, GABA was 
found to have a depolarizing action ( De Groat, 1972 ; 
 De Groat et al., 1972 ;  Eccles et al., 1963 ;  Nishi et al., 
1974 ; reviewed in  Alvarez-Leefmans, 1990 ;  Levy, 1977 ; 
 Rudomin and Schmidt, 1999 ;  Willis, 2006 ). GABA 
depolarizes the central terminals of primary afferents 
not only when applied exogenously, but also through 
GABAergic axo-axonic and probably dendro-axonic 
synapses that produce PAD ( Alvarez, 1998 ;  Alvarez-
Leefmans et al., 1998 ;  Rudomin and Schmidt, 1999 ; 
 Todd and Ribeiro-da-Silva, 2005 ;  Willis and Coggeshall, 
2004 ), as discussed above. 

 Earlier   workers realized that for this depolariza-
tion to ensue, [Cl  �  ] i  in PSNs had to be higher than 
predicted for electrochemical equilibrium, and that 
maintenance of this gradient required an active Cl  �   
uptake mechanism. At that time (mid 1970s) the con-
cept of secondary active transport ( Crane, 1977 ) was 
not as widely held as that of  ‘  ‘ pumps ’  ’ , i.e. primary 
active transport mechanisms  directly  energized by ATP 
hydrolysis (see Chaper 5 in this volume). Accordingly, 
Nishi, Feltz, Gallagher and others proposed that PSNs 
were endowed with an  ‘  ‘ inward directed chloride 
pump ’  ’  ( Deschenes et al., 1976 ;        Gallagher et al., 1978, 
1983 ;  Nishi et al., 1974 ; reviewed in  Alvarez-Leefmans 
et al., 1998 ). 

 Work   originated in our laboratory on amphibian 
dorsal root ganglia first established that the depo-
larizing action of GABA is possible because [Cl  �  ] i  in 
PSNs is higher than predicted for electrochemical 
equilibrium, due to functional expression of a Na  �  -
K  �  -2Cl  �   cotransport mechanism (NKCC) that actively 
accumulates Cl  �   (       Alvarez-Leefmans et al., 1986, 
1988 ). Subsequent studies using molecular methods 
identified it as NKCC1 ( Kanaka et al., 2001 ;  Plotkin 
et al., 1997b ;  Sung et al., 2000 ). We measured [Cl  �  ] i  
and membrane potential ( E  m ) in single DRG neurons 
using double-barreled ion-selective microelectrodes, 
and determined  E  Cl  from directly measured intra- 
and extracellular Cl  �   activities.  E  Cl  was  � 33  �  1       mV, 
i.e.  � 25       mV positive to the resting  E  m  ( � 58  �  1). DRG 
cells that were depleted of intracellular Cl  �   and then 
exposed to Ringer’s solution containing physiologi-
cal [Cl  �  ] actively accumulated Cl  �   without changes in 
 E  m , i.e. the transmembrane Cl  �   fluxes were electrically 
silent (see Chapter 5 and Fig. 5.4 in this volume). The 
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net inward Cl  �   fluxes were coupled to Na  �   and K  �  , 
and were blocked by bumetanide. We concluded that 
the inward active Cl  �   transport was not a  ‘  ‘ chloride 
pump ’  ’  but an electroneutral Na  �  -K  �  -2Cl  �   cotrans-
porter mechanism similar to that described a few 
years earlier in tumor cell lines ( Geck and Heinz, 1986 ; 
 Geck et al., 1980 ) and in squid axons (       Russell, 1983, 
2000 ). We also showed that both net Cl  �   influx and 
efflux were mediated by NKCC consistent with the 
characteristic reversibility of active transport, i.e. the 
transporter can work in forward and backward modes 
and the net direction of cotransport is determined 
by the sum of the chemical potential gradients of the 
transported ions ( Lytle et al., 1998 ;  Russell, 2000 ). 

 The   expression of NKCC protein by Western blot 
analyses and immunocytochemistry was confirmed 
in DRG cells of frog, cat, rat and mouse ( Alvarez-
Leefmans et al., 2001 ;  Plotkin et al., 1997a ;  Sung et al., 
2000 ), and was identified as NKCC1 in both mouse 
( Sung et al., 2000 ) and rat ( Plotkin et al., 1997a ). Another 
important advance supporting a critical role of NKCC1 
in maintaining [Cl  �  ] i  above electrochemical equilib-
rium in PSNs were the studies in DRG neurons isolated 
from NKCC1 knockout mice ( Sung et al., 2000 ).  E  GABA  
measured with gramicidin-perforated patches was 
more negative in DRG cells from NKCC1  � / �   than in 
those from wild type, suggesting that NKCC1  � / �   cells 
do not actively accumulate Cl  �  . Altogether these stud-
ies confirmed that NKCC1 is a transporter responsible 
for active accumulation of Cl  �   in PSNs. 

 However  , it is not known if NKCC1 is the only 
transport mechanism that determines [Cl  �  ] i  in these 
cells. Functional studies of Cl  �   regulation by direct 
measurement of changes in [Cl  �  ] i  in rat DRG neu-
rons confirmed that [Cl  �  ] i  is maintained above elec-
trochemical equilibrium in these mammalian cells. 
However, only 65% of the Na  �  -dependent active 
Cl  �   uptake was inhibited by bumetanide, suggest-
ing that DRG neurons are also endowed with Na  �  -
dependent Cl  �   transport mechanisms other than 
NKCC1 (denoted as transporter  ‘  ‘ X ’  ’  in Figs 22.3, 
22.6 and 22.10). In the same study ( Rocha-Gonz á lez 
et al., 2008 ) we ruled out that one of the additional 
mechanisms was a thiazide-sensitive NCC ( Gamba, 
2005 ); neither chlorothiazide (0.1 – 1       mM) nor metola-
zone (10        μ M) affected the Na  �  -dependent Cl  �   uptake. 
However, pharmacological sensitivity of transport 
molecules to so-called specific blockers varies widely. 
In this context it is worth remembering the case 
of the ouabain-sensitivity of the Na  �  /K  �   ATPase. 
The rodent  α 1 isoform is  1,000-fold  less sensitive 
to glycoside inhibition than other isoforms. Based 
on this glycoside sensitivity it would have been 
wrongly concluded that the Na  �  /K  �   ATPase does 

not exist in rodents! It is the presence of the charged 
residues, R111 and D122, in the rat  α  isoform that 
accounts for the decreased ouabain sensitivity 
observed for the rat ( Price and Lingrel, 1988 ). Most 
species have uncharged residues in this position 
(e.g. sheep  α 1 has Q111 and N122), and these species 
are sensitive to cardiac glycosides. Considering that 
the current state of our knowledge of transporters 
of the SLC12A family lags about 20 years behind the 
studies of the Na  �  /K  �   ATPase, it would not be sur-
prising if we find proteins of the SLC12A family with 
mutations that make them more or less sensitive to 
thiazides for the case of NCC, or to bumetanide for 
the case of NKCCs.  

    E .      Intracellular [Cl  �  ] is Maintained above 
Electrochemical Equilibrium in Most DRG 
Neurons Irrespective of their Phenotype 

 Primary   sensory neurons (PSNs) exhibit great phe-
notypic diversity (e.g. size, type of ion channels, phys-
iological features such as electrical properties and 
sensory modality, enzymes and peptides content, sur-
face molecules, etc.). This diversity reflects their func-
tional specialization as conduits for various sensory 
modalities (e.g. temperature, proprioception, pain); 
there is a tight correlation between a primary sensory 
neuron’s phenotype and the sensory receptor it inner-
vates ( Lawson, 2005 ;  Willis and Coggeshall, 2004 ). 
The cell bodies of PSNs are located in dorsal root gan-
glia (DRGs) and in cranial root ganglia. DRG neurons 
may be nociceptive or non-nociceptive; may have 
unmyelinated (C) fibers or myelinated (A) fibers; and 
may respond to mechanical, thermal and/or chemical 
stimuli. 

 Physiological   studies have shown that nociceptive 
DRG cells are associated with unmyelinated C fibers 
and small, thinly myelinated A δ  fibers. The majority 
of C fibers (over 90% in human cutaneous nerves) are 
called polymodal nociceptors because they respond to 
more than one sensory modality, that is, they respond 
to noxious mechanical, thermal or chemical stimuli. 
Many A δ  fibers respond to intense mechanical stimuli, 
or are mechanothermal (heat-sensitive) nociceptors, 
while the remainder are associated with low thresh-
old mechanoreceptors or cold receptors. The larger 
myelinated fibers A α / β  (Groups I and II) innervate 
non-nociceptive, low-threshold mechanoreceptors 
( Julius and Basbaum, 2001 ). 

 When   classified by their size (soma cross-sectional 
area, CSA) DRG neurons yield bimodal distribu-
tions representing two overlapping populations of 
cells ( Lawson, 2005 ): small and large. Nociceptive 
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neurons fall within the small size population. Small 
size DRG neurons can be divided into two subpopu-
lations that have been designated as  ‘  ‘ peptidergic ’  ’  
and  ‘  ‘ non-peptidergic ’  ’  ( Julius and Basbaum, 2001 ; 
 Kashiba et al., 2001 ;  Snider and McMahon, 1998 ). The 
peptidergic group constitutively express neuropep-
tides such as calcitonin gene-related peptide (CGRP) 
and substance P, and do not bind isolectin-B4 (IB4). In 
contrast, the non-peptidergic subpopulation do not 
express neuropeptides or do so at low levels, and is 
characteristically labeled with IB4 ( Alvarez and 
Fyffe, 2000 ;  Silverman and Kruger, 1990 ;  Snider and 
McMahon, 1998 ). IB4 positive (IB4  �  ) primary affer-
ents project to inner lamina II (LIIi) of the dorsal horn, 
whereas peptidergic, IB4 negative (IB4  �  ) afferents 
project to lamina I and outer lamina II (LIIo) of the 
dorsal horn ( Silverman and Kruger, 1990 ). These dif-
ferences between the IB4  �   and IB4  �   nociceptive affer-
ents suggest that they play somewhat different roles 
in neurogenic inflammation and the dorsal horn cir-
cuitry underlying PAD, as discussed below. 

 Lawson   has further classified the DRG cells into 
three groups according to their CSA, functional prop-
erties (sensory properties and conduction velocity), 
IB4 binding ( Fang et al., 2005 ) and immunoreactivity 
to a number of biochemical markers ( Lawson, 2005 ). 
In brief, neurons are divided into small (CSA up to 
400        μ m 2 ); medium ( � 400        μ m 2  and up to 800        μ m 2 ) and 
large ( � 800        μ m 2 ). Although the boundaries between 
each group overlap ( � 100        μ m 2 ) this is a convenient 
classification that parallels the classification derived 
from physiological studies. One of the main conclu-
sions from Lawson’s group ( Fang et al., 2006 ) is that 
all strongly IB4  �   cells are C-nociceptive DRG neurons 
having CSA of up to 400        μ m 2 ; although they spread 
to  � 600        μ m 2 , the size range of A δ  nociceptors. In fact, 
another study provided evidence that IB4  �   neurons 
are mostly C-nociceptive but some innervate high 
threshold A δ  nociceptors ( Gerke and Plenderleith, 
2001 ). Thus, IB4  �   cells are non-peptidergic C- and 
A δ -nociceptive neurons. IB4 �  small and medi um size 
are peptidergic nociceptors whereas large (mostly 
 � 800        μ m 2 ) IB4 �  cells innervate low threshold cutane-
ous mechanoreceptors, Golgi tendon organs and mus-
cle spindles. 

 We   have used fluorescence imaging microscopy to 
measure [Cl  �  ] i  and cell water volume (CWV) in real 
time, in neurons dissociated from rat DRG cells (P0 –
 P21). [Cl  �  ] i  and CWV were measured with the fluo-
rescent indicators MQAE ( Kaneko et al., 2001 ;  Koncz 
and Daugirdas, 1994 ;  Maglova et al., 1998 ) and calcein 
( Alvarez-Leefmans et al., 1995 ;  Crowe et al., 1995 ), 
respectively ( Fig. 22.4   ). We found that irrespective of 
their size, postnatal age or IB4 binding capacity, [Cl  �  ] i  

in DRG neurons is maintained above electrochemical 
equilibrium primarily through an NKCC mechanism. 
Basal [Cl  �  ] i  was 44.2  �  1.2       mM (mean  �  SE; SD 9.9       mM, 
 n       �      75 neurons) and  E  Cl  was  � 27.0 � 0.7       mV (SD 6       mV). 
This [Cl  �  ] i  is three to four times higher than predicted 
for a passive distribution which for cells having an  E  m  
between  � 60 and  � 55       mV ( Hong et al., 2004 ;  Petruska 
et al., 2000 ;  Yu and Kocsis, 2005 ;  Zheng et al., 2007 ) 
would have been  � 11.9 and  � 14.5       mM, respectively, 
as calculated from the equation: [Cl  �  ] i   eq        �      [Cl  �  ] o  
exp( E  m  F / RT ), where [Cl  �  ] i   eq   is the [Cl  �  ] i  at electro-
chemical equilibrium, [Cl  �  ] o  is the extracellular [Cl  �  ] 
(123       mM), and  E  m ,  R ,  T , and  F  have their usual mean-
ing (see Chapter 5). Hence, in rat DRG neurons,  E  Cl  
was 28 to 33       mV positive to  E  m , in agreement with 
the values found in amphibian neurons ( Alvarez-
Leefmans et al., 1988 ). 

 We   studied the effect of changes in [Cl  �  ] o  on [Cl  �  ] i  
and CWV. On isosmotic removal of external Cl  �   
(replaced with gluconate), cells lost Cl  �   and shrank. 
On returning to control solution, cells reaccumu-
lated Cl  �   and recovered CWV. Cl  �   reaccumulation 
and CWV recovery in Cl  �  -depleted cells was stud-
ied by restoring control [Cl  �  ] o  first in the absence of 
external Na  �   (by isosmotic replacement of Na  �   with 
glucamine) for 15 to 30       min, followed by the control 
isosmotic solution (containing physiological [Na  �  ] o  
and [Cl  �  ] o ). We found that Cl  �   reaccumulation had 
two components: Na  �  -dependent (SDC) and Na  �  -
independent (SIC), as shown in Fig. 22.4A. The SIC 
stabilized at [Cl  �  ] i       �      13.2  �  1.2       mM ( n       �      27), and 
remained stable throughout the duration of exposure 
to the Na  �  -free (0Na  �  ) solution. The [Cl  �  ] i  at which 
the SIC stabilized corresponds to an  E  Cl  of 60.5  �  3       mV, 
which is close to or equal to  E  m , suggesting that it was 
mediated through a passive Cl  �   leak conductance 
(i.e. a channel). In contrast, the SDC was due to  active  
Cl  �   uptake. Bumetanide blocked 65% of the SDC 
(IC 50       �      5.7        μ M) suggesting that most of the active Cl  �   
influx was mediated by NKCC ( Russell, 2000 ). CWV 
recovery had also SIC and SDC. However, the SIC was 
negligible or absent and virtually all CWV recovery 
occurred through Na  �  -dependent bumetanide-sensi-
tive mechanisms ( Fig. 22.4 ). 

 Rat   DRG neurons of different soma area and IB4 
binding capacity have the same features described 
in our previous study ( Rocha-Gonz á lez et al., 2008 ), 
namely [Cl  �  ] i  is above electrochemical equilibrium 
irrespective of phenotype and Cl  �   accumulation has 
SDC and SIC ( Fig. 22.5   ). The fact that [Cl  �  ] i  is above 
equilibrium in virtually  all  DRG neurons is in agree-
ment with the results reported by the Frings ’  lab 
( Gilbert et al., 2007 ), and with the immunolabeling 
data. Our values for [Cl  �  ] i  are, in general, slightly 
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 FIGURE 22.5          Intracellular [Cl  �  ] i  in acutely dissociated DRG neurons of identified phenotype. Cells were loaded with MQAE.  A      �      C.  
Indicated on top of each trace are: IB4-labeling capacity ( �  or  � ), the number in  μ m 2  is the cross-sectional area for each cell and  E  Cl  the Cl  �   
equilibrium potential. SDC and SIC are the sodium-dependent and -independent components of Cl  �   accumulation. The nomenclature for 
solution’s composition is the same as in Fig. 22.4. Cells were maintained in CO 2 /HCO 3   �   buffered solutions during the times indicated.  D.  Left, 
differential interference contrast (DIC) image of the cells. Arrowheads indicate the cells from which the recordings in A      �      C were obtained. The 
small colored circles on each cell are the digital pinhole areas from which MQAE fluorescence was measured. The cell number is indicated on 
the left of each circle. Right, shows IB4 fluorescent labeling (FITC) of the cells in the left panel. Only cell 6 (yellow pinhole) was IB4 � . The com-
position of the ISO solution was (in mM): 125 Na  �  , 108 Cl  �   , 24.8 HCO 3   �   , 5% CO 2 , 3 K  �  , 1 Ca 2 �  , 1.25 Mg 2 �  . In the 0Cl �  solution, external Cl �  
was isosmotically replaced with gluconate. In the 0Na �  solution external Na �  was isosmotically replaced with the chloride salt of N-methyl-d-
glucamonium. (Unpublished data from Mao and Alvarez-Leefmans.)    
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lower than those reported by them, most likely due to 
methodological differences in calibration procedure. 
Nevertheless, the basic findings are essentially the 
same. Our results are also in agreement with the only 
systematic functional study that has looked at differ-
ences in [Cl  �  ] i  (deduced from  E  GABA ) between PSNs 
of different phenotype ( Desarmenien et al., 1984 ). This 
study was done in intact DRG from rats, using single-
electrode voltage-clamp measurements of  E  GABA  in 
A δ , A β  and C DRG neurons identified on the basis of 
their diameter and conduction velocity. Although all 
DRG cells were depolarized by GABA,  E  GABA  varied 
considerably between cells. Whether this variability 
in  E  GABA  reflects different [Cl  �  ] i  and/or Cl  �   regula-
tory mechanisms between cells of different phenotype 
or differences in GABA A -receptor-channel biophysical 
and molecular properties is not known. Direct mea-
surement of [Cl  �  ] i  in cells with identified phenotype 
( Gilbert et al., 2007 ;  Rocha-Gonz á lez et al., 2008 ) has 
revealed variability in [Cl  �  ] i  in agreement with the 
early inferential measurements of Desarmenien and 
collaborators (1984).  

    F .      NKCC1 Protein is Expressed in Virtually all 
DRG Cells Irrespective of their Size 

 Work   done by us ( Alvarez-Leefmans et al., 2001 ) 
and by others ( Plotkin et al., 1997a ;  Sung et al., 2000 ) 
using immunohistochemistry and Western blot anal-
yses ( Plotkin et al., 1997a ), knockout models ( Sung 
et al., 2000 ), PCR ( Galan and Cervero, 2005 ;  Price 
et al., 2006 ) and  in situ  hybridization ( Kanaka et al., 
2001 ;  Toyoda et al., 2005 ) confirmed the presence 
of NKCC in mammalian DRG and identified it as 
NKCC1. However, as discussed above, PSNs exhibit 
great phenotypic diversity reflecting their functional 
specialization in signal transmission of various sen-
sory modalities. The question arises as to whether 
NKCC1 is expressed in  all  DRG cells or is confined to 
specialized neuronal subtypes. Previous work ( Plotkin 
et al., 1997a ;  Sung et al., 2000 ) showed that the NKCC1 
protein is present in  all  DRG cells irrespective of their 
size. Our study was in agreement with this conclusion. 
However, the monoclonal antibody we used (T4) is 
not isoform specific ( Lytle et al., 1995 ). We were aware 
of this shortcoming as stated in our paper ( Alvarez-
Leefmans et al., 2001 ), and this is why we referred to 
T4 immunoreactivity as NKCC and not NKCC1. We 
have re-examined the expression pattern of NKCC1 in 
rat and mouse DRG cells using confocal immunofluo-
rescence and an isoform-specific antibody. Rat and 
mouse DRGs probed with a well-characterized affinity-
purified anti-NKCC1 polyclonal antibody ( Plotkin 

et al., 1997a ) raised against amino acids 938 – 1011 of 
the carboxy terminus of NKCC1 ( Kaplan et al., 1996 ) 
revealed widespread NKCC1 immunoreactivity in 
virtually  all  sensory neurons in a given ganglion. We 
have confirmed the specificity of the affinity purified 
NKCC1 antibody by using the most stringent con-
trol, i.e. the lack of immunoreactivity in DRG from 
NKCC1  � / �   mouse as compared to wild-type ani-
mals. Double immunolabeling of NKCC1 and NeuN 
(an antibody used as a pan-neuronal marker) con-
firmed that  all  DRG neurons express NKCC1, an 
observation that is consistent with the overwhelming 
evidence that: (i) GABA depolarizes all PSNs; (ii) vir-
tually all neurons dissociated from rat DRG cells have 
higher than equilibrium [Cl  �  ] i  irrespective of their 
size, postnatal age or IB4-labeling capacity and (iii) 
the mechanism of Cl  �   accumulation has ion require-
ment and pharmacology consistent with NKCC. The 
results from this study will appear in a forthcoming 
publication from our lab. 

 In   spite of the overwhelming evidence showing 
that NKCC1 protein is expressed in all DRG neurons, 
a recent study has challenged this view by claim-
ing that NKCC1 mRNA is detectable only in  ‘  ‘ small 
and medium diameter sensory neurons ’  ’  and that the 
NKCC1 protein does not reside in the cell bodies of 
PSNs ( Price et al., 2009, 2006 ). The authors speculate 
that  ‘  ‘ NKCC1 protein is rapidly trafficked to central 
and peripheral terminals ’  ’ . However, neither tissue 
fixation protocols nor antibody validation were pre-
sented. We have found, as discussed below, that 
NKCCs ’  immunoreactivity is strongly influenced by 
the level of fixation, which could explain their failure 
to detect NKCC1.  

    G .      Identification of NKCC1 by 
Immunocytochemistry: The Issue of Reliable 
Antibodies 

 In   a recent review on cation-chloride cotransporter 
function in neurons, Blaesse and coworkers con-
cluded, albeit without supporting evidence, that there 
are  ‘  ‘ no reliable immunohistochemical techniques ’  ’  
to study NKCC1 ( Blaesse et al., 2009 ). These authors 
claimed that the monoclonal antibody T4 is  ‘  ‘ a use-
ful tool in immunoblots ’  ’  but gives conflicting results 
in immunohistochemistry. They praise a polyclonal 
antibody that  ‘  ‘ detects the phosphorylated NKCC1, 
thereby providing data on both the presence and func-
tional state of NKCC1. ’  ’  They were referring to the 
phospho-antibody R5, a polyclonal antibody raised 
in rabbit against a 16-amino acid peptide, Tyrh208-
Argh223-Lys (YYLR T *FGHN T *MDAVPR K ) in which 
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phosphothreonines Thr212 and Thr217 (in human 
NKCC1) were incorporated directly during synthesis 
( Flemmer et al., 2002 ). This latter antibody has proven 
an invaluable tool to study the role of phosphoryla-
tion on cotransporter activity, but it is not  –  and was 
never claimed to be  –  isoform specific. In fact, R5 has 
been used to detect not only phosphorylated NKCC1 
( Flemmer et al., 2002 ) but phophorylated NKCC2 
( Gimenez and Forbush, 2003 ) and NCC ( Pacheco-
Alvarez et al., 2006 ). Similar concerns about reliabil-
ity of anti-NKCC1 antibodies were raised in another 
recent review ( Price et al., 2009 ).Thus a re-evaluation 
of these issues is warranted in the present chapter. 

 There   are several commercial and non-commercial 
antibodies raised against NKCC proteins, but not 
all of them have been validated with rigorous crite-
ria. The key issue is to make sure that the antibody 
specifically reveals the antigen of interest and not a 
binding artifact. Criteria for validating antibody spec-
ificity have been discussed in several publications 
(       Rhodes and Trimmer, 2006, 2008 ;  Saper, 2005 ;  Saper 
and Sawchenko, 2003 ). The gold standard is to stain 
the tissue with and without the antigen of interest. 
This can be achieved by staining tissues of wild-type 
mouse versus a knockout animal. The test is not free 
of problems because mouse monoclonal antibodies 
have to be tested against mouse tissues and this can 
result in severe non-specific staining in the knock-
out, leading to wrong conclusions. There are, how-
ever, ways to circumvent this problem ( Brown et al., 
2004 ;  Hierck et al., 1994 ). Less stringent validation 
tests include immunolabeling of tissues in which the 
presence of the antigen of interest has been ascer-
tained by independent methods (positive controls), 
and adsorption controls in which an excess amount 
of antigen is reacted with the antibody, thereby ren-
dering it incapable of binding to the target antigen in 
the tissue. 

 Besides   validation of specificity, a well-known 
problem worth considering is the post-fixation pro-
tocol; excessive post-fixation can alter the epitope 
of interest. This problem is particularly evident with 
NKCC1, as will be reported in a forthcoming paper 
from our group. Finally, another no less important 
problem is the epitope accessibility due to multimeric 
interactions, posttranslational modifications of protein 
antigens or orientation of the antigen. In these cases, it 
is necessary to  ‘  ‘ unmask ’  ’  the epitopes for which there 
are several methods. The detail discussion of these 
problems is beyond the scope of the present chapter 
but the reader should consult extensive specialized 
monographs dealing with these issues (       Harlow and 
Lane, 1988, 1999 ;  Hockfield et al., 1993 ). 

    1 .      Monoclonal Antibody T4 

 The   most widely used antibody to study NKCC1 
has been T4, a mouse monoclonal antibody that was 
generated against a fusion protein fragment that 
recognizes the last 310 amino acids of the C-termi-
nus of hNKCC1, that is, from M902 to S1212 ( Lytle 
et al., 1995 ). However, T4 recognizes both NKCC1 
and NKCC2 isoforms ( Alvarez-Leefmans et al., 2001 ; 
 Lytle et al., 1995 ;  Marty et al., 2002 ;  Munoz et al., 
2007 ;  Yan et al., 2003 ) and potentially all their splice 
variants. Interestingly, the percent of identity of 
these 310 amino acid residues in the C-terminus of 
human NKCC1 with respect to hNKCC2 and hNCC 
are: NKCC1 vs. NKCC1      �      100%; NKCC1       vs. NKCC2      �      
52.7%; and NKCC1       vs. NCC      �      40.3%. The identities 
between human, rat and mice orthologs is  � 98%, 
which may explain the cross-reactivity between species 
of T4. This antibody has given reliable results both in 
Western blot analyses and in immunocytochemistry. 
However, because it is not isoform specific, it is 
always assumed that in non-renal tissues the protein 
detected is NKCC1 based on the tenet that NKCC2 
is not expressed outside kidney. This is why, when 
using T4, it is less committal to use the acronym 
NKCC without specifying the isoform. Lack of T4 
immunostaining of tissues from NKCC1 KO animals 
or from  in vivo  knockdown of NKCC1 strongly sug-
gests that the patterns of immunoreactivity that have 
been reported by many groups are mostly, if not 
exclusively, due to NKCC1 (see below). However, 
because of the problems discussed above (i.e. mouse 
monoclonal antibodies tested against mouse tissues), 
background immunoreactivity in KO mouse tissues 
is an issue that must be considered before any defini-
tive disqualifying statements can be made. 

 Nevertheless  , validation tests of specificity of 
NKCC1 detection by T4, comparing cells or tissues 
from wild-type (NKCC1  � / �  ) and KO (NKCC1  � / �  ) 
animals, have been done in cultured astrocytes ( Su 
et al., 2002 ); in the cell body and axons of mouse hip-
pocampal pyramidal cells ( Chen et al., 2005 ) and in 
adult mouse retinal neurons ( Li et al., 2008 ). In these 
studies both immunocytochemistry and Western 
blot analyses reveal NKCC1-specific staining using 
T4. It should be noted that T4 recognizes denatured 
NKCC proteins, and thus best results are obtained 
using 1% SDS ( Alvarez-Leefmans et al., 2001 ;  Li 
et al., 2008 ). This could explain why T4 detected 
NKCC in Western blots in various ferret tissues 
(cerebellum, hippocampus, retina, cerebral cortex) 
but gave  ‘  ‘ nonspecific immunostaining in the fixed 
ferret retina ’  ’  ( Zhang et al., 2006a ); in this study 
the authors did not report the use of denaturing 
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agents in their immunostaining procedure. In a 
more recent paper, the same group (see Chapter 
19) obtained conflicting results with T4 in mouse 
( Zhang et al., 2007 ). Other authors, using short 
hairpin RNA (shRNA) against different regions of 
mouse NKCC1 demonstrated knock-down expres-
sion of NKCC1 in both Western blot analyses of 
HEK cells and immunostaining of newly gener-
ated granule cells using T4 ( Ge et al., 2006 ). Similar 
results have recently been obtained in electropor-
ated cortical neurons in which NKCC1-shRNA 
reduced expression of NKCC1 as demonstrated 
with T4 ( Wang and Kriegstein, 2008 ). Finally, we 
have successfully used T4 with postembedding 
immunolabeling with colloidal gold particles, as 
shown in  Fig. 22.12 . Thus this antibody may be used 
to determine subcellular distribution pattern of 
NKCCs. T4 antibody is commercially available from 
the Developmental Studies Hybridoma Bank, The 
University of Iowa, Iowa City, IA.  

    2 .      Polyclonal NKCC1 Antibodies 

 There   are several commercial and non-commercial 
polyclonal antibodies raised against NKCC1. The best 
characterized and validated of these polyclonal anti-
bodies so far is the one developed by the group of 
Delpire ( Kaplan et al., 1996 ). This antibody was raised 
against amino acids 938 – 1011 of the carboxyl terminus 
of NKCC1. It has been tested against KO DRG neu-
rons ( Sung et al., 2000 ), choroid plexus epithelial cells 
( Piechotta et al., 2002 ) which are known to exhibit 
high expression levels of NKCC1, and in mouse reti-
nal Muller cells ( Zhang et al., 2007 ). Using this anti-
body, NKCC1 expression was found in rat DRG 
neurons of all sizes (see above section II.F), and in the 
cell bodies and dendrites of cortical neurons ( Plotkin 
et al., 1997a ). 

 Another   series of non-commercial polyclonal 
antibodies was described by Turner’s group at NIH 
( Kurihara et al., 1999 ). One of these antibodies,  α -
wNT, was raised against a fusion protein corre-
sponding to amino acids 3 – 202 of the amino-terminal 
domain of rat NKCC1. This antibody has been used 
for immunolocalization experiments of NKCC1 in rat 
parotid acinar cells. The antibody detected NKCC1 
in the basolateral membrane of mouse parotid acinar 
cells, and its specificity was tested using the same 
tissue from NKCC1  � / �   animals ( Evans et al., 2000 ). 
Further, using the same antibodies, immunoperoxi-
dase labeling revealed abundant expression of NKCC1 
in the basolateral domain of secretory coils of rat, 
mouse and human sweat glands. In contrast, NKCC1 
labeling was absent from rat, mouse and human 

epidermis. Immunoelectron microscopy demonstrated 
abundant NKCC1 labeling of the basolateral plasma 
membrane of mouse sweat glands, with no labeling 
of the apical plasma membranes or intracellular struc-
tures ( Nejsum et al., 2005 ). 

 Other   non-commercial polyclonal NKCC1 anti-
bodies have been developed by the group of Lytle 
( McDaniel et al., 2005 ). These antibodies were raised 
in rabbit, against the C-terminal domain of NKCC1 
(TEFS-2) or the amino-terminal (NT) domain of 
hNKCC1. The NT antibody has been tested in cul-
tured oligodendrocytes and gives the same pattern 
of immunoreactivity as that obtained with T4 ( Wang 
et al., 2003 ). Both NT and TEFS antibodies have been 
tested in DRG cells by the group of Cervero ( Price 
et al., 2006 ). They confirmed the previously described 
expression of NKCC1 in satellite cells ( Alvarez-
Leefmans et al., 2001 ). However, Price and collabora-
tors were unable to find NKCC1 expression in DRG 
neuronal cell bodies using either NT or TEFS-2 poly-
clonal antibodies. This is in sharp contrast to what has 
been observed by many other groups using different 
antibodies ( Alvarez-Leefmans et al., 2001 ;  Funk et al., 
2008 ;  Plotkin et al., 1997a ;  Sung et al., 2000 ). The rea-
son for the discrepancy is likely to be methodological, 
for instance, Price and coworkers did not report the 
use of SDS in their protocol. As mentioned above for 
the case of T4 monoclonal antibody, and confirmed by 
the group of Matthews, SDS treatment is necessary to 
be able to reveal the expression of NKCC1 using either 
T4 or TEFS-2 ( Del Castillo et al., 2005 ). These authors 
studied the expression of NKCC1 in the basolateral 
membrane of cultured T84 human intestinal epithelial 
cells, known to be a rich source of NKCC1 ( Lytle et al., 
1995 ). They confirmed that NKCC1 is expressed in 
the basolateral membrane of these cells. Interestingly, 
TEFS-2 and T4 revealed the same pattern of immuno-
reactivity. On the other hand, up to now, polyclonal 
antibodies NT and TEFS-2 have not yet been tested in 
KO tissues and therefore cannot yet be considered val-
idated antibodies. Finally, there are a series of NKCC1 
antibodies that are commercially available but they 
have not been validated and therefore are not consid-
ered here.   

    H .      Functional Interactions between NKCC1 
and other Putative Cl  �   Carriers and Channels 
in Primary Sensory Neurons 

 Is   NKCC1 the only transport mechanism deter-
mining Cl  �   in PSNs? This is a fundamental and 
unresolved issue. It is not known if active Cl  �   accu-
mulation in PSNs is effected only by NKCC1 or also 
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by other transporters, and whether this accumulation 
is offset by coexistent active Cl  �   extrusion mechanisms 
or passive leaks, and if so, to what degree. The SLC12A 
family of CCCs also includes four genes (SLC12A4-7) 
encoding for the electroneutral K  �  -Cl  �   cotransport-
ers (KCC1 – KCC4). Under physiological conditions, 
KCCs function as active Cl  �   extruders. Only under 
non-physiological high levels of extracellular K  �   can 
KCCs reverse their normal operation and accumulate 
Cl  �   ( DeFazio et al., 2000 ;  Kakazu et al., 2000 ). Therefore 
KCCs cannot be considered as playing a role in active 
Cl  �    accumulation  in PSNs under physiological con-
ditions. However, KCCs may influence the levels of 
intracellular Cl  �   by counteracting Cl  �   uptake mecha-
nisms. This is crucial inasmuch as functional interaction 
between Cl  �   extruders and loaders ( Gillen and Forbush, 
1999 ;  Lytle and McManus, 2002 ) coexpressed in a cell 
ultimately determines [Cl  �  ] i , as discussed in Chapter 5. 
Equally important in this context is the fact that cyto-
plasmic Cl  �   is a negative feedback regulator of NKCC1 
activity in many cell types (       Breitwieser et al., 1990, 1996 ; 
 Flatman, 2002 ;  Gamba, 2005 ;  Gillen and Forbush, 1999 ; 
 Haas et al., 1995 ;  Lytle and Forbush, 1996 ;  Russell, 2000 ) 
including DRG neurons, as discussed below. 

 The   consequences of functional interaction between 
KCCs and NKCCs in mammalian cells were demon-
strated in an epithelial cell-line (HEK293) transfected 
with rabbit KCC1. Overexpression of KCC1 led to a 
decrease in [Cl  �  ] i  that resulted in activation of endog-
enous NKCC ( Gillen and Forbush, 1999 ). A steep rela-
tion between cell Cl  �   and NKCC activity was found 
over the physiological ranges supporting a primary 
role for [Cl  �  ] i  in activation of NKCC. Functional inter-
actions between NKCCs and putative KCCs in PSNs 
could affect [Cl  �  ] i  and the activity levels of NKCCs. 
For instance, decreased activity of a KCC coexpressed 
with NKCC could result in a positive shift in  E  Cl  and 
hence in PAD amplitude. KCC2, also known as  ‘  ‘ the 
neuronal-specific isoform of K  �  -Cl  �   cotransporters ’  ’ , 
plays a key role in adult central neurons by extruding 
Cl  �   and keeping [Cl  �  ] i  below electrochemical equilib-
rium thereby making possible hyperpolarizing inhi-
bition produced by GABA and glycine ( Payne, 1997 ; 
 Payne et al., 2003 ;  Rivera et al., 1999 ), as discussed 
in detail in Chapter 17. Whether or not PSNs express 
KCC2 is controversial. Three reports claim that DRG 
cells express it ( Funk et al., 2008 ;  Gilbert et al., 2007 ; 
 Lu et al., 1999 ) but others have failed to find either 
the protein or the transcript ( Coull et al., 2003 ; Geng 
et al., 2009;  Kanaka et al., 2001 ;  Rivera et al., 1999 ; 
 Toyoda et al., 2005 ). Another KCC isoform, KCC4, 
is expressed in trigeminal ganglia and the nuclei of 
other cranial nerves, but its function is unknown and 
its expression decreases with postnatal development 

( Karadsheh et al., 2004 ). KCC1, the housekeeping iso-
form of the KCCs ( Adragna et al., 2004 ;  Ochiai et al., 
2004 ;  Su et al., 1999 ;  Zhang et al., 2005 ), is expressed 
in brain tissue ( Su et al., 1999 ), in trigeminal gan-
glion neurons ( Toyoda et al., 2005 ) and DRG ( Gilbert 
et al., 2007 ), but its functional impact on isosmotic 
(euvolemic) Cl  �   regulation is unknown. KCC3, 
another KCC isoform with splice variants expressed 
in brain, has been implicated in a peripheral neuropa-
thy but is minimally expressed in DRG cells ( Howard 
et al., 2002 ;  Pearson et al., 2001 ). When KCC1, KCC3 
or KCC4 are expressed in  Xenopus  oocytes, unlike 
KCC2, they show minimal K  �  -Cl  �   cotransport activ-
ity under isotonic conditions, yet are activated by cell 
swelling ( Mercado et al., 2000 ;  Mount et al., 1999 ), 
suggesting that they are involved in cell volume con-
trol rather than Cl  �   homeostasis. 

 As   discussed in section II.E, direct measurement 
of [Cl  �  ] i  in rat DRG neurons showed that when the 
cells are equilibrated in isosmotic Na  �  -free solution 
(0Na  �  ), there is a Na  �   independent accumulation of 
Cl  �  , denoted as SIC (sodium independent compo-
nent). Examples of SIC can be observed in        Figs 22.4A 
and 22.5 . We found ( Rocha-Gonz á lez et al., 2008 ) that 
this relatively small SIC of the net Cl  �   influx reached 
steady-state when [Cl  �  ] i  was  � 13       mM, which corre-
sponds to an  E  Cl  of  �       �   60       mV. That is, the SIC reached 
equilibrium at a value close to  E  m , suggesting that it 
may reflect a passive Cl  �  -leak conductance. As already 
discussed above, this is intriguing because the resting 
Cl  �   conductance of DRG cells is known to be negligibly 
small ( Alvarez-Leefmans, 1990 ;  Deschenes et al., 1976 ; 
 Nishi et al., 1974 ). Moreover, DRG cells lack the ubiqui-
tous ClC-2 inward rectifying Cl  �   channels that stabilize 
 E  m  in other neurons ( Staley et al., 1996 ). However, DRG 
cells are endowed with Ca 2 �  -activated Cl  �   channels 
( Frings et al., 2000 ;  Hartzell et al., 2005 ) as discussed in 
Chapter 13. Given that the SIC becomes evident upon 
removal of external Na  �  , and that this maneuver leads 
to an increase in [Ca 2 �  ] i  due to reversal of Na  �  /Ca 2 �   
exchange ( Verdru et al., 1997 ), we proposed that a rise 
in [Ca 2 �  ] i  activates a Cl  �   conductance that otherwise 
would be quiescent. We have verified that in 0Na  �   
there is a rise in [Ca 2 �  ] i  during the SIC of Cl  �   influx. 
However, the nature and properties of this putative Cl  �   
conductance in DRG cells are still to be determined. 

 Another   feature of the SIC relevant in the context 
of whether DRG neurons lack an active Cl  �   extrusion 
mechanism is that [Cl  �  ] i  stabilized at a value that cor-
responded to an  E  Cl  close to that expected for  E  m , and 
remained stable over the time course of exposure to 
the Na  �  -free solution (up to 30       min). This suggests that 
DRG cells are not endowed with mechanisms of active 
Cl  �   extrusion in isosmotic medium; if such mechanisms 
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were functionally expressed, in the absence of external 
Na  �   the [Cl  �  ] i  should decrease with time, and it does 
not. Consistent with this interpretation are the major-
ity of reports showing that DRG cells lack the protein 
and the transcript of KCC2 ( Coull et al., 2003 ;  Kanaka 
et al., 2001 ;  Rivera et al., 1999 ;  Toyoda et al., 2005 ). As 
already mentioned, other K  �  -Cl  �   cotransporter iso-
forms (KCC1, KCC3 and KCC4) have been detected 
in PSNs ( Boettger et al., 2003 ; Gilbert et al., 2007; Geng 
et al., 2009;  Toyoda et al., 2005 ), but their function in 
these cells is unknown. KCC1, 3 and 4 do not seem 
to be active in isosmotic media when expressed in 
 Xenopus  oocytes, but they are activated by hyposmotic 
swelling and hence it is thought that their primary 
function is cell volume control rather than Cl  �   homeo-
stasis, although this is controversial ( Gamba, 2005 ). 
Further, CWV measurements in DRG neurons reveal 
that volume changes are negligible during the SIC of 
the Cl  �   influx ( Fig. 22.4B ). We suggested that the SIC 
of the Cl  �   influx does not occur through KCC reversal, 
otherwise this should be reflected in osmotic cell swell-
ing upon restoring external Cl  �   in the absence of exter-
nal Na  �  . Moreover, the volume measurements suggest 
that Cl  �   entering in the absence of external Na  �   must 
be exchanged for another ion and/or is entering via 
channels in such a way that there is no net influx of 
osmotically active particles. 

 Of   course, a limitation of all these studies is that they 
are done in the cell bodies of primary sensory neurons. 
Whether the peripheral and central terminals behave 
in similar ways is purely inferential at this stage. An 
uneven distribution of Cl  �   channels and transporters 
along primary sensory neurons could generate intra-
cellular Cl  �   gradients as those observed in other neu-
rons (Chapters 7 and 19 in this volume). Nevertheless, 
for more than 40 years, DRG neurons have been suc-
cessfully used as a model of what happens in the cen-
tral and peripheral terminals, while finer methods are 
developed and/or applied to study directly the periph-
eral and central endings.   

    III .      POSSIBLE ROLE OF NKCC1 IN PAIN, 
HYPERALGESIA AND NEUROGENIC 

INFLAMMATION 

    A .      NKCC1 has been Proposed to be 
Involved in the Generation and Maintenance 
of Hyperalgesic States and Neurogenic 
Inflammation 

 Tissue   injury and inflammation cause pain, hyperal-
gesia (enhanced pain sensitivity in response to stimuli 

that are normally painful) and allodynia (pain sensa-
tion evoked by stimuli that normally do not provoke 
pain). Hyperalgesia occurs not only at the site of injury 
( primary hyperalgesia ) but also in surrounding uninjured 
areas ( secondary hyperalgesia ). Allodynia produced by 
mechanical stimulation, known as touch-evoked pain 
or tactile allodynia, can also be evoked at the injury 
site or at sites adjacent to or remote from the injury 
( Cervero and Laird, 1996 ;  Treede et al., 1992 ). Primary 
hyperalgesia is due to sensitization of peripheral noci-
ceptors ( Meyer and Campbell, 1981 ;  Raja et al., 1984 ), 
whereas secondary hyperalgesia is due to central sen-
sitization that involves alterations in sensory process-
ing in the spinal cord ( Cervero et al., 2003 ). Tactile 
allodynia is caused by central sensitization ( Ji et al., 
2003 ;  Sandkuhler, 2000 ;  Woolf and Salter, 2000 ). 

 Acute   peripheral inflammation and other forms of 
tissue injury producing persistent activation of nocicep-
tors can lead to excessive PAD that reaches the firing 
threshold of nociceptive afferents triggering dorsal 
root reflexes (DRRs) (       Lin et al., 1999, 2000 ;          Rees et al., 
1996, 1994, 1995 ;  Sluka et al., 1995 ;  Valencia-de Ita 
et al., 2006 ). This means that PAD, normally an inhibi-
tory process, can be transformed into an excitatory one 
if the depolarization is large enough to trigger spikes 
in nociceptive afferents ( Fig. 22.6   ). Moreover, substan-
tial evidence supports the notion that DRRs conducted 
centrifugally can produce neurogenic inflammation 
and hyperalgesia (       Lin et al., 1999, 2000 ;          Rees et al., 
1996, 1994, 1995 ;  Sluka et al., 1995 ;        Willis, 2006, 1999 ). 
The IB4-, peptidergic cells may play a key role in this 
process since substance P and CGRP are released at 
their peripheral endings causing vasodilation, plasma 
extravasation and edema, and thus adding their 
actions to those of other inflammatory mediators. 
Following our suggestion ( Alvarez-Leefmans et al., 
1998 ) that NKCC1 could modulate PAD amplitude, 
Willis ( Willis, 1999 ) and later Cervero and coworkers 
( Cervero et al., 2003 ;  Price et al., 2005 ) proposed that 
the enhancement of GABA-mediated PAD leading to 
DRRs could result from a positive shift in  E  Cl  due to 
an increase in [Cl  �  ] i  brought about by up-regulation 
of NKCC1 activity following phosphorylation of this 
protein in nociceptive PSNs. These hypotheses have 
received strong support from a number of recent obser-
vations ( Funk et al., 2008 ;  Galan and Cervero, 2005 ; 
Pieraut et al., 2007;  Pitcher et al., 2007 ;  Price et al., 2009 ; 
 Rocha-Gonz á lez et al., 2008 ;  Valencia-de Ita et al., 2006 ). 

 Cervero   and Laird ( Cervero and Laird, 1996 ; 
 Cervero et al., 2003 ) proposed a model for tactile 
allodynia involving presynaptic interactions similar 
to those of the  ‘  ‘ Gate Control Theory ’  ’  ( Melzack and 
Wall, 1965 ). The model ( Fig. 22.7   ) is based on evidence 
that activation of large myelinated mechanoreceptive 
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afferents can produce PAD in C fibers ( Calvillo, 1978 ; 
 Calvillo et al., 1982 ;  Carstens et al., 1979 ;  Fitzgerald 
and Woolf, 1981 ;  Hentall and Fields, 1979 ;        Lin et al., 
1999, 2000 ). Under normal circumstances, stimula-
tion of low threshold mechanoreceptors connected to 
A β  afferents evokes PAD in the terminals of nocicep-
tive afferents (A δ  and C fibers) via GABAergic inter-
neurons, reducing the effectiveness of nociceptive 
transmission. A similar mechanism is often invoked 
to explain the common observation that rubbing a 
skin region close to an injury site reduces pain per-
ception. Following tissue injury and inflammation, 
the PAD evoked by tactile stimuli may become suffi-
ciently large to evoke DRRs in nociceptive afferents. 
The DRRs conducted centripetally may excite neurons 
in the dorsal horn that are normally driven by noci-
ceptors and evoke mechanical allodynia ( Cervero and 
Laird, 1996 ;  Cervero et al., 2003 ;  Pitcher et al., 2007 ; 
 Price et al., 2005 ). Clearly, the switch from touch to 
pain upon activation of low-threshold mechanorecep-
tors is a remarkable sensory phenomenon. Study of its 
underlying mechanisms has generated considerable 
interest, largely due to its relevance in pain management. 

 Several   studies provide evidence that NKCC1 is 
involved in nociceptive processing and in the gen-
eration and maintenance of hyperalgesic states and 
neurogenic inflammation. The evidence can be sum-
marized as follows. (1) NKCC1  � / �   mice exhibit 
increased pain threshold to noxious heat and reduced 
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 FIGURE 22.7          Hypothetical mechanisms of touch-evoked pain, 
hyperalgesia and neurogenic inflammation involving presynap-
tic interactions between primary sensory neurons.  Left oval : skin 
patch with site of injury (orange) and surrounding uninjured area 
(peach).  Dashed rectangle : dorsal horn with second order nocicep-
tive neurons (N) and low threshold neurons (LT). Nociceptive bar-
rage (NB) conducted through nociceptive primary afferent (cell 2). 
Dorsal root reflexes (DRRs).  Dashed circle  is magnified in Fig. 22.6. 
Under normal conditions, stimulation of low-threshold mechano-
receptors connected to A β  afferents (cell 1) evokes PAD in the ter-
minals of nociceptive afferents (A  o  - and C fibers, cells 3 and 4) via 
GABAergic interneurons (mustard cell), reducing the effectiveness 
of nociceptive transmission. Following tissue injury and inflam-
mation, the PAD evoked by tactile stimuli may become sufficiently 
large to evoke DRRs in nociceptive afferents. The DRRs conducted 
centripetally can excite neurons in the dorsal horn that are normally 
driven by nociceptors (N) and evoke mechanical allodynia. DRRs 
conducted centrifugally produce neurogenic inflammation (due to 
release of vasogenic mediators (cell 4) and hyperalgesia.    
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 FIGURE 22.6          Schematic diagram illustrating the 
hypothesis of how activation of NKCCs and other 
yet to be identified active Cl  �   uptake transport sys-
tems (X) increase [Cl  �  ] i  in nociceptive presynaptic 
terminals (PA), shifting  E  Cl  toward depolarizing 
threshold values. Instead of PAD, GABA released 
from interneurons (GT) produces action potentials 
in the primary afferent (PA) terminals, as illustrated 
in the intracellular recording shown in the schematic 
representation of an oscilloscope screen. This results 
in dorsal root reflexes (DRRs) being conducted 
towards the periphery (antidromically) and towards 
the presynaptic terminal (orthodromically). The lat-
ter produces release of neurotransmitter from the 
presynaptic terminal, that activate the post-synaptic 
spinal neuron (N). Other symbols and nomenclature 
are the same as in the legend of Fig. 22.3.    
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touch-evoked pain (allodynia) following intradermal 
capsaicin injection ( Laird et al., 2004 ;  Sung et al., 2000 ). 
(2) In the formalin model of tissue injury-induced 
pain ( Allen and Yaksh, 2004 ;  Dubuisson and Dennis, 
1977 ), we found that local peripheral or spinal intra-
thecal administration of NKCC blockers (bumetanide, 
piretanide and furosemide) has a significant antinoci-
ceptive effect ( Granados-Soto et al., 2005 ), an observa-
tion that has been recently verified by other groups 
( Cramer et al., 2008 ;  Pitcher et al., 2007 ). These obser-
vations support the notion that NKCC is implicated in 
nociceptive processing both intraspinally and periph-
erally. (3) In human skin, bumetanide and furosemide 
inhibit itch and flare responses to histamine ( Willis and 
Coggeshall, 2004 ). NKCC inhibitors also block cough 
produced by irritants of the tracheal mucosa where 
NKCC1 is expressed in mechanosensitive vagal sen-
sory terminals (       Mazzone and McGovern, 2006, 2008 ). 
(4) Noxious visceral stimulation with intracolonic 
capsaicin in mice induces an increase in the mem-
brane fraction of NKCC1 and its phosphorylation in 
lumbosacral spinal cord ( Galan and Cervero, 2005 ). 
The changes are rapid (start ten minutes after intra-
colonic capsaicin injection) and transient, occurring 
only in the region of the spinal cord that receives affer-
ent input from the colon. It was proposed that NKCC1 
phosphorylation could be the cause of enhance-
ment of GABA-mediated PAD that leads to DRRs in 
nociceptive afferents ( Galan and Cervero, 2005 ). (5) 
Behavioral and electrophysiological studies show 
that the DRRs conducted centrifugally reach the ter-
minals of fine sensory nerve fibers (A δ  and C), some 
of which release neuromediators (e.g. Substance P 
and CGRP) involved in the development of acute 
neurogenic inflammation ( Chen et al., 2004 ;        Lin et al., 
1999, 2000 ;          Rees et al., 1996, 1994, 1995 ;  Sluka et al., 
1995 ;  Valencia-de Ita et al., 2006 ;        Willis, 2006, 1999 ). (6) 
Spinal bumetanide reduces DRR activity, mechanical 
allodynia and hyperalgesia produced by intradermal 
injection of capsaicin ( Valencia-de Ita et al., 2006 ). 

    1 .      How does NKCC1 Up-regulation Transform 
PAD into DRRs? 

 There   are several possibilities. The nociceptive bar-
rage occurring upon tissue injury leads to an enhanced 
activation of GABAergic pathways in the dorsal horn. 
This persistent activation of GABA A  receptors in the 
central terminals of nociceptive primary afferents 
produces a transient decrease in intra-terminal [Cl � ], 
leading to phosporylation of NKCCs and thereby 
increasing transport activity that in turn results in a 
rebound increase in intra-terminal [Cl�]. An increase 
in [Cl � ]i beyond basal levels results in a depolarizing 

shift in  E  GABA  to values reaching spike threshold, thus 
explaining DRRs ( Fig. 22.6 ). This increase in [Cl � ]i 
beyond basal levels could be achieved by changing the 
set point of NKCC1, making it less sensitive to inhibi-
tion by intracellular Cl � .  It could also be achieved by 
an increase in surface expression of NKCC1 via traf-
ficking from vesicular compartments. Another possi-
bility is trafficking of a second hypothetical active Cl  �   
uptake mechanism (denoted  ‘  ‘ X ’  ’  in  Fig. 22.6 ) that has a 
different Cl  �   set point than NKCC1. None of these pro-
cesses are mutually exclusive. 

 In   many cell types there is a tight relationship 
between NKCC activity, cell water volume (CWV) 
and [Cl  �  ] i  ( Hoffmann et al., 2007 ;  Russell, 2000 ). With 
the exception of the work of Russell and collaborators 
in squid axons, this relationship has been studied only 
in non-neuronal cell populations, and no direct mea-
surements of [Cl  �  ] i  and CWV had ever been made at 
the single cell level until our recently published study 
( Rocha-Gonz á lez et al., 2008 ). Moreover, as discussed 
in Chapter 2 in this volume, Russell and collabora-
tors showed in dialyzed squid axons that intracel-
lular Cl  �   is a negative feedback regulator of NKCC 
activity (       Breitwieser et al., 1990, 1996 ). This was later 
confirmed in some non-neuronal mammalian cells 
(reviewed in  Kahle et al., 2006 ;  Russell, 2000 ). This 
mechanism would be crucial in sensory neurons not 
only for keeping CWV and [Cl  �  ] i  constant, but also 
because changes in the set point of a negative feed-
back mechanism like this could underlie the depo-
larizing shift in  E  Cl  that is proposed to occur in PSNs 
following somatic injury and inflammation of skin or 
nerves, as discussed above. To study how intracellular 
Cl  �   influences and is influenced by NKCC activity the 
relation between [Cl  �  ] i , [Cl  �  ] o  and CWV in rat DRG 
neurons was determined in experiments like those 
illustrated in  Fig. 22.8   . 

 It   was found that in rat DRG neurons the rate of 
active Cl  �   uptake (which is proportional to  J Cl  �   in , the 
net Cl  �   influx) falls with increasing [Cl  �  ] i  and becomes 
negligible when [Cl  �  ] i  reaches its physiological basal 
level (         Figs 22.8A and 22.9A ). This occurs in the face of 
a net free energy for NKCC that strongly favors net Cl  �   
uptake ( Δ  G       �       � 2.8       kJ        ·        mol  � 1 ) under physiological con-
ditions (see section II.E, Chapter 5 in this volume). The 
observed saturation kinetics of active Cl  �   uptake with 
respect to [Cl  �  ] i  suggests a negative feedback system in 
which intracellular Cl  �   regulates its own influx thereby 
keeping [Cl  �  ] i  constant, above electrochemical equilib-
rium but below the value that would attain if NKCC 
reached thermodynamic equilibrium ( Fig. 22.9B ). Thus, 
kinetic constraints inactivate the cotransporter, even in 
the presence of a substantial thermodynamic driving 
force. The relevance of these observations is that this 
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negative feedback mechanism maintains [Cl  �  ] i  and 
CWV at a constant set point under basal conditions. 
We propose that this set point, representing a kinetic 
brake, can change under certain conditions (e.g. phos-
phorylation and/or trafficking) thus endowing the sys-
tem with the possibility of shifting  E  Cl  (Fig. 22.9). The 
consequences of this shift in  E  Cl  has been mentioned 
above: it could turn GABA from depolarizing to excit-
atory triggering DRRs.   

    B .      NKCC1 in Peripheral Nociceptive Endings 
may Contribute to the Nociceptive Generator 
Potential 

 To   be detected, all noxious stimuli must gener-
ate action potentials in the afferent nerve fiber. As in 
other receptors, all-or-none spikes must arise from 
a depolarizing generator potential. Sensory neurons 
are endowed with Ca 2 �  -activated Cl  �   channels which 
upon activation by a rise in intracellular Ca 2 �   produce 
membrane depolarization due to Cl  �   efflux ( Frings 
et al., 2000 ;  Hartzell et al., 2005 ;  Kenyon and Scott, 
2002 ;  Mayer, 1985 ;  Scott et al., 1995 ), as discussed in 
great detail in Chapters 13 and 20 in this volume. We 
proposed that, as in olfactory neurons ( Reuter et al., 
1998 ), this putative Ca 2 �  -activated-Cl  �  -mediated 

depolarization could be an important element of the 
generator potential in nociceptive terminals ( Granados-
Soto et al., 2005 ). This hypothesis requires the presence 
of an outward Cl  �   gradient in the peripheral endings 
of sensory neurons. Several observations support 
this hypothesis which is illustrated in  Figure 22.10   . 
(1) GABA or GABA A  agonists depolarize periph-
eral sensory axons ( Bhisitkul et al., 1987 ) including 
nociceptive afferents and their terminals ( Ault and 
Hildebrand, 1994 ;  Carlton et al., 1999 ), suggesting that 
the outward Cl  �   gradient is maintained not only in the 
central terminals and the soma but also in the periph-
eral processes. (2) A number of algogens, some of 
which are components of the so-called  ‘  ‘ inflammatory 
soup ’  ’  produce depolarization and spike activity in 
nociceptors. A common feature of many inflammatory 
mediators such as serotonin, prostaglandin E 2 , brady-
kinin, histamine, protons or ATP, is that they increase 
intracellular [Ca 2 �  ] ( Burnstock, 2000 ;  Dunn et al., 2001 ; 
 Gover et al., 2003 ;  Linhart et al., 2003 ;  Nicolson et al., 
2002 ;  Reeh and Kress, 2001 ). A rise in Ca 2 �   within the 
small volume of sensory terminals would be sufficient 
to activate Cl  �   channels producing a depolarizing 
inward current mediated by Cl  �   efflux ( Currie et al., 
1995 ). (3) We have shown that local peripheral phar-
macological inhibition of NKCCs with loop diuret-
ics in the hindpaw of rats produces anti-nociception 
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 FIGURE 22.8          Effects of changes in [Cl  �  ] o  on [Cl  �  ] i  and relative cell water volume in DRG neurons. Cells were exposed to 0Cl  �   until they 
were depleted of intracellular Cl  �  , and then [Cl  �  ] o  was increased in steps of  � 20       mM keeping the osmolality constant between solutions.  A.  
Changes in [Cl  �  ] i  (initial [Cl  �  ] i       �      50       mM;  E  Cl       �       � 23       mV.  B.  Changes in relative cell water volume ( V  t / V  0 ). Intracellular Cl  �   depletion during 
exposure to 0Cl  �   (A) occurs in parallel with a decrease in  V  t / V  0   (B ). Both isosmotic cell shrinkage and intracellular Cl  �   depletion in 0Cl solu-
tion are reversed in stepwise fashion upon exposure to isosmotic solutions having equal increments in [Cl  �  ] o , suggesting a tight coupling 
between intracellular Cl  �   accumulation and CWV recovery. Both CWV and [Cl  �  ] i  recovered when [Cl  �  ] o  was  � 100       mM. Increasing [Cl  �  ] o  
beyond 100       mM did not result in further changes in CWV or [Cl  �  ] i  indicating that the mechanisms involved in these processes reached satu-
ration. Bottom bars in A and B indicate the periods of exposure to each solution as well as their [Cl  �  ] in mM. Superfusion with each of these 
solutions lasted until a new steady state for [Cl  �  ] i  and CWV was reached. Data in A came from a neuron loaded with MQAE and in B from a 
neuron loaded with calcein. Modified from  Rocha-Gonz á lez et al. (2008) .    
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in the formalin test ( Granados-Soto et al., 2005 ). The 
peripheral anti-nociceptive effect of loop diuret-
ics could be due to dissipation of the Cl  �   gradient in 
nociceptive terminals due to NKCC inhibition. This 
in turn would result in abolition of Ca 2 �  -activated 
Cl  �  -mediated depolarizations, thereby blocking trans-
mission of information at nociceptive terminals exp-
ressing Ca 2 �  -activated Cl  �   channels. (4) Local furo-
semide and bumetanide block histamine-induced 
itch and flare in human skin ( Willis et al., 2004 ). Loop 
diuretics also block cough produced by irritants of the 
tracheal mucosa where NKCC1 is expressed in mech-
anosensitive vagal sensory terminals ( Mazzone and 
McGovern, 2006 ).   

    IV .      Na  �  -K  �  -Cl  �   COTRANSPORTER 
EXPRESSION IN PERIPHERAL AXONS 

AND SCHWANN CELLS 

 The   pioneering studies of Russell in squid giant 
axons demonstrated the expression of an NKCC 

mechanism in these invertebrate unmyelinated fibers 
( Russell, 2000 ). The unique stoichiometry of the cepha-
lopode isoform 2Na  �  :1       K  �  :3Cl  �   suggests differences 
with respect to vertebrate isoforms which have a stoi-
chiometry of 1Na  �  :1       K  �  :2Cl  �   (see Chapter 5 in this 
volume). Unfortunately, the squid protein has not 
been cloned and thus it is not possible to have clues 
on what makes it different at the molecular level from 
the vertebrate isoforms. Cloning of the squid NKCC 
protein would be important to further understanding 
the evolution of the cation-coupled-chloride cotrans-
port proteins family in the animal kingdom. Moreover, 
determining the amino acid sequence of squid NKCC 
would shed light on the molecular determinants of dif-
ferent stoichiometries. The function of NKCC in squid 
axons appears to be related to cell volume regulation. 
Russell proposed that  ‘  ‘ NKCC is an essential compo-
nent in a feedback mechanism designed to maintain 
cell volume at some constant set-point ’  ’ . The evidence 
presented in the previous section (       Figs 22.8 and 22.9 ) 
in mammalian DRG neurons is fully consistent with 
this view. 

 FIGURE 22.9          Intracellular [Cl  �  ] regulates Cl  �   influx through putative negative feedback.  A.  Net Cl  �   influx ( J Cl in ) as a function of steady-
state [Cl  �  ] i  for  � 20       mM increments in [Cl  �  ] o . The experimental protocol followed to obtain the data is shown in Fig. 22.8.  J Cl in  was calculated 
using the boxed equation where: d[Cl  �  ] i /d t  and d( V  t / V  o )/d t  are the initial rates of change in [Cl  �  ] i  and relative cell water volume, respectively, 
 h  is the cell volume-to-surface-ratio (cm) assuming spherical shape. Numbers in parenthesis indicate the increments in [Cl  �  ] o  in mM (the first 
number is the initial [Cl  �  ] o  and the second is the final [Cl  �  ] o  for each step change in [Cl  �  ] o ). Note that J Clin decreases as [Cl�]i increases. Bars 
on each point are SE.  J Cl in  measured when the external solution was changed from 0 to 20       mM Cl  �   (0 → 20) is the sum of SDC and SIC Cl  �   
influx. Other points reflect Na  �  -dependent  ‘  ‘ uphill ’  ’   J Cl in . Black arrow indicates the extrapolated [Cl  �  ] i  ( � 50  �  5       mM) at which  J Cl in  becomes 
negligible. This value is close to the measured basal [Cl  �  ] i . Red arrow: possible shit   in [Cl  �  ] i  resulting from a change in set point due to a change 
(a decrease) in Cl  �   sensitivity of NKCC or associated regulatory proteins (e.g. kinases).  B.  Steady-state [Cl  �  ] i  as a function of [Cl  �  ] o . Green 
circles denote [Cl  �  ] i  (calculated from the boxed equation) when NKCC attains thermodynamic equilibrium. NKCC stoichiometry was assumed 
to be 1:1:2. [Na  �  ] i       �      10       mM and [K  �  ] i       �      135 both assumed to be kept constant by the Na  �  /K  �   pump. Red circles are actual steady-state [Cl  �  ] i  
measured for various [Cl  �  ] o  ( n       �      11). Values in parenthesis correspond to  E  Cl  (in mV). Bracketed arrows:  a , theoretical range in which [Cl  �  ] i  
could increase by NKCC upregulation. It is the difference between the maximal theoretical [Cl  �  ] i  if NKCC attained thermodynamic equilibrium 
(83       mM) and the value measured (48.3 � 2.5       mM) at physiological [Cl  �  ] o  (123       mM). This range represents the hypothetical  ‘  ‘ window ’  ’  in which 
[Cl  �  ] i  could be shifted by changes in the kinetic brake (set point);  b , range of [Cl  �  ] i  above electrochemical equilibrium;  c , range of [Cl  �  ] i  below 
electrochemical equilibrium. The dotted gray line and the shadowed area represent a hypothetical shift in set point and therefore in ECl.    
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 Work   originated in our laboratory provided the 
first description of NKCC in vertebrate myelinated 
axons and their associated Schwann cells ( Alvarez-
Leefmans et al., 2001 ). We used a combined approach 
including confocal immunofluorescence, three-dimen-
sional reconstructions and electron microscopy. 
To label NKCC we used T4 monoclonal antibody 
( Lytle et al., 1995 ), and to label Schwann cells we 
used an antibody against the S-100 protein ( Pelc 
et al., 1986 ). NKCC immunoreactivity was found 
prominently at the nodes of Ranvier ( Fig. 22.11A – C   ). 
Immunoreactivity was particularly intense at the nodal 
and paranodal regions immediately adjacent to the 
nodal gap ( Fig. 22.11A and C ). This particular area cor-
responds to the so-called myelin sheath attachment 
segment, according to the nomenclature of Berthold 
and Rydmark ( Berthold and Rydmark, 1983 ). NKCC 
immunoreactivity was also systematically observed 
in the outermost membrane region of the paranodal 
Schwann cell (arrowheads in  Fig. 22.11A ). In longitu-
dinal sections of nerve fibers, the NKCC immunore-
activity at the nodal – paranodal area appeared as two 

bands in the nodal gap, perpendicular to the longi-
tudinal axis of the fiber (arrow in  Fig. 22.11A ). Upon 
40 °  rotation of three-dimensional confocal reconstruc-
tions, the immunoreactivity at the nodal – paranodal 
region revealed that the bands were actually donut-
shaped structures surrounding the axon ( Fig. 22.11B , 
arrow pointing to the node of Ranvier). These donut-
shaped regions correspond to the well-known collars 
of Schwann cell cytoplasm which are known to be 
packed with Schwann cell microvilli ( Fig. 22.11D ), 
reminiscent of the brush border membranes of kidney 
absorptive epithelial cells ( Berthold and Rydmark, 1983 ). 

 Double   labeling experiments with S-100 and T4 
confirmed that the NKCC immunoreactivity seen at 
the nodal – paranodal interface was indeed located at 
the Schwann cell ( Fig. 22.11C ). Immunoreactivity was 
clearly observed in the nodal region, in the area corre-
sponding to the collar-shaped structure surrounding 
the axon, which is formed by Schwann cell cytoplas-
mic pockets and microvilli. In fibers cut longitudinally 
as the one shown in  Fig. 22.11C , S-100 immunolabeling 
revealed that the collar seen in the 3D reconstructions 

Ca2+ Cl−

Na+

2Cl−

NaV

K+

Na+

NKCCs

TrpV1Ca2+

Heat

ATP

Ca2+

P2X3

Ca2+
5HT 5HT

BK

B1/2

CGRP1/2

NK1

Calcium activated
chloride channel

CGRP
SP

Macrophage

Mast cell

Platelets

Tissue
damage

P

X

Cl−

 FIGURE 22.10          Schematic representation of the hypothetical processes occurring within a primary afferent nociceptor that leads to spike 
initiation. We propose that NKCC and other yet to be identified active Cl  �   uptake transport systems (X), maintain an outward Cl  �   gradient 
across the nociceptive terminal plasma membrane. This Cl �  gradient plays a key role in producing the nociceptor generator potential, a local 
depolarization that reaches threshold and initiate an all or none action potential. Nociceptors have receptors for various inflammatory media-
tors. A common feature of many inflammatory mediators such as serotonin (5HT), bradykinin (BK), ATP or activation of TRPV1 receptor chan-
nels is that all of them ultimately increase the concentration of intracellular Ca 2 �   in the nociceptive terminal. The increase in Ca 2 �   triggers a 
depolarizing Cl  �   efflux via Ca 2 �  -activated Cl  �   channels. When the depolarization reaches threshold, an action potential is generated.    
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( Fig. 22.11B ) appeared as a spiny bracelet structure 
( Fig. 22.11C , Paranode) similar to that described in 
classical studies ( Landon and Hall, 1976 ;  Nageotte, 
1922 ). Double-labeling studies also confirmed that the 
myelin sheath was immunonegative but the axon 

was NKCC immunoreactive ( Fig. 22.11A ). Electron 
microscopy revealed that the latter immunoreactiv-
ity was located in the axoplasm and in the axolemma 
( Fig. 22.12B   ). As the axon passes from the end of the 
paranodal bulb through the collars formed by the 
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 FIGURE 22.11          NKCC expression at the nodes of Ranvier in cat 
myelinated sensory fibers.  A.  Two-dimensional view of a bundle of 
myelinated axons. The image was reconstructed from 15 optical sec-
tions taken at steps of 1        μ m on the  z -axis. Intense NKCC immunoreac-
tivity is observed in the paranodal region of the nodes of Ranvier, in 
the incisures of Schmidt-Lanterman (S-L) and in the outer Schwann cell 
layer (arrowheads). Immunoreactivity was also found in axons (Ax). 
 B.  40 °  rotation, showing three-dimensional views of immunoreactive 
regions. In the 40 °  rotation, the immunoreactivity in the paranodal 
region appears as a donut-shaped structure surrounding the axon at 
the node of Ranvier. These donut-shaped structures correspond to the 
corona of Schwann cell microvilli observed in electron micrographs 
(D). Immunoreactive Schmidt-Lanterman incisures appear as fun-
nel-shaped structures.  C.  Double immunolabeling of NKCC (FITC, 
green) and S-100 immunolabeling of the Schwann cell (colocalization 
appears in orange).  D.  Electron micrograph of a cross-section through 
a nodal axon segment showing a corona of Schwann cell microvilli. 
Scale bars in B and C are 20        μ m. Scale bar in B applies to A. Scale bar 
in D      �      0.5        μ m. Figures A – C are modified from  Alvarez-Leefmans et al. 
(2001)  and reproduced with permission. Figure D was modified from 
 Berthold and Rydmark (1983) .    
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 FIGURE 22.12          Ultrastructural distribution of NKCC immunoreactivity in rat myelinated axons.  A.  Ultrastructural features of the node of 
Ranvier in a DRG axon. At the node, the axon is loosely covered by microvilli-like cytoplasmic protrusions of the Schwann cell. In the paranodal 
region, pockets of Schwann cell cytoplasm that arise from the opening of the major dense line surround the axon. Material from Epon-
Araldite embedding.  B.  Myelinated axon in which NKCC-immunoreactive sites appear labeled with 10       nm colloidal gold particles. Intense 
immunoreactivity is found along the axonal plasma membrane (arrowheads), and to a lesser extent in the Schwann cell and in the axoplasm. 
Membrane-bound organelles like mitochondria (m) are also surrounded by NKCC immunoreactivity. Unicryl embedding, non-osmicated 
tissue, T4 mAb 1:1000.  C.  NKCC immunoreactivity in the node of Ranvier is strongly associated with the paranodal regions (arrows), particu-
larly on the membrane of the Schwann cell paranodal pockets. In the axon, immunoreactivity is found along the axonal plasma membrane, 
including the nodal axolemma (arrowheads), and throughout the axoplasm. Axoplasmic immunoreactivity appears somewhat concentrated in 
the nodal region. Unicryl embedding, osmicated tissue, T4 mAb 1:1000. Scale bars 0.5       mm (A, B), 1       mm (C). Reproduced with permission from 
 Alvarez-Leefmans et al. (2001) .    
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Schwann cell, its diameter is abruptly reduced to 
about one-third of its internodal value ( Fig. 22.11C , 
green). NKCC immunoreactivity in axons appeared 
with a punctate pattern and was located both in the 
axoplasm and in the axolemma region. 

 Treating   the tissue with the reducing agent  β -
mercapto-ethanol unmasked NKCC immunoreactivity 
in the incisures of Schmidt-Lanterman (S-L in  Fig. 22.11B –
 C ). The latter are inclusions of Schwann cytoplasm 

within the myelin which pursue a spiral course across 
the sheath, forming cylindrico-conical segments at the 
internodes, and so connecting the external and inter-
nal layers of Schwann cell cytoplasm ( Ghabriel and 
Allt, 1981 ;  Landon and Hall, 1976 ), as illustrated in 
the unrolled Schwann cell in  Fig. 22.13A   . In 3D rota-
tions, the funnel shape of the NKCC-immunoreactive 
incisures of Schmidt-Lanterman could be more clearly 
appreciated ( Fig. 22.11B ). The longitudinally sectioned 
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 FIGURE 22.13          Diagrams showing NKCC location in various elements of a myelinated sensory fiber and the possible functional signifi-
cance of NKCC in axons and Schwann cells.  A.  Unrolling of the Schwann cell sheath from an axon. The white areas indicate the presence of 
Schwann cell cytoplasm. The areas with black points indicate compact myelin. The unrolled sheath shows the transverse and longitudinal 
Schmidt-Lanterman incisures. Note the nucleus of the Schwann cell in the outer cytoplasmic belt, the microvilli and the terminal cytoplasmic 
spiral. NKCC immunoreactivity is indicated in red for the Schwann cell and in green for the axon.  B.  When rolled back around the axon, the 
terminal cytoplasmic spiral runs around the paranodal attachment segment many times, creating Schwann cell pockets or paranodal loops 
that, together with microvilli, overhang the paranodal and nodal axon, respectively. When transversally cut, this nodal – paranodal bracelet 
forms collars surrounding the axon, like the ones shown in Fig. 22.11B and D.  C.  Functional significance of NKCC in axons and Schwann cells. 
We propose that NKCC located in the Schwann cell may be involved in periaxonal K  �   homeostasis. External K  �   ion accumulation occurs in the 
paranodal areas of the Schwann cell, in particular during repetitive firing. During each action potential, Na  �   enters the axon through voltage-
gated channels located in the nodal area, and K  �   exits the axon via voltage-gated channels located in the nodal – paranodal interface. The pref-
erential location of NKCC in the paranodal areas of the Schwann cell suggests that it could be involved in the uptake of K  �   released from the 
axon and then in siphoning it to areas far away from the periaxonal space, thereby preventing periaxonal K  �   accumulation and controlling axo-
nal excitability. Uptake of K  �   by the Schwann cell can also occur through inward rectifier K  �   channels (IR). The release of K  �   taken up by the 
Schwann cell may occur through delayed rectifier channels (DR) located in the outer membrane, opposite to the periaxonal space.  “ Tight junc-
tions ”  (TJ) restrict access to the extracellular spaces within the myelin, and  ‘  ‘ transverse junctions ’  ’  (TB) maintain a narrow periaxonal space in the 
paranodal region. NKCC in axons may be involved in cell volume control and intracellular Cl  �   regulation and, in conjunction with the Na  �  /K  �   
pump, in the reuptake of K  �   released during nerve activity. A and B are reproduced with permission from  Alvarez-Leefmans et al. (2001) .    
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Schmidt-Lanterman incisures can also be appreciated 
in the S-100 and T4 double immunolabeling ( Fig. 22.11C ). 

 The   distribution of immunoreactivity in rat myelin-
ated axons was studied ultrastructurally and was 
found to be very similar to that observed using con-
focal microscopy in cat myelinated axons ( Fig. 22.12 ). 
Membrane immunostaining was detected in Schwann 
cell paranodal pockets and microvilli, and along the 
axonal membrane at the nodal and paranodal regions 
( Fig. 22.12B – C ). NKCC was found in both the 

axoplasm and in the membrane region of axons, as 
well as in three well-defined regions of the Schwann 
cell: the external surface along the internodal seg-
ment (paranode), the nodal – paranodal region 
(myelin sheath attachment segment) and the inci-
sures of Schmidt-Lanterman. These findings are sum-
marized in  Fig. 22.13A and B . The location of NKCC 
in these structures suggests that it may be playing a 
role in periaxonal K  �   homeostasis. Frankenhaeuser 
and Hodgkin first suggested that K  �   released by 
axons during activity could be transiently accumu-
lated in the periaxonal space between Schwann cells 
and axons ( Frankenhaeuser and Hodgkin, 1956 ). 
Since extracellular K  �   has a profound influence on 
excitability, efficient K  �   clearance is critical for nerve 
function. 

 It   has been suggested that periaxonal K  �   is partly 
regulated by the Schwann cells. Two mechanisms 
have been proposed: inwardly rectifying K  �   channels 
(       Chiu, 1991, 1995 ) and the Na  �  /K  �   pump ( Ransom 
et al., 2000 ), both of which are present in the plasma 
membrane of Schwann cells ( Fig. 22.13C ). We pro-
posed that NKCC exhibits the kinetic features required 
for an efficient extracellular K  �   buffer, as discussed 
also in Chapter 5. The immunolocalization of NKCC 
suggests that NKCC may be another major mecha-
nism involved in periaxonal K  �   buffering in periph-
eral myelinated axons ( Fig. 22.13C ). 

 Modeling   activity-dependent K  �   accumulation 
in various compartments of mammalian myelinated 
fibers, Chiu showed that the largest extracellular 
K  �   accumulation is expected to occur at the adja-
cent 2 – 4        μ m length of periaxonal space at the nodal –
 paranodal interface ( Chiu, 1991 ), the region in which 
NKCC is highly concentrated (             Figs 22.11B – D and 
22.14 ). Indeed, this is the region where Schwann cell 
microvilli prominently express NKCC. These micro-
villi represent a dramatic increase in the ratio of sur-
face area to volume seen in typical absorptive epithelia 
( Fig. 22.11D ). The total membrane area of the micro-
villi is about ten to 15 times that of the nodal area 
( Berthold and Rydmark, 1983 ). Activity-dependent 
paranodal K  �   accumulation of the magnitude pre-
dicted by the model ( Fig. 22.14E ) may cause sufficient 
depolarization to compromise repetitive conduction of 
impulses. In the paranodal region, diffusion alone is 
not sufficient to avoid K  �   accumulation, as is the case 
for the nodal region. The features of the paranodal 
Schwann cell are well designed to act as a powerful 
periaxonal K  �   buffering system. Experiments to test 
this hypothesis, using electrophysiological methods, 
are much needed. 

 Finally  , the presence of NKCC in the axonal mem-
brane deserves further comment. As already mentioned, 
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 FIGURE 22.14          Computer simulation of K  �   accumulation in the 
nodal and paranodal periaxonal compartments of a myelinated fiber 
during non-propagating action potentials, assuming that the only 
K  �   clearance mechanism is diffusion.  A.  Equivalent circuit used 
in the simulation. Values used in the model are described in  Chiu 
(1991 ).  B.  and  C.  Ionic currents during a single non-propagating 
action potential in the nodal region (B) and in the paranodal region 
(C).  D.  and  E.  Activity-dependent accumulation of K  �   in the nodel 
gap (D) and in the periaxonal space between the paranodal axon 
and the paranodal myelin (E). Note the different scales for [K  �  ] o  
between D and E. If there were no K  �   clearance mechanisms other 
than difussion, the periaxonal K  �   accumulation would be two 
orders of magnitude higher in the paranode (10       mM), depolarizing 
the node and compromising action potential conduction. (Modified 
from  Chiu, 1995 ; reproduced with permission from Oxford 
University Press.)    
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at the time in which our work was published (2001), 
NKCC had only been reported in unmyelinated squid 
axons, as already mentioned ( Russell, 2000 ). The pres-
ence of NKCC in mammalian peripheral axons and 
terminals (see below) suggests that the protein is trans-
ported from the cell bodies to distal regions of sensory 
neurons. Further, the fact that GABA depolarizes sen-
sory axons, including myelinated or unmyelinated (see 
above, section II.A), suggests that the NKCC protein is 
also functional as an active Cl  �   uptake system, main-
taining an outward Cl  �   gradient over the entire length 
of axon. NKCC in peripheral sensory axons may be 
involved in reuptake of K  �   following nerve activ-
ity, as well as in cell volume control. The functional 
meaning of depolarizing GABA A  extrajunctional 
receptors in sensory axons is still unknown. GABA 
in the periphery might play a role in the control of 
excitability and action potential propagation ( Verdier 
et al., 2003 ). Interestingly, expression of NKCC1 in 
vagal sensory endings innervating the airways has 
been demonstrated ( Mazzone and McGovern, 2006 ). 
Depolarzing Cl  �   currents determine nerve end-
ing activation underlying cough reflexes. In central 
neurons, GABA mediates a depolarizing response at 
the axon initial segments of cortical pyramidal cells 
( Szabadics et al., 2006 ). As in peripheral axons, the 
outward Cl  �   gradient is caused by NKCC1 ( Khirug 
et al., 2008 ). The functional meaning of these inter-
actions in cortical neurons is also intriguing, and 
remains to be elucidated.  

    V .      CONCLUSIONS 

 The   evidence discussed supports the notion that 
[Cl  �  ] i  in primary afferent neurons plays important roles 
in sensory signaling. Active Cl  �   uptake transport sys-
tems like NKCC1 maintain [Cl  �  ] i  above electrochemi-
cal equilibrium, setting up an outward Cl  �   gradient 
along the entire neuronal surface. This Cl  �   gradient 
makes possible GABA A -mediated PAD and presynaptic 
inhibition in the central terminals of primary afferents. 
Since GABA application depolarizes all parts of PSNs, 
the outward Cl  �   gradient must be maintained through-
out their entire cell surface, including the cell body and 
the peripheral and central processes; hence, active Cl  �   
uptake mechanisms must be expressed in the entire cell 
surface. Changes in Cl  �   regulatory mechanism may 
increase [Cl  �  ] i  thereby shifting  E  Cl  to more depolar-
ized values and transforming PAD into an excitatory 
phenomenon. When PAD amplitude reaches the firing 
threshold of the terminal it produces dorsal root reflexes 
(DRRs), pain and neurogenic inflammation. Further, 
there is evidence supporting the idea that the outward 

Cl  �   gradient may contribute to the generator poten-
tial in nociceptive peripheral terminals, making pos-
sible action potential initiation in nociceptors. Due to 
technical difficulties, most studies on Cl  �   transporters 
in sensory neurons have been done in the cell bodies. 
Although the cell bodies have been a useful model of 
what occurs in the intraspinal and peripheral termi-
nals, what happens in these other less accessible parts 
of the cells remains largely inferential.  
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    I .      INTRODUCTION 

 A   large body of evidence indicates that injury either 
to the peripheral or central nervous system (CNS) 
causes a number of changes in the CNS, which lead 

to abnormal information processing and hyperexcit-
ability. A decrease in synaptic inhibition, or  ‘  ‘ disin-
hibition ’  ’ , appears to be an important substrate of 
several pathophysiological conditions of the CNS, 
such as traumatic injuries, epilepsy and chronic pain 
( Prince, 1999 ;  Toth et al., 1997 ;  Woolf and Salter, 2000 ). 

  23   23 
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This disinhibition results in a general increased excit-
ability of individual neurons and networks of neurons; 
it has also the potential to allow inputs to be relayed 
through pathways that are normally maintained silent 
by inhibition, destabilizing neuronal circuits. 

 For   decades, a neuron-centric view has predomi-
nated to explain changes in excitability underlying 
CNS pathologies, but recent work has uncovered 
neuroimmune interactions as important contributing 
mechanisms. Interactions between the immune and 
nervous systems occur at multiple levels, where differ-
ent types of immune/glial cells and immune-derived 
substances are implicated at different stages of the 
pathogenesis of a wide array of syndromes, including 
spinal cord injury, multiple sclerosis, neuropathic pain, 
epilepsy and brain ischemia as well as neurodegen-
erative diseases such as Alzheimer’s and Parkinson’s 
disease, and amyotrophic lateral sclerosis ( Hanisch 
and Kettenmann, 2007 ;  Marchand et al., 2005 ;  Nguyen 
et al., 2002 ;  Rock et al., 2008 ;  Scholz et al., 2008 ). 
Importantly, many of these neuroimmune interac-
tions occur within the CNS parenchyma. Further, not 
only central, but also peripheral nerve injuries trig-
ger important central neuroinflammatory responses 
( Marchand et al., 2005 ;  Nguyen et al., 2002 ;  Rock et al., 
2008 ;  Scholz et al., 2008 ). Yet, while immune cells of the 
CNS, notably microglia, are recognized as active par-
ticipants in the control of neuronal function, the mech-
anisms by which microglia signal to neurons to alter 
their excitability had remained elusive until recently. 

 In   this chapter we show that modulation of neuronal 
Cl  �   homeostasis serves as a mechanistic link between 
central neuroimmune response and neuronal excitabil-
ity: via the release of BDNF acting on neuronal TrkB, 
microglia cause a depolarizing shift in reversal poten-
tial for GABA A  and glycine receptor-mediated currents 
effectively impairing, and in some case even invert-
ing, inhibition. This results in an imbalance of inputs 
towards excitation, raising neuronal network excitabil-
ity. Thus, by regulating Cl  �   homeostasis in their neigh-
boring neurons, microglial cells can effectively control 
neuronal network excitability. The findings outlined in 
this chapter also highlight the fact that Cl  �   homeosta-
sis does not only change during development, or as a 
consequence of direct injury to neurons, but that it can 
be regulated by signaling mechanisms in adult tissue. 

 This   microglia-to-neuron communication path-
way was unveiled at the level of the spinal cord in an 
experimental model of chronic pain. Thus, to describe 
the cascade of neuron-to-microglia-to-neuron signaling 
mechanisms that eventually lead to altered Cl  �   homeo-
stasis, we will focus mainly on spinal mechanism 
underlying neuropathic pain, but these findings are 
likely to be relevant to other syndromes that involve 
neuroimmune interactions in other CNS areas including 

epilepsy, multiple sclerosis, spinal cord injury and 
brain ischemia.  

    II .       ALTERED CHLORIDE HOMEOSTASIS 
IN THE SPINAL DORSAL HORN AS A 
SUBSTRATE OF NEUROPATHIC PAIN 

    A .       Blocking Spinal Inhibition Causes Pain 
Hypersensitivity 

 There   is ample evidence indicating that decreasing 
inhibition (disinhibition) causes pain hypersensitiv-
ity. The largest body of evidence comes from work in 
the spinal cord where blocking inhibition mediated by 
GABA and glycine replicates symptoms of neuropathic 
and inflammatory pain ( Sherman et al., 1997 ;  Sherman 
and Loomis, 1994 ;  Sivilotti and Woolf, 1994 ;  Sorkin 
and Puig, 1996 ;  Yaksh, 1989 ). The network of local 
inhibitory neurons within the dorsal horn represses 
a large amount of established excitatory connections 
and suppression of this inhibitory control unmasks 
a profound network of polysynaptic excitatory input 
to relay neurons. This results in a general increased 
excitability of the network and has the potential for 
allowing inputs to be relayed through pathways that 
do not convey these inputs in normal conditions (e.g. 
normally nociceptive specific pathways). For example, 
after blockade of GABA A  and glycine receptors, spinal 
lamina I and lamina II neurons with normally little or 
no low threshold input can be seen to receive consid-
erable inputs from low threshold afferents (compara-
ble in magnitude to that from high threshold afferents) 
via unmasked polysynaptic links ( Baba et al., 2003 ; 
 Torsney and MacDermott, 2006 ). Nociceptive specific 
lamina I neurons show responses to innocuous touch 
after blockage of intrinsic GABA A /glycine inhibition 
( Keller et al., 2007 ) and nociceptive specific thalamic 
neurons display responses to innocuous input follow-
ing blockade of glycine receptors at the lumbar spi-
nal level indicating subliminal low threshold input to 
normally nociceptive specific spinal output pathways 
( Sherman et al., 1997 ). Because there are normally no 
monosynaptic inputs to lamina I from low threshold 
afferents, these findings confirm that the network is 
organized in such a way that GABA A /glycine inhibi-
tory neurons repress existing excitatory connections 
allowing a crosstalk between low and high threshold 
pathways. The same principles can be transposed to 
other brain centers where disinhibition can directly 
raise the excitability of individual cells, but also 
alter the flow of information through networks by 
unmasking connections. However, the fact that block-
ing inhibition causes pain hypersensitivity does not 
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necessarily imply that disinhibition occurs in patho-
logical conditions. Hence, several recent studies have 
been aimed at identifying substrates of impaired inhi-
bition in experimental models of chronic pain.  

    B .      Pre- vs. Postsynaptic Mechanisms 

 Furthermore  , blocking inhibition using the 
approaches highlighted above may affect both pre- 
and postsynaptic inhibition at the spinal level, i.e. 
inhibition of primary afferents vs. that of neurons 
intrinsic to the dorsal horn. Primary afferent depolar-
ization is an important mechanism of inhibitory con-
trol of incoming signals into the spinal cord. Plasticity 
of Cl  �   homeostasis in primary afferents and its impact 
in nociception are discussed in Chapter 22, in particu-
lar in the context of acute tissue injury, somatic pain 
and neurogenic inflammation. In the present chapter, 
we will focus on disinhibition of dorsal horn neurons, 
principally under neuropathic pain conditions.  

    C .       Conventional Substrates of Dorsal Horn 
Disinhibition 

 Several   studies have shown that peripheral nerve 
injury causes loss of inhibition impinging on spinal 
dorsal horn neurons. A potential underlying mecha-
nism is the degeneration of inhibitory interneurons 
( Ibuki et al., 1997 ;  Moore et al., 2002 ;  Scholz et al., 
2005 ). However, it has been argued that pain hyper-
sensitivity after nerve injury may occur without 
any apparent loss of interneurons (       Polgar et al., 2004, 

2005 ). Altered expression of GABA (or its synthesizing 
enzyme GAD) and/or GABA A  receptors is another 
potential mechanism, but findings appear to differ 
depending on chronic pain models and animal strains 
(         Castro-Lopes et al., 1993, 1994, 1995 ;  Moore et al., 
2002 ;  Somers and Clemente, 2002 ). Thus, while func-
tional disinhibition appears to be a substrate of pain 
hypersensitivity, the substrate has remained elusive 
when considering conventional measures of inhibi-
tion such as transmitter levels (or its synthesizing 
enzymes), receptor levels or neuronal counts.  

    D .       Impaired Chloride Extrusion as a Novel 
Mechanism of Dorsal Horn Disinhibition 

 In   parallel to the above-mentioned studies, we have 
identified another mechanism to account for dorsal 
horn disinhibition in neuropathic pain conditions. 
This mechanism involves a decrease in the expression 
of the K  �  -Cl  �   cotransporter KCC2 in spinal dorsal 
horn neurons following peripheral nerve injury ( Coull 
et al., 2003 ). Because primary afferents do not express 
KCC2 in normal conditions, as discussed in Chapter 
22, the loss of KCC2 pointed to a mechanism spe-
cifically affecting postsynaptic inhibition onto dorsal 
horn neurons ( Coull et al., 2003 ). In functional terms, 
this resulted in a shift in  E  GABA  to more depolarized 
values, effectively eliminating the hyperpolarizing 
action of GABA and glycine ( Fig. 23.1   ). In most cases, 
the shift in  E  GABA  was sufficient to invert GABA/ 
glycine-mediated hyperpolarization to depolariza-
tion and, in a subset of cells, it effectively converted 

 FIGURE 23.1          Peripheral nerve injury causes a decrease in paw withdrawal threshold and a concurrent depolarizing shift in  E  GABA  in superfi-
cial dorsal horn neurons. The graph on the left shows that peripheral nerve injury (PNI), but not sham surgery (Sham), caused a significant reduc-
tion in the nociceptive withdrawal threshold to mechanical stimulation of the hindpaw in rats. The middle graph shows  I / V  relations of the mean 
peak current in response to GABA, at different holding potentials ( V  m ) (inset scale:  x       �      1.0       s;  y       �      0.6       nA). The records were obtained using perfo-
rated patch (gramicidin) clamp recordings. The intersection with the  V  m  axis indicates  E  GABA . Nerve injury caused a depolarizing shift in  E  GABA  of 
more than 20       mV. Horizontal standard error bars represent interneuron differences in holding potentials. The graph on the right shows the distribu-
tion of EGABA measured across the population (solid symbol      �      mean EGABA  �  SEM). Modified from ( Coull et al., 2003 ); reproduced with permission.    
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inhibition into net excitation mediated by these neu-
rotransmitters ( Coull et al., 2003 ). Local blockade or 
knockdown of spinal KCC2 in intact rats markedly 
reduced nociceptive threshold, confirming that dis-
ruption of chloride homeostasis in superficial dorsal 
horn neurons was sufficient to replicate the symp-
toms of neuropathic pain ( Coull et al., 2003 ). This was 
consistent with an increase in excitability of spinal 

relay neurons ( Prescott et al., 2006 ). We also found 
that blocking Cl  �   transport unmasked innocuous 
input to normally nociceptive specific spinal lamina 
I projection neurons, indicating a substrate for tactile 
allodynia (pain sensation in response to a normally 
innocuous stimulus) characteristic of neuropathic pain 
( Keller et al., 2007 ) ( Fig. 23.2   ). Because nociceptive 
relay neurons in spinal lamina I do not receive direct 

 FIGURE 23.2          Blockade of cation-chloride cotransporter and local application of ATP-stimulated microglia unmasks low threshold sensory input 
to normally selectively high threshold projection neurons.  A.  Schematic representation of the experimental setting to perform single unit extracel-
lular recording from single antidromically identified lamina I projection neurons. Cells were recorded from control animals and from animals that 
received a chronic constriction injury of the sciatic nerve.  B.  Confirmation of recording from a lamina I projection neuron.  Top : Extracellular single 
unit recordings from a lamina I neuron showing one-for-one following of a train of antidromic stimuli (lower traces mark the stimulus) delivered 
from an electrode positioned in the lateral parabrachial nucleus.  Bottom : Collision of the first of four antidromic action potentials (25       Hz) with an 
orthodromic action potential (*) occurring within the critical interval. The arrow points to the position where the first antidromic action potential 
would have occurred in absence of the orthodromic action potential (as in the trace on the left).  C.  In a nociceptive specific lamina I projection neu-
ron that responded only to pinch (P) stimulation in control conditions, blockade of cation-chloride cotransporters with local spinal administration 
of DIOA unmasked innocuous input (brush B and touch T). The unmasking of low threshold is interpreted as the result of blocking KCC2 action 
because even if DIOA also blocks NKCC1 as suggested by other authors ( Gillen and Forbush, 1999 ), the latter effect would work against exagger-
ated depolarization in primary afferents and thus prevent rather than produce crosstalk between them as proposed for inflammatory insult ( Pitcher 
et al., 2007 ). See discussion in  Keller et al. (2007) .  D.  Local spinal administration of ATP-stimulated microglia also unmasked innocuous input to a 
normally nociceptive specific lamina I projection neuron. Modified from  Keller et al. (2007) ; reproduced with permission.    
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Cl  �   homeostasis in spinal neurons after peripheral 
nerve injury involved a signaling mechanism between 
the injured afferents and dorsal horn neurons. The con-
cept that Cl  �   homeostasis is modulated by intercellular 
signaling introduces a novel perspective to the role of 
the Cl  �   transport mechanism: a substrate for activity-
regulated plasticity of CNS network excitability.   

    III .      BDNF, A SIGNALING MOLECULE 
CONTROLLING KCC2 EXPRESSION 

 Modulating   ion gradients as a means to control the 
strength of synaptic transmission provides a novel 
perspective on synaptic plasticity. Indeed, changes in 
ion gradients, especially Cl  �   gradients, have been well 
documented throughout development (see Chapters 7 
and 19) but little consideration had been given until 
recently to the possibility that ion gradients could be 
actively modulated in adult tissue, as discussed in 
Chapter 22. 

 Initial   demonstration of a potential intercellular 
signaling event modulating Cl  �   homeostasis in adult 
tissue came from the observation that application of 
brain-derived neurotrophic factor (BDNF) onto dis-
sociated hippocampal cell cultures caused a selective 
shift in reversal potential of inhibitory synaptic cur-
rents (IPSCs) in a subpopulation of neurons ( Wardle 
and Poo, 2003 ). Subsequently, it was shown that 
exposing hippocampal slice cultures to BDNF caused 
down-regulation of both KCC2 message and pro-
tein on a rapid time scale (within an hour;  Fig. 23.4   ) 
with a corresponding deficit in Cl  �   extrusion capacity 

 FIGURE 23.3          Blocking GABA  A   and glycine receptor-mediated 
transmission unmasks polysynaptic coupling between low thresh-
old afferents and spinal lamina I neurons. Whole cell patch clamp 
recording from lamina I neurons in a spinal cord slice with dorsal 
roots attached. Stimulation of the dorsal root at A β  strength elicited 
no response in the cells. After bath application of bicuculline and 
strychnine a large polysynaptic response was recorded in response 
to a stimulus at the same A β  strength. Modified from  Torsney and 
MacDermott (2006) ; reproduced with permission.    

 FIGURE 23.4          Exogenous BDNF and NT-4 decrease KCC2 mRNA and protein expression in organotypic hippocampal slices.  A.  Repre-
sentative RT-PCR experiment (out of four similar ones), showing the down-regulatory effect of BDNF and NT-4 on KCC2 mRNA expres-
sion. The effects of BDNF and NT-4 were inhibited by 200       ng/ml of TrkB-Fc. The amplified light neurofilament (NF-L) fragment indicates 
an equal amount of mRNA in the reactions. Note the increase in KCC2 mRNA brought about by exposure to TrkB-Fc only.  B.  Western blot 
analysis showing the dose-dependent effect of BDNF on KCC2 protein expression.  Left : A representative Western blot.  Right : The average nor-
malized optical densities displayed as a percentage of control (right, mean  �  SD,  n       �      5). Modified from  Rivera et al. (2002) ; reproduced with 
permission.    

input from low threshold afferents, the latter find-
ing indicated that the disruption of inhibition by the 
impaired Cl  �   transport in the superficial dorsal horn 
effectively unmasked indirect (likely polysynaptic) 
connections between innocuous inputs and these 
nociceptive relay neurons, similar to what has been 
shown with local spinal blockade of GABA A  and/or 
glycine receptor mediated inhibition ( Torsney and 
MacDermott, 2006 ) ( Fig. 23.3   ).  

    E .       Loss of KCC2 as a Result of Intercellular 
Signaling Mechanisms 

 Importantly  , the loss of KCC2 expression observed 
after peripheral nerve injury occurred in neurons intrin-
sic to the dorsal horn and therefore not the directly 
injured neurons ( Coull et al., 2003 ) ( Fig. 23.1 ). This 
indicated that, in contrast to other traumatic injuries 
( Nabekura et al., 2002 ; Van den  Pol et al., 1996 ), altered 
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( Rivera et al., 2002 ). Kindling-induced epileptogenesis 
caused a concurrent up-regulation of BDNF and 
down-regulation of KCC2 with similar temporal pro-
files. Consistent with these observations, we found 
that BDNF application onto adult spinal cord slices 
caused a depolarizing shift in  E  GABA , decreasing 
hyperpolarizing inhibition mediated by GABA A  and 
glycine receptors ( Fig. 23.5   ). In a subset of neurons, 
BDNF application even caused GABAergic currents to 
switch to net excitatory events ( Coull et al., 2005 ). We 
then tested whether endogenous BDNF was responsi-
ble for the shift in  E  GABA  after nerve injury. For this, we 
either removed (or mopped up) endogenous BDNF 
using a TrkB-Fc fusion protein ( Mannion et al., 1999 ; 
 Thompson et al., 1999 ) or blocked its binding to TrkB 
receptors using a function blocking anti-TrkB antibody 
( Balkowiec and Katz, 2000 ) in spinal slices taken from 
rats with peripheral nerve injury. We found that acute 
blockade of BDNF-TrkB signaling reversed the depo-
larizing shift in  E  GABA  ( Coull et al., 2005 ) ( Fig. 23.5 ). 

 These   findings indicated: (1) that endogenously 
released BDNF was causing the depolarizing shift 
in  E  GABA  and (2) that after peripheral nerve injury, 
 E  GABA  is maintained at a depolarized level in dorsal 
horn neurons by tonically released BDNF at the spinal 

level. Thus, in the absence of TrkB receptor activity, 
Cl  �   is maintained at normal levels by regulatory 
mechanisms. Maintenance of intracellular [Cl  �  ] at 
a given level is thus an ongoing process that can be 
readily modulated to control the strength and polar-
ity of GABA A /glycine-receptor mediated transmis-
sion. Importantly, for therapeutic considerations in the 
nerve injury model we studied, because Cl  �   homeo-
stasis in the CNS is altered by a tonically released 
modulator, impaired inhibition (disinhibition) can be 
reversed by drug treatments.  

    IV .      MECHANISM OF BDNF-TRKB 
MEDIATED ALTERED CHLORIDE 

HOMEOSTASIS 

 Two   intracellular second messenger pathways by 
which BDNF-TrkB signaling controls KCC2 expression 
have been identified; the Shc/FRS-2 (src homology 2 
domain-containing transforming protein/fibroblast 
growth factor receptor substrate 2) pathway, and the 
phospholipase C- γ  (PLC γ )-cyclic adenosine mono-
phosphate response element-binding protein (CREB) 

 FIGURE 23.5          Increased concentrations of BDNF in the dorsal horn cause pain hypersensitivity and a depolarizing shift in  E  GABA . Blocking 
BDNF-TrkB signaling reverses both of these effects in rats with nerve injury.  A.   Left graph : Intrathecal delivery of recombinant human BDNF 
(20       μg) to the lumbar dorsal horn of intact rats led to a significant and transient decrease in paw withdrawal threshold within 1 hour of injec-
tion, compared to saline control (PBS), which did not elicited significant changes.  Right graph : Depolarizing shift in mean  E  GABA  measured 
in lamina I neurons in spinal cord slices treated with BDNF (50       ng/ml; for  � 90       min) vs. slices in control ACSF (Na ï ve).  B.   Left histograms : 
Intrathecal administration of either anti-TrkB (a function-blocking receptor antibody) or TrkB-Fc (a BDNF-neutralizing fusion protein) to the 
lumbar dorsal horn of rats that displayed robust allodynia in response to peripheral nerve injury (PNI) caused a significant increase in paw 
withdrawal threshold.  Right graph : pooled results from gramicidin patch-clamp recordings from lamina I neurons in slices taken from PNI rats 
in control and after anti-TrkB antibody treatment. Slices we superfused for 2 hours with either control ACSF (control) or anti-TrkB (1       μg/ml). 
 E  GABA  was shifted to depolarizing potentials in slices taken from PNI rats, whereas it was hyperpolarized from rest in slices perfused with anti-
TrkB. Modified from  Coull et al. (2005) ; reproduced with permission.    
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pathway ( Rivera et al., 2004 ) ( Fig. 23.6   ). Interestingly, 
activation of both Shc and PLC γ  cascades by TrkB 
causes down-regulation of KCC2, whereas activa-
tion of the Shc pathway in the absence of PLC γ  acti-
vation leads to up-regulation of KCC2 ( Rivera et al., 
2004 ) ( Fig. 23.6 ). This finding is particularly interest-
ing because there is evidence supporting the notion 
that BDNF plays an important role in the ontogeny 
of intracellular Cl  �   regulation by promoting the up-
regulation of KCC2 during the early postnatal period 
( Aguado et al., 2003 ). The bidirectional action of 
BDNF on KCC2 expression, depending on whether 

both Shc and PLC γ  are involved, provides a poten-
tial mechanism for the divergent action of BDNF in 
early developmental stages compared to in adult-
hood, which is reminiscent of the opposite effects of 
BDNF on GABA A -receptor trafficking in immature 
and adult brain tissue ( Mizoguchi et al., 2003 ). Thus, 
while BDNF signaling in early developmental stage 
appears to promote maturation of inhibition and thus 
a decrease in the excitatory action of GABA and gly-
cine, in adult tissue it causes weakening of inhibition 
and sometimes even its inversion into excitation. In 
other words, if BDNF secretion is involved in a repair 

 FIGURE 23.6          Both PLC γ  and Shc docking sites of TrkB are required for BDNF-TrkB-mediated KCC2 down-regulation. In contrast the Shc 
site acting in isolation mediates KCC2 up-regulation. The schematic diagram at the top represents mutant TrkB receptors with a point mutation 
at either tyrosine 515 (Shc site) in the juxtamembrane region ( Minichiello et al., 1998 ) or at tyrosine 816 (PLC γ  site) in the C-terminal region. In 
the trk BPLC/PLC  and trk BSHC/SHC  mutant receptors, tyrosine (Y816) and tyrosine (Y515) were replaced by phenylalanine (F816) and phenylala-
nine (F515), respectively. The bar graph in the lower left shows a quantification of the Western blot band intensities from acute hippocampal 
slices after exposure to BDNF for 3 – 4 hours (means  �  SEM;  t  test; ***p      �      0.001; **p      �      0.01). The schematic diagram on the right summarizes the 
interpretation of the data: activation of both Shc- and PLC γ -coupled intracellular cascades is required for trkB-mediated down-regulation of 
KCC2, whereas activation of the Shc pathway in the absence of PLC γ  activation leads to up-regulation of KCC2. Modified from  Rivera et al. 
(2004) ; reproduced with permission.    
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response following injury, a side effect of the action of 
the neurotrophin in adult tissue is to weaken the Cl  �   
extrusion capacity of the cell, yielding an imbalance of 
synaptic inputs towards enhanced excitation; oppo-
site to what BDNF does during development. Other 
intracellular signaling pathways associated with TrkB 
activation, such as the PKA pathway ( Qiu et al., 2002 ) 
may be involved in regulating KCC2 activity and 
perhaps other cotransporters ( Gamba, 2005 ) but this 
remains to be studied more directly (see Chapter 18).  

    V .      MICROGLIA CONTROL 
NEUROTRANSMITTER-MEDIATED
NEURONAL EXCITABILITY BY 
ALTERING ANION HOMEOSTASIS 

    A .       Active Sensors and Effectors in Normal 
and Pathologic Conditions 

 Within   the CNS, microglia and astrocytes represent 
two highly reactive intraparenchymal cell populations. 
Microglial cells are resident macrophages of the CNS. 
In normal conditions they fulfill a constitutive  ‘  ‘ surveil-
lance ’  ’  function ( Hanisch and Kettenmann, 2007 ). They 
acquire a different reactive profile  –  often termed acti-
vation  –  early in response to injury, infections, ischemia, 
brain tumors or neurodegeneration. Activated microg-
lia change from a ramified to an ameboid morphology, 
proliferate, increase expression of cell surface markers/
receptors, migrate to areas of damage, become phago-
cytotic and produce/release pro-inflammatory sub-
stances or cell-signaling mediators ( Coull et al., 2005 ; 
 Echeverry et al., 2008 ;  Hanisch and Kettenmann, 2007 ; 
 Haynes et al., 2006 ;  Koizumi et al., 2007 ). Astrocytes 
also respond to different types of insult and this acti-
vation is characterized by morphological changes, 
increased production of intermediate filaments such 
as glial fibrillary acidic protein (GFAP), increased pro-
duction of signaling molecules and alterations in their 
homeostatic activity ( Maragakis and Rothstein, 2006 ).  

    B .      Multiple Sources and Multiple Phenotypes 

 Importantly  , both microglial and astrocytic activa-
tions are multidimensional. There are many different 
activation states, with various components expressed 
with different time courses and intensities that are 
dependent on the stimulus that triggers the activation 
mechanisms ( Hanisch and Kettenmann, 2007 ). Recent 
results also revealed that nerve injury-induced spinal 
microglial response can include not only activation of 

pre-existing resident microglia, but also the generation 
of new microglia from proliferation ( Echeverry et al., 
2008 ) and from recruitment of peripheral monocytes 
( Zhang et al., 2007 ). Both resident and bone marrow-
derived microglia may be involved in the generation 
of neuronal hyperexcitability in the CNS. The abil-
ity of blood-borne monocytes to populate the CNS 
parenchyma and differentiate into microglia has been 
observed in adult animals, especially in certain special 
pathological conditions, although the exact conditions 
enabling CNS infiltration remain a subject of debate 
( Soulet and Rivest, 2008 ).  

    C .       ATP-stimulated Microglia Alter Neuronal 
 E  GABA  

 While   activated microglial cells are known to 
release a number of pro-inflammatory and signaling 
molecules, the direct mechanisms by which microg-
lia alter neuronal excitability in different pathological 
conditions has remained largely elusive. Peripheral 
nerve injury induces spinal microglial/astrocytic 
activation in several models of pain hypersensitiv-
ity ( Colburn et al., 1999 ;  Fu et al., 1999 ;  Tsuda et al., 
2003 ;  Zhuang et al., 2005 ). Following nerve injury, 
spinal activated microglia express  de novo  the P2X 4  
receptor, and blocking P2X 4  receptors reverse the 
tactile allodynia associated with the injury ( Tsuda et 
al., 2003 ). The finding by  Tsuda et al. (2003)  that it is 
possible to administer locally, onto the spinal cord, 
ATP-stimulated microglia to cause tactile allodynia 
provided an ideal framework to test whether microg-
lia may exert their action via altering neuronal  E  GABA  
( Coull et al., 2005 ). Indeed, we found that local spi-
nal administration of ATP-stimulated microglia, 
but not unstimulated microglia, in control animals, 
caused a significant shift in  E  GABA  of superficial spi-
nal dorsal horn neurons to more depolarized values 
( Fig. 23.7   ). This shift in  E  GABA  effectively unmasked 
low threshold input to normally nociceptive spe-
cific lamina I projection neurons as did nerve injury, 
pharmacological blockade of cation chloride cotrans-
port, or blockade of GABA A  receptors ( Fig. 23.2 ). The 
fact that microglia caused a shift in  E  GABA  similar to 
that seen with BDNF administration (see above and 
 Fig. 23.5 ) suggested that these cells may act on the 
mechanisms regulating the Cl  �   gradient by releasing 
this neurotrophin. Assays in microglial cell cultures 
indeed confirmed that ATP stimulation promotes the 
secretion of BDNF from microglia ( Fig. 23.8   ). More 
direct evidence that microglia signal directly to neu-
rons via BDNF came from the finding that treatment 
of microglia with siRNA against BNDF prior to ATP 
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stimulation prevented their behavioral effect and their 
effect on the neuronal Cl  �   gradient ( Fig. 23.8 ). Thus 
neurotrophin BDNF appears to be the direct mediator 

of microglia – neuron signaling and the agent respon-
sible for the alteration of neuronal Cl  �   homeostasis. 
This suggests that the mechanism by which microglia 

 FIGURE 23.7          Spinal delivery of ATP-stimulated microglia caused tactile allodynia and a depolarizing shift in  E  GABA  in spinal lamina I 
neurons.  Left  (Behavior): Intrathecal injections of ATP-stimulated microglia (of cortical or spinal origin), but not resting microglia, caused a 
significant decrease in the paw withdrawal threshold in rats (values are mean  �  SEM).  Right  (Slice): Comparison of the mean  E  GABA  recorded 
in lamina I neurons from resting microglia- and ATP-stimulated microglia-injected rats (there were no significant changes in resting membrane 
potential of the cells). The  I / V  relation on the right is a plot of the mean peak current evoked by GABA at various holding transmembrane 
potentials ( V  H ).  Inset : Representative GABA-induced currents at different holding potentials. Recordings were made on lamina I neurons in 
spinal cord slices taken from rats treated with ATP-stimulated or resting microglia. The horizontal standard error bars represent interneuron 
differences in holding potentials. Modified from  Coull et al. (2005) ; reproduced with permission.    

 FIGURE 23.8          Microglia-derived BDNF triggers both allodynia and a depolarizing shift in  E  GABA  in spinal lamina I neurons.  Left panel : 
ELISA-based measurement of BDNF protein in the supernatant of cultured microglia 5 hours after treatment with phosphate buffered saline 
vehicle (PBS), ATP, ATP      �      TNP-ATP (10       μM) or ATP after pre-treatment with BDNF siRNA.  Middle panel  (Behavior): Local spinal deliv-
ery of ATP-stimulated microglia neither incubated with anti-TrkB or TrkB-Fc, nor lipofected with BDNF interfering RNA (siRNA) caused a 
significant change in paw withdrawal threshold. Lipofection of ATP-stimulated microglia with a scrambled version of the interfering RNA 
(Scr. siRNA) did, however, cause a significant decrease in withdrawal threshold 5 hours after injection.  Right panel  (Slice): The mean  E  GABA  
measured from lamina I neurons taken from rats that had received local spinal delivery of either ATP-stimulated microglia mixed with anti-
TrkB or ATP-stimulated microglia lipofected with BDNF siRNA was significantly more negative than that measured from LI neurons from rats 
that were injected with ATP-stimulated microglia. Modified from  Coull et al. (2005) ; reproduced with permission.    
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can control how neurons integrate synaptic inputs is 
BDNF release ( Fig. 23.9   ).  

    D .       Ongoing Microglial Stimulation After 
Nerve Injury 

 Acute   administration of the P2X receptor antago-
nist TNP-ATP (at doses specific for P2X 4  receptors) 
to spinal cord slices taken from rats that had received 
nerve injury produced a shift in  E  GABA  towards more 
 hyperpolarized  values, thus effectively reversing the 
collapse in anion gradient that characterized neuro-
pathic pain ( Coull et al., 2005 ). This indicates that the 
altered anion homeostasis is maintained by continu-
ous signaling from microglia in the tissue, consistent 
with the observation of tonic spinal BDNF secretion in 
chronic neuropathic animals (see above and  Fig. 23.5 ).  

    E .      P2X 4  to BDNF Coupling 

 Enhanced   spinal release of BDNF after periph-
eral nerve injury appears to be specifically linked to 

P2X 4  receptor activation by ATP. Indeed, in P2X 4  null 
mice, nerve injury failed to cause tactile allodynia 
and application of ATP onto microglial cells failed to 
cause BDNF release ( Fig. 23.10   ) ( Ulmann et al., 2008 ). 
Stimulation of P2X 4  causes a p38-MAPK-dependent 
increase in expression of BDNF and release by microg-
lia in culture ( Trang et al., 2008 ).  

    F .       Microglia, Not Sensory Nerves, are the 
Source of BDNF in Neuropathic Pain 

 While   microglial cells release BDNF, this does not 
necessarily mean that they represent the sole, or even the 
main source of BDNF causing KCC2 down-regulation. 
In the spinal cord, for example, an important source 
of BDNF can be the terminals of peptidergic afferents 
( Heppenstall and Lewin, 2001 ;  Mannion et al., 1999 ; 
 Thompson et al., 1999 ). The results of an interesting 
recent study serve as a test for whether BDNF from sen-
sory afferents represent a significant player in causing 
spinal hyperexcitability. Selective deletion of BDNF 
from small diameter afferents effectively prevented 

 FIGURE 23.9          Summary of the cascade of events underlying modulation of intracellular Cl  �   homeostasis by endogenous agents.  Left panel : 
Under normal conditions, intracellular [Cl  �  ] is low such that  E  Cl  is more negative than  E  m . When GABA or glycine opens GABA A /glycine 
anion-permeable channels a net outward current results, causing hyperpolarizing inhibition. This outward current is carried primarily by Cl  �   
influx.  Right panel : Under pathological conditions, microglia in the CNS become activated ( McMahon et al., 2005 ) and begin to express puri-
nergic P2X4 receptors ( Tsuda et al., 2003 ). Stimulation of P2X4 receptors causes microglia to secrete brain-derived neurotrophic factor (BDNF) 
( Coull et al., 2005 ). BDNF, in turn, acts on TrkB receptors in CNS neurons down-regulating KCC2, which results in decreased Cl �  extrusion 
capacity of the neurons ( Rivera et al., 2002, 2004 ). In some conditions, enhanced BDNF release originates from neighboring nerve terminals 
( Zhang et al., 2008 ;  Zhao et al., 2006 ). Intracellular Cl �  accumulates until ECl reaches Em, causing a collapse in the transmembrane Cl �  gradient 
and a decrease in hyperpolarizing inhibition. In fact, in most cases, the net current is inverted, and GABA (as well as glycine) becomes depo-
larizing and excitatory ( Coull et al., 2003, 2005 ). This suggests that Cl �  is actively accumulated, presumably by unbalanced NKCC1 activity 
and/or that HCO3 �  permeability through GABAA channels, albeit small, brings EGABA more positive than Em because EHCO3 

�  is much more posi-
tive than Em. Blockade of microglia-BDNF-TrkB signaling restores normal intracellular Cl �  levels ( Coull et al., 2005 ). Up-regulation of NKCC1 
may occur and act synergistically with down-regulation of KCC2 ( Gamba, 2005 ;  Kahle et al., 2005, 2006 ). Modified from De  Koninck (2007) ; 
reproduced with permission.    



481

tactile allodynia due to peripheral inflammation ( Zhao 
et al., 2006 ). This is consistent with the earlier find-
ings that enhanced BDNF release occurs from small 
diameter sensory afferents after peripheral inflam-
mation ( Heppenstall and Lewin, 2001 ;  Mannion et al., 
1999 ;  Thompson et al., 1999 ). However, this deletion 
of BDNF from peptidergic afferents had no effect on 
nerve injury-induced tactile allodynia, consistent with 
the idea that BDNF originates from another source (e.g. 
microglia) after nerve injury ( Coull et al., 2005 ).  

    G .       BDNF from other Sources Affect KCC2 
Expression 

 As   mentioned above, while in neuropathic pain 
conditions, microglia appear to be the source of 
enhanced BDNF release causing disruption of Cl  �   reg-
ulation in dorsal horn neurons, following peripheral 
inflammation, the source of enhanced BDNF release 
appears to be the small diameter sensory afferents 
( Heppenstall and Lewin, 2001 ;  Mannion et al., 1999 ; 

 Thompson et al., 1999 ;  Zhao et al., 2006 ). This raised 
the question of whether enhanced BDNF release from 
different sources results in similar effects on neuronal 
Cl  �   homeostasis. 

 A   recent study showed down-regulation of KCC2 in 
the spinal cord after peripheral inflammation ( Zhang 
et al., 2008 ), consistent with enhanced BDNF release 
centrally, in the spinal cord, from peptidergic sensory 
fibers ( Heppenstall and Lewin, 2001 ;  Mannion et al., 
1999 ;  Thompson et al., 1999 ;  Zhao et al., 2006 ). KCC2 
down-regulation was prevented by pretreatment 
with K252a. While K252a may affect several intracel-
lular signaling pathways, this result is consistent with 
the hypothesis that BDNF-TrkB signaling is respon-
sible for down-regulation of KCC2. Interestingly, the 
oligomeric form of this transporter appeared to be 
more specifically down-regulated after inflammation 
( Zhang et al., 2008 ). This is interesting in view of the 
suggestion that the oligomeric form of KCC2 may be 
the active form ( Blaesse et al., 2006 ). 

 In   summary, regardless of the source of BDNF, 
neuronal or glial, activation of TrkB receptors by 

 FIGURE 23.10          Lack of mechanical hyperalgesia and altered BDNF signaling in P2X 4 -deficient mice after peripheral nerve injury.  A.  Sciatic 
nerve ligature caused mechanical hypersensitivity (hyperalgesia) in wildtype mice (P2X 4   � / �  ), but not in P2X 4   � / �   mice. The graph shows 
the time course of mechanical hypersensitivity caused by sciatic nerve ligature expressed as ipsi/contralateral ratios ( n       �      15 mice, two-way 
ANOVA, *** p       �      0.005).  B.  Measurements of sensorimotor coordination using the rotarod test showed no difference between P2X 4   � / �   and 
P2X 4   � / �   mice ruling out a potential motor deficit in the P2X 4   � / �   mice.  C.  In sham-operated mice, BDNF immunoreactivity was not detected 
in either P2X 4   � / �   or P2X 4   � / �   animals in the dorsal horn of the spinal cord (left panels). Ten days post-PNI (PNI day 10), BDNF immunore-
activity was slightly increased in wildtype mice, whereas a strong immunoreactivity was observed in the P2X 4   � / �   mice. Scale bar 100        μ m.  D.  
ATP-evoked release of BDNF from wildtype and P2X 4   � / �   microglia primary cultures. Intracellular BDNF content of microglia was analyzed 
by immunostaining. Stimulation of a culture with ATP (100        μ M) alone or co-applied with ivermectin (IVM, a positive allosteric modulator of 
P2X 4 R; 3        μ M) induced a strong decrease of BDNF immunoreactivity in a primary microglial culture from wildtype mice, but not from cultures 
from P2X 4   � / �   mice. Scale bar 100        μ m. Modified from  Ulmann et al. (2008) ; reproduced with permission.    
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this neurotrophin appears to cause disruption of Cl  �   
homeostasis. Thus, cation-coupled Cl  �   cotransport-
ers may represent the common pathway by which 
enhanced network excitability occurs in CNS patholo-
gies involving increased BDNF expression ( Rivera 
et al., 2002, 2004 ).   

    VI .      WHAT ACTIVATES MICROGLIA? 

 While   blockade/knockdown or knockout of P2X 4  
receptors prevents the development of nerve injury-
induced tactile allodynia, neither intervention affects 
microglial activation ( Tsuda et al., 2003 ;  Ulmann et al., 
2008 ). Thus, other mechanisms, upstream of ATP sig-
naling, must trigger microglial activation after injury. 

    A .       Microglial Activation/Migration is Spatially 
Defined and Results from Intercellular 
Signaling 

 We   and others have found that microglial activa-
tion and migration occurs in a spatially delimited 

area within the spinal cord parenchyma following 
peripheral nerve injury: essentially the spinal ter-
ritory occupied by the central terminals of injured 
afferents ( Beggs and Salter, 2007 ;  Zhang et al., 2007 ; 
 Zhang and De Koninck, 2006)  ( Fig. 23.11   ). Yet, unlike 
with nerve injury, only a weak microglial reaction 
occurs within the spinal gray matter following rhi-
zotomy even though a strong activation occurs in the 
spinal dorsal funiculus ( Scholz et al., 2008 ). This sug-
gests that although degeneration of central terminals 
is sufficient to elicit microglial activation, it does not 
account for the intraparenchymal response within the 
dorsal horn after peripheral nerve injury. Thus, in the 
latter case, microglial activation and chemotaxis must 
be the results of a local signaling mechanism between 
injured nerve terminals and microglia. Several poten-
tial candidates for intercellular signaling cascades 
have been recently identified, as outlined below and 
summarized in  Fig. 23.12   .  

    B .      Fractalkine to CX3CL1 Signaling 

 In   the spinal cord dorsal horn, the chemokine frac-
talkine is expressed in neurons and primary sensory 

 FIGURE 23.11          Microglial activation and migration in the spinal dorsal horn parenchyma occurs selectively in the CNS territory occupied 
by the central terminals of injured sensory fibers. Somatotopic nature of the microglial response to peripheral nerve injury (SNI; spared nerve 
injury model;  Decosterd and Woolf, 2000 ). Regions of activated microglia (detected by iba1 immunolabeling) are indicated in blue. The B sub-
unit of cholera toxin (CTB; indicated in red) was injected into the transected nerve branches (tibial and common peroneal) of the SNI animals 
to label the terminal field of myelinated primary afferents in the spinal cord. CTB is a transganglionic tracer that binds specifically to the GM1 
ganglioside on the surface of myelinated, but not unmyelinated, primary afferent fibers. IB4 labeling (indicated in green) was used to identify 
the terminal field of non-peptidergic C-afferent fibers. Note how the pattern of microglial activation follows, to a large extent, the territory 
where primary afferent labeling is diminished after nerve injury. Modified from  Beggs and Salter (2007) ; reproduced with permission.    



483

terminals, whereas its receptor, CX3CR1, is expressed 
primarily on microglia ( Verge et al., 2004 ). This che-
mokine is unique in that it is tethered to the extracel-
lular surface of neurons and can be cleaved to form 
a diffusible signal ( Chapman et al., 2000 ). Lysosomal 

cysteine protease cathepsin S (CatS) expressed on acti-
vated spinal microglia, has been shown to be respon-
sible for the cleavage of neuronal transmembrane 
fractalkine into active soluble fractalkine ( Clark et al., 
2007 ). After nerve injury, CatS-expressing activated 

 FIGURE 23.12          Summary of CNS neuroimmune interactions involved in activation of microglia and release of BDNF. Pain hypersensitiv-
ity is caused by a neuron-to-microglia-to-neuron signaling cascade that results in increased neuronal network excitability in the spinal dorsal 
horn. See the text for a detailed description of the evidence implicating each of the signaling events depicted here. Briefly, following nerve 
injury, damaged sensory neurons up-regulate the matrix metalloprotease MMP-9 ( Kawasaki et al., 2008 ) and the chemokine MCP1 (also named 
CCL2; Zhang and De Koninck, 2006). MMP-9 cleaves the cytokine IL-1 β  to activate microglia while MCP-1 cause both microglial activation 
and chemotaxis of circulating monocytes via activation of the CCR2 receptor ( Abbadie et al., 2003 ;  Zhang et al., 2007 ). Stimulated monocytes 
infiltrate the spinal cord parenchyma and differentiate into activated microglia ( Zhang et al., 2007 ). Activated microglia proliferate and release 
cathepsin S (CatS), which cleaves fractalkine tethered to the extracellular surface of neurons ( Clark et al., 2007 ). Cleaved fractalkine acts on 
CX3CR1 receptors on microglia to amplify microglial activation and up-regulate p38 MAP kinase ( Ji and Suter, 2007 ;  Zhuang et al., 2007 ). 
Activated microglia express de novo the P2X4 receptors ( Tsuda et al., 2003 ). Selective stimulation of P2X4 receptors by endogenous ATP causes 
the release of brain-derived neurotrophic factor (BDNF) in a p38 MAP kinase-dependent fashion ( Trang et al., 2008 ;  Ulmann et al., 2008 ). In 
turn, BDNF acts on neuronal tyrosine kinase B (TrkB) receptors to down-regulate the K     �     -Cl �  cotransporter KCC2 in dorsal horn neurons 
( Coull et al., 2005 ;  Rivera et al., 2002, 2004 ). After peripheral inflammation, enhanced BDNF release originates from sensory nerve terminals 
( Zhang et al., 2008 ;  Zhao et al., 2006 ). Thus, regardless of the source of BDNF, the final common pathway appears to be a loss of KCC2 expres-
sion, causing a decrease in Cl �  extrusion capacity and consequent accumulation of intracellular Cl �  to electrochemical equilibrium levels. This 
effectively abolishes Cl �  gradients across neuronal membrane and thus impairs the efficacy of inhibitory GABAA 

�  and glycine receptor-medi-
ated inhibitory transmission. In some cases Cl �  is accumulated above equilibrium probably by NKCC1. This, together with the outward flux 
of HCO3 �  may invert the action of GABA and glycine into net depolarizing excitation ( Cordero-Erausquin et al., 2005 ;  Coull et al., 2005 ). This 
event leads to a loss of spinal inhibition (disinhibition) and thus increases the excitability of dorsal horn neuronal networks ( Keller et al., 2007 ; 
 Prescott et al., 2006 ). Modified from Zhang and De Koninck (2008); reproduced with permission.    
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microglia in spinal cord dorsal horn innervated by 
damaged fibers release CatS, which then liberates 
soluble fractalkine from primary afferent terminals 
and surrounding spinal neurons. The released fractal-
kine feeds back onto microglia cells via the CX3CR1 
receptors activating the p38 MAPK pathway. Both 
exogenous/endogenous fractalkine and CatS have 
pronociceptive effects and inhibition of CatS enzy-
matic activity and antagonizing CX3CR1 receptor 
with a neutralizing antibody reversed pain hypersen-
sitivity in animals with nerve injury ( Barclay et al., 
2007 ;  Milligan et al., 2004 ). CatS-induced hyperalgesia 
is lost in CX3CR1 null mice ( Clark et al., 2007 ). Thus, 
while neurons are the source of fractalkine signaling 
to CX3CR1 on microglia, the initiating signal appears 
to be microglial CatS. Thus, activated microglia might 
be signaling to other microglia via the cleavage of 
fractalkine on neurons. The concurrent increase in 
CatS expression by microglia and fractalkine by neu-
rons could serve as a mechanism of amplification and 
coincidence detection. Because it is activated microg-
lia that appears to release CatS, the latter is likely not 
the initiating mechanism causing the activation of 
microglia. Another upstream signaling event must 
occur that triggers microglial activation, which is then 
likely amplified and perhaps maintained by CatS-
fractalkine-CX3CR1 signaling.  

    C .      Matrix Metalloproteases (MMPs) 

 A   recent study demonstrated that after nerve 
injury, matrix metalloproteinase (MMP)-9 expres-
sion is induced in dorsal root ganglion (DRG) sensory 
neurons within hours following injury, and returned 
to baseline three days after injury, whereas MMP-2 
is induced in DRG satellite cells and in spinal astro-
cytes at later times (from days to weeks after injury) 
( Kawasaki et al., 2008 ). Although the cellular distri-
bution and the time course are different, both MMPs 
require a common molecular player, the cytokine 
IL-1 β . MMP-9 induces neuropathic pain through IL-
1 β  cleavage and microglial activation at early times, 
whereas MMP-2 maintains neuropathic pain through 
IL-1 β  cleavage and astrocyte activation at later times 
( Kawasaki et al., 2008 ). MMP-9 may thus be a good 
candidate as initial trigger of microglial activation.  

    D .      MCP-1 to CCR2 Signaling 

 The   monocyte chemoattractant protein-1 (MCP-1) 
is a member of the CC chemokine family (also termed 
CCL2) that specifically attracts and activates mono-
cytes to sites of inflammation ( Leonard et al., 1991 ). 

Absent in normal CNS, MCP-1 is up-regulated in 
DRG sensory neurons following chronic constriction 
of the sciatic nerve ( Tanaka et al., 2004 ;  Zhang and De 
Koninck, 2006) . The MCP-1 expressed in DRG neurons 
is transported to the spinal dorsal horn ( Zhang and 
De Koninck, 2006 ) where it is released in response to 
electrical stimulation of sensory nerves ( Thacker et al., 
2008 ). CCR2, the receptor of MCP-1, is up-regulated in 
spinal microglia after peripheral nerve injury. Further, 
transgenic mice lacking CCR2 do not develop tactile 
allodynia after nerve injury ( Abbadie et al., 2003 ). 

 Both   temporally and spatially, the MCP-1 induc-
tion in terminals of damaged sensory neurons closely 
correlates with the surrounding spinal microglial 
cells, which are subsequently activated ( Zhang and 
De Koninck, 2006 ). This nerve injury-induced spinal 
microglial activation is completely abolished in mice 
lacking CCR2 ( Zhang et al., 2007 ). Local spinal injec-
tion of exogenous MCP1 induces microglial activa-
tion and this activation is lost in CCR2 knockout mice 
( Zhang et al., 2007 ). Altogether, these results implicate 
MCP-1 as a trigger for spinal microglial activation 
after peripheral nerve injury. 

 In   addition to activation of microglia residing in 
the spinal cord, blood-borne monocytes/macrophages 
have the ability to infiltrate the spinal cord, prolifer-
ate and differentiate into activated microglia ( Zhang 
et al., 2007 ). MCP-1/CCR2 signaling is also involved 
in the neuron-to-monocytes/macrophages crosstalk 
from the CNS to the periphery since neutralization of 
MCP-1 at the spinal level prevented monocyte/mac-
rophage infiltration after nerve injury ( Zhang et al., 
2007 ). Thus, both activation of resident microglia and 
monocyte/macrophage infiltration appear to be due to 
a signaling mechanism within the spinal cord. Other 
evidence implicates MCP-1/CCR2 in the recruitment 
of monocytes/macrophages and activated lympho-
cytes into the CNS in a variety of inflammatory, infec-
tive and traumatic conditions ( Huang et al., 2001 ; 
 Kelder et al., 1998 ;  Rancan et al., 2001 ). CCR 2 �   mono-
cytes were identified as direct circulating precursors 
of microglia responsible for CNS infiltration ( Mildner 
et al., 2007 ). MCP-1 may also facilitate chemotaxis 
from the periphery to the CNS by altering the expres-
sion of tight junction-associated proteins in brain and 
spinal cord microvascular endothelial cells, thereby 
increasing blood – brain/spinal cord barrier permeabil-
ity ( Song and Pachter, 2004 ;  Stamatovic et al., 2003 ). 

 MCP  -1 is not only a necessary mediator for spinal 
microglial activation, its action is necessary for the 
development of mechanical allodynia. Indeed, mice 
lacking the CCR2 (CCR2 KO) do not develop pain 
hypersensitivity following nerve injury ( Zhang et al., 
2007 ). By selectively deleting CNS and peripheral CCR2, 
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respectively, we found that either source of microglia 
 –  resident or blood derived  –  was sufficient to cause 
pain hypersensitivity. Thus, infiltration of monocytes/
macrophages into the CNS under pathological and/or 
traumatic conditions may cause a disruption of Cl  �   
homeostasis and alter neuronal excitation mediated 
by ligand-gated anion channels.  

    E .       Does Microglial Activation Always Cause a 
Disruption of Chloride Homeostasis? 

 As   mentioned above, microglial activation is highly 
diverse and dynamic ( Hanisch and Kettenmann, 
2007 ) and expression of P2X 4  receptors and/or BDNF 
secretion only occurs in specific conditions. Several 
other phenotypes have been observed in pathologies 
( Avignone et al., 2008 ;  Hanisch and Kettenmann, 2007 ; 
 Pocock and Kettenmann, 2007 ). It thus remains to be 
determined if microglia is a source of enhanced BDNF 
in conditions other than nerve injury induced pain. 

 Similarly  , it remains to be determined whether 
BDNF-TrkB signaling is the only intercellular sig-
naling pathway involved in disruption of neuronal 
Cl  �   homeostasis. Another possibility to consider is 
whether BDNF-TrkB signaling affects the activity of 
other cotransporters such as NKCC1. In several cases, 
opposite regulation of NKCC1 and KCC2 by intra-
cellular signaling pathways has been observed (De 
 Koninck, 2007 ), as discussed in Chapter 18. The same 
may occur in response to activation of TrkB receptors, 
although a recent study reported no change in NKCC1 
expression in the dorsal horn after peripheral inflam-
mation which causes enhanced spinal BDNF release 
( Zhang et al., 2008 ).   

    VII .      THERAPEUTIC IMPLICATIONS 

 The   results of the studies outlined in this chapter 
open interesting avenues for therapeutic interven-
tions. Drugs aimed at restoring normal Cl  �   homeosta-
sis may present advantages over current therapeutic 
strategies because they do not affect neuronal excit-
ability directly, but rather modulate the actions of 
endogenous inhibitory neurotransmitters. Restoring 
endogenous inhibition rather than imposing inhibi-
tion (actively depressing excitability) may also yield 
more specific therapeutic treatments with less detri-
mental side effects (De  Koninck, 2007 ). 

 The   finding that normal expression of KCC2 is 
restored upon blocking BDNF-TrkB or ATP-P2X 4  sig-
naling  after  the pathological changes have developed 

in the case of nerve injury-induced pain hypersen-
sitivity ( Fig. 23.5 ) is encouraging because it indicates 
that there may be targets to restore cation-Cl  �   cotrans-
porter function ( Coull et al., 2005 ). Targeting BDNF-
TrkB signaling directly may not be attractive for 
therapeutics because this neurotrophin is involved in 
several functions throughout the CNS. On the other 
hand, specifically preventing activated microglia from 
secreting BDNF  –  by targeting P2X 4  receptors, p38-
MAPK kinase signaling or by preventing BDNF tran-
scription selectively in microglia  –  may represent a 
more promising strategy. 

 The   identification of the complex cascade of events 
that lead to microglial activation also offers a wide 
array of novel targets for therapeutics. But, because 
activation of microglial cells is part of the normal 
immune reaction, preventing them from playing their 
role in the central inflammatory response to injury 
may be highly detrimental. Thus, the discovery of 
specific signaling mechanisms in which microglia par-
ticipate under certain conditions of activation, and of 
selected downstream effector mechanisms such as Cl  �   
homeostasis, provides potential avenues to selectively 
control certain side effects of the central inflamma-
tory response without affecting other aspects of neuro-
immune function.  
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O U T L I N E

    I .      INTRODUCTION 

 Seizures   occurring in the neonatal period, during 
intractable temporal lobe epilepsy, or after hypoxic-
ischemic injury all have poor treatment responses 
to classic anti-epileptic medications that stimulate 
GABA A  receptors. While these seizure syndromes 
at first glance appear to have very little in common, 
they have recently been linked to potentially treatable 
abnormalities in neuronal Cl  �   transport.        

 In   the mammalian central nervous system (CNS), 
the intracellular Cl  �   concentration ([Cl  �  ] i ) in neurons 

determines the polarity and magnitude, and hence 
the strength, of GABAergic neurotransmission. [Cl  �  ] i  
is primarily determined by the functional activity 
of  SLC12A  cation-chloride cotransporters (CCCs), 
including the Na  �  -K  �  -2Cl  �   cotransporter NKCC1, 
which mediates active Cl  �   uptake) and the K  �  -Cl  �   
cotransporter KCC2, which mediates active Cl  �   extru-
sion. Mature CNS neurons of adults maintain [Cl  �  ] i  
at values lower than electrochemical equilibrium due 
to relatively low NKCC1 expression but robust KCC2 
expression, such that GABA-induced allosteric activa-
tion of the GABA A -gated anion channels results in Cl  �   

  24   24 
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influx that results in membrane hyperpolarization. 
In many adults with seizures, barbiturates and ben-
zodiazepines are able to decrease seizure activity by 
increasing the duration and/or frequency of the open-
ing of GABA A  receptor-anion channels. 

 In   contrast to mature CNS neurons of healthy 
adults, normal immature neurons of neonates, and 
neurons of adult patients suffering from intractable 
temporal lobe epilepsy or hypoxic-ischemic brain 
injury, appear to have [Cl  �  ] i  that is higher than electro-
chemical equilibrium due to high functional NKCC1 
expression and minimal KCC2 expression, such that 
activation of GABA A  receptors elicits an efflux of Cl  �   
that results in membrane depolarization. This depo-
larizing action of GABA can become excitatory thus 
contributing to ictogenesis in these seizure syndromes, 
and has a tendency to render barbiturates and benzo-
diazepines ineffective, because these drugs (in contrast 
to their action on normal mature neurons, which har-
bor lower than passive [Cl  �  ] i ) favor electrodiffusional 
efflux of Cl  �   down their electrochemical gradient, 
thereby depolarizing and potentially exciting neurons. 

 Recent   data have shown that the NKCCs ’  inhibi-
tor bumetanide, a drug already approved by the Food 

and Drug Administration as a diuretic, shows efficacy 
against seizures in the immature rodent brain, and 
thus may be clinically useful in the treatment of 
human neonatal seizures. Recent studies have also 
shown that bumetanide is able to quell seizures in 
models of temporal lobe epilepsy due to mesial tem-
poral sclerosis and hypoxic-ischemic encephalopa-
thy. This chapter will discuss the recent work that has 
begun to elucidate the role of the CCCs in fostering 
excitatory GABAergic neurotransmission in the imma-
ture and adult epileptic brain, and how the pharmaco-
logic inhibition of certain cotransporters might hold 
promise for the treatment of seizures whose pathogen-
esis is attributable to derangements in Cl  �   transport.  

    II .      THE MAGNITUDE AND POLARITY 
OF GABAergic NEUROTRANSMISSION 
IS DETERMINED BY THE INTRA-
NEURONAL CONCENTRATION OF Cl  �   

 In   the adult cortex, GABA is the main  inhibitory  
neurotransmitter, where its activity is essential for 

 FIGURE 24.1          Synergistic effects of the NKCC1 inhibitor bumetanide and the GABAergic anticonvulsant phenobarbital on seizures 
induced by low Mg 2 �   o  in the intact hippocampal preparation from postnatal day 5 rat pups.  Top panel : Seizures induced by low Mg 2 �   o  perfus-
ate are modestly reduced by 100        μ M phenobarbital.  Left : Extracellular recording of epileptiform activity before during and after perfusion of 
phenobarbital for the time period indicated by the horizontal bar.  Right : Power spectrum of extracellular recording before and during perfu-
sion of phenobarbital.  Middle panel : A similar experiment in which NKCC1 was blocked by perfusing 10        μ M bumetanide for the indicated time 
period.  Bottom panel : Phenobarbital and bumetanide demonstrate synergistic anticonvulsant effects when perfused together. Reprinted with 
permission from  Dzhala et al. (2008) .    
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maintaining appropriate electrical activity by balanc-
ing inputs that are triggered by excitatory neurotrans-
mitters like glutamate. In contrast, in the neonatal 
cortex, GABA is depolarizing and can become  excit-
atory , playing important roles in neuronal develop-
ment and the activity-dependent wiring of circuits by 
triggering the depolarizing inputs that underlie large-
scale spontaneous electrical activity (       Ben-Ari, 2001, 
2002 ). 

 In   neurons, GABA binding to GABA A  receptors 
triggers conformational changes in these receptors 
that result in the opening of anion-permeable chan-
nels, thus allowing passive, electrodiffusional influx 
or efflux of Cl  �   depending on the sign and magni-
tude of the driving force for Cl  �  , which is the differ-
ence between  E  m , the resting membrane potential, and 
 E  Cl,  the equilibrium potential for Cl  �  . When [Cl  �  ] i  is 
higher than electrochemical equilibrium,  E  Cl  is positive 
relative to  E  m , and the opening of anion channels by 
GABA A -receptor activation results in Cl  �   efflux, which 
consequently depolarizes the neuron. When [Cl  –  ] i  is 
lower than electrochemical equilibrium,  E  Cl  is negative 
relative to the  E  m , and activation of the GABA A  recep-
tor results in Cl  �   influx, leading to neuronal mem-
brane hyperpolarization. When GABA depolarizes 
neurons, the depolarization increases the probability 
of firing action potentials, whereas hyperpolariza-
tion is associated with a decreased chance of it firing 
an action potential. There are, however, exceptions to 
these considerations such as shunting inhibition medi-
ated by depolarizing conductances ( Staley and Mody, 
1992 ;  Jean-Xavier et al., 2007 ), voltage-dependent 
inactivation of Na  �   conductances (see Chapter 22) 
and action potentials triggered by rebound or H cur-
rents after hyperpolarizing conductances ( Andersen 
et al., 1964 ), so it is sometimes preferable to assay the 
net effect of endogenously-released GABA on the rate 
of action potentials in the neural network rather than 
extrapolate from the effect of GABA on membrane 
potential of single cells ( Dzhala and Staley, 2003 ).  

    III .      A DEVELOPMENTAL SWITCH 
IN CATION-CHLORIDE COTRANS-
PORTER EXPRESSION RENDERS 
GABA HYPERPOLARIZING DURING 
NEURONAL MATURATION 

 A   developmental switch in neuronal driving force 
for Cl  �   parallels the maturation of GABAergic signal-
ing from excitatory to inhibitory (       Ben-Ari, 2001, 2002 ). 
In immature CNS neurons GABA plays an impor-
tant role in neuronal growth, development, and the 

activity-dependent wiring of circuits by triggering the 
excitatory postsynaptic responses that underlie large-
scale spontaneous electrical activity in the neonatal 
central and peripheral nervous system. In contrast 
to its action in the adult, as mentioned above during 
this early time period GABA behaves as an excitatory 
neurotransmitter due to the higher than passive [Cl  �  ] i  
characteristic of immature neurons. This depolariza-
tion generates action potentials that directly activate 
voltage-dependent calcium channels, and indirectly 
activate N-methyl d-aspartate (NMDA) receptors by 
removing the voltage-dependent block by magne-
sium ions in the receptor pore. The subsequent GABA-
induced elevations of intracellular calcium promote 
neuronal survival and differentiation, and are impor-
tant for the genesis and maintenance of synaptic con-
nections ( Ge et al., 2006 ;  Wang and Kriegstein, 2008 ). 
However, during later stages of development, excit-
atory GABAergic inputs become inhibitory. A shift 
in the relative predominance of neuronal NKCC1 to 
KCC2 activity is now recognized as the mechanism that 
underlies the excitatory-to-inhibitory developmental 
transition of GABAergic signaling (Rivera et al., 1999). 

 Active   Cl  �   uptake in neurons is mediated largely 
via NKCC1. In embryonic and early postnatal life, 
neurons show robust expression of NKCC1 but mini-
mal expression of KCC2 ( Plotkin et al., 1997 ;  Clayton 
et al., 1998 ;  Wang et al., 2002 ). Removal of excitatory 
GABAergic signaling during development by sus-
tained pharmacological inhibition or genetic disrup-
tion of NKCC1 results in a lack of morphological 
maturation of cortical neurons, fewer mature spinal 
neurons, reduced dendritic arborization, disrupted 
motor activity, fewer motor neurons and interneu-
rons, a reduction in the elaboration of axonal tracts 
and smaller brains and spinal cords ( Ge et al., 2006 ; 
 Cancedda et al., 2007 ;  Reynolds et al., 2008 ). 

 Active   Cl  �   extrusion in CNS neurons is mediated 
largely by KCC2. In many species, this cotransporter 
is expressed at very low levels at birth ( Stein et al., 
2004 ). In rat hippocampal and neocortical pyramidal 
neurons, a negative shift in the GABA reversal poten-
tial ( E  GABA ) is paralleled by a robust increase in KCC2 
expression near the end of the second postnatal week 
( Rivera et al., 1999 ). Dzhala et al. demonstrated that 
KCC2 expression in the human neocortex begins to 
increase at 40 weeks after conception ( Dzhala et al., 
2005 ). This increase in KCC2 expression counteracts 
NKCC1 activity to the point that  E  Cl  becomes negative 
relative to  E  m , thereby rendering GABAergic signals 
hyperpolarizing.  Kcc2   � / �   mice have seizures and die 
at birth, in part owing to malfunction of the respira-
tory center ( Hubner et al., 2001 ), as discussed in detail 
in Chapter 17. 

   III .     A DEVELOPMENTAL SWITCH IN CATION-CHLORIDE COTRANSPORTER EXPRESSION RENDERS GABA HYPERPOLARIZING
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 A   major question surrounding the developmental 
shift in polarity of GABAergic responses is what con-
trols the transformation of increased KCC2 activity 
relative to NKCC1 activity. GABA itself, by acting as a 
self-limiting trophic factor, might promote this switch 
by triggering specific intracellular cascades that up-
regulate KCC2 gene expression ( Ganguly et al., 2001 ). 
However, the increase in KCC2 and the negative shift 
in the GABA reversal potential can take place in the 
presence of GABA A  receptor antagonists, suggesting 
that some factor other than GABA is necessary for the 
transition to take place. Recent work suggests this other 
factor might be cholinergic signaling. Spontaneous cho-
linergic activity, by triggering Ca 2 �  -signaling cascades 
that up-regulate KCC2 downstream of the acetylcho-
line nicotinic receptor, has been shown to be important 
for the GABAergic excitation-to-inhibition transition 
( Liu et al., 2006 ). Synergistic with the newly established 
inhibitory GABAergic signaling, cholinergic signaling 
then triggers later events of neuronal development. 
Factors acting on tyrosine kinase receptors such as 
BDNF have also been implicated in the up-regulation 
of KCC2 during the excitatory-to-inhibitory transition 
of GABAergic signaling ( Aguado et al., 2003 ).  

    IV .      THE ROLE OF NKCC1 IN 
NEONATAL SEIZURES 

 Neonatal   seizures, or epileptic episodes suffered by 
infants in the first 28 days of life, occur in 1 to 2% of 
patients in neonatal intensive care units, and are the 
most common manifestation of an acute neurologic 
disorder in newborn infants ( Volpe, 2001 ). Most com-
monly caused by hypoxic-ischemic encephalopathy, 
hemorrhage, or cerebral infarction, the presence of 
neonatal seizures often portends severe neurological 
dysfunction later in life, with high rates of adult epi-
lepsy and long-term cognitive and motor deficits in 
survivors. In animal models, neonatal seizures have 
been shown to be injurious to the development of 
the brain, inducing synaptic reorganization, altering 
synaptic plasticity, and priming cortical neurons to 
increased damage from seizures sustained later in life 
( Rennie and Boylan, 2003 ;  Ben-Ari and Holmes, 2006 ). 
Thus, the prompt diagnosis and successful treatment 
of neonatal seizures is important for improving long-
term neurologic outcome. 

 While   seizure activity in adults is usually clinically 
obvious and the EEG reflects coordinated seizure activ-
ity, diagnosing seizures in neonates is difficult because 
seizures are often behaviorally subtle ( Silverstein and 
Jensen, 2007 ). Because many electrographic neonatal 

seizures are not clinically evident ( Murray et al., 2008 ), 
EEG is the current gold standard for diagnosis, with 
a discharge duration of 10 seconds (versus 3 seconds 
in older age groups) required to diagnose an electro-
graphic seizure. However, because EEGs are not imme-
diately available in many neonatal intensive care units, 
the initial diagnosis and treatment of seizures is often 
based on clinical assessment or single-channel ampli-
tude-integrated EEG ( Shellhaas et al., 2007 ). Standard 
EEGs are usually performed  after  the administration 
of anti-epileptic drugs ( Silverstein and Jensen, 2007 ). 
Unfortunately, it is an all-too-common occurrence for 
electrographic seizures to persist in encephalopathic 
neonates despite anti-convulsant drug levels being 
 “ therapeutic ”  (Scher, 2003). 

 Conventional   anti-epileptic drugs have limited util-
ity in treating neonatal seizures ( Booth and Evans, 
2004 ). Barbiturates and benzodiazepines, GABA A  
receptor agonists that are efficacious for treating adult 
seizures, are currently among the first-line drugs for 
neonatal seizures; however, they are often ineffec-
tive, and have been shown to actually  potentiate  sei-
zure activity in the immature brain. Phenytoin has 
been used with similarly limited success. Barbiturates 
and benzodiazepines have also been known to pro-
duce a phenomenon termed  electroclinical dissociation  
or  uncoupling  in neonates, whereby the overt clinical 
manifestations of seizures (e.g. convulsions) are inhib-
ited, but EEG-documented cortical seizure activity 
is either unaffected or exacerbated ( Scher et al., 
2003 ;  Murray et al., 2008 ). This insidious effect of the 
GABA agonists has the potential for great harm, as 
it provides physicians with a false sense of security 
that seizures are under control, while cortical seizure 
activity  –  and its associated detrimental effects  –  rages 
on. Because the developmental up-regulation of KCC2 
expression lags the up-regulation expression of KCC2 in 
subcortical structures ( Stein et al., 2004 ), one mecha-
nism for electroclinical dissociation is the differential 
effect of GABA in the cortex (where it is excitatory at 
birth) vs. brainstem and spinal cord (where, by extrap-
olation from rodent studies, GABA may be inhibitory 
at birth). Under these conditions, seizures would be 
frequently manifested only in the cortex, and admin-
istration of GABAergic drugs would only increase 
the disparity between EEG manifestations of cortical 
seizure activity and clinical seizures, as is currently 
widely observed. Because seizure activity is thought 
to exacerbate pre-existing neuronal injury in experi-
mental ( Wirrell et al., 2001 ) and human ( Miller et al., 
2002 ) neonatal seizures, an open question is whether 
effective treatment of seizures in injured human neo-
nates will improve their poor neurodevelopmental 
outcome ( Tekgul et al., 2006 ;  Pisani et al., 2007 ). 
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 There   have been few prospective studies or ran-
domized, controlled trials of the anti-epileptic drugs 
that are currently used to treat neonatal seizures. To 
date, the only randomized trial of anti-epileptic drugs 
for the treatment of neonatal seizures compared the 
current first-line drug phenobarbital to phenytoin in 
the treatment of electrographic seizures ( Painter et al., 
1999 ). In this study, the majority of neonates had 
asphyxia, infarction or hemorrhage as the etiology of 
their seizures. Complete control of electrographic sei-
zures was achieved with either drug in only  � 25% 
of neonates whose seizure frequency was increas-
ing. Seizure control was achieved in another 15% of 
newborns when both agents were used concurrently. 
Preliminary studies of anti-epileptic drugs other than 
phenobarbital and phenytoin have shown only mod-
est efficacy in smaller cohorts of neonates, though 
sufficiently powered randomized trials are needed to 
conclusively demonstrate whether any of these drugs 
are truly effective. The lack of evidence-based treat-
ment recommendations, coupled with the paucity of 
data regarding the underlying pathophysiology and 
natural history of neonatal seizures, has made their 
current management far from optimal. 

 Increasing   synaptic excitation and/or decreas-
ing synaptic inhibition can cause neurons to become 
hyperactive. Because neurons harbor a multiplicity of 
connections with other neurons, the electrical firing 
of even a small population of hyperexcitable neurons, 
when synchronized, can progressively entrain larger 
neural networks until seizures ensue. In neonates, 
while GABA-mediated excitation plays a role in neuro-
nal development, it also renders the developing brain 
particularly susceptible to seizures. In the adult cortex, 
excitatory glutaminergic signaling is balanced by inhib-
itory GABAergic signaling. However, in the neonate, 
the  ‘  ‘ additional ’  ’  depolarization due to GABA A  recep-
tor activation likely adds to the excitation already initi-
ated by glutamate neurotransmission to tip the balance 
of excitation/inhibition toward excessive excitation 
and a propensity to seizure activity. GABA-mediated 
excitation has been shown to support epileptogenesis 
in the developing hippocampus ( Dzhala and Staley, 
2003 ), and also decrease the seizure threshold of neo-
nates ( Khalilov et al., 2003 ;  Khazipov et al., 2004 ). The 
excitatory nature of GABA signaling in immature neu-
rons also explains why GABA agonists like barbiturates 
and benzodiazepines are often ineffective in reducing 
neonatal seizures, and might even exacerbate electro-
graphic seizure activity. Clearly, new anti-epileptic 
treatment strategies are needed for neonatal seizures. 

 Because   the higher than passive [Cl  �  ] i  of imma-
ture neurons is due to robust activity of NKCC1, this 
cotransporter is currently being explored as a target 

for novel anticonvulsant strategies for neonatal sei-
zures. In theory, inhibition of NKCC1, by reducing 
[Cl  �  ] i , could reduce the GABA-mediated excitation of 
immature neonatal neurons, or even possibly convert 
the GABA response to inhibitory. 

 Dzhala   and collaborators were the first to test this 
hypothesis in a recent study ( Dzhala et al., 2005 ). 
Previous groups had established that NKCC1 expres-
sion in rats is highest in cortical neurons during the 
first postnatal week, begins to decrease at P14, and 
then drops to the low levels that are found in adults 
( Plotkin et al., 1997 ;  Wang et al., 2002 ). Conversely, the 
expression of KCC2 is minimal at birth in rat cortical 
neurons is low during the first postnatal week and at 
P14 attains an expression level that is comparable with 
adults ( Lu et al., 1999 ). In rats, the higher expression 
levels of NKCC1 earlier in development correlate with 
an increased [Cl  �  ] i  (as judged from measurements of 
 E  GABA ) and with the presence of excitatory GABAergic 
signaling ( Owens et al., 1996 ;  Yamada et al., 2004 ). 
Dzhala and co-workers demonstrated that a simi-
lar expression pattern is present in the human cortex, 
with high NKCC1 and low KCC2 expression during 
the neonatal time period and before the end of the first 
year of life  –  a timescale not indifferent from the rat, 
when adjusted for the greater length of time required 
for the development of the human cortex relative to 
the rodent brain ( Dzhala et al., 2005 ). These data sup-
ported the hypothesis that, similar to the rat, GABA 
is depolarizing and excitatory in immature human 
cortical neurons, and neonates may be susceptible to 
seizures due to the excitatory effects of GABA during 
development. Because NKCC1 is known to establish 
the elevated levels of [Cl  �  ] i  that underlie excitatory 
GABAergic signaling in immature neurons, these data 
predicted that bumetanide, an inhibitor of NKCC1, 
might be an effective treatment for neonatal seizures. 

 This   hypothesis was tested by Staley and colleagues 
in a series of  in vitro  and  in vivo  physiological studies 
( Dzhala et al., 2005 ). They found that NKCC1 block-
ade by bumetanide inhibited cortical seizure activ-
ity in neonatal rats both  in vitro  and  in vivo , and this 
inhibition was observed at doses that have already 
been extensively tested in human neonates in diure-
sis studies ( Sullivan et al., 1996 ;  Lopez-Samblas et al., 
1997 ). Specifically, they demonstrated that pharma-
cologic inhibition of NKCC1 by bumetanide (1) pro-
duced a negative shift in  E  GABA , suggesting a decrease 
in [Cl  �  ] i , (2) inhibited GABA-dependent synchronous 
excitatory activity in the immature hippocampus, 
(3) suppressed interictal and ictal-like activity in 
immature hippocampal slices  in vitro  and (4) attenu-
ated kainate-induced seizure activity  in vivo  in neona-
tal rats. These anti-convulsant effects of bumetanide 
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were shown to be specific, as they were (1) achieved 
at low doses that selectively block NKCC1, (2) did 
not affect epileptiform activity in brain slices from 
 NKCC1   � / �   mice (indicating that inhibition of NKCC1 
is the mechanism by which bumetanide exerts its 
GABA-dependent anticonvulsant effects) and (3) did 
not depress epileptiform activity in mature neurons 
(where the expression of NKCC1 is less than 10% of 
that in neonatal tissue;  Dzhala et al., 2005 ). 

 Given   these promising findings, it seemed reasonable 
to combine bumetanide, which blocks the excitatory 
effect of GABA in immature neurons (most likely by 
decreasing [Cl  �  ] i ) with phenobarbital, and a GABA 
agonist, which opens GABA A  receptor-associated 
chloride channels. Theoretically, such an increase in 
GABA-mediated conductance in neurons already tar-
geted by bumetanide would serve to increase shunting 
inhibition and maximize the anticonvulsant power of 
the GABA system. 

 The   efficacy of bumetanide, in combination with 
the GABA-enhancing anticonvulsant phenobarbital, 
was recently tested for the treatment of recurrent tonic-
clonic epileptiform activity in the intact immature hip-
pocampus  in vitro  ( Dzhala et al., 2008 ). In this study, 
a low-magnesium model of neonatal seizures in the 
intact immature hippocampal formation  in vitro  was 
employed. Such a model has the benefits of not alter-
ing the energy gradient for NKCC1 and preserving 
longitudinal intrahippocampal connections. Recurrent 
seizures were induced in the intact hippocampal 
preparation by a continuous 5-hour exposure to low-
magnesium solution, and the anti-convulsant efficacy 
of phenobarbital, bumetanide, and the combination of 
these drugs was then studied. While phenobarbital 
failed to abolish or depress recurrent seizures in 70% 
of immature hippocampi, phenobarbital  in combination 
with bumetanide  abolished seizures in 70% of immature 
hippocampi, and significantly reduced the frequency, 
duration and power of seizures in the remaining 30% 
of immature hippocampi. Taken together, these  in vitro  
and  in vivo  studies suggested that bumetanide, alone 
or in combination with other drugs such as phenobar-
bital, might be useful in the treatment of neonatal sei-
zures in humans (       Dzhala et al., 2005, 2008 ).  

    V .      ROLE OF NKCC1 AND KCC2 IN 
TEMPORAL LOBE EPILEPSY AND 
SEIZURES FOLLOWING HYPOXIC-
ISCHEMIC INJURY 

 Because   neurons function in interconnected circuits, 
increasing neuronal excitation (via increased gluta-
minergic signaling) or decreasing neuronal inhibition 

(via decreased inhibitory GABAergic signaling or 
increased excitatory GABAergic signaling) can cause 
the circuit to become hyperactive. Due to the myriad 
connections among neurons, when the electrical firing 
of even a small population of hyperexcitable neurons 
becomes synchronized, progressively larger networks 
become entrained so that seizures ensue. Recent stud-
ies have implicated excitatory GABAergic signaling in 
the genesis of temporal lobe epilepsy and seizures that 
occur after ischemic-hypoxemic insult. A feature com-
mon to both of these disorders is that neurons adopt 
transmembrane chloride gradients that phenotypi-
cally resemble those of immature neurons, rendering 
GABA activity excitatory instead of inhibitory. This 
shift results from an pathologic increase in the relative 
abundance and/or activity of NKCC1 to KCC2, which 
elevates [Cl  �  ]i above its equilibrium potential. 

    A .      Temporal Lobe Epilepsy 

 Medically   intractable temporal lobe epilepsy (TLE), 
a common clinical entity, often necessitates the removal 
of epileptic foci, with the risks of morbidity accompa-
nying a major neurosurgical procedure. Mesial tem-
poral sclerosis (MTS) is a common histological and 
radiographic finding in the brains of patients with TLE 
and is characterized by cell loss and gliosis in the CA1 
area (i.e. Sommer’s sector) of the hippocampal for-
mation with an apparently intact subiculum. Despite 
years of research, the mechanism underlying epilepti-
genesis in TLE associated with medial sclerosis is still 
unknown. Novel remedies are needed for TLE because 
current pharmacotherapeutics are frequently ineffec-
tive or wrought with side effects. 

 Cohen   et al. first suggested that excitatory GABAergic 
signaling due to perturbed neuronal chloride trans-
port might play a role in the epileptigenesis of TLE 
( Cohen et al., 2002 ). In temporal lobe slices from TLE 
patients with MTS, Cohen et al. demonstrated the 
presence of excitatory interictal depolarizations in 
subicular GABAergic neurons. This is pathological, 
because GABA is normally an inhibitory transmit-
ter in the subiculum and other regions of the adult 
hippocampus. These subicular GABA-triggered 
excitatory impulses were shown to serve as a nidus 
for the spread of other interictal depolarizations in 
adjacent regions of the hippocampus during seizure 
activity. Subsequent immunolabeling studies in the 
human temporal lobe of patients with TLE with MTS 
showed that in the subicular regions where interic-
tal discharges were recorded by  Cohen et al. (2002) , 
there was decreased expression of KCC2 in neurons that 
expressed NKCC1 and GABAergic hyperinnerva-
tion ( Mu ñ oz et al., 2007 ). The authors suggested that 
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in TLE patients with hippocampal sclerosis, the lack 
of KCC2 in NKCC1-expressing cells may contribute 
to the depolarizing responses induced by GABAergic 
signaling through GABA A  receptors in neurons within 
the subiculum and its transitional region with CA1. 
Studies  in vitro  and  in vivo  in animals and humans 
have demonstrated that bumetanide and furose-
mide are effective at reducing seizure activity ( Palma 
et al., 2006 ;  Huberfeld et al., 2007;  Hochman et al., 
1995 ;  Hochman and Schwartzkroin, 2000  ). In patients 
undergoing temporal lobectomy for TLE associated 
with MTS, intravenous administration of furosemide 
sharply reduces interictal spike frequency; and a large 
epidemiological study has shown that diuretic use is 
associated with a decreased risk of developing epilepsy 
( Hesdorffer et al., 2001 ;  Haglund and Hochman, 2005 ). 
These data have prompted investigators to explore the 
specific role of NKCC1 and the K-Cl cotransporters in 
this disease more closely. 

 The   contribution of altered NKCC1 and KCC2 
activity to epileptigenesis has been explored in model 
systems and in adult humans. Knockout of KCC2 
in  Drosophila melanogaster  results in flies having an 
increased susceptibility for seizures due to excitatory 
GABAergic signaling ( Hekmat-Scafe et al., 2006 ). 
KCC2  � / �   mice exhibit generalized seizures (and die 
shortly after birth) due to hyperexcitatory GABA 
responses in the CA1 region of the hippocampus, 
and exhibit gliosis and neuronal loss in the hippo-
campus and temporal lobe ( Woo et al., 2002 ). Several 
groups have demonstrated increased NKCC1 and/or 
decreased KCC2 expression in the subiculum, com-
pared with the hippocampus proper or the temporal 
lobe neocortex, in patients with TLE associated with 
MTS versus normal individuals ( Palma et al., 2006 ; 
 Huberfeld et al., 2007 ;  Mu ñ oz et al., 2007 ;  Sen et al., 
2007 ). Subicular GABA reversal potentials have been 
shown to be more depolarized compared with the 
other hippocampal regions in TLE patients with MTS, 
and bumetanide shifts these depolarizing reversal 
potentials to more hyperpolarizing values ( Palma 
et al., 2006 ;  Mu ñ oz et al., 2007 ). A significant number 
of subicular neurons in hippocampal slices from TLE 
patients harbor excitatory GABAergic potentials and 
elicit interictal depolarizations due to a lack of KCC2 
expression; bumetanide administration produces a 
hyperpolarizing shift in  E  GABA  and suppresses epilep-
tic activity in these neurons ( Huberfeld et al., 2007 ). 
 E  GABA  is shifted toward positive values with respect to 
 E  m  immediately after a severe episode of experimen-
tal status epilepticus ( Khalilov et al., 2003 ), suggest-
ing that alterations in Cl  �   transport might underlie its 
pathogenesis ( Young et al., 1990 ). Increased NKCC1 
and/or altered KCC2 expression has been noted 
in medically intractable epilepsies associated with 

malformations of cortical development, including 
focal cortical dysplasia, hemimegalencephaly and 
ganglioglioma ( Aronica et al., 2007 ;  Munakata et al., 
2007 ;  Shimizu-Okabe et al., 2007 ). 

 Together  , these data suggest that activation of 
NKCC1-mediated Cl  �   uptake and/or decreased KCC2-
mediated Cl  �   extrusion with the attending change in 
the neuronal GABA reversal potential drives epilepto-
genesis and seizure intractability in epilepsy associated 
with MTS and/or developmental malformations.  

    B .      Hypoxic-Ischemic Seizures 

 Similar   to neonatal seizures and various types of 
TLE, seizures due to hypoxic-ischemic encephalopathy 
also respond poorly to anticonvulsants that activate 
GABA A  receptors ( Young et al., 1990 ). In these patients, 
seizures do not occur during the acute hypoxic epi-
sode, but rather during the period of cerebral reper-
fusion. In rat models of cerebral hypoxic-ischemic 
injury (such as oxygen-glucose deprivation (OGD)), 
re-oxygenation causes a prolonged rise in the intracel-
lular concentration of chloride in hippocampal neu-
rons that renders GABAergic neurons hyperexcitable 
( Inglefield and Schwartz-Bloom, 1998 ;  Galeffi et al., 
2004 ). This rise in intracellular chloride was associated 
with an increase in the expression of the phosphory-
lated, active form of NKCC1, and was completely pre-
vented by administration of low doses of bumetanide 
( Pond et al., 2006 ). Bumetanide also prevents OGD-
induced neuronal damage and/or cell swelling, and 
glutamate receptor activation and high extracellular 
levels of potassium  –  factors known to contribute to the 
pathogenesis of ischemic damage and neuronal excito-
toxicity  –  induce the serine-threonine phosphorylation 
(and activation) of NKCC1 ( Schomberg et al., 2001 ;        Su 
et al., 2002a, 2002b ;  Beck et al., 2003 ;  Yan et al. 2003 ; 
 Pond et al., 2004 ;  Chen and Sun, 2005 ). These data 
suggest that a pathologic increase in NKCC1 activity 
due to an increase in cotransporter serine-threonine 
phosphorylation contributes to the ischemia-induced 
accumulation of intracellular chloride that triggers the 
neuronal hyperexcitability, excitotoxicity and injury to 
neurons following ischemia. These concepts are dis-
cussed in depth in Chapter 25 of this volume.  

    C .       Mechanism of Altered CCC Expression 
in Adult Seizure Syndromes 

 Whether   the changes in NKCC1 and/or KCC2 
activity that promote GABAergic hyperexcitability in 
seizures are the primary events underlying disease 
pathogenesis, or are merely one part of a complex 
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secondary cascade of events that propagates sei-
zure activity, is unknown. Moreover, the mechanism 
behind the changes in CCC function and/or expres-
sion in these seizure types is unclear. However, it is 
known that neuronal trauma ( van den Pol et al., 1996 ; 
 Nabekura et al., 2002 ) as well as excitotoxicity and 
ischemia lead to a de-differentiation of the neuronal 
phenotype in regard to ion transport properties and 
the composition of GABA A  subunits ( Cohen et al., 
2003 ;  Payne et al., 2003 ). This  ‘  ‘ immature ’  ’  molecular 
phenotype (including high NKCC1 expression, low 
KCC2 expression, elevated levels of intracellular Cl  �  , 
and depolarizing GABAergic responses), while poten-
tially advantageous for neuronal repair, might predis-
pose neurons to seizure activity. A critical factor that 
might explain the shift of adult neurons to an immature 
phenotype following seizure activity/excitotoxicity 
(or other stresses like ischemia or trauma) appears to 
be the brain-derived neurotrophic factor (BDNF) and 
its tyrosnine-kinase receptor TrkB. 

 Seizures   themselves might produce long-term 
depolarizing shifts in  E  GABA  by triggering activity-
dependent down-regulation of KCC2 (and/or up-
regulation of NKCC1) via BDNF signaling through 
TrkB. Sustained epileptic activity leads to an increase 
in hippocampal expression of BDNF and the TrkB 
receptor ( Binder et al., 2001 ;  Rivera et al., 2002 ;  Wake 
et al., 2007 ). Following  in vivo  seizure kindling, KCC2 
shows a rapid, dramatic decrease in expression in the 
same parts of the epileptic hippocampus that exhibit 
robust BNDF-TrkB up-regulation. This seizure-
induced down-regulation of KCC2 requires the 
activation of the TrkB receptor and the two major 
TrkB-mediated signaling cascades, the PLC and Shc 
activated pathways. Down-regulation of the tyrosine 
phosphorylation and activity of KCC2 are also seen 
after seizures, and precedes the BDNF decreases in 
KCC2 protein or mRNA expression. Whether seizures 
trigger activity-dependent up-regulation of NKCC1 is 
currently unknown. 

 Why   do adult neurons stressed by seizures adopt 
the neonatal features of NKCC1 up-regulation and/or 
KCC2 down-regulation and the associated depolarizing 
shifts in GABAergic currents? One hypothesis is that 
this phenotype is an attempt to provide repair mecha-
nisms and enable the targeting of neurons during 
damage-related rewiring. In the chronically epileptic 
human hippocampus, the depolarizing and excitatory 
GABA responses that characterize subicular interictal 
activity resemble the early large-scale spontaneous dis-
charges that have been implicated in the formation of 
neuronal networks. While excitatory GABAergic neu-
rotransmission during development leads to the activa-
tion of voltage-gated calcium channels and subsequent 

increases in intracellular calcium that play a role in 
neuronal growth, maturation and repair, such excit-
atory GABA neurotransmission might maladaptively 
contribute to seizure activity and neuronal damage 
from excitotoxicity.   

    VI .      CATION-CHLORIDE COTRANS-
PORTERS AS THERAPEUTIC 
TARGETS FOR SEIZURES 

 The   CCCs are targets of some of the most com-
mon drugs in medicine  –  the  ‘  ‘ loop ’  ’  and  ‘  ‘ thiazide ’  ’  
diuretics  –  and are mutated in several inherited human 
diseases (see  Hebert et al., 2004  and Chapters 2, 3 and 
16 in this volume). Both bumetanide and furosemide, 
well-known  ‘  ‘ loop ’  ’  diuretics, are capable of inhibiting 
the cation-chloride cotransporters  in vitro  and  in vivo . 
Bumetanide has an approximately 500-fold greater 
affinity for NKCC1 (inhibition constant [K i ] of approx-
imately 0.1        μ M) than for KCC2 ( K  i  of approximately 
25 – 50        μ M). Furosemide inhibits NKCC1 and KCC2 
with equal potency ( K  i  of approximately 25 – 50        μ M). 
Therefore, at low doses (2 – 10        μ M), bumetanide is a rel-
atively specific inhibitor of NKCC1. The accumulation 
of bumetanide in the central nervous after systemic 
administration has not been directly measured, but 
the drug’s high lipid:water partition coefficient and 
its documented anticonvulsant effects  in vivo  suggest 
that the drug is able to cross the blood – brain barrier 
(       Dzhala et al., 2005, 2008 ). 

 At   low concentrations (2 – 10        μ M), bumetanide has 
well-established pharmacokinetic and pharmacody-
namic properties in adult humans with few side effects 
( Staley, 2006 ). Because the expression patterns of 
NKCC1 during development are similar in the human 
and rat cortex ( Dzhala et al., 2005 ), bumetanide might 
be useful for the treatment of seizures in human neo-
nates. Bumetanide has been extensively used in both 
healthy and critically ill human term and pre-term 
infants to treat fluid volume overload due to cardiac 
and/or pulmonary disease with few side effects other 
than minor electrolyte imbalances, so extrapolation 
from these studies might help guide the design of any 
potential pilot studies or clinical trials ( Sullivan et al., 
1996 ;  Lopez-Samblas et al., 1997 ). 

 However  , it will be important to investigate 
whether the pharmacokinetics of bumetanide are 
altered by any of the underlying diseases which 
are responsible for triggering seizures in neonates, 
because many term newborns with refractory seizures 
have hypoxic-ischemic encephalopathy from perinatal 
asphyxia, which is often accompanied by multiorgan 
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dysfunction (including hepatic and renal failure); such 
organ dysfunction can dramatically affect drug metab-
olism (Clancy, 2000;  McBride et al., 2000 ;  Tekgul et al., 
2006 ). 

 Perhaps   the best new treatment strategy for neona-
tal seizures, and one that could be easily tested, is a 
combination regimen that would include bumetanide 
with a barbiturate like phenobarbital. In the neona-
tal rat brain, phenobarbital has been rendered a more 
effective anticonvulsant by co-administering it with 
bumetanide, which in theory reverses the Cl  �   gradi-
ent in immature neurons to a level such that GABA A  
potentiation by phenobarbital results in synaptic 
inhibition ( Dzhala et al., 2008 ). If such a trial were to 
take place, neonates with persistent seizures despite 
an initial loading dose of phenobarbital (the current 
standard of care) could be offered bumetanide along 
with the second dose of phenobarbital. Continuous 
EEG monitoring of patients could then be used to 
determine whether bumetanide reduces seizures com-
pared with controls (i.e. those neonates treated with 
phenobarbital alone). Pilot studies are now under 
way evaluating the efficacy of bumetanide adminis-
tered with phenobarbital for the treatment of neonatal 
seizures. 

 The   combination of bumetanide and a barbiturate 
should obviate the need to use the high doses of barbi-
turate or benzodiazepine that have been associated with 
significant side effects such as apoptotic neurodegen-
eration in the developing brain, and late cognitive/
behavioral impairment (         Farwell et al., 1990 ;  Reinisch 
et al., 1995 ; Bittigau et al., 2002, 2003). Moreover, 
because of its longstanding safe use in newborns as a 
diuretic, the low doses of bumetanide that are required 
to inhibit NKCC1 are not anticipated to produce short- 
or long-term side effects. However, caution must be 
exercised as work proceeds, and studies should be done 
to determine any potential side effects of inhibiting 
NKCC1 in the neonatal nervous system, since GABA-
mediated excitation is important for neuronal develop-
ment ( Ben-Ari, 2002 ). To date, bumetanide-mediated 
inhibition of NKCC1 in the brain, for periods of time 
that would far exceed the duration that would be 
used for the treatment of neonatal seizures, have been 
shown to have few developmental side effects ( Ge 
et al., 2006 ;  Cancedda et al., 2007 ). These modest but 
measurable side effects must be weighed against the 
well-known detrimental effects of persistent seizures 
in the immature brain on cortical development, and 
the absence of knowledge regarding the developmen-
tal effects of NKCC1 inhibition in the setting of such 
seizures ( Holmes and Ben Ari, 1998 ). 

 A   human trial of bumetanide is also taking place 
in adults with medically intractable and surgically 

unresectable TLE associated with mesial temporal 
sclerosis or different cortical malformations ( Maa et al., 
2007 ). Bumetanide might also be useful for seizures 
that occur secondary to hypoxic-ischemic encepha-
lopathy. In these conditions, coupling bumetanide 
with an agent that inhibits its action in the periphery 
to limit systemic side effects (e.g. renal electrolyte or 
fluid disturbances) might optimize desired pharmaco-
therapeutic effects. 

 Currently  , there are no drugs that are specific 
inhibitors of K-Cl cotransport, nor are there drugs 
that differentiate between multiple K-Cl cotransporter 
isoforms. Furosemide and DIOA (R( � )-[(2-n-butyl-6,
7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-
5-yl)oxy] acetic acid) have been used to inhibit K-Cl 
cotransporters experimentally  in vitro , but are more 
potent blockers of NKCC1 than of KCC2 and also 
inhibit carbonic anhydrases ( Payne et al., 2003 ). What 
may be more clinically efficacious than K-Cl inhibi-
tors are K-Cl cotransporter agonists. A specific KCC2 
agonist might, in combination with NKCC1 inhibitors 
(like bumetanide), synergistically augment GABA-
mediated inhibition for the treatment of seizures or 
other conditions in which neuronal hyperexcitabil-
ity is due to derangement in cellular Cl  �   gradients. 
Augmenting KCC2 activity might be challenging, as it 
involves designing drugs that increase the functional 
expression of this protein. However, because KCC2 
is repressed by BDNF, an indirect method of increas-
ing KCC2 expression might be to inhibit BDNF or its 
receptor on neurons (TrkB). 

 Finally  , the endogenous regulators of NKCC1 and 
the K-Cl cotransporters should be explored for their 
roles in the pathogenesis of diseases which exhibit 
altered CCC activity. BDNF, released upon seizure-
like activity, causes down-regulation of KCC2 which 
results in decreased Cl  �   extrusion capacity of neurons 
that propagates further seizure episodes ( Rivera et al., 
2004 ). Because inhibition of BDNF action via block-
age of the TrkB receptor reverses depolarizing shifts 
in  E  GABA  ( Cordero-Erausquin et al., 2005 ), inhibitors 
of TrkB, by increasing the endogenous expression of 
KCC2, might help treat different seizure syndromes. 
Additionally, targeting the volume/chloride-sensitive 
regulatory kinases of the CCCs, the WNKs or SPAK/
OSR1 might have utility. The role of these kinases in 
the mammalian nervous system is only beginning to 
be explored; however,  in vitro  experiments in mamma-
lian cells and  in vivo  experiments in lower organisms 
suggest that these serine-threonine kinases  –  initially 
characterized in the kidney  –  might prove relevant 
for CNS physiology ( Kahle et al., 2005 ). Moreover, 
drugs that target the CCCs in the nervous system 
might have specific advantages over current drugs 
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for seizures, because they would restore endogenous 
GABAergic inhibition rather than actively depressing 
excitability by imposing exogenous inhibition (e.g. by 
raising GABA levels or triggering excessive stimula-
tion of the GABA A  receptor). This might yield more 
specific treatments with fewer detrimental side effects 
( De Koninck, 2007 ).   
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O U T L I N E

    I .      INTRODUCTION 

 Stroke   is the third leading cause of death and dis-
ability in the USA. Presently, the only FDA-approved 
treatment for ischemic stroke is the clot-busting drug 
tissue plasminogen activator (tPA), which must be 
administered within a three-hour window from 
the onset of symptoms to be effective. Only 3 to 5% 
of stroke patients are candidates for this treatment 

( Qureshi, 1996 ). The lack of effective treatments for 
stroke demands a better understanding of the cellular 
and molecular mechanisms underlying cell death fol-
lowing ischemia. 

 Ischemic   stroke is the inevitable consequence of 
transient or permanent reduction of regional cere-
bral blood flow to brain tissue. Because of the high 
energy demand of brain tissue, a reduction of blood 
flow below  � 50% will cause serious perturbations in 
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tissue metabolism ( Hossmann, 1994 ). The resulting 
tissue damage will depend on the severity and length 
of the brain perfusion deficit. The brain damage in 
the infarct core is considered to be irreversible in focal 
stroke. Within minutes, there is a complete collapse 
of energy production, dissipation of ion gradients, 
cessation of macromolecular synthesis and loss of 
cell structure ( Lo et al., 2003 ). On the other hand, the 
penumbra, which surrounds the infarct core, retains 
residual blood flow and can remain viable for hours 
or even days ( Mongin, 2007 ). The penumbra tissue is 
the target for therapeutic intervention. 

 Loss   of ion homeostasis plays a central role in 
pathogenesis of ischemic cell damage. Ischemia-
induced perturbation of ion homeostasis leads to 
intracellular accumulation of Na  �   and Ca 2 �   and subse-
quent activation of proteases, phospholipases and for-
mation of oxygen and nitrogen-free radicals ( Lipton, 
1999 ;        Siesjo, 1992 ). This cascade of signal transduc-
tion events results in long-term functional and struc-
tural changes in membrane and cytoskeletal integrity 
and eventual cell death ( Lipton, 1999 ;        Siesjo, 1992 ). 
Secondary active ion transport proteins are important 
in maintaining steady-state intracellular ionic concen-
trations. These include the Na  �  -K  �  -2Cl  �   cotransporter 
isoform 1 (NKCC1), K  �  -Cl  �   cotransporters (KCCs) 
and the Na  �  /Ca 2 �   exchanger (NCX). During ischemia, 
cells lose K  �   and gain Ca 2 �  , Na  �  , Cl  �  , along with H 2 O 
(       Siesjo, 1992 ). This may result from a halt in the ATP 
synthesis and extensive Na  �  -K  �  -ATPase pump failure 
after anoxia. Both ion conductances and ion transport-
ers could also affect ionic homeostasis during isch-
emia. Considerable research effort has been centered 
on the roles of passive fluxes via cation and anion 
conductances in dissipation of the ion concentration 
gradients ( Lipton, 1999 ;  Mongin, 2007 ). This chapter 
will focus on the recent studies on the role of cation-
chloride cotransporters in ischemia-induced dissipation 
of ionic homeostasis. Results from both  in vitro  and 
 in vivo  experimental studies suggest that these ion trans-
port proteins are potential targets to reduce or prevent 
ischemia-mediated loss of ionic homeostasis.  

    II .      Cl  �   TRANSPORTERS IN 
DISSOCIATED BRAIN CELLS 

FOLLOWING  IN VITRO  ISCHEMIA 

    A .       Cl  �   Transporters in Neuronal Ionic 
Dysregulation, Swelling and Death 

 Cl    �   movement has been shown to be a central com-
ponent of the acute excitotoxic response in neurons 

( Nicklas et al., 1987 ;  Olney et al., 1986 ;  Rothman, 
1985 ). Acute excitotoxicity is thought to be mediated 
by excessive depolarization of the postsynaptic mem-
brane. Depolarization results in an osmotic imbal-
ance which is countered by an influx of Cl  �  , Na  �   and 
water and leads to cell lysis. Removal or reduction of 
Cl  �   from the extracellular medium during excitatory 
amino acid (EAA) exposure completely eliminates the 
acute excitotoxic response in hippocampal ( Rothman, 
1985 ) and retinal neurons ( Nicklas et al., 1987 ;  Olney 
et al., 1986 ). 

 NKCC1   is important in maintenance of intracellular 
Cl  �   ([Cl  �  ] i ) and contributes to GABA-mediated depo-
larization in adult sensory neurons (Alvarez-Leefmans 
et al., 1988;  Alvarez-Leefmans, 2001 ;  Sung et al., 2000 ) 
and immature CNS neurons ( Misgeld et al., 1986 ;  Sun 
and Murali, 1998 ). Thus, NKCC1 may affect neuronal 
excitability through regulation of [Cl  �  ] i  ( Jang et al., 
2001 ;  Sung et al., 2000 ). In addition, activation of the 
ionotropic glutamate NMDA receptor, the AMPA recep-
tor and the metabotropic glutamate receptor (group-I) 
significantly stimulates NKCC1 activity in SH-SY5Y 
neuroblastoma cells ( Sun and Murali, 1998 ) ( Fig. 25.1   ). 
Furthermore, glutamate treatment of rat cortical neu-
rons for 24       h results in  � 50% cell death ( Fig. 25.2   ). This 
is accompanied by an increase in [Na  �  ] i  and in  36 Cl 
content ( Beck et al., 2003 ). Interestingly, inhibition of 
NKCC1 activity with its potent inhibitor bumetanide 
abolishes glutamate-mediated neurotoxicity and sig-
nificantly attenuates oxygen and glucose deprivation 
(OGD)-induced neuronal death ( Beck et al., 2003 ). 
Furthermore, NMDA-mediated increases in  36 Cl 
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 FIGURE 25.1          Stimulation of NKCC1 by activation of both iono-
tropic and metabotropic glutamate receptors. SH-SY5Y cells were 
preincubated in AMPA, glutamate, NMDA, trans-ACPD or NMDA 
plus trans-ACPD for 10       min. Bumetanide-sensitive  86 Rb influx 
rates were determined over the next 3       min. Data are means  �  SE, * 
 p       �      0.05 vs. control. Adapted from  Sun and Murali (1998) .    
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content and intracellular Na  �   overload are reduced 
in the presence of bumetanide ( Beck et al., 2003 ). 
Bumetanide also blocks NMDA-induced neuronal 
swelling ( Beck et al., 2003 ). Thus, NKCC1 may con-
tribute to Na  �   and Cl  �   overload during glutamate-
mediated acute excitotoxicity. This view is further 
supported by the similar levels of neuroprotection 
exhibited in neurons from NKCC1 null (NKCC1   � / �   ) 
mice ( Chen et al., 2005 ). No additional protective 
effects were found when 10        μ M bumetanide is admin-
istrated in NKCC1  � / �   neurons ( Chen et al., 2005 ), 
indicating that neuroprotection exhibited in NKCC1   � / �    
neurons indeed result from loss of NKCC1 function. In 
addition, in neurons with injured axons, Cl  �   accumu-
lation is attributable to NKCC1-mediated Cl  �   influx 
and a decrease in Cl  �   extrusion by KCC2 ( Nabekura 
et al., 2002 ). Cl  �   accumulation causes a switch in 
GABA action from inhibitory to excitatory and leads 
to excitotoxicity ( Nabekura et al., 2002 ). Blockage of 
Na  �   and Cl  �   entry by removal of extracellular Na  �   
and Cl  �   abolishes excitotoxic dendritic injury and 
NMDA-mediated neurodegeneration in retinal gan-
glion cells ( Chen et al., 1998 ;  Hasbani et al., 1998 ). 
Down-regulation of KCC2 and a subsequent decrease 
in GABA-mediated inhibition may also contribute to 
excitotoxicity in injured neurons ( Toyoda et al., 2003 ). 

These results imply that stimulation of NKCC1 activ-
ity and down-regulation of KCC2 are important in 
ischemic neuronal damage.  

    B .       Cl  �   Transporters in Ionic Dysregulation, 
Swelling, Excitatory Amino Acid Release 
and Damage in Astrocytes 

 Glial   cells outnumber neurons by ten times and 
occupy up to 50% of the human brain volume ( Tower 
and Young, 1973 ). For many years, glial cells were 
thought to function only as passive support cells, 
e.g. bringing nutrients to and removing wastes from 
the neurons. In contrast, neurons were credited with 
carrying out the critical functions of information pro-
cessing, plasticity, learning and memory in the cen-
tral nervous system (CNS) ( Floyd and Lyeth, 2007 ). 
However, this view has undergone a dramatic trans-
formation with the knowledge that glial cells play 
critical roles in the glutamate – glutamine shuttle, lactic 
acid supply for neuronal energy metabolism, regula-
tion of synaptic and perisynaptic glutamate levels, 
regulation of ion concentrations (H  �  , K  �   and Ca 2 �  ) 
in the intracellular and extracellular spaces, and the 
coupling of neuronal activity and cerebral blood flow 
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 FIGURE 25.2          Inhibition of NKCC1 decreases glutamate-mediated neurotoxicity. Cell mortality in cultured neurons was assessed by prop-
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( Chen and Swanson, 2003 ;  Schurr, 2006 ). Therefore, 
alterations of astrocyte function after ischemia could 
have a significant impact on cerebral brain damage. 

 Early   loss of astrocytes is a principal feature of 
hyperglycemic and complete ischemia conditions 
( Pulsinelli et al., 1982 ). Rapid loss of astrocytes also 
occurs in animal models of normoglycemic ischemia 
( Lukaszevicz et al., 2002 ;  Pluta, 1987 ) and in optical 
nerve white matter under ischemic conditions ( Stys, 
2004 ). Despite the importance of astrocytes in neuro-
degeneration, the mechanisms underlying ischemic 
astrocyte damage are poorly understood. The fol-
lowing research findings illustrate the role of cation-
chloride cotransporters in ischemia-induced astrocyte 
damage. 

 Both   astrocytes and the choroid plexus epithelia 
have been suggested to play an important role in K  �   
uptake in the CNS. Colocalization of NKCC1 and glial 
fibrillary acidic protein (astrocyte marker protein) 
was detected in astrocytes of cortex, corpus callosum, 
hippocampus and cerebellum of rat ( Yan et al., 2001 ). 
Expression of NKCC1 was also observed in the peri-
vascular astrocytes of cortical cortex, cerebral white 
matter and hippocampus ( Yan et al., 2001 ). One of the 
major functions of astrocytes in the CNS is to buffer 
the extracellular K  �   concentration by transporting the 
K  �   released by active neurons ( Paulson and Newman, 
1987 ). Astrocytes take up K  �  , which can then leave 
astrocytes at remote locations where extracellular K  �   
concentrations have not risen, or K  �   can efflux at the 
endfeet of the astrocyte where it is subsequently trans-
ported by blood vessels ( Paulson and Newman, 1987 ). 
NKCC1 in the processes of the perivascular astrocytes 
is colocalized with aquaporin 4, the latter is abun-
dantly expressed in the astrocyte endfeet ( Nielsen et 
al., 1997 ). Therefore, these data suggest that NKCC1 
may play a role in transport of K  �   from brain to blood 
to restore the extracellular K  �   concentration after neu-
ron firing cessation. 

 In   addition to K  �   uptake, NKCC1 may also func-
tion in the regulation of intracellular Cl  �   in astro-
cytes. In acutely isolated hippocampal astrocytes from 
mature Sprague-Dawley rat, intracellular Cl  �   level 
is higher than it is predicted by passive distribution 
and the Cl  �   equilibrium potential ( E  Cl ) is far more 
positive than the membrane potential ( Fraser et al., 
1995 ). Application of GABA in the CA3 region of the 
neuron-free rat hippocampal slice induced depolar-
ization of astrocytes ( MacVicar et al., 1989 ). A similar 
GABA A  receptor-induced depolarization has also been 
observed in acutely isolated astrocytes from adult 
Sprague-Dawley rat or cultured mature hippocampal 
astrocytes from neonatal Wistar rat ( Bekar and Walz, 
1999 ;  Fraser et al., 1995 ). These findings suggest that 

NKCC1 may play a role in maintaining high intracel-
lular Cl  �   levels in astrocytes. 

    1 .      High [K  �  ] o -mediated Astrocyte Swelling 

 Astrocytes   undergo rapid swelling in a number of 
acute pathological states, such as ischemia and trau-
matic brain injury ( Kimelberg, 2005 ). Unresolved 
astrocyte swelling will have detrimental effects such 
as reduction of extracellular space, a decrease of nor-
mal cerebral blood flow, and an accumulation of excit-
atory amino acids such as glutamate ( Maxwell et al., 
1994 ;  Rutledge and Kimelberg, 1996 ). In addition, 
swollen astrocytes would have a diminished capac-
ity to perform their normal homeostatic functions. 
Considerable work has been focused on the role of 
cation-chloride cotransporters in maintenance and 
regulation of astrocyte volume. 

 As   previously mentioned, NKCC1 is found in astro-
cytes ( Yan et al., 2001 ), and the cotransporter in these 
cells could function in clearing excessive extracellular 
potassium ([K  �  ] o ) as mentioned above ( Walz, 2000 ). 
During ischemia, one significant pathophysiological 
change in the CNS is an elevation of [K  �  ] o . A few min-
utes of anoxia/ischemia raises [K  �  ] o  to  � 60       mM (far 
above ceiling value) (       Siesjo, 1992 ). NKCC1 in astro-
cytes may play a role in K  �   uptake under high [K  �  ] o  
conditions. In cultured astrocytes, 75       mM [K  �  ] o  causes 
NKCC1-mediated K  �   influx to be stimulated by  � 80% 
( Su et al., 2002a ). The high [K  �  ] o -induced activation of 
NKCC1 is completely abolished by either removal of 
extracellular Ca 2 �   or by blocking the L-type voltage 
dependent Ca 2 �   channels with nifedipine ( Su et al., 
2000 ). Additionally, intracellular  36 Cl accumulation 
increases significantly in response to 75       mM [K  �  ] o  and 
is abolished by inhibition of NKCC1 activity either by 
bumetanide or genetic ablation (       Su et al., 2002a, b ). 
These data suggest that the cotransporter activity is 
stimulated under high [K  �  ] o  via Ca 2 �  -mediated signal 
transduction pathways. 

 Seventy  -five mM [K  �  ] o  also triggers cell swelling in 
NKCC1  � / �   astrocytes by 20% ( Su et al., 2002a ). This 
high [K  �  ] o -mediated swelling is abolished by inhibi-
tion of NKCC1 activity, either with bumetanide or 
genetic ablation (       Su et al., 2002a, b ). In addition, high 
[K  �  ] o -induced astrocyte swelling is also observed 
in the rat optic nerve model ( MacVicar et al., 2002 ). 
Furosemide and bumetanide reversibly suppress the 
high [K  �  ] o -induced astrocyte swelling in enucleated 
nerves ( MacVicar et al., 2002 ). Additionally, astrocytes 
in optic nerves exhibited a Ca 2 �  -independent swell-
ing during ischemia that was blocked by bumetanide 
( Thomas et al., 2004 ). Taken together, these studies sug-
gest that NKCC1 activation leads to astrocyte swelling.  
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    2 .       High [K  �  ] o -mediated Excitatory Amino Acid 
Release from Astrocytes 

 Glutamate   is the principal excitatory neurotrans-
mitter in the mammalian CNS. Elevation of glutamate 
in the extracellular space and excessive activation of 
NMDA receptors cause cell death ( Olney, 1969 ). The 
glutamate-induced excitotoxicity plays a major role 
in ischemic brain damage ( Arundine and Tymianski, 
2004 ). 

 Astrocytes   maintain a large transmembrane 
 glutamate gradient, with [Glu] i  concentrations of 
2 – 10       mM, whereas [Glu] o  is approximately 1        μ M 
( Erecinska and Silver, 1990 ). This gradient results 
from the high density of Na  �  -dependent glutamate 
transporters in astrocytes, which regulate synap-
tic transmission by controlling glutamate diffusion 
and concentration in the extracellular space ( Ni 
et al., 2007 ;  Oliet et al., 2001 ). Therefore, reduced glu-
tamate uptake or release of sequestered glutamate 
from astrocytes may contribute to excitotoxicity under 
pathophysiological conditions ( Kimelberg, 2005 ). 
For example, one consequence of high [K  �  ] o -induced 
astrocyte swelling will be the release of glutamate via 
activation of volume-sensitive organic anion channels 
(VSOACs) ( Abdullaev et al., 2006 ;  Su et al., 2002a ). 
VSOACs are ubiquitously expressed chloride chan-
nels which are permeable to a variety of small organic 
anions, including the amino acids taurine, glutamate 
and aspartate (Strange et al., 1996). In response to 
swelling, VSOAC-mediated efflux of amino acids can 
function as a regulatory volume decrease mechanism 
in astrocytes ( Rutledge et al., 1998 ). Release of [ 14 C]-D-
aspartate from astrocytes, which serves as a surrogate 
for glutamate, is negligible under control conditions 
( Rutledge et al., 1998 ;  Su et al., 2002b ). However, high 
[K  �  ] o  triggers a significant release of [ 14 C]-D-aspartate 
from astrocytes. High [K  �  ] o -induced release of [ 14 C]-
D-aspartate is abolished by the anion channel blocker 
DIDS, suggesting an involvement of VSOACs ( Su 
et al., 2002b ). Volume-sensitive anion channels are 
discussed in greater detail in Chapter 15. When 
NKCC1 is inhibited by bumetanide or genetic abla-
tion, this high [K  �  ] o -induced aspartate release is 
reduced by 30 – 50% ( Fig. 25.3   ) (       Su et al., 2002a, b ). On 
the other hand, stimulation of NKCC1 under high 
[K  �  ] o  conditions leads to increases in intracellular Na  �   
which could slow or even reverse Na  �  -dependent 
glutamate transporters and increase glutamate release 
from astrocytes. Taken together, astrocyte NKCC1 
stimulation will contribute to excitotoxic injury by 
increasing swelling-induced glutamate release or 
decreasing glutamate clearance from the extracellular 
space.  

    3 .       Na  �   and Cl  �   Dysregulation in Astrocytes 
following Oxygen and Glucose Deprivation 

 Loss   of the trans-plasma membrane Na  �   gradient 
is one of the key elements in promoting cellular dam-
age in astrocytes during ischemia ( Longuemare et al., 
1999 ). An increase in intracellular Na  �   is found in rat 
spinal cord astrocytes ( Rose et al., 1998 ), rat cortical 
astrocytes ( Longuemare et al., 1999 ) and mouse corti-
cal astrocytes ( Silver et al., 1997 ) when these cells are 
exposed to glucose deprivation, NaN 3 -mediated chem-
ical hypoxia or simulated ischemia. While a decrease 
in Na  �  /K  �  -ATPase activity during ischemia will lead 
to reduced Na  �   extrusion, the activation of several 
Na  �   entry pathways, including NKCC1, also con-
tributes to ischemia-induced loss of the Na  �   homeo-
stasis. OGD in astrocytes results in both an increase 
in NKCC1 phosphorylation and  86 Rb influx ( Kintner 
et al., 2004 ). This stimulation of NKCC1 activity is 
accompanied by an accumulation of  36 Cl and 3.5-fold 
increase in [Na  �  ] i  in astrocytes ( Lenart et al., 2004 ). 
Either bumetanide or genetic ablation of NKCC1 sig-
nificantly reduces the OGD/reoxygenation-mediated 
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 FIGURE 25.3          Effect of bumetanide on the high-[K  �  ] o -medi-
ated release of preloaded D-[ 14 C]aspartate from astrocytes.  A.  
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Adapted from  Su et al. (2002a) .    
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increase in [Na  �  ] i  and [Cl  �  ] i  ( Fig. 25.4   ) ( Kintner et al., 
2007a ). 

 Given   that the extracellular ionic and oxygen com-
position change significantly during hypoxia/ischemia 
with a lower concentration of Na  �  , Cl  �  , Ca 2 �   and a 
higher concentration of K  �   as well as H  �   ( Bondarenko 
and Chesler, 2001 ), it is important to examine whether 
NKCC1 still functions in this altered extracellular ionic 
environment. Thus, an alternative  in vitro  hypoxic 
model is to perfuse cells with hypoxic, acidic, ion 
shifted-Ringers (HAIR) that mimics the extracellular 
ionic and oxygen composition  in vivo  ( Bondarenko and 
Chesler, 2001 ). During 5       min of HAIR treatment, [Na  �  ] i  
decreases in astrocytes due to the reduced Na  �   con-
centration in the HAIR buffer ( Fig. 25.5   ). Interestingly, 
[Na  �  ] i  decreases even further in NKCC1  � / �   astro-
cytes during HAIR treatment, which suggests that 
during HAIR treatment NKCC1 is still inwardly 
directed ( Kintner et al., 2007a ). When the astrocytes 
are returned to normoxic buffer, [Na  �  ] i  raises rap-
idly over the first 5       min and plateaus to a value  � 4-
fold of control and is sustained over the following 
40       min ( Fig. 25.5 ). Bumetanide or genetic ablation 
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of NKCC1 reduces this hypoxia-mediated rise in 
[Na  �  ] i  by  � 65% ( Kintner et al., 2007a ). The HAIR-
mediated increases in [Na  �  ] i  are even doubled when 
Na  �  /K  �  -ATPase activity is blocked with ouabain 
( Kintner et al., 2007a ). This suggests that the NKCC1 
mediates an Na  �   overload that cannot be offset by 
Na  �  /K  �  -ATPase activity.  

    4 .       Ca 2 �   Dysregulation in Astrocytes following 
Oxygen and Glucose Deprivation 

 NKCC1  -mediated increases in [Na  �  ] i  following 
 in vitro  ischemia have been linked to Ca 2 �   loading and 
subsequent mitochondrial damage. As a consequence 
of increases in [Na  �  ] i , NCX-mediated Ca 2 �   extrusion 
is reduced or NCX may function in a reverse mode, 
which leads to increases in [Ca  �  ] i  ( Fig. 25.6   ). Thus, 
NKCC1 and the reverse-mode operation of NCX 
(NCX rev ) contribute to intracellular Na  �   and Ca 2 �   
overload in astrocytes following  in vitro  ischemia 
( Kintner et al., 2007a ;  Lenart et al., 2004 ). In addition, 
Na  �   and Ca 2 �   overload in ischemic astrocytes leads to 
a dissipation of the mitochondrial membrane poten-
tial and release of mitochondrial cytochrome C, which 
can be attenuated by bumetanide or with genetic abla-
tion of NKCC1 ( Kintner et al., 2007a ). These findings 
suggest that the concerted activities of multiple ion 
transport proteins are important in the perturbations 

of Na  �   and Ca 2 �   homeostasis and in astrocyte dam-
age in response to hypoxia/ischemia.   

    C .       Cl  �   Transporters in Excitotoxicity 
in Oligodendrocytes 

 The   primary role of oligodendrocytes in the CNS 
is the production of myelin, which forms an insulating 
sheath around the axons of neurons and allows for effi-
cient electrical transmission ( Waxman and Ritchie, 1993 ). 
Loss of oligodendrocyte function is involved in a num-
ber of diseases, such as multiple sclerosis, amylotrophic 
lateral sclerosis, Huntington’s disease, Alzheimer’s dis-
ease and Parkinson’s disease. Likewise, early ischemic 
damage to white matter involves oligodendrocyte and 
axon damage ( Valeriani et al., 2000 ). 

 NKCC1   plays a role in oligodendrocyte damage 
following activation of non-NMDA glutamate recep-
tors. AMPA/kainate receptor-mediated excitotoxicity 
results in spinal cord white matter injury in a pro-
cess that is linked to oligodendrocyte damage and 
axonal demyelination ( Park et al., 2004 ;  Tekkok and 
Goldberg, 2001 ). Indeed, the vulnerability of immature 
oligodendrocytes to ischemic injury is a major compo-
nent of the brain injury associated with cerebral palsy 
( Wilke et al., 2004 ). Oligodendrocytes are thought to 
express primarily non-NMDA-type ionotropic gluta-
mate receptors, although recent studies suggest that 
NMDA-type glutamate receptors may predominate 
in processes while AMPA/kainate receptors predomi-
nate on the soma ( Salter and Fern, 2005 ). 

 Exposing   cultured oligodendrocytes to AMPA plus 
the AMPA desensitization blocker cyclothiazide (CTZ) 
leads to a transient rise in [Ca 2 �  ] i , which is followed 
by a sustained intracellular [Ca 2 �  ] i  overload, NKCC1 
phosphorylation and a NKCC1-mediated Na  �   influx 
( Chen et al., 2007 ). In the presence of a specific AMPA 
receptor inhibitor 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX), AMPA/CTZ fails to elicit any changes 
in [Ca 2 �  ] i . The AMPA/CTZ-induced sustained [Ca 2 �  ] i  
rise leads to mitochondrial Ca 2 �   accumulation, release 
of cytochrome C from mitochondria and cell death 
( Chen et al., 2007 ). The AMPA/CTZ-elicited [Ca 2 �  ] i  
increase, mitochondrial damage and cell death are 
significantly reduced by inhibiting NKCC1 or NCX rev . 
These data suggest that in cultured oligodendrocytes, 
activation of AMPA receptors leads to NKCC1 phos-
phorylation that enhances NKCC1-mediated Na  �   
influx. The latter triggers NCX rev -mediated [Ca 2 �  ] i  
overload and compromises mitochondrial function 
and cellular viability ( Chen et al., 2007 ). Such a link 
between Na  �   overload and activation of NCX rev  has 
been observed under other conditions ( Stys, 2005 ). 
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and 45       min reoxygenation. In studies involving KB-R7943, the drug 
was present 30       min before HAIR and during reoxygenation.  B.  
Summary data of changes in [Ca 2 �  ] i  at 45       min reoxygenation. Data 
are means  �  SE. *  p       �      0.05 vs. control, #  p       �      0.05 vs. NKCC1  � / �   
HAIR/reoxygenation. Adapted from  Kintner et al. (2007) .    
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Indeed, NCX rev  causes Ca 2 �   influx after NMDA and 
non-NMDA receptor activation in depolarized and 
glucose-deprived neurons ( Czyz and Kiedrowski, 
2002 ;  Hoyt et al., 1998 ). Furthermore, increase in intra-
cellular Na  �   and the subsequent induction of NCX rev  
have also been found in mechanical strain injury of 
astrocytes ( Floyd et al., 2005 ) and in axonal damage 
( Stys, 2005 ). 

 Theoretical   thermodynamic analysis of NCX rev  in 
oligodendrocytes predicts that the flux through NCX 
is near zero under control conditions and a resting 
potential of  � 90       mV ( Fig. 25.7   ). During AMPA treat-
ment, [Ca 2 �  ] i  rises to 192       nmol/L and 224       nmol/L 
at 1       min and 30       min, respectively. Although this 
increase in [Ca 2 �  ] i  may favor the forward-mode 
operation of NCX, the significant concurrent increase 
in [Na  �  ] i  strongly favors an inwardly directed Ca 2 �   
current via NCX rev  ( Fig. 25.7 ). The simulation pre-
dicts that if plasma membrane potential remains at 
 � 90       mV, NCX will function in the reverse mode 
when [Na  �  ] i  increases to  � 25       mmol/L with [Ca 2 �  ] i  of 
192 – 224       nmol/L. In fact, [Na  �  ] i  is elevated to  � 134       mmol/
L at 1       min and 46       mmol/L at 30       min of AMPA/CTZ 
exposure, which favors NCX rev  ( Chen et al., 2007 ).   

    III .      Cl  �   TRANSPORTERS IN BRAIN 
SLICES FOLLOWING  IN VITRO  

ISCHEMIA 

    A .        In vitro  Brain Slice Model for Global 
Cerebral Ischemia 

 The   brain slice is a widely used model for investi-
gating mechanisms underlying anoxia- or ischemia-
induced neuronal damage because it maintains the 
 in vivo  anatomical microenvironment. Acute brain 
slices and organotypic slice culture are two common 
methods. Acute brain slices are isolated in an artifi-
cial cerebral spinal fluid (aCSF) or Ringer solution 
equilibrated with O 2 /CO 2 . Ischemic episodes are 
induced in the acute brain slice by submerging them 
in a glucose-free aCSF equilibrated with N 2 /CO 2 . 
Although the acute brain slice can be maintained only 
for a short time, slices can be prepared routinely from 
mature adult tissue, where the Cl  �   transport systems 
and the negative shift in the  E  Cl  have been established 
( Kaila, 1994 ). Hence, they have been particularly use-
ful in gaining insight into the role of Cl  �   transporters 
in cerebral ischemia. On the other hand, organotypic 
brain slices can be maintained for longer periods of 
time in culture, but they are typically prepared from 
postnatal (P0 – P7) rats and mice. In order to model 
cerebral ischemia, the organotypic brain slice can be 
submerged in a glucose-free culture medium that is 
infused with N 2 /CO 2  or placed in an anoxic culture 
chamber ( Noraberg et al., 2005 ). In either slice model, 
this insult is termed  in vitro  ischemia or OGD. Brain 
slice models exhibit the same selective vulnerability 
as seen  in vivo ; for instance, OGD results in significant 
damage to the CA1 area of the hippocampus in the 
slice ( Lipton, 1999 ;  Noraberg et al., 2005 ).  

    B .       Disruption of Cl  �   Homeostasis is 
Associated with  in vitro  Ischemia 

 Ionic   disturbances during and following  in vitro  
ischemia are particularly important initiators of neu-
ronal damage that lead to irreversible cell injury and 
activation of cell death pathways. Specifically, there 
is substantial evidence indicating that the increases in 
intracellular Na  �   and Ca 2 �   are important initiators of 
ischemia-induced cell death. Although the role of ele-
vated intracellular Cl  �   in ischemia has not been studied 
as thoroughly as that of other ions, Cl  �   or Cl  �   trans-
porters has been demonstrated as a major contributor 
to ischemia-induced neuronal injury (see  Table 25.1   ). 
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 FIGURE 25.7          Thermodynamics of NCX activity after AMPA/
CTZ exposure. It is assumed that NCX is an electrogenic mecha-
nism that transports Na  �   and Ca 2 �   with a stoichiometry of 3:1. The 
LabHEART simulation generated values of NCX current at differ-
ent voltages, using known and assumed values for intracellular 
and extracellular Na  �   and Ca 2 �  . The reversal potential under each 
ionic condition was the voltage when NCX current equals zero. The 
reversal potential was then plotted against the [Na  �  ] i  used to gener-
ate the current/voltage curve. [Ca 2 �  ] i  was set at 42, 192 and 225       mM 
for control, 1       min or 30       min after AMPA/CTZ application, respec-
tively. Adapted from  Chen et al. (2007) .    
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 TABLE 25.1          Studies investigating the role of Cl  �   transporters in the oxygen and glucose-deprived brain slice  

    ACUTE HIPPOCAMPAL SLICE  

   Animal  Insult 
 Damage outcome

 measured 
 Cl  �   measurement 

method 
 Cl  �   transport 

inhibitors  Citation 

   Rat (P14 – P19)  OGD    CA1 field responses, 
cell death, cell swelling   

 MEQ    Picrotoxin     Inglefield, and 
Schwartz-Bloom 
(1998)    

   Adult rat  OGD  CA1 field responses, 
interstitial voltage 

 Electron probe X-ray 
microanalysis 

 N/A   Taylor et al. (1999)  

   Adult rat  Hypoxia  Spreading depression-
like depolarization 

 N/A  Furosemide, 
DIDS, DNDS 

  Muller (2000)  

   Adult rat  OGD  N/A  Electron probe X-ray 
microanalysis 

 N/A   Lopachin et al. (2001)  

   Rat  (P10 – P15)  OGD  N/A  MEQ  Furosemide, 
bumetanide 

  Yamada et al. (2001)  

   Adult rat  OGD  ATP recovery; CA1 
morphology 

 N/A  Furosemide, 
bumetanide, 
DIOA, 
ethacrynic 
acid 

  Pond et al. (2004)  

   Adult rat  OGD  CA1 field responses, 
Cl  �   changes 

 MEQ  Bicuculline, 
picrotoxin 

  Galeffi et al. (2004)  

   Adult rat  Hypoxia/hypoglycemia  CA1 field responses  N/A  Bumetanide, 
DIOA 

  Busse et al. (2005)  

   Adult rat  OGD  Edema formation  N/A  Furosemide, 
bumetanide, 
bicuculline, 
DIDS, 
niflumic acid 

  Kumar et al. (2006)  

   Adult mouse  OGD  Cl  �   changes, CA1 
morphology 

 Clomeleon  Furosemide, 
bumetanide, 
picrotoxin 

  Pond et al. (2006)  

    ORGANOTYPIC SLICE CULTURE  

   Rat (P10)  Hypoxia/ hypoglycemia  Cell death  N/A  Bumetanide, 
DIOA 

  Busse et al. (2005)  

   Mouse 
   (P6 – P8) 

 Hypoxia/ hypoglycemia 
or OGD   

 Cell death    N/A    DIDS     Yao et al. (2007)    

   Mouse  Hypoxia  Cell death, LDH  N/A  DIDS   Xue et al. (2008)  

   (P6 – P8)           

   MEQ , 6-methoxy-N-ethylquinolinium iodide;  DIDS , 4,4 	 -diisothiocyano-2,2 	 -stilbene disulfonic acid;  DNDS , 4,4-dinitro stilbene-2,2-
disulfonate;  DIOA , dihydroindenyloxyalkanoic acid;  LDH , lactate dehydrogenase activity (measure of cell injury)  

 Several   studies have indicated that OGD in the 
brain slice induces an accumulation of [Cl  �  ] i  in 
area CA1 hippocampal neurons ( Galeffi et al., 2004 ; 
 Inglefield and Schwartz-Bloom, 1998 ;  Lopachin et al., 
2001 ;  Pond et al., 2006 ;  Taylor et al., 1999 ). In acute 
brain slice models, Taylor and colleagues found that 
[Cl  �  ] i  started to increase during OGD and accumu-
lated throughout reoxygenation, reaching levels twice 

as high as those found immediately after OGD ( Taylor 
et al., 1999 ). In another study, Cl  �   content in the cyto-
plasm, mitochondria and nuclei was increased by 
approximately 50% after 10       min OGD and by approxi-
mately 300% at 30       min reoxygenation following 10       min 
OGD ( Lopachin et al., 2001 ). However, these initial 
studies using electron probe X-ray microanalysis did 
not allow continuous monitoring of changes in [Cl  �  ] i  
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( Table 25.1 ). Recently, imaging of [Cl  �  ] i  has been 
developed using the Cl  �   sensitive fluorescent dyes 
6-methoxy-N-ethylquinolinium chloride (MEQ) and 
N-(ethoxycarbonylmethyl)-6-methoxyquinolinium 
bromide (MQAE); or the genetically-encoded Cl  �   indi-
cator, Clomeleon, described in Chapter 7 ( Berglund et al., 
2004 ;  Kuner and Augustine, 2000 ). Continuous imag-
ing of slices reveals that increases in [Cl  �  ] i  are biphasic 
( Galeffi et al., 2004 ;  Pond et al., 2004 ). [Cl  �  ] i  rises dur-
ing OGD and recovers partially upon onset of reoxy-
genation; however, this is followed by a second and 
more prolonged rise in [Cl  �  ] i  within the next hour 
( Galeffi et al., 2004 ;  Pond et al., 2004 ). Interestingly, 
this sustained rise in [Cl  �  ] i  following OGD can 
directly induce neuronal damage. In one study, CA1 
hippocampal neurons were dialyzed with various 
[Cl  �  ] o  using the ionophores nigericin and tributyl-
tin, and the morphological changes were examined. 
The degree of CA1 neuronal damage was signifi-
cantly increased with the elevated [Cl  �  ] i  ( Pond et al., 
2006 ). In addition, if the reoxygenation buffer follow-
ing OGD is maintained with low [Cl  �  ] o , the second-
ary rise in [Cl  �  ] i  is completely blocked and neuronal 
damage is attenuated ( Newell et al., 1995 ;  Pond et al., 
2006 ). It has also been shown that preventing the rise 
in [Cl  �  ] i  is neuroprotective following oxidative stress 
( Wake et al., 2007 ). Together, these findings indicate 
that the OGD-induced rise in [Cl  �  ] i  is both necessary 
and sufficient to produce neuronal damage in isch-
emic brain slices. 

 Disruptions   of Cl  �   homeostasis can contribute to 
ischemic damage via multiple mechanisms. First, 
synaptic inhibition by the inhibitory neurotrans-
mitters GABA and glycine depends on the trans-
membrane Cl  �   gradient, which maintains an  E  Cl  
that is negative relative to the membrane poten-
tial. If the rise in [Cl  �  ] i  induces a shift in the  E  Cl  
such that the  E  Cl  becomes more positive relative to 
the membrane potential, GABA and glycine recep-
tor activation will cause Cl  �   efflux and membrane 
depolarization. This may cause GABA and glycine 
to be less inhibitory or even excitatory, depend-
ing on the membrane potential and the  E  Cl  ( Kaila, 
1994 ;  Schwartz-Bloom and Sah, 2001 ;  Thompson and 
Gahwiler, 1989 ). Therefore, the loss of GABA A -medi-
ated inhibition due to the rise in [Cl  �  ] i  may increase 
neuronal excitotoxicity after  in vitro  as well as  in vivo  
ischemic episodes. Specifically, the OGD-induced 
[Cl  �  ] i  accumulation may reduce GABA A  responses 
in area CA1 pyramidal neurons during reoxygen-
ation ( Galeffi et al., 2004 ;  Inglefield and Schwartz-
Bloom, 1998 ). Similarly, in hippocampal slices, anoxia 
suppresses GABA-mediated inhibitory postsynap-
tic currents (IPSCs) as a result of a positive shift in 

 E  Cl  ( Katchman et al., 1994 ). These  in vitro  studies 
are supported by studies using  in vivo  models of 
cerebral ischemia. In rats subjected to focal cerebral 
ischemia, there is a depolarizing shift in the reversal 
potential for GABA A -mediated inhibitory postsynap-
tic potentials (IPSPs) in neocortex, resulting in a reduc-
tion of GABA-mediated inhibition ( Mittmann et al., 
1998 ). In addition to the effects on inhibitory neuro-
transmission, elevated [Cl  �  ] i  may also cause damage 
by ultrastructural changes to the smooth endoplasmic 
reticulum ( Rosenberg and Lucas, 1996 ) or affect pH 
regulation via coupling to function of the Cl  �  /HCO 3   �   
exchange ( Schlue and Deitmer, 1988 ).  

    C .       Role of Cl  �   Transporters in Disruptions of 
Cl  �   Homeostasis following  in vitro  Ischemia 

 Given   the apparent significance of the OGD-medi-
ated rise in [Cl  �  ] i , considerable effort has focused on 
the underlying mechanisms. The transmembrane Cl  �   
gradient is maintained by Cl  �   transport mechanisms, 
including Cl  �   efflux via KCC2 ( Sung et al., 2000 ), the 
Na  �  -dependent Cl  �  /HCO 3   �   exchanger ( Schlue and 
Deitmer, 1988 ), the Cl  �   ATPase ( Schwartz-Bloom and 
Sah, 2001 ) and the voltage-dependent Cl  �   channel, 
ClC2 ( Muller, 2000 ). Therefore, OGD-induced Cl  �   
increases could be due to reduced function or reversal 
of the Cl  �   efflux transporters. In turn, the activation of 
Cl  �   influx mechanisms may also contribute to eleva-
tions in intracellular Cl  �  . Chloride influx may occur 
through the Cl  �  /HCO 3   �   exchanger, the GABA A  recep-
tor, the glycine receptor and NKCC1 ( Schwartz-Bloom 
and Sah, 2001 ). Therefore, OGD-induced Cl  �   increases 
could result from altered function of Cl  �   efflux and/
or influx pathways. 

 Recent   studies indicate that the rise in [Cl  �  ] i  dur-
ing OGD is likely to be due to a number of different 
Cl  �   transport mechanisms ( Kumar et al., 2006 ;  Pond 
et al., 2006 ; Slemmer et al., 2004;). OGD induces a 
severe membrane depolarization in neurons, leading 
to an increase in membrane permeability (Hansen, 
1985; Tanaka et al., 1997). While Cl  �   fluxes play a 
role in triggering this depolarization, inhibition of 
Cl  �   transport is unable to prevent its onset ( Muller, 
2000 ). As the membrane potential approaches zero, an 
inwardly directed electrochemical potential is imposed 
on Cl  �  , driving Cl  �   into the cell through any available 
Cl  �   channel. Therefore, it is likely that multiple Cl  �   
transporters and channels are responsible for Cl  �   
entry during this time. 

 In   contrast, the rise in [Cl  �  ] i  during reoxygenation 
has been attributed to specific Cl  �   transporters. This 
rise in [Cl  �  ] i  within 1       h reoxygenation can be completely 
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prevented by the loop diuretics, bumetanide and furo-
semide, while the GABA-gated Cl  �   channel blocker 
picrotoxin has no effect ( Pond et al., 2006 ). Since 
bumetanide, at concentrations selective for NKCC1, 
completely prevented the secondary rise in [Cl  �  ] i , it is 
likely that NKCC1 activity is primarily responsible for 
these changes. In fact, increased phosphorylation of 
NKCC1 has been demonstrated after OGD, consistent 
with the timing of changes of [Cl  �  ] i  ( Pond et al., 2006 ). 
Phosphorylation of NKCC1 increases the transporter’s 
activity (Darman and Forbush, 2002) and could lead to 
the accumulation of intracellular Cl  �   following OGD. 

 Other   Cl  �   transport mechanisms may also con-
tribute to the OGD-mediated secondary rise in [Cl  �  ] i . 
It is known that OGD causes significant increases in 
extracellular K  �  , which could drive Cl  �   influx via 
NKCC1 and/or reverse KCC2 to bring Cl  �   into neu-
rons (DeFazio et al., 2000; Payne, 1997; Payne et al., 
2003). In the case of KCC2, it has been demonstrated 
that OGD induces a substantial decrease in KCC2 
protein levels in rat hippocampal slices ( Galeffi et al., 
2004 ). A recent study indicates that oxidative stress 
causes the dephosphorylation of tyrosine residues 
on KCC2; interestingly, this dephosphorylation cor-
responded to a loss of functional KCC2 activity and 
preceded decreases in KCC2 expression ( Wake et al., 
2007 ). Since KCC2 serves as one of the primary Cl  �   
extrusion mechanisms in neurons, the decrease in its 
activity and/or expression may compromise the abil-
ity of neurons to restore the Cl  �   gradient after OGD.  

    D .       Role of Cl  �   Transporters in Neuronal 
Damage following  in vitro  Ischemia 

 There   have been several studies investigating the 
role of Cl  �   transporters in neuronal damage associ-
ated with  in vitro  ischemia. Due to the fact that aber-
rant activity of NKCC1 and KCC2 may contribute 
to [Cl  �  ] i  increases following OGD, studies have 
focused on these transporters. The NKCC inhibitors 
bumetanide and furosemide promote the biochemi-
cal (recovery of ATP levels) and morphological recov-
ery of hippocampal slices exposed to OGD ( Pond 
et al., 2004 ). In addition, bumetanide also reduces 
neuronal damage in organotypic hippocampal slice 
cultures exposed to hypoxia and hypoglycemia ( Busse 
et al., 2005 ). Prevention of KCC2 loss following OGD 
or oxidative stress and the subsequent maintenance of 
normal intracellular Cl  �   levels has been shown to be 
neuroprotective ( Galeffi et al., 2004 ;  Wake et al., 2007 ). 

 In   addition to NKCC1 and KCC2, other Cl  �   trans-
port mechanisms have been investigated for their role 
in OGD-induced neuronal damage. Several studies 

indicate the importance of the Cl  �  /HCO 3   �   exchanger 
and the Na  �  -dependent Cl  �  /HCO 3   �   exchanger in 
OGD-induced neuronal damage. These transport 
mechanisms are important regulators of both intracel-
lular Cl  �   as well as pH ( Schlue and Deitmer, 1988 ). An 
inhibitor of the Cl  �  /HCO 3   �   and the Na  �  -dependent 
Cl  �  /HCO 3   �   exchangers, DIDS, has been shown to 
be neuroprotective in organotypic slices (Xue et al., 
2007;  Yao et al., 2007 ;). However, DIDS does not spe-
cifically inhibit these exchange mechanisms alone, 
making interpretation of these results difficult ( Yao 
et al., 2007 ). Another Cl  �   transport mechanism that 
has been investigated is the GABA-gated Cl  �   chan-
nel. However, the GABA-gated Cl  �   channel does 
not appear to be involved in the accumulation of 
[Cl  �  ] i  during reoxygenation ( Galeffi et al., 2004 ;  Pond 
et al., 2006 ). Thus, the GABA-gated Cl  �   channel inhib-
itor picrotoxin is not neuroprotective after OGD ( Pond 
et al., 2004 ). 

 In   summary,  in vitro  ischemia in the brain slice 
results in a biphasic increase in [Cl  �  ] i  during OGD 
and reoxygenation. The severe membrane depolar-
ization that occurs during OGD probably imposes a 
strong inwardly directed electrochemical potential 
on Cl  �  , driving Cl influx via Cl  �   channels. However, 
the rise in [Cl  �  ] i  during the reoxygenation period is 
most likely due to the aberrant activity of NKCC1 and 
KCC2. NKCC1 activity is increased following OGD, 
as evidenced by an increase in phosphorylation, and 
blocking NKCC1 with bumetanide prevents the rise in 
[Cl  �  ] i . Furthermore, a loss of functional KCC2 appears 
to occur following OGD, which would prevent neu-
rons from restoring the Cl  �   gradient after OGD. These 
data further support the notion that Cl  �   transporters 
could be novel targets for preventing neuronal dam-
age after ischemia. The case of bumetanide is exceed-
ingly interesting as the loop diuretic in combination 
with the GABA A  receptor potentiator phenobarbital 
also prevents the development of neonatal seizures 
(see Chapter 24).   

    IV .      Cl  �   TRANSPORTERS FOLLOWING  IN 
VIVO  CEREBRAL ISCHEMIA 

 While    in vitro  studies are useful for demonstrating 
proof of principle for a role of NKCC1 in cerebral isch-
emia, it is important to extend these studies by using 
 in vivo  animal models. The most widely used model 
of focal cerebral ischemia is the endovascular suture 
occlusion of the middle cerebral artery (MCAO) in 
rodents. In this model, a filament is advanced through 
the external carotid artery into the internal carotid 
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artery to block blood flow to the middle cerebral 
artery. After a period of ischemia, the filament can be 
withdrawn, and blood flow restored and the animal 
allowed to recover. 

    A .      Changes in NKCC1 Protein Expression 

 Expression   of NKCC1 detected with T4 antibody 
immunoreactive signals is observed in cell bodies and 
dendrites of pyramidal neurons in cerebral cortex of 
sham rats. Two hours of focal cerebral ischemia and 
24       h reperfusion lead to increased NKCC1 immuno-
staining in neurons scattered in the ischemic cortex and 
striatum ( Yan et al., 2001 ). Immunoblotting revealed 
that expression of NKCC1 protein was increased fol-
lowing 2       h focal ischemia in cerebral cortex and stria-
tum. A sustained up-regulation of NKCC1 in cortex 
was detected at 4, 8, 12 and 24       h of reperfusion ( Yan 
et al., 2001 ). An increase in the phosphorylated NKCC1 
(NKCC1-p) was also found at 4 and 8       h of reperfusion 
in the ipsilateral cortex ( Yan et al., 2001 ). Because the 
change in phosphorylation state of NKCC1 is a major 
regulatory mechanism that stimulates NKCC1 activity, 
these findings suggest that elevated NKCC1 expres-
sion and activity may be involved in cerebral ischemic 
damage. Up-regulation of NKCC1 is found in hippo-
campus in gerbils after 5       min global ischemia and 24       h 
reperfusion ( Kang et al., 2002 ). However, in the same 
model there is also a transient down-regulation of 
NKCC1 protein expression at 12       h reperfusion ( Kang 
et al., 2002 ), which may be a compensatory reaction to 
protect neurons from excitotoxicity.  

    B .      Bumetanide-mediated Neuroprotection 

 Two   hours of MCAO and 24       h reperfusion result in 
an average infarction volume of 238.3       mm 3  in sponta-
neous hypertensive rats ( Yan et al., 2001 ). However, 
when 100        μ M bumetanide is continuously infused 
via microdialysis into the cortex during MCAO and 
reperfusion, the resulting infarct was reduced by 
 � 25% ( Fig. 25.8   ). Edema induced by MCAO was also 
reduced by 79% in the bumetanide-treated brains 
( Yan et al., 2001 ). This indicates that NKCC1 con-
tributes to cerebral ischemic cell damage and edema 
 in vivo . However, no protection is found if bumetanide 
is only administered during 24       h reoxygenation (       Yan 
et al., 2003, 2001 ), implying that activation of NKCC1 
may play a role in the early stage of ischemic dam-
age. In rats subjected to permanent MCAO, intrave-
nous administration of bumetanide (7.6 – 30.4       mg/kg) 
immediately before occlusion attenuates edema for-
mation as determined by magnetic resonance imaging 

( O’Donnell et al., 2004 ). This further suggests a role 
for NKCC1 in the edema formation during cerebral 
ischemia.  

    C .       Less Ischemic Damage in NKCC1-null 
Mice 

 In   addition to pharmacological blockage of 
NKCC1, genetic ablation of NKCC1 can be used to 
further establish that NKCC1 contributes to ischemic 
damage. Two hours MCAO and 10 or 24       h reperfusion 
caused infarction ( � 85       mm 3 ) in NKCC1 wild-type 
(NKCC1  � / �  ) mice ( Fig. 25.9   ). Infarction volume in 
NKCC1  � / �   mice was reduced by  � 30% to 46% ( Chen 
et al., 2005 ). Heterozygous mutant (NKCC1  � / �  ) mice 
also showed  � 28% reduction in infarction ( Chen et al., 
2005 ). Brain edema was significantly increased after 
2       h MCAO and 24       h reperfusion in NKCC1  � / �   mice. 
In contrast, there was  � 50% less edema formation in 
either NKCC1  � / �   or NKCC1  � / �   mice ( Chen et al., 

 FIGURE 25.8          Pre-ischemic bumetanide treatment reduces infarct 
volume. Spontaneous hypertensive rats were treated with either artifi-
cial-CSF (ACSF) or bumetanide 1       h prior to 2       h MCAO. Representative 
TTC-stained coronal sections are shown at different levels posterior 
to the frontal pole from either ACSF-treated or bumetanide-treated 
brains. Scale bar 5.5       mm. Adapted from  Yan et al. (2003) .    
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2005 ). These results are consistent with the neuropro-
tective effects in rats mediated by pharmacological 
inhibition of NKCC1 with bumetanide. 

 White   matter ion homeostasis, especially Na  �   and 
K  �  , is crucial to normal axonal functions and dissi-
pation of ionic homeostasis will lead to irreversible 
injury. Amyloid precursor protein (APP) is transported 
by fast anterograde axon transport along microtubules 
and has recently been shown as a sensitive marker of 
axonal disruption in white matter during brain isch-
emia ( Yam et al., 2000 ). Disruption of this transport as 
a consequence of cytoskeleton derangement results 
in APP accumulation, indicating the dysfunction or 
discontinuity of the axons ( Dewar et al., 1999 ;  Koo 
et al., 1990 ). A 2 to 4       h focal ischemia causes cytoskel-
etal breakdown and disturbance of fast axonal trans-
port in myelinated fiber tracts ( Dewar et al., 1999 ). 
NKCC1  � / �   brains exhibit significant accumulation of 
APP in the ipsilateral internal capsule after 2       h focal 
ischemia or 10       h reperfusion. In contrast, APP accumu-
lation is reduced by  � 55% in NKCC1  � / �   brains after 
2       h focal ischemia and 10       h reperfusion ( Chen et al., 
2005 ). White matter degeneration is often assumed 
to be secondary to neuronal damage. However, no 
changes in myelin basic protein expression were 

observed after 2       h MCAO and 24       h reperfusion ( Chen 
et al., 2005 ). This implies that APP accumulation 
occurs early and is likely a result of primary axonal 
ischemic damage. Taken together, these results sug-
gest that NKCC1 plays a role not only in gray matter 
but also in white matter ischemic damage. 

 The    in vitro  studies in astrocytes or in oligoden-
drocytes show that NKCC1 activation leads to Na  �   
overload, which triggers NCX rev  after ischemia and 
excitotoxicity ( Chen et al., 2007 ;  Kintner et al., 2007a ; 
 Lenart et al., 2004 ). Although these findings support 
that NKCC1 and NCX rev  may collectively contribute 
to ischemic cell damage, it has not yet been tested in 
 in vivo  ischemic models until recently. Luo et al. ( Luo 
et al., 2007 ) examined whether reduction of NKCC1 
and NCX1 could provide neuroprotection after  in vitro  
or  in vivo  ischemia. Both neurons and astrocytes cultured 
from double heterozygous (NKCC1  � / �  /NCX1  � / �  ) 
mice showed considerably reduced expression and 
function of NKCC1 and NCX1 ( Luo et al., 2007 ). In 
addition, as compared to NCX1  � / �   mice, infarct vol-
ume at either 24 or 72       h reperfusion following 30       min 
MCAO is reduced by  � 50% in NKCC1  � / �  /NCX1  � / �   
mice ( Luo et al., 2007 ).   

    V .      CONCLUSIONS 

 Loss   of ion homeostasis plays a central role in 
pathogenesis of ischemic cell damage. Ischemic-
induced perturbation of ion homeostasis leads to 
intracellular accumulation of Na  �   and Ca 2 �   and 
subsequent activation of proteases, phospholipases 
and formation of oxygen- and nitrogen-free radicals 
( Lipton, 1999 ;        Siesjo, 1992 ). This cascade of signal 
transduction events results in long-term functional 
and structural changes in membrane and cytoskeletal 
integrity and eventual cell death. Secondary active 
ion transport proteins (NKCC1, KCC2 and NCX) are 
important in maintaining steady-state intracellular 
ionic concentrations ( Fig. 25.10   ) and (Kintner et al., 
2007b). During ischemia, cells lose K  �   and gain Ca 2 �  , 
Na  �  , Cl  �  , along with H 2 O. This may result from a halt 
in ATP synthesis and extensive pump failure after 
anoxia. Considerable research effort has been cen-
tered on roles of passive fluxes via cation and anion 
conductances in dissipation of the ion concentra-
tion gradients. Results from recent  in vitro  and  in vivo  
experimental studies demonstrate the role of cation-
chloride transporters in ischemia-induced dissipation 
of ionic homeostasis. Therefore, these ion transport 
proteins could be a target for the future development 
of therapeutic treatment of ischemic cerebral damage.  
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 FIGURE 25.9          Brain infarction is decreased in NKCC1  � / �   mice. 
 A.  Coronal sections of brains from NKCC1  � / �  �   or NKCC1  � / �   mice 
after 2       h MCAO and 10 or 24       h reperfusion were stained with TCC 
and infarct volume was calculated.  B.  Summarized infarct vol-
ume. Data are means � SD,  p       �      0.05 vs. NKCC1  � / �  . Scale bar 5       mm. 
Adapted from  Chen et al. (2005) .    
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O U T L I N E

    I .       INTRODUCTION 

 Brain   tumors fall into two principal categories, pri-
mary and secondary. Primary tumors are often called 
gliomas and originate in the brain. Secondary or meta-
static brain tumors are peripheral cancers that invade 
the brain. Together they account for well over 100,000 
new cancer cases diagnosed each year in the USA, 
of which approximately 40,000 are primary tumors 
(according to data from the Central Brain Tumor 
Registry of the United States, CBTRUS). In addition 
to their dissimilar origin, primary and secondary 
brain tumors differ in many aspects of their etiology 
and biology. For example, metastatic cancers are eas-
ily distinguishable from normal brain tissue as they 
represent the new growth of cancerous tissue with the 

properties of the organ it originated from. Hence, they 
present as liver or lung cells growing within brain and 
tumors typically grow as confined solid masses. This 
is not the case for primary brain tumors which often 
lack clear boundaries between normal and malignant 
brain tissue. A representative example is illustrated 
in  Fig. 26.1A   , which shows a cerebral glioma with 
characteristic diffuse margins. An important differ-
ence between these two cancer types relates to how 
the tumors spread and form metastasis. Metastatic 
brain tumors disseminate hematogenously throughout 
the body and enter the brain through the vasculature. 
By comparison, primary brain tumors rarely metasta-
size into the periphery but instead spread within the 
brain often reaching distant sites such as the contralat-
eral brain hemispheres or the spinal cord, as illustrated 

  26   26 
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 in the example shown in  Fig. 26.1B . These cancers 
spread by active cell migration without extravasating 
into the vasculature. This is reminiscent of neuronal 
and glial cell migration during brain development or 
stem cells and microglial cells in the adult brain sug-
gesting that some of the underlying mechanisms of 
migration may be shared between these cells.  

    II .      GLIOMAS AND THEIR LINEAGE 

 Although   primary brain tumors can originate from 
a number of growth competent cells in the brain or 
spinal cord, the majority of them appear to derive 
from glial cells or their precursors. Reflecting this pre-
sumed relationship these tumors are collectively called 
gliomas. These include a diverse group of cancers that 

may not always be of defined lineage. Among the dis-
tinguishing features are immuno-positivity for cer-
tain glial associated antigens ( Kleihues et al., 1995 ), 
for example to glial fibrillary acidic protein (GFAP), 
myelin associated glycoprotein (MAG), myelin basic 
protein (MBP), S100 beta or vimentin. GFAP and/or 
S100 positive cells are frequently termed astrocytomas, 
MBP- or MAG-positive cells; Oligodendrogliomas 
and cells that stain for both sets of markers are mixed 
gliomas. While these names imply a known and well-
defined lineage relationship of these tumors with 
normal glial cell type or their progenitor cells, such a 
relationship has not actually been demonstrated and 
the cell types of origin remain controversial. In stud-
ies addressing this question, investigators have trans-
fected glial progenitor cells with known mutations 
in oncogenes and tumor suppressor genes and have 
been able to induce a malignant transformation that 
yielded tumor growth in mice, suggesting that com-
mitted glial progenitor cells may indeed be the most 
likely cell type of origin ( Dai et al., 2001 ). 

 Gliomas   exhibit many of the characteristic features 
of systemic cancers which include mutations in the 
tumor suppressor genes P16 and P53, and amplification 
and overexpression of certain oncogenic growth factor 
receptors including EGF-R or PDGF-R ( Von Deimling 
et al., 1995 ). As with other cancers, angiogenesis or 
the induction of new blood vessels in response to the 
release of vascular endothelial growth factor is com-
mon ( Plate and Risau, 1995 ). Furthermore, the release 
of matrix degrading enzymes that facilitate the remod-
eling of the tumor associated extracellular space is com-
mon and facilitates cell invasion ( Giese et al., 1994 ). 

 A   glioma diagnosis is almost always fatal as current 
treatment options are limited ( Butowski et al., 2006 ). 
By the time a tumor is detectable, it has frequently 
seeded tumor cells throughout the nervous system, 
and upon surgery these cells can quickly give rise to 
recurrent malignancies. The diffuse pattern of cellular 
invasion illustrated in  Fig. 26.1  not only makes com-
plete surgical resection impossible, but also limits focal 
treatments such as exogenous beam irradiation as cells 
remote from the tumor will escape the radiation. Upon 
recurrence, many gliomas become even more malig-
nant. Recurrence is believed to result from cells that 
have invaded surrounding brain areas. Surprisingly, 
little is known about the underlying mechanisms. 
For example, pathways of cell migration are poorly 
understood as are molecules involved in chemotaxis 
and path finding. These aspects of glioma biology are 
promising areas for future research as they may yield 
more effective therapeutic tools. An important aspect 
of tumor biology that has been well studied in recent 
years and which will be  discussed in greater detail in 

 FIGURE 26.1          Primary glioma at autopsy.  A.  Poorly defined 
margins are characteristic of cerebral gliomas, like the one shown in 
this example (arrows).  B.  Although gliomas rarely metastasize out-
side the brain, they often present secondary tumors in other parts 
of the brain, often distant from the site of the primary tumor. These 
secondary tumors are highlighted in B by white ovals. Copyrighted 
images: University of Alabama at Birmingham, Department of 
Pathology.    



521

 this chapter pertains to biophysical and biomechanical 
adaptations that support the migration and invasion 
of gliomas into normal brain tissue. Some of these 
findings may pertain to other migratory cells in the 
brain and even to other cancers.  

    III .      GLIOMA MIGRATION AND 
INVASION 

 As   illustrated in  Fig. 26.1 , the boundaries between 
a primary glioma and normal brain tissue are often 
difficult to delineate at a macroscopic level. At a 
microscopic level, thousands of glioma cells will have 
diffusely invaded the surrounding areas of brain tissue, 
and, over time, they will have spread to very distant 
sites. Wherever possible, invading glioma cells appear 
to take advantage of other structures in the brain to 
migrate. For example, they frequently migrate along 
nerve fiber bundles or, as illustrated in  Fig. 26.2A   , 
along blood vessels. Whether the spaces along these 
structures are more favorable for migration, or whether 
there are other guidance cues, or a more slippery extra-
cellular matrix, is not entirely clear. Without question, 
however, the narrowness of the extracellular space pro-
vides a significant impediment to cell migration. At the 
electron microscopic level, invading cells appear elon-
gated, wedge shaped, and with an overall shrunken 
appearance ( Fig. 26.2B ). This has led to the hypothesis 
that glioma cells may dynamically adjust their cell vol-
ume as they invade. As illustrated in cartoon form in 
 Fig. 26.2C , and further discussed below, recent findings 
support this hypothesis and suggest an important role 
for Cl  �   channels and transporters in this context. 

    IV .      Cl  �   TRANSPORT AND CELL 
VOLUME REGULATION IN 

GLIOMA CELLS 

 As   extensively discussed in Chapter 15 in this book, 
all eukaryotic cells have developed powerful mecha-
nisms to maintain a constant cell volume even when 
extracellular osmotic conditions change. Glioma cells are 
not an exception; when exposed to a 50% hyposmotic 
challenge they regulate their volume back to baseline 
within just a few minutes. As illustrated in  Fig. 26.3A   , 
this regulatory volume decrease (RVD) is inhibited by 
drugs known to block Cl  �   channels including NPPB, 
Cd 2 �   and DIDS with almost complete inhibition by 
NPPB and Cd 2 �   ( Ernest et al., 2005 ). The remaining 
volume regulatory response is inhibited by drugs that 

block the K  �  -Cl  �   cotransporters ( Ernest et al., 2005 ). 
Furthermore, volume regulation is supported when Cl  �   
is replaced by halide ions such as I  �   or Br  �   with known 
permeability to Cl  �   channels, but not when gluconate 
substitutes for Cl  �   (Ernest, 2007). These studies suggest 
that RVD in glioma cells utilizes Cl  �   as osmolyte, which 
is released from the cell through Cl  �   channels. 

 An   important question is whether Cl  �   may simi-
larly act as an osmolyte during cell volume changes 
associated with cell invasion, a process that is very 
different from cell volume changes elicited by osmotic 
challenges. Under hyposmotic conditions, a gradi-
ent for Cl  �   efflux is favored by the dilution of extra-
cellular ions with water, whereas under isosmotic 
conditions, this is not the case, unless the cell has a 
sufficiently high [Cl  �  ] i . Hence, the hypothesized cell 
shrinkage of invading cells requires that intracellu-
lar Cl  �   be accumulated so that an outward directed 

 FIGURE 26.2          Invading glioma cells  in situ .  A.  Confocal images 
of invading D54MG cells stably expressing EGFP (green). The 
invading glioma cells adhere to blood vessels (red). Cells often 
exhibit an elongated wedge-shaped appearance as shown in the 
lower panel.  B.  The elongated shape is quite apparent in this elec-
tron micrograph that captured an invading glioma cell (*, recog-
nized because of the abundance of ribosomes and other organelles 
that incorporate lead citrate and give a darker appearance) extend-
ing between normal brain cells, likely astrocytes (based on their 
large nuclei and abundance of electron dense, glycogen deposits 
throughout the cytoplasm).  C.  Cell shrinkage requires water efflux 
which is driven by the concomitant efflux of Cl  �   and K  �   through 
their respective ion channels. Glutamate is shown as a possible 
motogenic stimulus acting via AMPA receptors that raise intracel-
lular [Ca 2 �  ] which may in turn activate BK  �   channels. (Panel B is 
reproduced with permission from  Soroceanu et al., 1999 .)    
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 electrochemical gradient for Cl  �   is maintained. Using 
the Cl  �   sensitive fluorescence indicator SPQ, intracel-
lular [Cl  �  ] was measured in glioma cells and found to 
be around 100       mM (Ernest, 2007), a value far greater 
than that typically observed in mature central neurons 
(7 – 10       mM) , glial cells (30 – 40       mM) or mature primary 
afferent neurons ( � 45       mM) (see Chapters 7, 19 and 
22 in this volume). These findings were recently con-
firmed by patch-clamp studies at the single cell level 
in which the reversal potential of Cl  �   currents was 
used as an indirect indicator of [Cl  �  ] i.  Since glioma 
cells in culture lack ligand-gated Cl  �   channels, such 
as the GABA A  receptor-channel widely expressed in 
neurons, recombinant ligand-gated non-inactivating 
Cl  �   channels (GABA-rho) were introduced into glial 
cells, and stable cell-lines expressing GABA-gated 
Cl  �   channels were created. Gramicidin-perforated 
patch recordings allowed determination of the rever-
sal potential of the GABA-induced currents ( E  GABA ). 

[Cl  �  ] i  was estimated from  E  GABA  ( Habela et al., 2009 ). 
These studies indicated an intracellular [Cl  �  ] of 
105       mM in glioma cells, a value close to that deter-
mined using SPQ. Hence, glioma cells maintain a 
steep outward directed gradient for Cl  �  . In most cells, 
Cl  �   is actively accumulated via the Na  �  -K  �  -2Cl  �   
cotransporter (NKCC1), which is a widely expressed 
Cl  �   importer (Chapters 2, 16 and 19 in this volume). 
Western blot and immunostaining analyses of sev-
eral glioma cell-lines, including those obtained from 
acute patient biopsies, demonstrated prominent 
expression of NKCC1 and absence of NKCC2 (see 
 Fig. 26.3C and 26.3D  as well as  Ernest and Sontheimer, 
2007 ). Gliomas also express KCC1 and KCC3 ( Ernest 
et al., 2005 ). Consistent with NKCC1 being princi-
pally responsible for the accumulation of intracellu-
lar Cl  �   above electrochemical equilibrium in gliomas, 
pharmacological inhibition of the cotransporter with 
bumetanide causes a significant drop in intracellular 

 FIGURE 26.3          Volume regulation in glioma cells.  A.  On exposure to a 50% hypotonic challenge, glioma cells swell and regulate their vol-
ume back to baseline or even below the baseline level. This regulatory volume decrease is partially inhibited by NPPB or DIDS and is almost 
completely inhibited by NPPB and Cd 2 �  .  B.  Glioma cells maintain an elevated intracellular [Cl  �  ] which is accumulated via the bumetanide-
sensitive Na  �  -K  �  -Cl  �   cotransporter, NKCC1. Pharmacological inhibition of the cotransporter by 20       μM bumetanide causes a decrease in [Cl  �  ] i . 
Exposure to 40       μM DIOA causes an increase in [Cl  �  ] i  above control levels, presumably by inhibition of KCC mediated Cl  �   efflux.  C.  Western 
blot of lysates from two glioma cell-lines D54-MG and U251, and from samples obtained from one patient (GBM50), show prominent expres-
sion of NKCC1 but absence of NKCC2. Rat kidney lysates were used as control for NKCC2.  D.  Immunostaining also shows prominent mem-
brane associated labeling for NKCC1 in representative U251 glioma cells. Antibodies directed against NKCC1 and NKCC2 were from Alpha 
Diagnostics, and were used at a dilution of 1:500. (Panels A and B are reproduced with permission from  Ernest et al. (2005) , and panel C is 
reproduced with permission from  Ernest and Sontheimer (2007) .)    
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 Cl  �   ( Fig. 26.3B ). As we will be discussing below, high 
intracellular [Cl  �  ] is possibly required for immature 
neurons and glioma cells to migrate. High Cl  �   might 
facilitate water extrusion and cell shrinkage, processes 
necessary for migrating cells to navigate through con-
fined extracellular spaces.   

    V .      CHANGES IN CELL VOLUME OF 
INVADING CELL REQUIRE Cl  �   EFFLUX 

VIA ClC CHANNELS 

 As   illustrated in  Fig. 26.2C  migratory glioma cells 
appear to undergo profound changes in cell volume as 
they invade surrounding tissues. We hypothesize that 
these spontaneously occurring changes in cell volume 
are driven by efflux of Cl  �   and obligatory water. The 
notion that a favorable outward Cl  �   gradient is estab-
lished by NKCC1 was experimentally tested in a recent 
study ( Habela et al., 2009 ). Glioma cells were stably 
transfected with GABA-rho channels, and subjected 
to volume measurements using a Coulter Counter. 
Application of GABA induced opening of Cl  �   chan-
nels which caused progressive cell volume decrease. 
This cell shrinkage was not observed in untransfected 
cells, or in the absence of GABA. This suggests that 
opening of Cl  �   channels causes efflux of Cl  �   associated 
with obligatory water loss, and cell shrinkage. These 
experiments also suggest that Cl  �   efflux is sufficient to 
induce a volume decrease in glioma cells. Interestingly, 
these studies were made by inserting a ligand-gated 
Cl  �   channel which could be activated on demand, but 
glioma cells express a significant resting Cl  �   conduc-
tance ( Ransom et al., 2001 ). Indeed, when recorded 
using perforated patch-clamp technique to avoid dis-
turbing cytosolic Cl  �  , glioma cells exhibit a resting Cl  �   
conductance sensitive to NPPB and DIDS. These cur-
rents are outwardly rectifying, show time-dependent 
inactivation at positive potentials and exhibit the fol-
lowing anion permeability sequence: I  �       �     Br  �       �     Cl  �  . 
However, although the currents could be potentiated 
by cell swelling, this was not required for current acti-
vation. Because Cl  �   channel inhibitors still lack speci-
ficity, attributing the inhibitory effect of NPPB and 
DIDS to a specific ion channel is not yet possible. As 
a first step towards the molecular identification of the 
Cl  �   channels expressed in glioma cells, Western blots 
using lysates obtained from gliomas isolated from 
patients were probed with antibodies directed against 
epitopes of cloned Cl  �   channels. These studies dem-
onstrated the presence of ClC-2, ClC-3 and ClC-5 
proteins in all gliomas examined ( Olsen et al., 2003 ). 
Further, immunolabeling studies showed that ClC-3 

staining was predominant in invading processes of 
isolated  glioma cells. In an effort to further identify the 
Cl  �   channels functioning in gliomas, cells were treated 
with antisense oligonucleotides to known members 
of the ClC Cl  �   channels ’  super family. These stud-
ies showed prominent expression of currents attrib-
utable to ClC-2 and ClC-3, respectively ( Olsen et al., 
2003 ). ClC-2 currents, known to be sensitive to Cd 2 �  , 
inwardly rectifying, and potentiated by a negative pre-
pulse to  � 120       mV, were selectively eliminated in 
glioma cells treated with ClC-2 antisense oligonucle-
otides ( Fig. 26.4A)   . As expected, these currents were 
unaltered by ClC-3 antisense oligonucleotides. 

 ClC  -3 channels giving rise to outwardly rectifying 
currents that show time-dependent inactivation and 
are sensitive to NPPB were greatly reduced in glioma 
cells treated with ClC-3 antisense oligonucleotides 
( Fig. 26.4B ). These data are consistent with both ClC-2 
and ClC-3 channels being functionally expressed in 
gliomas. However, functional expression of ClC-3 
channels in the plasma membrane is controversial, as 
discussed in detail in Chapter 12 of this volume. ClC-
3 knockout mice primarily show CNS pathology asso-
ciated with loss of synaptic vesicles in hippocampal 
neurons ( Stobrawa et al., 2001 ). Thus, whether ClC-3 
protein is able to generate functional channels in the 
plasma membrane has been questioned. Immuno-
gold electron microscopy of human gliomas, however, 
shows immunoreactivity associated with both plasma 
membrane and intracellular vesicles ( Fig. 26.4C ). 
Further, ClC-3 in cultured glioma cells colocalizes to 
the  β -subunit of cholera-toxin, which binds to lipid 
raft domains, arguing for membrane localization of 
the Cl  �   channel (see merged signals in  Fig. 26.4D ). 

    Figure 26.5A    shows that currents with the biophysi-
cal signature of ClC-3 are inhibited in a dose-dependent 
fashion by chlorotoxin (Cltx), a peptide isolated from 
the venom of the scorpion  Leiurus quinquestriatus  
( DeBin et al., 1993 ). This toxin might inhibit Cl  �   chan-
nels with some specificity (McFerrin and Sontheimer, 
2005). Importantly, as shown in  Fig. 26.5B–C , when 
cells were challenged to cross a transwell barrier that 
mimics the spatial constraints of the extracellular 
space in the brain, cell migration across the barrier was 
inhibited when the Cl  �   conductance was blocked with 
NPPB ( Ransom et al., 2001 ), Cd 2 �   or Cltx ( Soroceanu 
et al., 1999 ). Of all these drugs, NPPB and Cltx were 
the most effective inhibitors of cell migration in the 
transwell assays. Cltx in both its native and recom-
binant form inhibited transwell migration in a dose-
dependent fashion ( Deshane et al., 2003 ). Further, a 
fluorescently labeled Cltx showed binding to the cell 
surface of human malignant glioma cells in patient 
biopsies. Based on these data we proposed ClC-3 as a 
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 prime candidate for mediating the Cl  �   fluxes required 
to accomplish the cell shrinkage needed for glioma 
cell migration. The data further suggest that ClC-3 
may be a biological target of Cltx and that the latter 
might be a potent inhibitor of glioma cell migration.  

    VI .      MECHANISM OF CHLOROTOXIN 
ACTION ON GLIOMA INVASION 

 The   finding that Cltx inhibited Cl  �   channels ( Fig. 
26.5A)  and was effective in preventing cell invasion 
in transwell assays ( Fig. 26.5B ) prompted further studies 

on its mechanism of action; Cltx has a potential clini-
cal use as an anti-invasive drug. While biophysical 
studies suggested that Cltx inhibits Cl  �   channels in 
glioma cells, it took up to 15 minutes to achieve its 
maximal effect. This long delay questioned a direct 
action on the channels; channel-specific toxins typi-
cally act almost instantaneously. Using a His-tagged 
recombinant Cltx, Deshane and collaborators were 
able to isolate a protein complex and analyzed it by 
mass-spectroscopy ( Deshane et al., 2003 ). These stud-
ies showed that matrix-metalloproteinase-2 (MMP-2), 
a 72       kD protein that is highly expressed on the surface 
of invading glioma cells, could be the primary binding 
site for Cltx. However, the isolated protein complex 

 FIGURE 26.4          Glioma cells express functional ClC-2 and ClC-3 channels. Using specific antisense oligonucleotides to ClC-2 ( A ) and ClC-
3 ( B ), it was possible to identify currents attributable to these channels, respectively. The Western blots illustrate effective reduction in cor-
responding protein expression following antisense treatment, demonstrating specificity of the effects observed in the membrane currents. 
 C.  Immuno-gold EM with antibodies to ClC-3 show clusters of channels at the cell surface (thin white arrow) as well as in intracellular vesicles 
(thick white arrow).  D.  Merged image of triple immunolabeling of cultured D54-MG (human glioma cell line). ClC-3 antibody (labeled with 
alexa 546) shows that this protein colocalizes with lipid rafts which are identified by immunolabeling of the beta subunit of cholera-toxin 
(fluorescein-conjugated cholera-toxin  β  subunit). Nuclei were counterstained blue with DAPI. (Panels A and B were modified from  Olsen et al. 
(2003) ; C is an unpublished image; and D is reproduced with permission from  McFerrin and Sontheimer (2006) .)    
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 also contained ClC-3 channels and several regulators 
of MMP-2. To further investigate how Cltx may have 
decreased Cl  �   channel function, cell surface expres-
sion was examined by biotinylation. These studies 
showed that upon application of Cltx, membrane 
associated ClC-3 channels gradually disappeared and 
were almost undetectable at the surface after 30 min-
utes (McFerrin and Sontheimer, 2005). Further, it was 
observed that the plasma membrane channels ended 
up in intracellular caveolar vesicles. In the presence of 
filipin, a sterol-binding drug that prevents the forma-
tion of caveolar vesicles, Cltx lost its effect on ClC-3 
channel internalization. This suggested that binding of 
the toxin induces the internalization of ClC-3 channels 
together with Cltx into caveolar raft vesicles. These 
findings explain the intracellular trapping of Cltx 
observed in other studies, including those in humans, 
as discussed below.  

    VII .      CLINICAL USE OF CHLOROTOXIN 

 In   light of the specific binding of Cltx to cultured 
glioma cells, it was logical to explore the biological 
activity of this molecule in animal models of malig-
nant glioma. Using a radiolabeled peptide we dem-
onstrated its specific binding to human gliomas 
xenografted into the cerebrum of immunocompro-
mised mice ( Soroceanu et al., 1998 ). These studies were 
followed by screening of human tissues searching 
for specific binding of Cltx ( Lyons et al., 2002 ). These 
studies, which examined over 100 samples, revealed 
binding of Cltx to gliomas of all malignancy grades, 
as well as to tumors that share an embryological rela-
tionship with them. The latter includes primarily can-
cers originating from neuroectodermally derived 
tissues such as melanoma or small lung cell carcinomas. 

 FIGURE 26.5          Inhibition of Cl  �   channels with chlorotoxin retards glioma cell migration.  A.  Representative currents in response to volt-
age steps, recorded before (control) and 15 minutes after application of 1        μ M chlorotoxin. Outwardly rectifying, inactivating Cl −  currents were 
recorded by whole-cell patch-clamp in D54-MG glioma cells using 20       mV voltage steps ranging from −120 to 160       mV.  B.  To show that a chlo-
rotoxin-sensitive Cl −  conductance is required for migration across a spatial barrier, D54-MG glioma cells were plated on the upper surface of a 
Transwell insert with 8       μm pores and allowed to migrate for 4 hours towards vitronectin coated on the bottom of the filter insert (top left). Under 
control conditions, most cells migrated successfully, indicated by crystal violet staining of cells (control). In the presence of 5       μM chlorotoxin only 
a few cells migrated through the filter.  C.  Chlorotoxin inhibits glioma cell migration. Dose – response curve of D54-MG cells treated with His-Cltx 
or commercial Cltx peptide (Alomone) and analyzed by matrigel invasion assay at 24       h post-treatment. Half maximal inhibition (IC50) for Cltx was 
184       nM. Percent inhibition was calculated as the decrease in the number of migrated cells normalized to control. (Panel A reproduced with per-
mission from  McFerrin and Sontheimer (2006) ; panels B and C are reproduced with permission from  Deshane et al. (2003) .)    
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 In contrast, non-malignant tissues were  universally neg-
ative. In 2002, a synthetically manufactured Cltx was 
approved by the US Food and Drug Administration 
(FDA) to be examined in 18 patients in a phase I study. 
Like in the previous preclinical studies, this trial used 
a radiolabeled form of the peptide which was intro-
duced through an intrathecal catheter. The radiolabel 
could then be detected by whole-body gamma cam-
era scans ( Fig. 26.6A)   , or with greater resolution, by 
SPEC imaging ( Fig. 26.6B ). In this study, fluid sam-
ples were collected to determine the pharmacokinet-
ics of the molecule. The data from this clinical study 
were published in 2006 ( Mamelak et al., 2006 ). Sample 
images like those shown in  Fig. 26.6  were published in 
2005 ( Hockaday et al., 2005 ). The safety and localiza-
tion data gathered in the phase I trial justified further 
use of Cltx in 59 patients, in a phase II clinical study 
which concluded recently. Preliminary data released 
from this trial showed a significant increase in mean 

 survival, following administration of three or six doses 
of Cltx. Importantly, imaging studies such as those 
illustrated in  Fig. 26.6  suggest that Cltx is retained at 
the tumor for 5 – 8 days. This observation is in good 
agreement with the internalization of Cltx together 
with ClC-3 and MMP-2 into caveolar vesicles. The 
therapeutic efficacy of Cltx is therefore, in all likeli-
hood, due to (1) the internalization of ClC-3 channels 
and decreased cell migration and (2) the trapping of 
the radiolabel toxin which could have its own effect on 
cellular DNA.  

    VIII .      CELL VOLUME CHANGES 
ASSOCIATED WITH CELL 

PROLIFERATION 

 In   addition to being highly invasive, primary brain 
tumors also exhibit relentless growth, with mitotic 
indices suggesting that over 30% of high-grade glio-
mas are in the active process of cell division. As cells 
divide, they give rise to two daughter cells of approx-
imately half the volume of the parent cell. Yet, within 
just a few hours, cell size and volume are restored 
in both daughter cells. Surprisingly, little is known 
about cell volume changes occurring in dividing cells 
in general (see Chapter 27 in this volume). In a recent 
study, we imaged complete cycles of cell division 
using three-dimensional time-lapsed video micros-
copy following individual cells from birth through 
to the next cell division giving rise to new daughter 
cells ( Fig. 26.7A, B)   . In this study, cell volume was 
obtained from 200 to 400 serial sections at each time 
point, allowing relatively accurate cell volume mea-
surements for the entire cell cycle ( Fig. 26.7C ). We 
demonstrated a reduction in cell volume prior to the 
M-phase of the cell cycle ( Fig. 26.7D ), a phenomenon 
which we termed  ‘  ‘ pre-mitotic volume condensation ’  ’  
( Habela and Sontheimer, 2007 ). Regardless of the 
cell volume that a cell maintains during interphase, 
it condenses to a volume of approximately 6000-fL 
prior to entering into M-phase, approximately 6       h 
before giving rise to two daughter cells of approxi-
mately 3000-fL volume ( Fig. 26.7D ). The condensed 
cells have already synthesized the cell membrane of 
the two daughter cells, as this is readily visible by the 
thickened membrane ( Fig. 26.8A)   . This finding was 
entirely unexpected, as the common assumption has 
been that cells grow in size continuously until divi-
sion occurs. A contraction of the cytoplasmic volume 
was not expected. Furthermore, the fact that the cell 

 FIGURE 26.6          The Cl  �   channel inhibitor chlorotoxin localizes to 
gliomas  in vivo .  A.  A single dose of  131 I-chlorotoxin given to a patient 
in a phase I clinical study shows tumor-specific localization in whole-
body scans performed over a 5 day period (modified from  Shen et al., 
2005 ).  B.  Overlay of MRI and SPECT images showing tumor-specific 
retention of chlorotoxin, 8 days after administration of the drug. 
Axial view of T1-Wc (left), coregistered (middle), and SPECT (right). 
(Reproduced with permission from  Hockaday et al., 2005 .)    
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 membrane thickens as the cell volume condenses sug-
gests that, at this stage, cells have membrane folds 
ready to be unfolded once a cell division and separa-
tion of two daughter cells has occurred. Upon divi-
sion, to achieve normal volume, each daughter cell 
only needs to reaccumulate water through the uptake 
of Na  �   and Cl  �  , presumably via NKCC1. The vol-
ume changes that may occur through the cell cycle 
are illustrated in  Fig. 26.8B . Importantly, studies that 
directly compared intracellular [Cl  �  ] in M-phase cells 
versus the bipolar interphase cells showed a 40% 
reduction in [Cl  �  ] i  in the condensed M-phase cells, 
suggesting that Cl  �   efflux is mechanistically linked 
to the cell volume reduction ( Habela et al., 2009 ). 
Closer examination also showed that cytoplasmic 

condensation is accompanied by condensation of 
nuclear chromatin and indeed, the two processes 
appear to occur in close synchrony ( Habela and 
Sontheimer, 2007 ). The initial condensation of the 
cytoplasm and hence the chromosomal condensa-
tion are mediated by the efflux of Cl  �   through the 
same ClC-3 channels that are involved in cell volume 
decreases associated with invading cells since shRNA 
knock-down of ClC-3 impaired cell condensation 
( Habela et al., 2008 ). While pharmacological studies 
have long suggested a role for Cl  �   channels in cell 
division, these studies are the first to ascribe a mech-
anistic role to these channels in cell division; they 
mediate cytoplasmic condensation through water loss, 
a necessary step for cells to enter the M-phase.  

 FIGURE 26.7          3D time-lapse imaging of glioma cells division allows accurate determination of cell volume throughout the cell cycle pro-
cess.  A.  3D projections created from image z-stacks computed from 200 optical sections such as those shown in B, and rendered in 3D using 
ImagePro. This program also computed volumes in fL for each 3D rendered cell.  B.  Sections from the z-stack used to generate the correspond-
ing projections shown in A. Images are in chronological order from 1 to 5.  C.  Volume measurements (in fL) at specific time points relative to 
division are shown for four cells including the cell in A (green triangle symbols). Time points 1 through 4 correspond to projections 1 – 4 in B. 
For each cell, M-phase was set at  t       �      0 minutes. Note the convergence in volumes immediately before M-phase, where volumes are tightly 
clustered around 6000       fL.  D.  Cells assume a volume of  � 6000       fL as they reach M-phase, regardless of their volume during interphase ( n       �      14 
cells). (Reproduced with permission from  Habela and Sontheimer, 2007 .)    
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    IX .       CONCLUSIONS 

 Taken   together, the data discussed in this chapter 
suggest that Cl  �   channels and transporters cooperate 
to support dynamic changes in cell volume that gov-
ern cell proliferation and cell migration/invasion. The 
outward electrochemical gradient for Cl  �   is estab-
lished by the Na  �  -K  �  -2Cl  �   cotransporter, NKCC1, 
and this gradient permits rapid Cl  �   efflux through 
Cl  �   channels and obligatory water movement 
across the plasma membrane, ultimately leading to 
cell volume reduction. It is conceivable that similar 
mechanisms operate in other migratory cells, e.g. 

developing neurons, stem cells, and other cell types 
which migrate during development prior to settling 
down, maturing and forming tissues. Furthermore, 
a similar role for Cl  �   channels in the control of cell 
growth and proliferation may widen the therapeu-
tic potential for Cl  �   channel blockers as anti-cancer 
reagents.  
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 FIGURE 26.8          A. Membrane thickening of M-phase cells following volume condensation are displayed by labeling cells expressing cytosolic 
eGFP (green) with membrane bound DiI (red).  A.  In interphase, the cell membrane associated DiI is a thin membrane layer surrounding the 
cytoplasm. In M-phase, this area is thickened suggesting a ruffled membrane.  B.  Changes in cell volume during the cell cycle illustrated in 
cartoon form. As cells progress through G1/S, they increase their plasma membrane area and overall cell volume. As they progress to the M-
phase they condense their cytoplasmic volume but maintain their cell membrane area which becomes thickened and folded. Cell division into 
two daughter cells divides membrane and cytoplasm equally between daughter cells. The acquisition of new membrane is accompanied by 
uptake of Na  �  , Cl  �   and water through NKCC1, which establishes the normal cell size/volume. (Reproduced with permission from  Habela 
and Sontheimer, 2007 .)    
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O U T L I N E

    I .      INTRODUCTION 

 Viruses  , being incomplete life forms, must usurp 
the genetic and biochemical machinery of their host 
cell in order to replicate (e.g.  Sanchez and Spector, 
2008 ). Thus, the study of virally mediated perturba-
tions of host cell functions has the potential of yield-
ing insights, even revealing unexpected functions of 

known proteins. The interface between normal cell 
biology and the subversion/inhibition/stimulation 
of carriers by pathogens has been the sporadic focus 
of research for some time. Most of these reports have 
been on the Na  �  /H  �   exchanger (NHE), the Na  �  -K  �  -
Cl  �   cotransporter (NKCC) and the sodium pump 
(Na  �  -K  �  -ATPase; e.g.  Benos et al., 1994 ;  del Castillo 
et al., 1991 ;  Voss et al., 1996 ;  O’Brien et al., 1996 , Fons 
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et al., 2000;  Patton et al., 2000 ;  Schaefer et al., 1984 ). In 
addition to these ion transporters, our group has iden-
tified significant effects of human cytomegalovirus 
(HCMV) infection on the Cl  �  /HCO 3   �   exchanger (CBE), 
as well as on an as yet poorly understood acid extru-
sion mechanism. These reports from a variety of cell 
types and caused by several different viruses suggest 
that carriers may be important targets of viral patho-
gens. This is most likely due to the fact that viruses 
require host cells whose basic life processes are more 
or less intact if they are to serve as suitable replicative 
factories for the pathogen. However, the virus must 
 ‘  ‘ customize ’  ’  the cellular functions to meet its specific 
needs as well as to defeat cellular defense mechanisms 
such as antigen recognition and apoptosis.  

    II .      HCMV BASICS 

 HCMV   infection is widespread, affecting 50 – 90% 
of the adult population ( Becker et al., 1993 ;  Britt and 
Alford, 1996 ;  Staras et al., 2006 ). Although usually 
benign, HCMV has the potential to be deadly under 
certain conditions. The most obvious morphologi-
cal characteristic of infection with this pathogen is 
cell swelling, termed cytomegaly, a 2 – 3-fold enlarge-
ment of the host cell. It is this cell enlargement fea-
ture that led to our original interest in the possible 
role of NKCC in the HCMV infection cycle. The virus 
is spread by contact with body fluids such as blood, 
saliva, semen, tears, breast milk and vaginal secretions 
( Staras et al., 2006 ).  

    III .      HCMV PATHOLOGY 

 HCMV  , a beta-herpes virus, is an opportunis-
tic virus like other members of the Herpes family. 
Following the primary infection, it remains latent, 
hidden in cells of the salivary glands, kidneys, bone 
cells as well as in blood cells such as lymphocytes and 
macrophages ( Becker et al., 1993 ). Thus, infection with 
HCMV is endemic. In most people, the primary infec-
tion goes virtually unnoticed and the latent infection 
is asymptomatic. However, under the appropriate 
conditions, HCMV infection can cause pneumonitis, 
encephalitis, bronchiolitis, retinitis, hepatitis and gas-
troenteritis ( Alford and Britt, 1990 ;  Ettinger et al., 1993 ; 
 Bando et al., 1995 ). Most serious health concerns will 
arise from one of two situations. (1) A compromised 
immune system permits this usually benign virus to 
rapidly  “ bloom ”  into serious infections. For this rea-
son, the AIDS epidemic greatly stimulated interest 

in HCMV. Recent advances in antiviral therapy have 
reduced the death rate among AIDS sufferers caused by 
HCMV infection to well below the 25% seen in the late 
1980s. Nevertheless, HCMV still strongly impacts the 
care and progress of AIDS. Similarly, organ transplant 
patients with pharmacologically induced suppression 
of their immune systems are plagued with re current 
HCMV overgrowth occurrences. (2) Perinatal infec-
tion is a serious concern because HCMV crosses the 
placental barrier, and can infect the fetus. In this way, 
HCMV causes a significant number of congenital neu-
rological abnormalities such as mental retardation, 
sensorineural hearing loss and even death ( Alford and 
Britt, 1990 ). In the USA, maternal HCMV infection is 
 the  leading viral cause of congenital mental retarda-
tion with  � 1 in 750 live births in the USA experiencing 
permanent neurological damage as a result of con-
genital HCMV infection ( Ho, 1991 ;  Becker et al., 1993 ; 
Center for Disease Control website:  http://www.cdc.
gov/cmv/facts.htm ).  In vitro  results demonstrate that 
HCMV can infect, and replicate, within human fetal 
neuroepithelial precursor cells ( McCarthy et al., 2000 ). 
This supports the view that the fetal human nervous 
system is vulnerable to HCMV. In addition, there is 
evidence implicating this virus in re-stenosis of coro-
nary arteries following angioplasty ( Speir et al., 1994 ; 
 Zhou et al., 1996 ).  

    IV .      BIOLOGY OF THE VIRUS 

 Studies   on permissive cultured human host cells 
(human fibroblasts are the preferred cell culture 
model) show that HCMV (a double-stranded, 230       kb 
DNA genome, surrounded by a protein capsid, which 
is surrounded by a protein tegument which in turn 
is surrounded by a lipid envelope) enters host cells 
and rapidly sheds its external protein coat. Formed 
virions can no longer be seen ( “ viral eclipse ” ) at that 
point. Viral gene expression occurs in three phases 
following exposure (post-exposure; PE) of the host 
cell to the virus: an immediate early (IE) phase (0 – 2       h 
PE) expresses genes involved in escape from host-
cell immune surveillance, and for transcription of the 
early phase genes (2 – 12       h PE). The early-phase genes 
encode the viral proteins necessary for viral DNA syn-
thesis. Finally, there are the late phase genes (12 – 24       h 
PE) which encode the structural proteins necessary for 
synthesizing the virion. In a productive infection, that 
is, one resulting in viral replication, viral DNA repli-
cation begins about 24 – 30       h after the initial viral expo-
sure ( Bresnahan et al., 1996 ) and newly synthesized 
virions begin to appear in the host cell cytoplasm 
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about 50       h PE. Maximal virus yields occur 97       h PE 
and later ( Albrecht et al., 1989 ). Concurrent with the 
viral replication events outlined above, infection leads 
to stereotypical changes of host cell size ( Fig. 27.1   ). 
Early in the infection (6 – 16       h PE), the host cell usu-
ally  “ rounds up ”  and may actually become smaller 
( Albrecht et al., 1989 ). However, beginning  � 24       h PE, 
the host cell begins to enlarge ( Albrecht et al., 1989 ). 
The enlargement (cytomegaly) progresses through at 
least 72 – 96       h PE. By 72       h PE, the host cell volume may 
be increased 2 – 3-fold compared to mock-infected cells 
(mock-infection exposes cells to cellular debris from 
uninfected cells to control for effects of the inevitable 
cell debris accompanying viral production).  

    V .      HCMV PARTIALLY ACTIVATES HOST 
CELL CYCLE 

 HCMV   infection is accompanied by a variety of 
effects in the host cell that are analogous to activation 
of the host cell cycle by mitogens (e.g.  Albrecht et al., 
1989 ; Boldogh et al., 1991;  Sanchez and Spector, 2008 ). 
Such a mitogen-like action is a general feature of her-
pes viruses (reviewed in  de Beeck and Caillet-Fauquet, 
1997 ). Host cells infected with HCMV while in either 
G 0 - or G 1 -phases of the cell cycle halt their progress in 

the cell cycle at the G 1 /S transition and do not progress 
to host cell division. Rather, viral replication events 
begin to occur. On the other hand, cells infected while 
in S-phase continue to progress through the cell cycle, 
divide, then halt at the G 1 /S transition. Thereafter, the 
viral replication processes commence ( Salvant et al., 
1998 ). Thus, the virus  ‘  ‘ synchronizes ’  ’  productively 
infected cells such that all are in late G 1 -phase or early 
S-phase (e.g. reviewed in  Fortunato et al., 2000 ). 

 This   effect of the virus is particularly interest-
ing when one considers that  in vivo  HCMV tends to 
infect epithelial and endothelial cells ( Weller, 1971 ) 
which are terminally differentiated cells which ordi-
narily have their macromolecular synthetic machin-
ery strongly repressed. It appears that this DNA virus 
partially up-regulates the cell division machinery in 
order to facilitate synthesis of its own DNA ( Salvant 
et al., 1998 ). Thus, the virus ’  strategy is to stimulate 
the host cell to enter the cell cycle sufficiently to per-
mit viral DNA synthesis, but not to permit host cell 
DNA synthesis. It is therefore highly likely that viral 
DNA synthesis depends strongly on host cell func-
tions that optimize the cell for DNA synthesis ( Sinclair 
et al., 2000 ). Interestingly, some cells when exposed to 
virus during the G 1 -phase are able to complete the cell 
cycle upon viral infection and these cells will not sup-
port viral replication; they undergo what is called an 
abortive infection ( Albrecht et al., 1989 ). Clearly, the 
ability of the virus to halt the host cell cycle machinery 
in a kind a G 1 /S-phase is critical for viral replication. 

 The   basis of HCMV’s ability to partially activate the 
cell cycle has been the object of considerable work. To 
summarize, the virus induces the transcription of FOS, 
JUN and MYC within minutes of infection to an extent 
comparable with stimulation by serum (Boldogh et al., 
1991). It alters the expression levels of several key reg-
ulatory proteins including cyclins A, B, D and E, and 
the tumor-suppressor proteins p53 and Rb (reviewed 
in  Fortunato et al., 2000 ). Although the virus stimu-
lates significant increases in the levels of p53, its tar-
gets, p21 and MDM2, are not activated, probably as a 
result of p53 being bound by a viral protein ( Fortunato 
et al., 2000 ). Nevertheless, the virally bound p53 is still 
able to respond to cellular DNA damage to repress the 
cell cycle ( Bonin and McDougall, 1997 ). Expression of 
cyclin D 1  protein is inhibited by the virus ( Bresnahan 
et al., 1996 ), whereas cyclin E expression is stimulated 
by an immediate early gene product (IE86) as is the 
protein kinase activity of cyclin E/Cdk2 ( Bresnahan 
et al., 1998 ;  Sinclair et al., 2000 ). Cyclin E levels are 
significantly elevated by 17 – 24       h PE ( Bresnahan 
et al., 1997 ;  Sinclair et al., 2000 ). Furthermore, phar-
macological inhibition of cyclin E-activated Cdk4 
prevented HCMV replication ( Bresnahan et al., 1997 ). 
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 FIGURE 27.1          HCMV-infected human fibroblasts undergo a 
period of progressive enlargement between  � 24 – 72       h PE, resulting 
in a 2 – 3-fold increase in cell volume and a major change in mor-
phology. Preceding this period of enlargement, there is transient cell 
shrinkage and cell rounding  � 12       h PE, which are likely due to ini-
tial cell dysfunctions invoked by cellular defenses upon viral entry. 
(Adapted from  Albrecht et al., 1989 .)    
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Since viral DNA synthesis begins 24 – 30       h PE, it is 
likely that the HCMV- “ activated ’  ’  cell has traversed 
its pseudo-G 1 -phase by this time.  Figure 27.2    summa-
rizes some of these effects and compares them to the 
normal cell cycle events. 

 The   normal cell cycle progress during the G 1 -to-S-
phase involves first the rapid, but relatively short-lived, 
up-regulation of FOS, JUN, MYC. Then, cyclin D 1  is up-
regulated and its gene levels remain high throughout 
the G 1 -phase. At about the time of the G 1  checkpoint, 
cyclin E levels begin to increase, peaking as the cell 
moves into the S-phase of the cycle (e.g.  Roussel, 1998 ). 
During late G 1 -phase, there is a gradual increase in cell 
size of 30 – 40%. HCMV apparently does all of these 
 except  activating cyclin D 1  and causing the late G 1  cell 
size increase (cell size may actually transiently decrease 
during the  ‘  ‘ mitogenic activation ’  ’  period; see  Fig. 27.1 ). 

 It   has been demonstrated that cells transfected with 
the IE86 (immediate early protein 86 Kd) message could 

no longer proliferate, but tended to accumulate in the 
S-phase ( Bresnahan et al., 1998 ;  Murphy et al., 2000 ). 
This ability to halt the cell cycle is apparently indepen-
dent of Rb, p53 or p21CIP ( Weibusch and Hagemeier, 
1999 ). Another viral protein has also been shown to 
have a role in the cell cycle effect of the virus. This 
protein, UL69, is part of the tegument of the virus par-
ticle and therefore is present in the host cell from the 
moment of viral penetration. Because this protein is 
part of the viral particle itself, UV-irradiated virus has 
the ability to block the host cell cycle, and does so in 
the G 1 -phase ( Lu and Shenk, 1999 ;  Hayashi et al., 2000 ). 
Using both transfection and transduction techniques 
on two different cell lines,  Lu and Shenk (1999)  dem -
onstrated that UL69 expression in serum-stimulated 
human cells largely prevented cell proliferation and 
the cells tended to be halted in the G 1 -phase. In an ele-
gant study in which they constructed mutant HCMVs 
that either lacked the UL69 message or lacked both 
the UL69 message and the UL69 tegument protein, 
 Hayashi et al. (2000)  showed that HCMV without 
either the message or the tegument UL69 could not 
halt the host cell cycle and consequently replicated 
very slowly. The mutant containing only tegument 
UL69 (with no message for UL69) was able to halt the 
host cell cycle in G 1 . Thus, at least two viral proteins 
have been identified as being capable of inducing cell 
cycle halt in the G 1 /S transition region of the cell cycle. 

 In   summary, HCMV, as part of its replication strat-
egy, induces a pseudo-G 1 -phase in the host cell. This 
period occurs before viral replication begins and 
before cytomegaly starts to develop. This phase is 
characterized by most of the same changes observed 
in uninfected cells stimulated by a mitogen to enter 
the cell cycle and traversing the G 1 -phase of that cycle. 
Three effects are conspicuously missing, however. 
First, cyclin D 1  activity is not increased. Second, the 
cell volume does not increase by 30 – 40% (see below 
section VIII.A) rather the cell volume decreases  � 25%. 
Third, unlike with true mitogen stimulation, NKCC 
activity is not stimulated, but rather is inhibited and 
its protein expression in the plasmalemma all but 
vanished (see below section VIII). In addition to the 
down-regulation of cyclin D 1 , we suggest that these 
latter two differences represent possible important 
changes signaling permission to enter the S-phase.  

    VI .      HCMV AND OTHER HOST CELL 
ION TRANSPORTERS 

 Our   lab has examined the effects of HCMV infec-
tion on the function and protein levels of several 
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 FIGURE 27.2          Summary of HCMV effects on the normal factors 
that regulate progression through the cell cycle. By activating cyclins 
E and B and inhibiting cyclins D and A, the virus facilitates viral 
DNA replication while inhibiting host cell DNA replication. HCMV 
stimulates the host cell through the G 1 -phase by activating cyclin E 
and inhibiting the repressive pocket protein (PP) component of the 
E2F complex. Cell cycle progress is halted at that point by inhibiting 
progression into S-phase likely due to the inhibition of cyclin A. The 
viral tegument protein UL69 plus immediate early proteins, IE1-72 
(IE72) and IE2-86 (IE86) are partially responsible for activating G 1 . 
(Reproduced from  Fortunato et al., 2000 , with permission.)    
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plasma membrane ion transporters in addition to the 
NKCC, including the Na  �  /K  �   ATPase, two isoforms 
of the Na  �  /H  �   exchanger (NHE1 and NHE2) and the 
Cl  �  /HCO 3   �   exchanger. 

    A .      Effects on the Sodium Pump 

 Using   ouabain-sensitive  86 Rb uptake as a measure 
of sodium pump activity, Albrecht and collaborators 
demonstrated two phases of response by the pump to 
HCMV infection ( Nokta et al., 1988 ). First, there was a 
 � 50% inhibition in the period 12 – 25       h PE (the period 
of development of the pseudo-G 1 -phase). Thereafter, 
paralleling the development of cytomegaly, the pump 
exhibited progressive stimulation. The early period 
of reduced sodium pump activity also corresponds to 
the period during which the HCMV-infected cell actu-
ally becomes smaller. We followed up the preceding 
study with studies of ouabain binding and Western 
blotting to determine whether the functional changes 
were paralleled by changes in the number of pump 
sites or amount of sodium pump protein in order to 
obtain an estimate of changes (if any) in the num-
ber of sodium pump sites ( Altamirano et al., 1994 ; 
 Maglova et al., 1998a ). Both approaches revealed no 
change in the number of pump sites or protein dur-
ing the early period of infection during which the 
sodium pump function was decreased. However, both 
techniques revealed an increase in sodium pump sites 
( 3 H-ouabain-binding sites) and sodium pump protein 
(detected by the  α -5 antibody to the  α -subunit of the 
sodium pump) during the later period of increased 
sodium pump activity. When both the ouabain-binding 
and Western-blot data were corrected for the effects of 
changes in cell numbers and protein/cell occasioned 
by HCMV infection, we found that they both showed 
an increase in sodium pump sites of about 4 – 7-fold, 
which is in the expected range for the increase of sur-
face area for the cytomegalic cells.  

    B .      Effects on the Na  �  /H  �   Exchanger 

 We   have reported that HCMV infection has several 
effects on the Na  �  /H  �   exchanger function ( Crowe 
et al., 1997 ). At 72       h post-exposure (PE), we demon-
strated that HCMV infection caused the pH i  vs. acid 
extrusion rate to shift about 0.15       pH units to the alka-
line side. This has the operational effect of increasing 
the proton extrusion rate at normal values of pH i  by 
a factor of about two-fold. In addition to being stim-
ulated by a decrease of pH i , the Na  �  /H  �   exchanger 
is often stimulated by cell shrinkage (e.g.  Grinstein 

et al., 1989 ; Wakabayashi et al., 1992). We reported 
that mock-infected cells have only a small response 
to cell shrinkage but that 72       h after HCMV infection, 
the response is greatly increased ( Crowe et al., 1997 ). 
In unpublished studies, we have observed that this 
increase in volume sensitivity is observed as early as  � 
18       h PE. We measured the  K  0.5  and  V  max  of the Na  �  /
H  �   exchanger as a function of external Na  �   concen-
tration and found that HCMV infection increased the 
 V  max  about 80% while it reduced the affinity for exter-
nal Na  �   from 25       mM to 79       mM. Thus, at 72       h PE, the 
virus clearly stimulates Na  �  /H  �   exchanger transport 
activity, while reducing its apparent affinity for Na  �   
and increasing its  V  max . 

 These   kinetic effects may be related to our obser-
vations that suggest HCMV causes the human fibro-
blast cell line to express isoform 2 of the Na  �  /H  �   
exchanger (NHE2). Briefly, it is known that growth 
factors stimulate the NHE1 isoform by changing the 
sensitivity to intracellular pH, whereas the NHE2 iso-
form responds by an increase of its  V  max  (Wakabayashi 
et al., 1992; Nath et al., 1996). We have identified both 
kinds of effects (see above) in the HCMV-infected 
cells. Both NHE1 and NHE2 are reported to respond 
to cell shrinkage by stimulation (e.g.  Kapus et al., 
1994 ; Wakabayashi et al., 1992). Using RT-PCR prim-
ers for both NHE1 and NHE2 we found that HCMV-
infected MRC-5 human fibroblasts (which ordinarily 
express only the NHE1 isoform;  Siczkowski and Ng, 
1995 ) produced cDNA bands for both NHE1 and 
NHE2 whereas mock-infected cells only provided 
bands for NHE1. Semi-quantitative Western blots 
of mock- and HCMV-infected cells revealed that the 
level of NHE1 protein expression was reduced  � 50% 
by HCMV infection, whereas NHE2 protein levels 
were nearly doubled (       Maglova et al., 2001 ). Thus, 
our evidence suggests that HCMV infection causes a 
change in the ratio of these two NHE isoforms and we 
know from a functional point of view that total Na  �  /
H  �   exchanger’s acid extrusion ability is increased 72       h 
PE (increased  V  max ).  

    C .      Effects on the Cl  �  /HCO 3   �   Exchanger 

 We   have reported that HCMV infection stimulates 
a Cl  �  /HCO 3   �   exchanger (CBE) activity in MRC-5 
human fibroblasts ( Maglova et al., 1998a ). Mock or 
uninfected cells have very little CBE activity as judged 
from effects of replacing external Cl  �   and treatment 
with H 2 -DIDS on pH i  or by measuring changes in 
intracellular Cl  �   concentration in the presence or 
absence of CO 2 /HCO 3   �  .  Figure 27.3    shows that pH i  
sensitivity of the CBE activity was changed by HCMV 
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infection from being slightly inhibited by alkaline pH i  
(a characteristic of the AE1 isoform;  Jiang et al., 1997 ) 
to being stimulated (a characteristic of the AE2 iso-
form;  Jiang et al., 1997 ). In addition, we have reported 
that exposure of HCMV-infected cells to mild hyper-
osmotic conditions in the presence of CO 2 /HCO 3   �   
results in pH i  alkalinization which is a characteristic of 
the AE2 isoform as well ( Jiang et al., 1997 ). This result 
suggests that the dominant anion exchanger isoform 
in the host cell was changed from AE1 to AE2 by the 
HCMV infection. Importantly, in the presence of CO 2 /
HCO 3   �   the [Cl  �  ] i  was higher than in its absence, sug-
gesting that the CBE was mediating net Cl  �   uptake by 
the HCMV-infected cells.   

    VII .      HCMV EFFECTS ON NKCC 

    A .       HCMV Infection Increases Cell Volume 
and [Cl  �  ] i  

 The   data in  Table 27.1    are taken from HCMV-
infected MRC-5 fibroblasts 72       h PE (at a time when 
cytomegaly is well established) that were bathed in a 
CO 2 /HCO 3   �  -free medium. As expected, the cell vol-
ume (measured here as the [ 14 C]3-O-methyl-D-glucose 

distribution space) increased. The data also show the 
significant effects of HCMV infection on the intracel-
lular concentrations of the three major inorganic ions. 
The intracellular concentrations of both K  �   (mea-
sured using  86 Rb uptake) and Na  �   (measured using 
 22 Na uptake) are slightly reduced whereas the [Cl  �  ] i  
(measured using  36 Cl uptake) has increased  � 50%. 
As noted above, when CO 2  and HCO 3   �   are present, 
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 FIGURE 27.3          Intracellular pH (pH i ) dependence of net Cl  �   efflux mediated by Cl  �  /NO 3   �   exchange. A high-K  �  -nigericin technique was 
used to  “ clamp ”  pH i  to various values between 6.4 and 7.8. The external Cl  �   was completely replaced with NO 3   �   and the rate of loss of cel-
lular Cl  �   was used to determine an exponential efflux rate constant in the absence and presence of 100        μ M H 2 DIDS.  A.  Results of individual 
experiments on mock-infected cells. Lines (solid and dashed) are linear best fits to rate constant vs. pH i  data.  B.  Results of individual experi-
ments on HCMV-infected cells (72       h after exposure).  Bottom : pH i  dependence of H 2 DIDS-sensitive rate constant of net Cl  �   efflux. Lines were 
determined as difference between lines in A and B for net Cl  �   efflux under control and H 2 DIDS conditions. pH o , extracellular pH. (Redrawn 
from  Maglova et al., 1998a .)    

 TABLE 27.1          Effects of HCMV infection (72       h PE) on 
intracellular water space and ion concentrations using 

radioisotope equilibrium  

     Mock-infected cells  HCMV-infected cells 

   Water space 
(pL/cell) (7)  *   

 2.8 � 0.6 #   7.2  �  1.3 

   [K  �  ] i  (mM) (7)  149.8  �  10.4  113.9  �  9.3 

    τ  K  (min) (7)  46.1  �  8.8  130.3  �  15.3 

   [Na  �  ] i  (mM) (5)  29.8  �  7.5  19.7  �  5.4 

    τ  Na  (min) (5)   �  20   �  20 

   [Cl  �  ] i  (mM) (10)  42.6  �  9.8  64.9  �  9.9 

    τ  Cl  (min) (10)   �  20   �  20 

   #  values are mean values  �  SEM  
   *   numbers in parentheses indicate number of separate experiments  
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the [Cl  �  ] i  is even higher ( � 90       mM) as a result of the 
Cl  �  /HCO 3   �   exchanger activity. We have also measured 
[Cl  �  ] i  using MQAE, a fluorescent dye quenched by 
Cl  �   ( Maglova et al., 1998a, b ) and obtained very simi-
lar values for [Cl  �  ] i  in the absence of CO 2 /HCO 3   �  . 
High (above normal) [Cl  �  ] i  values have been reported 
to inhibit cellular protein synthesis ( Weber et al., 1977 ) 
and HCMV is known to inhibit host cell protein syn-
thesis ( Stinski, 1977 ). It is also of interest to note that 
HCMV infection had no detectable effect on the rate 
at which  22 Na or  36 Cl reached isotopic equilibrium 
whereas in the case of  86 Rb, the time constant for 
reaching isotopic equilibrium was greatly increased 
indicating that K  �   transmembrane pathways were 
very significantly blocked.  

    B .       HCMV Inhibits NKCC Ion Transport 
Activity 

 In   the light of the results shown in  Table 27.1 , we 
were surprised to find that HCMV infection abolishes 
NKCC function. We determined this by measuring 
[Cl  �  ] i  using the Cl  �   sensitive fluorescent dye, MQAE. 
We first depleted the cells of Cl  �   by bathing them in a 
Cl  �  -free medium, then measured the rate of net Cl  �   
uptake that occurred upon reintroduction of Cl  �  -con-
taining medium. This protocol was carried out in the 
absence or presence of 10        μ M bumetanide.  Figure 27.4    
shows that by 24       h PE, bumetanide-sensitive net Cl  �   
uptake is abolished by HCMV infection. As this time 
point before cytomegaly begins to develop, it is clear 
that NKCC can play no role in the virally mediated 
cell swelling. HCMV infection has been reported to 
block host cell protein production ( Stinski, 1977 ), so 
we examined the effects of infection on NKCC protein 
levels as determined with semi-quantitative Western 
blots. We discovered that by 24       h PE, host cell plas-
malemmal NKCC protein was reduced by  � 85% ( Fig. 
27.5B   ), but that total cellular NKCC protein amounts 
were virtually unchanged ( Fig. 27.5        A). The plasma-
lemma results shown in this figure were obtained 
using biotinylation to tag the membrane NKCC. 
Essentially, identical results were obtained using cel-
lular fractionation techniques to obtain membrane-
enriched fractions.  

    C .       HCMV Effects on Cellular NKCC Protein 
Distribution 

 Using   biotinylation and semi-quantitative Western 
blotting, we determined that  � 10 – 20% of total 
cellular NKCC protein resides in the plasmalemma of 

mock-infected MRC-5 fibroblasts. Using immunostain-
ing, we determined that the remainder of the cellular 
NKCC protein is rather homogeneously distributed 
throughout the cytoplasm visualized as very small 
punctuate areas ( Maglova et al., 2004 ). HCMV infec-
tion changed this pattern in two significant ways. The 
first way has already been described: NKCC protein 
nearly disappears from the plasmalemma. The second 
change is that the uniform punctuate distribution is 
progressively altered to an increasingly aggregated 
pattern so that by  � 50       h PE, NKCC protein was almost 
entirely found in a single, large perinuclear struc-
ture ( Maglova et al., 2004 ). This unanticipated find-
ing was confirmed using three different  anti-NKCC 
antibodies. These structures can be  disintegrated by 
treatment with 3       μM nocodazole (which prevents the 
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 FIGURE 27.4          Effect of HCMV infection on net Cl  �   uptake by 
mock- and HCMV-infected human fibroblasts. The cells were Cl  �   
depleted then re-exposed to Cl  �  -containing medium in the presence 
or absence of bumetanide. The increase of [Cl  �  ] i  upon re-exposure 
to Cl  �  -containing medium (as determined using the Cl  �  -sensitive 
fluorescent dye, MQAE) was followed as a function of time. Filled 
circles      �      control; open circles      �      cells treated with 10        μ M bumetanide. 
 A.  Mock-infected cells.  B.  24       h PE HCMV-infected cells.  C.  72       h PE 
HCMV-infected cells. (Redrawn from  Maglova et al., 1998b .)    
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 polymerization of microtubules) and we can find no 
evidence of involvement by vimentin (Maglova et al., 
unpublished observations). 

 Perinuclear   accumulations of membrane and/or 
cytosolic proteins have been reported in a variety 
of cells. One type, termed  “ aggresomes ” , has been 
associated with so-called  “ conformational diseases ”  
(e.g.  Garcia-Mata et al., 2002 ). Aggresomes have 
been described as perinuclear structures that form 
under conditions favoring protein production over 
degradation ( Wigley et al., 1999 ;  Rajan et al., 2001 ). 
An aggresome may, in some cases, serve as a reposi-
tory of aggregated proteins preparatory to being 
degraded as they are closely associated with protea-
somes, lysosomes and chaperones (e.g. Johnston et al., 
1998;  Garcia-Mata et al., 1999, 2002 ;  Junn et al., 2002 ). 
Alternatively, or in addition, they may represent a 
pathologic response as there are diseases characterized 

by the development of aggresome-like structures, e.g. 
systemic amyloidosis, most neurodegenerative dis-
eases including possibly retinitis pigmentosa ( Kopito, 
2000 ;  Illing et al., 2002 ). 

 Alternatively  , the perinuclear accumulation of 
NKCC protein may be associated with the perinuclear 
accumulation of viral proteins that is typical of infec-
tion by large DNA viruses. It has been suggested that 
these structures play a role in viral assembly ( Heath 
et al., 2002 ). In the particular case of HCMV infections, 
a perinuclear structure containing several HCMV 
tegument and envelope proteins has been described 
(e.g.        Sanchez et al., 2000a, b ). These accumulations 
of viral proteins share some common features with 
aggresomes, but also have some very different proper-
ties. As with aggresomes, the accumulations of HCMV 
protein have a characteristic perinuclear location 
and form around the microtubule organizing center. 
However, unlike aggresomes, they are not surrounded 
by vimentin, and they are disrupted by nocodazole 
( Sanchez et al., 2000a, b ). As noted above, we have evi-
dence that the NKCC-containing perinuclear structure 
is disrupted by nocodazole and is not associated with 
vimentin. Furthermore, we have reported ( Maglova 
et al., 2003 ) that the NKCC protein in the perinuclear 
structure is colocalized with several HCMV tegu-
ment proteins including pp65. We also have evidence 
(unpublished immunostaining) that NHE1 protein is 
found in the perinuclear structure. The possibility that 
host cell NKCC protein shares a structure with HCMV 
tegument and envelope proteins raises interesting 
questions as to why host cell ion transport proteins 
would be located in  ‘  ‘ viral factories ’  ’ ; i.e. is NKCC pro-
tein found in the protein coats of formed virions?  

    D .       Summary of HCMV Effects on NKCC and 
Other Ion Transporters 

 Our   results have demonstrated that HCMV infec-
tion has significant effects on all four ion transport 
processes we have investigated. Following infection 
the activities of the sodium pump, the NHE and the 
CBE are all either maintained or increased whereas 
the activity of NKCC is profoundly reduced. It is 
clear from the foregoing results that NKCC cannot be 
involved with the development of cytomegaly despite 
the fact that it is functionally well designed to do so. 
Our data on cellular ion content indicate that  � 2/3 of 
the osmolytes needed to account for the cell swelling 
caused by HCMV infection are accounted for by the 
increased cellular contents of Na  �  , K  �   and Cl  �  . The 
identity of the remaining additional cellular osmo-
lytes is presently unknown. Our results are consistent 
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 FIGURE 27.5          Time course of NKCC protein levels following 
HCMV infection.  A.  The levels of total cellular NKCC protein in 
HCMV-infected human fibroblasts at different times following infec-
tion (hours PE) were similar to that found in mock-infected cells, 
whereas  B.  the plasma membrane levels (biotinylated fraction) in 
HCMV-infected cells, decreased rapidly by 24       h PE, compared to 
mock-infected cells. Similar results were obtained using cellular frac-
tionation techniques to obtain plasmalemmal-enriched membrane 
fractions (adapted from  Maglova et al., 2004 ).    
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with the NHE together with the CBE acting to pro-
vide a net import mechanism for NaCl. In support of 
this conclusion is an early report by Fons et al. (1991) 
showing that treatment with amiloride (an inhibitor of 
the NHE) prevented the development of cytomegaly 
as well as viral replication. 

 It   is equally clear from our results that the virus 
does not indiscriminately block the protein synthesis 
of all these host cell membrane proteins as might be 
suspected given that HCMV is reported to significantly 
block host cell protein synthesis ( Stinski, 1977 ). We 
therefore draw the tentative conclusion that the 
HCMV effects on NKCC function and the location 
of the NKCC protein are targeted effects by the virus 
that presumably favor the replication of the virus. The 
obvious question is: Why might this be the case? We 
suggest it is related to the host cell cycle.   

    VIII .      NKCC AND THE NORMAL 
CELL CYCLE: POSSIBLE LINK TO 

EFFECT OF HCMV 

 Considerable   evidence suggests that NKCC plays a 
role in the normal cell cycle. What follows is a brief 
summary of the findings that support such a role. 

    A .       Mitogenic Stimulation Increases NKCC 
Transport Activity Before DNA Synthesis 
Begins 

 Resting   animal cells stimulated to enter the cell 
cycle exhibit an almost immediate, but relatively 
short-lived, increase in their uptake of K  �   (and Na  �  ) 
across the plasma membrane (reviewed in  Russell, 
2000 ). Two studies followed the time course of  86 Rb 
uptake (used as a radioactive tracer for K  �   uptake) 
from the time of the mitogen application until DNA 
synthesis begins. Both studies ( Tupper et al., 1977  and 
 Stiernberg et al., 1983 ) reported that 4 – 5 hours after 
application of a mitogen, the initial increase of  86 Rb 
uptake had declined to pre-mitogenic stimulation 
levels. However, beginning 6 – 8 hours after mitogen 
application a second gradually developing increase 
in  86 Rb uptake occurred that continued over the next 
several hours. DNA synthesis then began 1 – 3 hours 
after the peak of the second increase of  86 Rb uptake. 
The early stimulation of  86 Rb uptake is at least par-
tially mediated by the NKCC (e.g.        Panet et al., 1994, 
2000 ;  Berman et al., 1995 ;  Bussolati et al., 1996 ). We 
have confirmed this two-stage stimulation of  86 Rb 
uptake by serum-starved MRC-5 human fibroblasts 
when exposed to fetal calf serum and found that 

bumetanide treatment (10       μM) will largely prevent 
both phases of stimulation of the uptake ( Maglova 
et al., 2001 ). It is possible that this second stage of 
NKCC activity is necessary for entry into the S-phase 
of the cell cycle. It may be related to the 20 – 40% 
increase of cell size ( Killander and Zetterberg, 1965 ; 
 Tupper et al., 1977 ;  Takahashi et al., 1993 ;  Pusch et al., 
1997 ;  Soucek et al., 1997 ) that occurs during the G 1 -
phase of the cell cycle. Cell volume is known to be one 
of the  important variables monitored at the normal G 1  
checkpoint (e.g. Alberts et al., 2003).  

    B .       Overexpression of the NKCC Promotes 
Cell Proliferation 

 Further   evidence in support of an important role for 
NKCC function in the cell cycle comes from the use of 
mouse Balb/c 3T3 cells stably transfected with NKCC1 
cDNA ( Panet at al., 2000 ). The transfected clones had 
a ten-fold higher bumetanide-sensitive  86 Rb uptake 
rate than control cells. Importantly, NKCC-transfected 
cells had several characteristics of immortalized, 
transformed cells. Among these were enhanced DNA 
synthesis (8 – 10-fold higher than in the untransfected 
cells) and proliferation of confluent cells. Finally, it is 
of interest that others have reported up-regulation of 
NKCC gene expression, protein and transport activity 
in proliferating cells (e.g.  Raat et al., 1996 ). 

 We   described earlier the effects of the HCMV to 
partially activate the host cell cycle (see section V) 
to move the host cell to the G1/S-phase and no fur-
ther. This strategy apparently activates the necessary 
cellular DNA-replicating machinery without permit-
ting the host cell to actually begin its own DNA repli-
cation. Thus, a reasonable working hypothesis is that 
part of the HCMV effect to partially stimulate the host 
cell cycle may be to inactivate the NKCC. 

 As   discussed earlier in section V, UL69 is capable 
of halting the host cell cycle at the G 1 /S stage of the 
cell cycle ( Lu and Shenk, 1999 ;  Hayashi et al., 2000 ). 
UL69 is part of the tegument of the virus particle and 
therefore is present in the host cell from the moment 
of viral penetration. We have asked whether the UV-
irradiated virus will also functionally inactivate the 
host cell NKCC. Preliminary results have shown that 
exposure of MRC-5 fibroblasts to UV-irradiated HCMV 
viral particles reduces the amount of plasmalemmal 
NKCC protein (determined with semi-quantitative 
Western blotting) by  � 30 – 40%. Although this effect 
is less than that seen when the fibroblasts are treated 
with intact viral particles ( � 85%), it suggests that an 
intact viral genome may not be absolutely required for 
the down-regulation of plasmalemmal NKCC protein. 
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 The   effect of HCMV to profoundly decrease NKCC 
plasma membrane levels and its ability to cause peri-
nuclear NKCC-rich structures may both have impor-
tant neurological consequences considering the critical 
roles that the cotransporter is believed to play in ner-
vous system development. First, the NKCC1 isoform 
is prominently expressed in the inner ear and NKCC1 
knockout mice have severe hearing and balance prob-
lems ( Delpire et al., 1999 ). Furthermore, it is known 
that HCMV infection during human pregnancy is now 
the leading cause of virally mediated neurological birth 
defects and prominent among these defects are loss 
of hearing and problems with balance. Thus, HCMV 
infection may result in neurodevelopmental problems 
that are, at least partially, caused by HCMV effects on 
NKCC function and/or protein expression. Second, 
there are numerous reports linking HCMV to demen-
tias, including those secondary to HIV infection (e.g. 
 Goplen et al., 2001 ) and those termed vascular dementia 
(e.g.  Lin et al., 2002a, b ). This is particularly interest-
ing in view of our preliminary observation of a large 
NKCC-protein-rich perinuclear accumulation and the 
well-known observation that a large number of human 
neurodegenerative diseases are characterized by cyto-
plasmic inclusion bodies in nerve and glial cells (e.g. 
 Alves-Rodrigues et al., 1998 ;  Tran and Miller, 1999 ).   

    IX .      WHY IS NKCC  “ TARGETED ”  BY 
HCMV? 

 We   have presented evidence that links the activity of 
the NKCC to the normal development of the cell cycle 

and shown that the HCMV, which acts as a mitogen, 
but halts the host cell at the G 1 /S-phase, functionally 
disables the NKCC and causes the NKCC protein to 
be aggregated into a perinuclear structure. The ques-
tion to be addressed is how might these phenomena be 
related? At least three different mechanisms are consis-
tent with available findings. Whether one, two or all 
three are involved cannot be resolved at this time. 

 First  , NKCC may be involved in the normal 30 – 45% 
increase in cell volume observed when normal mam-
malian cells undergo the G 1 -phase of the cell cycle. By 
inactivating the NKCC function, the virus prevents 
this cell volume increase, an increase that may be nec-
essary for the cell to pass the G 1  checkpoint thereby 
preventing host cell DNA synthesis. Because treatment 
with bumetanide acts mainly to slow, but not prevent, 
cell division, it seems unlikely that this explanation 
can be the complete one, although it may contribute. 

 A   second possibility is that by functionally inactivat-
ing NKCC, K  �   uptake is reduced thereby compromis-
ing the activity of K  �   channels ( Fig. 27.6   ). The literature 
contains numerous examples of cell cycle blockade by 
a variety of K  �   channel blockers (e.g. see reviews by 
 Wonderlin and Strobl, 1996  and  Pardo, 2004 ). We have 
shown that HCMV infection has the following two 
effects that may relate to reduced K  �   channel activity: 
(1) the [K  �  ] i  is reduced by infection. The G 1 -phase is 
normally characterized by a transient depolarization 
( Wonderlin and Strobl, 1996 ), an effect that would be 
reduced if [K  �  ] i  is reduced and (2) that the time to reach 
isotopic equilibrium is increased by nearly three-fold. 
This latter effect suggests K  �   channels may be inacti-
vated by the virus. Either effect would be expected to 
inhibit progress of the cell cycle from G 1  to S. 
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 FIGURE 27.6          Possible explanations for 
role of K  �   channels in the normal cell cycle. In 
common with NKCC cell volume mechanism, 
this scheme includes a role for K  �   channels in 
cell volume changes prior to the G 1  cell cycle 
checkpoint. (Adapted from  Pardo, 2004 .)    
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 The   third possibility follows from the work of 
       Panet et al. (2002, 2006) . They have reported that 
NKCC, activated by a variety of mitogens, plays a role 
in the activation of  M itogen  A ctivated  P rotein  K inase 
(MAPK or MEK). Inhibition of NKCC by bumetanide 
inhibits the phosphorylation of these kinases. As these 
kinases are integral to the normal cell cycle progres-
sion, it follows that by inhibiting the NKCC, HCMV 
can block the cell cycle. 

 Although   much work remains to be done to fully 
understand the role of the NKCC in HCMV infec-
tion, it is clear that this membrane ion transporter is 
targeted by the virus and, until proven otherwise, this 
targeting strongly suggests that the NKCC plays a cru-
cial role in normal cell physiology that must be inhib-
ited in order for HCMV proliferation to proceed. The 
best current evidence suggests that this role is in sup-
port of the progression of the cell cycle from G 1  to S.  
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O U T L I N E

    I .      INTRODUCTION 

 It   is increasingly clear that cotransporters and 
 uniporters, in addition to their transport of minerals 
and organic molecules, also transport water. In epi-
thelial cells and endothelial cells of the blood – brain 

barrier, cation-Cl  �   cotransporters play an important 
role in the transport of ions. Typically, water or fluid 
follows the movement of ions, and the question arises 
about the nature of the mechanism underlying water 
movement. We believe that the transport of water is 
mediated by these ion transporters, and that proteins 

  28   28 
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directly couple water movement to the transport of 
substrate. The combination of water, ion and organic 
nutrient transport has also been found for a variety of 
other, Cl  �   independent, cotransporters; see        Tables 28.1 
and 28.2     , and some recent reviews ( Loo et al., 2002 ; 
 Zeuthen and MacAulay, 2002 ). 

 Water   and substrate transport in epithelial and 
endothelial cell layers present some fundamental prob-
lems. In the lumen of the small intestine, for exam-
ple, the presence of high concentrations of glucose 
and other nutrients, of up to 200       mOsm hyperosmo-
lar to the epithelial cells just after a meal, constitutes a 
potential threat for osmotic back-flux and dehydra-
tion. Despite these adverse osmotic gradients, water is 
being reabsorbed ( Pappenheimer, 1998 ;  Zeuthen et al., 
2007 ). As another example, the endothelial cell layer 
of the brain capillaries have to be relatively imper-
meable to water in order to avoid brain edema, yet 
the water permeability of the glucose transporters 
(GLUT1) and of NKCC1 conveys a significant water 
permeability. On top of these epithelial problems, 
there is also the problem of the cells themselves: how 

they regulate their own volume (water content), intra-
cellular  osmolarity, and ion concentrations in the face 
of the large transepithelial concentration gradients and 
fluxes. 

 In   this chapter, we argue that water transport 
through KCC and NKCC is central for the coupling 
of substrate and water transport across epithelia and 
endothelia. If, for example, influxes change some 
intracellular parameters, such as the osmolarity or 
ion concentrations, these changes must be sensed by 
the cells, and efflux rates adjusted in order to nor-
malize these internal parameters. If the input mecha-
nisms are distributed to one side of the cell and the 
output mechanisms are balanced to the other, trans-
cellular transport will be in steady state and the 
integrity of the cell maintained. Accordingly, volume 
regulation plays a key role in epithelial and endothe-
lial water transport. The importance of the KCC (K  �  -
Cl  �   cotransporter) and the NKCC1 (Na  �  -K  �  -2Cl  �   
cotransporter) lies in their ability to mediate uphill 
water transport. In addition, they are well known to 
be involved in volume regulation in non-polarized 
cells. The nature of the primary osmosensing signal(s) 
is still under debate, while some of the components 
of the regulatory pathways, i.e. the kinases that 
regulate KCC and NKCC, have been described 
( Delpire and Gagnon, 2008 ;  Kahle et al., 2008 ;  Kahle 
et al., 2006 ).  

 TABLE 28.1          Passive water permeability per transport protein  

   Transporter 
 L p  per transporter 

[10  � 14        cm 3        s  � 1 ]  References 

   AQP1  1.4 – 6   Yang and Verkman (1997) ; 
 Zampighi et al. (1995) ; 
 Zeidel et al. (1992)  

   AQP0  0.015 – 0.25   Yang and Verkman (1997) ; 
 Zampighi et al. (1995)  

   rSGLT1  1.4   Loo et al. (1999)  

   NKCC1  4  a     Hamann et al. (2005)  

   NKCC2  0   Hamann et al. (2005)  

   EAAT1  0.2   MacAulay et al. (2002a)  

   KCC4  0.01  a     Zeuthen (1994) ;  Zeuthen 
(1991b)  

   hGAT1  0.7   Loo et al. (1999)  

   NaDC1  1.5   Meinild et al. (2000)  

   MCT1  0.3   Hamann et al. (2003) ; 
 Zeuthen et al. (1996)  

   GLUT2  0.09   Zeuthen et al. (2007)  

   GLUT1(human)  0.2  b    Zeuthen unpublished 

   UT-B  7.5   Yang and Verkman (2002)  

   a   These values were estimated as given in the text below.   
    b   Calculated from the glucose uptake, the glucose permeability  P  s  
(1.5       10  � 6        cm       s  � 1 ), and the water permeability  L  p  (6.5       10  � 5        cm s  � 1 ) for 
human GLUT1 expressed in  Xenopus  oocytes at room temperature. 
The turnover rate was 151       s  � 1  at room temperature and 1116       s  � 1  at 
37 ° C (Simpson et al., 2007). The measurements were performed in 
analogy to the study of GLUT2 ( Zeuthen et al., 2007 ). 
 c Calculated from the Gibbs equation and the near zero reflection 
coefficient for NaCl (Hamann et al., 2005).  

 TABLE 28.2          Number of water molecules cotransported per 
transport cycle: the coupling ratio CR.  

   Protein  Process  CR  References 

   KCC4  KCl cotransport  500   Zeuthen (1994) ; 
 Zeuthen (1991a)  

   NKCC1  Na  �  -K  �  -Cl 
cotransport 

590 c     Hamann et al. (2005)  

   NKCC2  Na  �  -K  �  -Cl 
cotransport 

 0   Hamann et al. (2005)  

   hSGLT1  Na  �  -glucose 
cotransport 

 230   Meinild et al. (1998) ; 
 Zeuthen et al. (2006)  

   rSGLT1  Na  �  -glucose 
cotransport 

 380   Meinild et al. (1998) ; 
 Zeuthen et al. (2006)  

   hGAT1  Na  �  -Cl  �  -GABA 
cotransport 

 330   MacAulay et al. 
(2002b)  

   EAAT1  Na  �  -glutamate 
cotransport 

 425   MacAulay et al. (2001)  

   NaDC-1  Na  �  -dicarboxylate 
cotransport 

 176   Meinild et al. (2000)  

   MCT1  H  �  -lactate 
cotransport 

 500  Hamann et al. (2003); 
 Zeuthen et al. (1996)  

   GLUT2  Glucose transport  40 – 110   Zeuthen et al. (2007)  
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    II .      WATER TRANSPORT BY 
COTRANSPORTERS 

 It   is generally accepted that some cotransport-
ers carry water in the process of solute transloca-
tion, although the precise molecular mechanism is 
unknown. They carry water in two distinct ways: (1) in 
analogy to aquaporins, they act as simple channels in 
which water is driven by an external osmotic driving 
force and (2) they also function as water pumps in 
which a water flux is energized by the movement of 
substrate. Thus, water transport via cotransporters is 
bimodal, with a passive component and a secondary 
active component ( Fig. 28.1   ). These two components 
are discussed in the next sections. 

    A .      The Passive Component 

 As   seen in  Table 28.1 , the passive water perme-
ability per copy of cotransporter or uniporter can be 
high, even compared with that of aquaporin water 
channels. Some transporters have water permeabili-
ties that are comparable to AQP1, e.g. NKCC1 and the 
urea uniporter UT-B. The least water permeable trans-
porters have permeabilities comparable to AQP0. This 
is the case for the glucose uniporters (GLUT), and the 
K  �  -Cl  �   cotransporter, KCC4. 

 These   values show that the cotransporters, when 
their number is high, can contribute a significant 
fraction of the passive water permeability of a given 
membrane. This would explain the experimental 
finding that humans lacking AQP1 (Colton null indi-
viduals) are without a significant clinical phenotype; 
the lack of AQP1 only becomes noticeable under 
abnormal stress of water deprivation ( King et al., 
2004 ). Likewise, the mouse knockout of AQP4 in the 
 astroglial endfeet seems to be important only under 

conditions of brain edema ( Amiry-Moghaddam 
et al., 2004 ;  Manley et al., 2000 ). The effects of aquapo-
rin removal have recently been studied in detail in the 
nematode worm  Caenorhabditis elegans  ( Huang et al., 
2007 ). This organism expresses four aquaporin mole-
cules, and knockout or deletion of all or combinations 
of one, two or three of these water transport proteins 
did not produce any noticeable phenotype in regard 
to water homeostasis. This points toward the role of 
other membrane proteins as water transporters and 
supports the finding that the prime function of sev-
eral aquaporins is not water transport, but rather that 
of other substrates such as urea, glycerol and ammo-
nia (for reviews, see  Hill et al., 2004 ;  King et al., 2004 ; 
 Litman et al., 2008 ). 

 It   should be emphasized that the permeabilities 
listed in  Table 28.1  are defined operationally from the 
water flux initiated by a given osmotic gradient. Some 
transporters (e.g. SGLT1;  Loo et al., 1999 ) have a water 
permeability with a low activation energy, which indi-
cates that they behave as conventional water chan-
nels, whereas others have a high activation energy, 
indicating that movements of ions or conformational 
changes in the protein are associated with the osmoti-
cally induced water transport (e.g. KCC and NKCC1; 
 Hamann et al., 2005 ;  Zeuthen, 1994 ). 

 Is   it possible to estimate the contribution of the 
lipid component, the aquaporins, and solute cotrans-
porters to the passive water permeability of a given 
membrane? A useful insight can be obtained from 
a comparison between the mammalian small intes-
tine and kidney proximal tubule. These two epithe-
lia have roughly the same rate of transepithelial Na  �   
and water transport per surface area. The major dif-
ference is the passive water permeability (L p ), with 
the kidney epithelium being around ten times more 
water permeable than the intestine epithelium, due to 
the presence of AQP1 ( Table 28.3   ). Both epithelia also 

osmosis
osmosisH2O

H2O

H2O

substrate

cotransport

WATER PUMPWATER CHANNEL

 FIGURE 28.1          Molecular water channels and water pumps. Water transport across cell membranes takes place through several routes and 
mechanisms. Water can cross the membrane via water channels such as aquaporins, driven by a transmembrane difference in water chemical 
potential. Water can also be transported through membrane proteins such as cotransporters. In these proteins, water is cotransported together 
with the other substrates, i.e. the transporters function as molecular water pumps in which the free energy contained in the substrate gradient 
can be transferred to the uphill transport of water. Some cotransporters also have significant passive water permeability, i.e. they also function 
as water channels.    
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have Na  �  -coupled substrate transporters, in the api-
cal (entry) membrane, e.g. SGLT1 for glucose entry. 
In the intestinal epithelium, roughly two-thirds of the 
water influx across the apical membrane takes place 
via cotransporters, and the remainder one-third via the 
lipid bilayers. In the kidney epithelium, roughly one-
third of the water influx takes place via the cotrans-
porters while two-thirds enter via the AQP1 ( Zeuthen 
et al., 2001 ). It would appear that there is only a mod-
est gain in inserting a large number of aquaporins, but 
the real advantage may lie elsewhere. Indeed, with the 
given data, it is possible to estimate the osmolarity dif-
ference between the intracellular milieu, relative to the 
apical bathing solution to drive the water movement. 
In the small intestine, it was 7       mOsm, while the kidney 
proximal tubule cells required only 0.5       mOsm to drive 
the same influx of water. Clearly, as it will cost more 
energy to maintain a high intracellular osmolarity; it 
could be concluded that the aquaporins do not increase 
the rate of water transport, but they make it cheaper.  

    B .      The Active Component 

 In   this section, we consider the transport of sub-
strate leading to cotransport of water (i.e. secondary 
active water transport). It has been intensely debated 
whether the coupling takes place by a mechanism 
inside the protein or whether it is a consequence of 
conventional unstirred layers effects in the cytoplasm. 
There is now agreement that the latter alternative is 
untenable. Indeed, when the substrate is transported 
into a cell it diffuses away from the cotransporter, and 
the build-up at the inside (or  trans  side) of the mem-
brane will depend upon the diffusion coefficient. But 
as the diffusion coefficient is relatively high in the 
cytoplasm, the substrate concentration at the inside 
of the membrane remains fairly low and insufficient 

to induce significant passive osmotic water transport. 
This question has been investigated in detail for the 
Na  �  -coupled glucose transporter (SGLT1) and the glu-
cose uniport (GLUT2) expressed in the  Xenopus laevis  
oocytes. The diffusion coefficient for Na  �   and glu-
cose in the cytoplasm is between one-half to one-fifth 
of the free solution diffusion coefficient in agreement 
with what is found in other cell types ( Charron et al., 
2006 ;  Lapointe, 2007 ;  Zeuthen et al., 2002 ;  Zeuthen and 
Zeuthen, 2007 ). But this is still much too high to sup-
port significant conventional unstirred layer effects, 
which would require the diffusion coefficients to be 
three orders of magnitude lower than in free solu-
tions. This can be ascertained by correlating water and 
Na  �   fluxes at a high resolution (20       pL and 1       s;  Zeuthen 
et al., 2006 ). Consequently, transport of water by a 
mechanism intrinsic to the cotransporter is the best 
explanation for the observed coupling between water 
and substrate ( Naftalin, 2008 ;  Zeuthen et al., 2006, 
2007 ;  Zeuthen and Zeuthen, 2007 ). Similar arguments 
for the lack of unstirred layer effects have been 
addressed in the studies of KCC and NKCC1 
( Hamann et al., 2005 ;  Zeuthen, 1994 ). 

 The   molecular nature of the water cotransport com-
ponent is supported by a number of experimental facts. 
(i) For a given cotransporter, the coupling ratio (CR) 
between the number of water molecules transported 
per substrate molecule is constant under a variety of 
experimental conditions, irrespective of whether the 
transport is driven by electrical or concentration gra-
dients. (ii) The CR is specific for a given isoform, for 
example the human SGLT1 transports 230 water mole-
cules, while the rabbit SGLT1 transports 380 per glucose 
molecule. (iii) This phenomenon has been observed 
using a number of independent methods, ranging from 
fluorescence, ion-selective microelectrodes and two 
microelectrode voltage-clamp combined with high-
resolution volume measurements (references in  Table 
28.2 ). (iv) Secondary active water transport has been 
found in transporters in their native tissue, as well as in 
transporters heterologously expressed in mammalian 
cell-lines and  Xenopus laevis  oocytes. 

 The   numbers in  Table 28.2  compare well to the 
amounts of water being shifted between aqueous 
enzymes and their surrounding bulk water. Glucose 
binding in hexokinase as well as in  α -amylase is asso-
ciated with the exchange of about 100 water molecules 
with the bulk solution ( Quin et al., 1995 ;  Rand and 
Fuller, 1992 ;  Steitz et al., 1981 ); O 2  binding in hemo-
globin is associated with the exchange of 60 – 75 water 
molecules ( Colombo et al., 1992 ). Moreover, certain 
voltage-gated anion channels shift an impressive 660 
and 1320 water molecules when opening or closing 
the permeation pathway ( Zimmerberg and Parsegian, 

 TABLE 28.3          Passive water permeability of epithelial and 
endothelial cell layers  

   Cell layer 
 Passive water permeability

[10  � 2        cm       sec  � 1  ] 

   Proximal tubule (rat, apparent area)  20 

   Small intestine (rat jejunum)  2.5 

   Gall bladder (rabbit)  0.5 

   Choroid plexus (frog)   � 0.5 

   BBB (man)  0.1 

   Frog skin  0.1 

  For references see  House (1974) ;  Zeuthen (1996)   
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1986 ). Thus it would appear that the transporters 
listed in  Table 28.2  can be viewed as membrane-bound 
enzymes that take up water and substrate from one 
side of the membrane and deliver them to the other. 

 The   mechanism of substrate-coupled water trans-
port must be sought in the transport protein itself. 
In the present context of Cl  �  -dependent cotransport-
ers, we will focus on KCC4 (K  �  -Cl  �   cotransporter), 
NKCC1 (Na  �  -K  �  -Cl  �   cotransporter), and the GABA 
transporter GAT1. The water transporting proper-
ties of other cotransporters have been reviewed else-
where ( Zeuthen and MacAulay, 2002 ). As evidence for 
cotransport of water, we will address at the following 
specific questions: 

      ●      Is there a fixed stoichiometry between the water 
and the substrate transport?  

      ●      Can energy be transferred between the substrate 
and water fluxes, i.e. can substrate transport lead to 
uphill water transport?  

      ●      Do the fluxes exhibit saturation?  
      ●      Is there any link between the value and properties 

of the passive water permeability and the ability 
for active water transport?     

    C .      The K  �  -Cl  �   Cotransporter, KCC 

 The   choroid plexus epithelium is a convenient 
place to study KCC. The epithelium is similar to other 
leaky epithelia but it transports salt and water in the 
opposite direction, i.e. from the blood and into the 
cerebrospinal fluid. Since epithelial KCC transport-
ers are primarily situated in the exit membrane, i.e. 
the apical membrane facing the cerebrospinal fluid, 
the choroid plexus epithelium has the experimental 
advantage that KCC in the exit membrane can be 

exposed abruptly to changes in the composition of 
the bathing solution. The intracellular driving forces 
for KCC can be followed at a high time resolution 
by means of ion-selective, double-barreled micro-
electrodes that record the K  �   and Cl  �   activities. The 
cell volume is monitored likewise: The K  �   electrodes 
are very sensitive to choline ions or tetra-methyl-
ammonium ions; by having a low concentration of 
these ions inside the cell, the ion concentration acts 
as a volume marker. Most data have been obtained 
in the choroid plexus epithelium from the salaman-
der  Necturus maculosus  ( Zeuthen, 1991a&b, 1994 ). In 
terms of location, this KCC would be equivalent to 
the KCC4 isoform from mammals ( Karadsheh et al., 
2004 ); SLC12A7 in the SLC12 family ( Gamba, 2005 ). At 
physiological osmolarity, half of the capacity for water 
transport across the exit membrane is contributed by 
KCC, the other most likely by AQP1 ( Zeuthen, 1994 ). 

 The   findings for KCC can be summarized as 
follows ( Zeuthen, 1991a&b ; 1994;  Zeuthen, 1995 ). 
(i) Water transport by KCC is abolished when Cl  �   is 
removed from the bathing solutions. (ii) Compared to 
the other cotransporters listed in  Table 28.1 , the pas-
sive water permeability per KCC protein is rather low, 
of the order of 10  � 16        cm 3        s  � 1 . The number is estimated 
from the maximal rate of transport of the Cl  �  -induced 
K  �   transport and assuming a turnover number around 
100       s  � 1 ; the latter seems reasonable, considering the 
high activation energy of 27       kcal       mol  � 1  ( Ellory and 
Hall, 1988 ). (iii) The flow of water, K  �   and Cl  �   via 
the KCC are strictly coupled in a ratio of 500 water 
molecules per K  �   and Cl  �   ion. This applies irrespec-
tive of whether the flux was induced by perturba-
tions in the K  �  , the Cl  �   or the osmotic gradient. 
(iv) Cotransport of K  �   and Cl  �   can drive water transport 
uphill. As illustrated in  Fig. 28.2   , a KCl-driven water 
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 FIGURE 28.2          KCC is a molecular water pump. In K  �  -Cl  �   cotransport, the flux of one K  �   ion and one Cl  �   ion is coupled to the flux of 
water molecules in a ratio of 1:1:500. The trace demonstrates the coupling between a downhill flux of KCl and an uphill transport of water. 
The addition of 100       mM of mannitol or 50       mM of NaCl ( � 100       mOsm) to the external bathing solution caused cell shrinkage. Addition of 
50       mM of KCl, however, caused cell swelling, despite the fact that the external osmolarity was now higher than the intracellular osmolarity by 
100       mOsm. The intracellular concentrations of K  �   and Cl  �   only changed by a few mM during the exposure to KCl. When KCC was blocked by 
furosemide (fur) the cell shrank in response to the addition of 50       mM of KCl. Data are from the choroid plexus epithelium of  Necturus maculosus  
( Zeuthen, 1994 ).    
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flux can proceed into the cell despite the extracellular 
osmolarity being about 100       mOsm higher than that 
of the intracellular compartment. In other experi-
ments, it was found that osmotic gradients as high as 
200       mOsm could be matched by KCl-induced influxes 
of water ( Zeuthen, 1994 ). (v) The water fluxes showed 
simple first order kinetics: The water fluxes induced 
by KCl were half-saturated at KCl concentrations 
of 25       mmol l  � 1  which is close to the  K  m  determined 
for the KCC transporters ( Mercado et al., 2000 ). The 
osmotically induced fluxes of water, K  �   and Cl  �   satu-
rated at osmotic gradients of about 200       mOsm. 

 The   properties listed above show that the KCC is 
a key player in transepithelial water transport. With 
500 water molecules transported per K  �   ion and 2 K  �   
transported for each 3 Na  �   by the Na  �  /K  �  -ATPase, it 
follows that these two transporters in unison, given 
similar turnover rates, would produce a secretion with 
about 333 water molecules per Na  �   ion. This is two-
thirds of the water required to explain the observed 
isosmotic transport which requires about 500 water 
molecules per Na  �   ion. Importantly, the KCC would 
also explain the ability of leaky epithelia to perform 
uphill transport of water. Certain epithelia, such as 
small intestine and gallbladder, can absorb water 
against osmotic gradients of up to 200       mOsm, in good 
agreement with the properties of the KCC. An epithe-
lial model with the KCC localized to the exit mem-
brane is shown in        Figs 28.7 and 28.8 ; for reviews see 
 Zeuthen (2002, 1996) .  

    D .       The Na  �  -K  �  -2Cl  �   Cotransporters, 
NKCC1 and NKCC2 

 The   NKCC mediates electroneutral cotransport 
of Na  �  , K  �   and two Cl  �   ions. The cotransporter has 
been found in two isoforms, NKCC1 and NKCC2; 
SLC12A2 and SLC12A1 in the SLC12 family ( Gamba, 
2005 ). NKCC1 is present in most mammalian cells, 
while NKCC2 is found predominantly in the thick 
ascending limb of Henle in the kidney, for reviews 
see  Delpire and Mount (2002) ,  Gamba (2005) ,  Haas 
and Forbush (2000)  and  Russell (2000) . NKCC1 is a 
key protein in secretory epithelial cells, where it cou-
ples the movements of Cl  �   and K  �   to the inwardly 
directed Na  �   gradient set up by the Na  �  /K  �  -ATPase, 
       Figs 28.7 and 28.8 . The water transport properties 
of NKCC1 have been studied in the ciliary body of 
the mammalian eye ( Hamann et al., 2005 ; Hamann 
et al., unpublished) which participate in the trans-
port water from the blood into the aqueous humor. 
The ciliary body consists of two cell layers: the  

non-pigmented and the pigmented epithelium; the lat-
ter contains NKCC1 in its basolateral membrane ( Dunn 
et al., 2001 ). When grown as a single layer of cells on 
a glass plate, the basolateral membrane of the pig-
mented epithelium faces upwards and thereby allows 
the  transport properties of NKCC1 to be investigated 
during abrupt changes in the composition of the bath-
ing solution. At physiological osmolarity, half the 
osmotic water permeability of the basolateral mem-
brane of the pigmented epithelium can be attributed 
to NKCC1. 

 The   data for NKCC1 can be summarized as follows 
( Hamann et al., 2005 ; Hamann et al., unpublished). 
(i) The capacity for water transport by NKCC1 is 
inhibited by bumetanide. (ii) The water transport by 
NKCC1 has a high Arrhenius activation energy of 
21       kcal       mol  � 1 , which is more than four times that of an 
aqueous pore. The activation energy for water trans-
port is close to that of the ion transport process of 
18       kcal       mol  � 1  ( Ellory and Hall, 1988 ). The high value of 
the activation energy strongly suggests that the trans-
port of water involves conformational changes of the 
protein. (iii) The unit water permeability is relatively 
high about 4       10  � 14        cm 3        s  � 1  and of the same order as 
that of AQP1 ( Table 28.1 ). This estimate is based upon 
the number of transporters required to maintain maxi-
mal transport rates of ions at a turnover rate of 100       s  � 1 . 
The latter estimate seems reasonable given the high 
activation energy of 18       kcal       mol  � 1 . (iv) The reflection 
coefficient for NaCl and KCl is nearly zero. This means 
that when the osmolarity of the solution is raised by 
addition of NaCl or KCl there is little net water trans-
port as compared to the case when the flow is induced 
by the addition of mannitol. One interpretation is that 
the increased salt concentration results in an inward 
movement of water coupled to the influx of salt, 
which in turn compensate for the osmotic efflux. In 
other words, the increased influx of ions gives rise to 
an influx of water. (V) In NKCC1, ion fluxes are tightly 
coupled to water fluxes which can be deduced from 
the capacity of uphill transport of water (Hamann 
et al., unpublished). In the experiment illustrated in 
 Fig. 28.3   , epithelial tissues were exposed to Cl  �  -free 
solutions, which induced rapid cell shrinkage. When 
Cl  �   ions were returned to the bathing solutions, there 
was a rapid influx of water (i.e. re-swelling of the 
cells) which could proceed uphill against osmotic gra-
dients of more than 50       mOsm imposed by mannitol. 

 NKCC2   behaves entirely differently than NKCC1. 
When studied in cell cultures from the thick ascend-
ing loop of Henle (TALH), it showed ion fluxes simi-
lar to that of NKCC1, but it showed no capacity for 
water transport ( Hamann et al., 2005 ).  
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  E .       The Na  �  -Cl  �  -coupled GABA Transporter, 
GAT1 

 In   order to maintain synaptic transmission, the 
neurotransmitter GABA is removed from the synap-
tic cleft by means of Na  �  -Cl  �  -coupled re-uptake. Four 
GABA cotransporter subtypes have been described, 
GAT-1, GAT-2, GAT-3 and BGT-1 ( Borden, 1996 ). 
The transport of GABA is electrogenic, coupled to 
the movement of two Na  �   and one Cl  �   ion for each 
GABA ( Kavanaugh et al., 1992 ;  Radian and Kanner, 
1983 ). The transporter belongs to the SLC6 family of 
solute carriers ( Hediger et al., 2004 ). 

 The   water transport properties of GAT-1 were 
studied while expressed in  Xenopus  oocytes. The vol-
ume of the oocyte was followed by a CCD camera 
and the rate of water movements could be recorded 
at high volume (10       pL) and temporal (1       s) resolutions 
( Zeuthen et al., 2006 ). The measurements were com-
bined with a two-electrode voltage clamp in order 
to correlate water movements and transport cur-
rents. When the bathing solution was made hyper-
osmolar, the rate of shrinkage defined the passive 
water permeability. The contribution of the GAT-1 
to the water permeability of the oocyte was around 
3       10  � 6        cm       sec  � 1 (osm       l  � 1 )  � 1  equivalent to 1.6       10  � 4        cm       s  � 1  
( Loo et al., 1999 ;  MacAulay et al., 2002b ). This was 

obtained at an expression level of GAT-1 that gave cur-
rents of around 350       nA at clamp potentials of  � 50       mV. 
Both the water permeability and the clamp current 
were abolished by the inhibitor SKF89976A. In addi-
tion to water, GAT-1 was permeable to urea ( Loo et al., 
1999 ). This has also been reported for other cotrans-
porters: the Na  �  -coupled glutamate cotransporter 
( MacAulay et al., 2002a ), the Na  �  -coupled glucose 
cotransporter (SGLT1) and the iodide cotransporter 
(NIS) ( Leung et al., 2000 ). This supports the notion of 
an aqueous pathway through the transporter. 

 In   addition to its passive water permeability, GAT-1 
also cotransports water along with the GABA as a sec-
ondary active transport ( Loo et al., 1996 ;  MacAulay et al., 
2002b ). In analogy with what has been observed for a 
wide range of cotransporters ( Table 28.2 ), the volume 
of the GAT-1 expressing oocyte increased linearly with 
time in the presence of GABA under voltage clamp 
conditions. The volume changes correlated closely with 
the integrated GABA-induced currents, which equals 
the charge that has entered the oocyte ( Fig. 28.4   ). The 
correspondence between the volume change and the 
charge demonstrates that a fixed number of water mol-
ecules enters per translocated charge or, synonymously, 
per turnover of the transporter. The calculated coupling 
ratio amounts to 330 water molecules per turnover. 
If Li  �   replaced Na  �   in the bathing solution, both 
cotransport of GABA as well as of water were abolished; 
instead the cotransporter acted as a passive electrical 
leak in which the current is carried by Li  �   ( MacAulay 
et al., 2002b ). Such leak currents did not give rise to 
cotransport of water. This shows that the cotransport of 
water depends on Na  �  -mediated cotransport of GABA 
by a mechanism intrinsic to the cotransporter and not 
by the accumulation of ions in an unstirred layer in the 
cytoplasm of the oocyte. If transport into the cytoplasm 
had given rise to unstirred layers, such effects should 
also be observed with the Li  �   currents.  

    F .       What is the Molecular Mechanism of Water 
Cotransport? 

 The   ability of cotransport proteins for passive trans-
port of water (and urea) is good evidence for an aque-
ous pathway through the proteins ( Guan and Kaback, 
2006 ). The capacity of the pathway and thereby the 
passive permeability may vary among various confor-
mational states of the cotransporter ( MacAulay et al., 
2002a ), but in all cases, the fluxes are driven by exter-
nally applied gradients. 

 While   the concept of a passive permeability is rela-
tively simple, the more difficult question remains: Which 
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 FIGURE 28.3          NKCC1 is a molecular water pump. Human pig-
mented ciliary epithelial cells where exposed to abrupt changes in 
bathing solution composition. The resulting volume changes can be 
attributed to NKCC1 located to the apical membrane, as described 
in  Hamann et al. (2005) . In the first experiment (Cl  �   free), isos-
motic substitution of Cl  �   by the inert anion gluconate caused rapid 
cell shrinkage. When Cl  �   was returned, the cells returned to their 
original volume. In the second experiment, addition of 50       mOsm of 
mannitol ( � 50       man) to the bathing solution produced a rapid cell 
shrinkage. In the last experiment, the cells were first shrunk by 
removal of Cl  �   (Cl  �   free). Then Cl  �   was returned, simultaneously 
with the addition of 50       mOsm of mannitol (Cl  �        �      50       man). The 
question posed by this experiment is whether the Cl  �  -dependent 
influx of water can overcome the osmotic efflux generated by the 
mannitol. The experiment shows clearly the Cl  �  -dependent influx 
can proceed inwards against the osmotic gradient of 50       mOsm 
imposed by the mannitol (Hamann et al., unpublished).    
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structures and conformational changes in cotransport 
proteins could explain cotransport of water in which 
energy from the downhill movements of ions and 
other non-aqueous substrates are coupled to the uphill 
movements of water? Two different mechanisms have 
been suggested, the mobile barrier model ( Zeuthen, 
2000, 1994 ;  Zeuthen and MacAulay, 2002 ;  Zeuthen and 
Stein, 1994 ) and the osmotic coupling mechanism 
( Naftalin, 2008 ;  Zeuthen, 2000, 1991a ;  Zeuthen et al., 2007 ; 
 Zeuthen and Stein, 1994 ). The two mechanisms are set up 
in schematic form in  Fig. 28.5   A and B. In a final model, 
the two mechanisms may operate simultaneously. 

 The   first mechanism is based upon the alternat-
ing access model ( Mitchell, 1957 ) and can be divided 
into five steps, see  Fig. 28.5A : (i) when the substrate 
is applied to the  cis  side of the transporter, it binds 
inside an aqueous cavity, (ii) conformational changes 
are elicited which occlude the substrates together with 
a number of water molecules, (iii) the cavity opens 
to the  trans  side and the substrates exits, (iv) in the 
absence of substrates, the transporters attain a closed 
state with a small or no aqueous cavity and as a con-
sequence, a number of water molecules equivalent to 

the closure will follow the substrates, and (v) the pro-
tein returns to its initial state. 

 The   second mechanism ( Fig. 28.5B ) is analogous 
to the three-compartment model for transepithelial 
water transport ( Curran and Macintosh, 1962 ; 
 Naftalin, 2008 ;  Zeuthen and Stein, 1994 ). In the first 
version of the model, the coupling took place in a 
cellular compartment; in its molecular version, the 
coupling space is in the transport molecule, associ-
ated with the aqueous cavity in which the substrate 
binds. This space becomes hyperosmolar when the 
substrate leaves the binding site and becomes ther-
modynamically free inside the cavity. This situa-
tion remains until the substrate exits into the bulk 
solution on the  trans  side. As long as the substrate 
remains in the cavity, the resulting hyperosmolar-
ity will pull water from the  cis  compartment, across 
the protein and into the  trans  compartment. This 
mode of operation can be formulated thermody-
namically as follows. The barrier that separates the 
 cis  compartment from the cavity constitutes a selec-
tivity filter for the substrate and functions as a semi-
permeable membrane defined by a given osmotic 
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 FIGURE 28.4          Cotransport of water by the Na  �  -coupled GABA transporter GAT1.  A.  In the presence of Na  �   and Cl  �   the cotransport of 
GABA is associated by a flux of water in a strict stoichiometric relationship.  B.  A GAT-1-expressing oocyte was clamped to  – 50       mV and 100        μ M 
GABA was isotonically added to the test solution (black bar). Accordingly, there was no osmotic driving force across the membrane. The jag-
ged line in the figure represents the volume of the oocyte and the straight line represents the total amount of charges translocated by the 
GABA transport.  C.  If Na  �   is replaced by Li  �  , the transporter carries a large Li  �   leak current but GABA and H 2 O are not cotransported. In 
( D ) GAT-1-expressing oocytes were clamped to varying membrane potentials (from  – 30 to  – 140       mV). The leak current ( I  Li  � ) obtained with 100       mM 
Li  �   ( I  Li       �       I  Ch ) or the GABA current  I  GABA  obtained with 100        μ M GABA ( I  Na � GABA   –   I  Na ) gave currents in the range 50 to 700       nA,  n       �      6 – 7. The accom-
panying water flux ( J  H2O ) is plotted versus this current for the leak current (black circles) and the GABA-induced current (white circles).    
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water permeability (L p ) and a reflection coefficient 
( σ ) close to one. As a result, water enters the cavity 
from the  cis  side by osmosis as long as the substrate 
occupies the cavity. The other barrier of the protein is 
located at the  trans  side of the protein. This barrier can 
also be described by two parameters: a permeability 
that defines the delayed exit of the substrate from the 
cavity and a reflection coefficient ( σ ). Since the barrier 
discriminates only little between substrate and water, 
the reflection coefficient is close to zero. Accordingly, 
water is being expelled from the cavity of the protein 
by hydrostatic forces generated within the protein. 
It should be emphasized that the physical problems 
associated with the exit of a substrate from an aque-
ous cavity outlined in  Fig. 28.5B  are also encountered 
in the mobile barrier model when the substrate leaves 

the protein prior to closure ( Fig. 28.5A) . Accordingly, a 
third model could be obtained by combining the mod-
els of  Figs 28.5A and 28.5B . 

 The   wide aqueous cavities required by the models 
above are in fact present in membrane proteins such as 
cotransporters, as revealed by recent high-resolution 
structures (for reviews see  DeFelice, 2004 ;  Guan and 
Kaback, 2006 ). The oxalate/formamate antiporter 
(OxlT) ( Hirai et al., 2002 ), the bacterial H  �  -lactose 
symporter LacY ( Abramson et al., 2003 ), the bacterial 
inorganic phosphate (P i )/glycerol-3-phosphate anti-
porter (GlpT) ( Huang et al., 2003 ), the bacterial Na  �  -
glutamate cotransporter Glt Ph  ( Yernool et al., 2004 ) 
and the leucine transporter LeuT ( Singh et al., 2007 ; 
 Yamashita et al., 2005 ) all have large hydrophilic cavi-
ties which contain the substrate binding site and have 
linear dimensions of up to 50        Å . Recently, structural 
analysis of the Ca 2 �   pump ( Olesen et al., 2007 ) has 
also revealed aqueous cavities through which Ca 2 �   
ions exit into the outside solutions. These are precisely 
the features required by the models for coupling 
between water and substrates described above. 

 Conformational   changes in proteins involve move-
ments of complete domains relative to each other. This 
will change the amount of water held by the protein in 
two ways. First, cavities that contain bulk water may 
change their size. Second, the surface area of the pro-
tein may change and loosely attached surface water 
will be exchanged with the surroundings ( Parsegian, 
2002 ;  Rand, 2002 ). Such effects have been studied in 
experiments where enzymatic activity was monitored 
as a function of the chemical potential for water in 
the external medium. The concept has been applied 
to a number of enzymes, both membrane-bound and 
water soluble, and has demonstrated a wide range of 
numbers for exchangeable water molecules, from ten 
to more than a thousand, see  Table 28.2  and associ-
ated text. From simple physical consideration, such 
values are not inconceivable. The volume of 500 mol-
ecules of bulk water is about 15,300       A 3 . Given a molec-
ular weight of the KCC of about 125       kD ( Gamba, 2005 ; 
 Russell, 2000 ), this water would constitute less than 
10% of the protein volume, assuming a density of the 
protein of about 1. Surface water is more compact than 
bulk water as one water molecule occupies an area 
of 10       A 2  ( Colombo et al., 1992 ). Given this value, 500 
water molecules would occupy a surface of 5000       A 2 , 
equivalent to the surface of a 100       A long, 15       A wide 
tube. These estimates from membrane-bound trans-
porters are not incompatible with those obtained from 
aqueous enzymes,  α -amylase, hexokinase and hemo-
globin, described above. Studies of  α -amylase show 
that between 5 and 10% of the protein volume is occu-
pied by water, equivalent to 300 – 500 water molecules; 
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 FIGURE 28.5          Molecular mechanism for water transport 
through cotransport proteins.  A.   The cotransport mechanism . Here 
the mobile barrier model ( Mitchell, 1957 ) is adapted for cotrans-
port of non-aqueous substrates (black spheres) and water (hatched). 
Hydration of the access cavity allows entry of the substrate from 
the  cis  side and binding inside the cavity. Subsequently, a conforma-
tional change in the protein shifts the opening of the cavity from the 
 cis  side to the  trans  side, which allows the substrate to leave towards 
the  trans  side. The transition from being open towards the  trans  side 
to being open to the  cis  side takes place via a closed conformation in 
which the aqueous cavity in the protein is small.  B.   The osmotic cou-
pling mechanism . The substrate (black spheres) is transported from 
the  cis  compartment into a static aqueous cavity in the protein 
which is permanently open to the  trans  side. The cavity is limited 
to the  cis  side by a semi-permeable membrane (reflection coefficient 
 σ       �      1). The  cis  barrier has passive water permeability and water is 
transported by osmosis from the  cis  side into the cavity. The  trans  
side of the protein is characterized by a low reflection coefficient 
( σ       �      0) and a certain permeability to the substrate. This model is 
based upon the two barrier model of  Curran and Macintosh (1962) , 
see text.    
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about 90 of the water molecules are exchanged with 
bulk water during conformational changes. 

 In   conclusion, the concept of cotransporters as 
molecular water pumps is supported by our present 
knowledge of the structure of cotransport proteins. To 
escape the proteins, substrates have to move through 
aqueous cavities, which will give rise to local hyper-
osmolarities and intra-molecular osmosis. In addition, 
these cavities may open and close during transport. 
The two mechanisms outlined in  Fig. 28.5  could, 
combined or in isolation, contribute to the coupling 
between substrate and water transport observed in 
cotransporters.   

    III .      A MOLECULAR MODEL OF 
EPITHELIAL WATER TRANSPORT 

BASED UPON COTRANSPORTERS AND 
THEIR REGULATION 

 Cells   strive to maintain a constant intracellular 
milieu; osmolarity, pH, cell volume, etc. within nar-
row limits. Under steady-state conditions, any influx 
of ions and water has to be matched precisely by iden-
tical effluxes. In non-polarized cells, such as erythro-
cytes or muscle cells, the influx and efflux mechanisms 
are distributed evenly over the membrane and there 
is no vectorial or trans-cellular transport ( Fig. 28.6A)   . 

In polarized or epithelial cells, the situation is differ-
ent. Some influx mechanisms are located at the one 
membrane and some efflux mechanisms to the other 
membrane. (Please note that ion and fluid movement 
can go in either direction, depending on the type of 
epithelium: secretive versus absorptive.) The asymme-
try gives rise to the transepithelial transport. In short: 
net influxes across one membrane have to be matched 
exactly by net effluxes across the other. The critical 
question is how are the fluxes made to match? 

 In   the following example, we consider a simpli-
fied epithelial cell and a simplified transport situation 
( Fig. 28.6B ). The influx of NaCl and water at the entry 
membrane are assumed to be uncontrolled, i.e. they 
only follow the prevailing electrochemical gradients. 
For most leaky epithelia this assumption can be jus-
tified. Reductions of external Na  �   leave the net flux 
of Na  �   mostly unaffected, due to the relatively low 
value of  K  m  of the entry mechanism of about 10       mM 
( Baerentsen et al., 1983 ). The effluxes, however, are 
maintained by Na  �  /K  �  ATPase, KCC and NKCC1. 
The ATPase maintains the Na  �   and K  �   gradients that 
energize the transports. In the present context, it is not 
assumed that transport be regulated other than from 
responding to the given Na  �   and K  �   gradients. The 
activity of KCC and NKCC1, however, are assumed 
to be controlled by signals originating from sensors of 
some vital intracellular parameters, as, for example, 
the osmolarity. The simple epithelial model given 
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 FIGURE 28.6          Transepithelial transport is unilateral volume regulation. To maintain intracellular parameters constant (i.e. osmolarity and 
Na  �   concentration) cells have to maintain effluxes that match the influxes.  A.  In symmetrical or unpolarized cells the membrane transporters 
are distributed evenly over the membrane.  B.  In polarized or epithelial cells all (or a fraction of) the influx mechanisms are localized to the 
entry membrane. It follows from the principle of mass balance that matching efflux mechanisms are localized at the exit membrane. This leads 
to transepithelial transport. In the illustrated example there is influx of water and NaCl. Effluxes are maintained by a combination of the Na  �  /
K  �  -ATPase, the K  �  -Cl  �   cotransporter, and the Na  �  -K  �  -2Cl  �   cotransporter. The model requires that a set of intracellular parameters are moni-
tored and that the appropriate signals are sent to the membrane transporters. In the present example, only transporters at the exit membrane 
are regulated, i.e. by changing their level of phosphorylation (see text).    
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in  Fig. 28.6B  is a good representation of the choroid 
plexus epithelium and other leaky epithelia, the main 
function of which is to transport water and NaCl. 

    A .      Regulation of KCC and NKCC 

 Changes   in cell volume can be detrimental to cells 
and they therefore have fine-tuned volume-regulation 
mechanisms that are based, at least in part, on the con-
certed activities of NKCC and KCC. When cells shrink 
upon exposure to hypertonic extracellular fluid, the 
activity of NKCC increases while the activity of KCC 
decreases (Adragna et al., 2004;  Gamba, 2005 ;  Russell, 
2000 ) and transport of Na  �  , K  �   and Cl  �   into the cell 
is augmented ( Fig. 28.6A) . As described above, water 
is transported within the NKCC1 which, together with 
the gradual intracellular accumulation of osmolytes 
(Na  �  , K  �   and Cl  �  ), increases the rate of regulatory vol-
ume increase. Conversely, when cells swell upon expo-
sure to hypotonic media, the activity of KCC increases, 
while the activity of NKCC decreases (Adragna et al., 
2004;  Russell, 2000 ) and K  �   and Cl  �   are exported out 
of the cell, together with around 500 molecules of 
water per turnover of the protein, as described above. 
Thereby regulatory volume decrease is initiated and 
the cell volume reverts to its original size. 

 Somehow   the cells manage to sense the change 
in osmolarity and/or the intracellular Cl  �   concen-
tration and convey a signal to KCC and NKCC1 to 
increase or decrease their activity, respectively. It has 
been shown that upon phosphorylation, the activ-
ity of NKCC increases, whereas the activity of KCC 
decreases (Adragna et al., 2004;  Flatman, 2002 ;  Russell, 
2000 ). KCC and NKCC have been shown to be regu-
lated by a variety of kinases and phosphatases but in 
the present context, we will focus on a strong candi-
date for this concerted volume regulatory pattern: the 
WNK kinase family ( W ith  N o  K      �       lysine), reviewed 
by ( Delpire and Gagnon, 2008 ;  Kahle et al., 2008, 2006 ). 
WNK3 has been shown to colocalize with NKCC1 and 
the two isoforms KCC1 and KCC2 in Cl  �  -transport-
ing epithelia and does indeed increase the transport 
activity of NKCC1 and decrease the transport activity 
of KCC1-2 expressed in  Xenopus  oocytes ( Kahle et al., 
2005 ). Moreover, the osmolarity-dependent change in 
activity of NKCC1 and KCC1/2 is bypassed by WNK3, 
which altogether point to WNK3 as being part of the 
osmosensing mechanism by which the cell maintains 
its volume during exposure to osmotic stress ( Kahle 
et al., 2006, 2005 ), possibly via an indirect mechanism 
involving phosphorylation of a phosphatase (de  Los 
Heros et al., 2006 ). Other members of the WNK fam-
ily also play a role in the osmosensing response in 

a signaling pathway involving SPAK (Ste20SPS1-
related, proline alanine-rich kinase) and OSR1 (oxida-
tive stress-responsive kinase-1) ( Delpire and Gagnon, 
2008 ;  Kahle et al., 2006 ): WNK1/WNK4 phosphorylate 
SPAK/OSR1, which in turn phosphorylate NKCC and 
KCC and thereby lead to an up-regulation of NKCC 
and a down-regulation of KCC ( Gagnon et al., 2006 ; 
 Garzon-Muvdi et al., 2007 ). WNK1 has been shown to 
be autophosphorylated and activated by hypertonic-
ity ( Lenertz et al., 2005 ;  Zagorska et al., 2007 ), and the 
SPAK/OSR1-dependent phosphorylation of NKCC1 
can be initiated by hyperosmolar stress ( Vitari et al., 
2006 ), which taken together points to WNK1 as a pos-
sible osmosensor candidate as well as an effector. It has 
been shown that SPAK translocates from the cytoplasm 
to the cytoskeleton upon a hyperosmotic challenge 
( Tsutsumi et al., 2000 ) and as SPAK has been shown to 
physically interact with NKCC1 and WNK4 ( Gagnon 
et al., 2006 ), this stress-dependent translocation may 
be one of the osmosensing signals required to initiate 
regulatory volume changes. Altogether, the WNK fam-
ily and the SPAK/OSR-1 kinases may serve as osmo-
sensors as well as the kinases initiating the regulatory 
volume changes by directly or indirectly changing the 
level of phosphorylation on NKCC and KCC1-2. This 
topic is covered in more details in Chapter 11. Other 
candidates for osmosensors are stretch-activated ion 
channels ( Voisin and Bourque, 2002 ), volume-activated 
ion channels ( Grunnet et al., 2002 ) and aquaporins ( Hill 
et al., 2004 ;  Wells, 1998 ).  

    B .       The Direction of Water Transport in 
Leaky Epithelia and Transport by KCC and 
NKCC Coincide 

 The   oppositely directed regulation of KCC and 
NKCC1 by phosphorylation provides a simple expla-
nation as to how absorption in a given epithelial cell 
can be changed into secretion and vice versa. If a 
phosphorylation is induced (by cell shrinkage, for 
example) NKCC would be up-regulated, and KCC 
down-regulated and vice versa ( Fig. 28.7   ). 

 Epithelia   working under normal physiological con-
ditions can be classified according to whether they 
have KCC or NKCC1 as the dominating Cl  �  -dependent 
cotransporter colocalized with the Na  �  /K  �  -ATPase, 
 Fig. 28.8    ( Russell, 2000 ;  Zeuthen, 1996 ). KCC has been 
located to the exit membrane in a number of water 
transporting (leaky) epithelia; gall bladder, kidney 
proximal tubule, small intestine and choroid plexus 
(Adragna et al., 2004;  Karadsheh et al., 2004 ;  Zeuthen, 
1994 ). The transporter is energized, in part, by the K  �   
gradient built up by the Na  �  /K  �  -ATPase. Importantly, 
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there is always a KCC in the exit membrane, the 
transport direction of which is the same as the water 
transport of the whole epithelium ( Zeuthen, 1996 ). 
In situations where additional transport functions 
are required, there is evidence that NKCC1 is pres-
ent or can be induced in the exit membrane: choroid 
plexus ( Johanson et al., 1990 ;  Karadsheh et al., 2004 ), 
small intestine ( MacLeod and Hamilton, 1990 ) and 
kidney proximal tubule ( Aronson, 1989 ). NKCC1 is 
located primarily to the entry membrane of a number 
of secretory epithelia, such as the glandular acini and 
the upper airways ( Silva et al., 1977 ). It has also been 
found in the absorptive retinal pigment epithelium 
( Fig. 28.8 ). The transporter is energized, at least in part, 
by the Na  �   gradient built up by the Na  �  /K  �  -ATPase. 

In analogy with the KCC, the direction of the ion and 
water transport by the NKCC is always identical to 
that of the whole epithelium. 

 Thus  , among the water transporting epithelia, the 
direction of water transport and that of ion and water 
transport by KCC and NKCC coincide. In contrast, 
the direction of active ion transport by the Na  �  /K  �  -
ATPase as well as the ultrastructure of the epithelium 
give no clue as to the direction of water transport. It 
is tempting to conclude that KCC and NKCC are cen-
tral for the coupling between ion and water transport 
in these epithelia. But how well do the simple mod-
els of          Figs 28.6, 28.7 and 28.8  explain some impor-
tant physiological and well-established transport 
properties?  
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    C .       KCC Plays a Key Role for the Coupling of 
Salt and Water Transport in Leaky Epithelia 

 A   model for water transport in leaky epithelia 
should explain two groups of well-established find-
ings: isotonic transport and the ability for uphill 
water transport ( Zeuthen, 2002 ). In humans, the most 
prominent example of isotonic transport is seen in the 
proximal tubule of the kidney, which reabsorbs about 
135 liters of plasma-like ultra-filtrate each day. The 
most prominent example of uphill transport is in the 
small intestine just after a meal, where the epithelium 
is able to reabsorb water against an osmotic gradient 
of 200       mOsm, largely made up by an excess of glucose 
( Pappenheimer, 1998 ;  Zeuthen, 2008 ). 

 An   epithelium transports isotonically when it trans-
ports a solution with the same tonicity (or osmolarity) 
as that of the bathing solution. In the simplest situ-
ation, the epithelium is bathed on its entry side in the 
test solution (osmolarity  π  entry ,  Fig. 28.9   ), while the solu-
tion on the exit side consists of the transported solution 
itself (osmolarity  π  exit ). For isotonic transport the two 
osmolarities equal each other ( π  entry       �       π  exit ). This decep-
tively simple situation in fact poses at least three very 
difficult questions: How can the flux of water proceed 
without any transepithelial osmotic gradient? What are 
the mechanisms that ensure that the salt flux and the 
water flux proceed in a ratio equal to that in the bathing 
solution? If the cell is hyperosmolar to the solution at 
the entry side, how does water come out of the cell? 
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 FIGURE 28.8          Transepithelial water transport and cotransport of ions and water by the KCC and the NKCC take place in the same direc-
tion. Water transporting epithelia can be grouped according to their Cl  �  -dependent cotransporters (KCC or NKCC), their ultrastructure 
(microvilli and junctions), the direction of water transport and the localization of the Na  �  /K  �  -ATPase (filled circle). In absorptive leaky epi-
thelia, such as gall bladder, small intestine, kidney proximal tubule and choroid plexus, the direction of water transport by KCC (KCl-H 2 O 
cotransport) and of transepithelial water transport coincide. In other types of epithelia, primarily secretory, such as airway epithelia, acini from 
glands, and retinal pigment epithelium, the direction of water transport by NKCC (Na  �  -K  �  -2Cl  �  -H 2 O cotransport) and the transepithelial 
water transport coincide. There is no correlation between the direction of transepithelial water transport and the ultrastructure (orientation 
of the microvilli and of the lateral spaces, and the location of the junctional complex,  Zonulae occludence ), or the direction of transport by the 
Na  �  /K  �   ATPase.    

III. A MOLECULAR MODEL OF EPITHELIAL WATER TRANSPORT BASED UPON COTRANSPORTERS AND THEIR REGULATION



28. CHLORIDE TRANSPORTERS AS WATER PUMPS560

 The   problems of explaining isotonic transport by 
exclusively osmotic mechanisms are illustrated in 
 Fig. 28.9 , where the  experimentally  determined osmotic 
profile through the epithelium is shown in  Fig. 28.9 
A : the osmolarity of the cellular compartment ( π  cell ) 
is higher than both the entry compartment ( π  entry ) and 
the exit compartment ( π  exit ), while the entry bath and 
the exit bath have the same osmolarity ( π  entry       �       π  exit ). It 
is generally accepted that the cell is hyperosmolar rela-
tive to the entry compartment ( Zeuthen, 1982, 1983 ) and 
that the entry of water, at least in principle, could be 
explained by simple osmosis. (Please note that a signifi-
cant fraction of the water may enter in cotransport with 
organic substrates ( Table 28.2 ), but that is not the issue 
here.) Thus, water can get easily in by osmosis, but how 
does it get out? The osmotic driving force for water exit 
points to the wrong direction. 

 In   a steady state, the entry of water would have 
to be matched by the exit. If the exit of water also 
took place through osmosis, it would require that 
the osmolarity of the solution in the exit compart-
ment be larger than that of the cell and therefore even 
larger than that of the solution in the entry compart-
ment ( π  entry       �       π  cell       �       π  exit ,  Fig. 28.9B ). But these two 
stepwise increases in osmolarity would be incompat-
ible with isotonic transport, i.e. with the osmolarity 
of the exit bath being equal to that of the entry bath 
( π  exit       �       π  entry ). The solution in the exit compartment 
would always be hyperosmolar relative to the solu-
tion bathing the entry side. 

 Two   hypotheses have been advanced to rescue the 
idea of water transport by purely osmotic mecha-
nisms, and both are clearly insufficient. In the first 
hypothesis, the osmotic permeabilities of the two 
membranes are assumed to be so high that the hyper-
osmolarity of the transported solution would in effect 
be very small. This scheme is untenable for two rea-
sons. First, passive water permeabilities of epithelial 
cell membranes are not, in general, very high. Second, 
most leaky epithelia are able to transport water uphill, 
from the entry to the exit solution, against the chemi-
cal potential gradient of water (see below); in case 
of highly water permeable membranes the passive 
back-flux of water would be prohibitively large. In the 
second hypothesis, it is assumed that the osmolarity 
in lateral intercellular spaces or in some subepithe-
lial compartment is higher than that of the cell. This 
would ensure the transport of water from the cell 
into the exit solution. Despite significant experimen-
tal efforts, no such hyperosmolar compartments have 
yet been found. On the contrary, detailed studies with 
ion-selective microelectrodes in intact lateral intercel-
lular spaces have shown that the osmolarity in the 
lateral intercellular spaces is isosmotic with the solu-
tion bathing the entry membrane as well as the exit 
membrane ( Ikonomov et al., 1985 ;  Zeuthen, 1983 ). 
This agrees well with the fact that lateral intercellular 
spaces are too short and wide to restrict solute diffu-
sion, and that subepithelial structures are not tight 
enough to impede significantly the movements of salt 
away from the epithelium ( Hill, 1975 ), for reviews see 
( Hill, 2008 ;  Zeuthen, 2002 ). 

 The   central problem is therefore to explain how 
water moves, uphill, from the cell into the exit solu-
tion against the direction of the water chemical poten-
tial difference. The inclusion of a KCC which mediates 
K  �  -Cl  �  -H 2 O cotransport at the exit membrane solves 
this problem directly. There is sufficient energy con-
tained in the outwardly directed gradients of K  �   and 
Cl  �   to mediate an efflux of water against osmotic gra-
dients as high as 200 to 300       mOsm ( Zeuthen, 1994, 
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 FIGURE 28.9          Osmotic models for water transport across leaky 
epithelia are inadequate. In leaky epithelia such as the choroid 
plexus, small intestine and proximal tubule, the flux of water ( J  H2O ) 
follows the flux of salt ( J  S ).  A.  Experiments show that during iso-
tonic transport the osmolarity of the solution at the exit side (the 
transported solution,  π  exit ) equals that of the solution at the entry 
side ( π  entry ), and that the osmolarity of the cell ( π  cell ) is higher than 
both. The numbers (in mOsm) are based on data from the mamma-
lian small intestine ( Zeuthen, 2002 ). Clearly,  J  H2O  can enter the cell 
by osmosis, but how does water get out? The problem is to explain 
how water moves uphill, from the cell of osmolarity  π  cell  into the 
exit compartment of osmolarity  π  exit ; the osmotic gradient has the 
wrong sign.  B.  If the transepithelial water transport is assumed to 
take place by osmosis across both the entry and the exit membrane, 
the osmotic profile through the cellular pathway must increase in 
two steps. As a consequence, the osmolarity of the transported solu-
tion ( π  exit ) needs to be around 400       mOsm and the transport is not 
isotonic in conflict with the experimental data, see text.    
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1991a, b ). KCC may also contribute a major portion 
of the total transepithelial water transport. First, the 
tonicity of the solution transported by KCC is close 
to that of the bathing solutions. Physiological saline 
for amphibians contains about 110       mM of NaCl. The 
ratio between KCl and water transport in the amphib-
ian KCC is fixed at 500 water molecules per pair of K  �   
and Cl  �  , equivalent to 110       mM ( Table 28.2 ). Second, in 
case the K  �   flux through KCC is balanced precisely by 
influx of K  �   through the Na  �  /K  �   ATPase, it can be 
estimated that the water transported by KCC is about 
two-thirds of the transepithelial water flux. 

 The   ability for uphill water transport by KCC gives 
a direct explanation to the perplexing property of 
uphill water transport. It was discovered more than 
a hundred years ago that epithelia could transport 
water uphill, against the direction of the water chemi-
cal potential gradient ( Ludwig, 1861 ;  Reid, 1892, 
1901 ). Only when sufficient amounts of an imperme-
able osmolyte were added to the entry solution was 
the transepithelial water transport arrested. But the 
amount to be added could be surprisingly high, with 
values ranging from 20       mOsm in the kidney proxi-
mal tubule ( Green et al., 1991 ) to 200       mOsm in the 
small intestine ( Pappenheimer, 1998 ), for a review see 
 Zeuthen (2002) . The proximal tubule has high passive 
water permeability due to its high number of aquapo-
rins and the osmotic back-flux induced by the added 
osmolyte becomes appreciable at low concentrations. 
In contrast, the intestine has relatively low passive 
water permeability and it takes much higher luminal 
hyperosmolarities to nullify the net transport of water. 
The ability of KCC to transport water against osmotic 
gradients of up to 200 to 300       mOsm would give a 
direct explanation of the ability of the whole epithe-
lium for uphill transport of water. For quantitative 
considerations see  Zeuthen (2002, 1996) . 

 The   concept of KCC being central to the coupling 
between salt and water transport in leaky epithe-
lia suggests several experiments in which the role of 
the KCC and its regulation could be tested. It is, for 
example, well established that the ability for isotonic 
transport remains when epithelia are adapted to trans-
port in dilute solutions: As illustrated in  Fig. 28.9A  
the osmolarity of the solution secreted at the exit 
side equals that of the bathing solution on the entry 
side. In fact, the situation is qualitatively the same as 
encountered under physiological conditions, but the 
important point is that the rate of water transport goes 
up in proportion to the degree of dilution, while the 
rate of NaCl transport remains constant ( Diamond, 
1964 ;  Hill and Hill, 1978 ;  Whitlock and Wheeler, 1964 ; 
 Whittembury and Hill, 1982 ;  Zeuthen, 1982, 1983 ), 
see  Fig. 28.10   . Interestingly, leaky epithelia tolerate 

reversibly major dilutions. The dilution likely leads to 
cell swelling which causes an up-regulation of KCC 
(Adragna et al., 2004).   

    IV .      ROLE OF COTRANSPORTERS AND 
UNIPORTERS IN A TIGHT EPITHELIUM, 

THE BLOOD – BRAIN BARRIER 

 Epithelia   are divided into leaky and tight epithe-
lia on the basis of the permeability of their junctions 
( Zonulae occludence ). Leaky epithelia are responsible 
for large rates of transport of plasma-like solutions 
and can support paracellular ion fluxes in order to 
maintain electroneutrality. In contrast, tight epithelia 
have to maintain transepithelial concentration dif-
ferences. This is carried out by well-controlled trans-
porters of specific ions and substrates located to the 
cell membranes, whereas the junctions are relatively 
impermeable. But how is the water transported across 
a tight epithelium controlled? The ion and substrate 
transporters have an inherent capacity for water trans-
port (       Tables 28.1 and 28.2 ) so there will always be a 
given water permeability associated with the ion and 
substrate transport. This situation will be reviewed 
using as example the tight endothelium of the brain. 

    A .       The Water Permeability of the Endothelial 
Wall can be Explained by GLUT1 and 
NKCC1 

 The   volume of the brain and its surrounding cere-
brospinal fluid (CSF) is under strict homeostatic 
control. An increased influx of water from the blood 
under pathological conditions leads to an increased 
intercranial pressure and reduced cerebral blood flow, 
and this may become fatal. The brain-CSF system 
is separated from the rest of the body by the blood –
 brain barrier (BBB), the major component of which is 
the endothelial wall of the brain capillaries. The BBB 
serves two, in certain respects conflicting, purposes: 
it protects the brain from changes in plasma compo-
sition and it provides pathways for nutrients and 
exchange of respiratory gases. 

 To   protect the brain from volume changes, the 
endothelial wall is rather water impermeable. When 
compared to other cell layers ( Table 28.3 ), it is seen 
that the water permeability of the BBB is among the 
lowest when compared to other cell layers, and simi-
lar to that of the frog skin. 

 However  , the BBB cannot be completely imperme-
able, as it has to provide the pathway for nutrients 
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and gases. As a consequence, the area of the endo-
thelial wall that supplies a given volume of the brain 
has to be large. The surface-to-volume ratio for the 
brain is about 100       cm 2  of endothelial membrane per 
cm 3  of brain ( Paulson et al., 1977 ). Given this high 
ratio, water transport across the endothelial cell 
layer becomes significant. For example, a gradient 
of 1       mOsm (equivalent to 0.3% of the human plasma 
osmolarity) across the endothelial wall would lead to 
a 16% change in brain volume per day. 

 Which   proteins are responsible for the water per-
meability of the BBB? Several of the water-perme-
able transporters (or other isoforms thereof) listed in 
       Tables 28.1 and 28.2  are present in the endothelial wall 
( Fig. 28.11   ): NKCC1 ( O’Donnell et al., 2004 ), GLUT1, 
MCT1, GAT-2 ( Takanaga et al., 2001 ), EAAT1-3 
( O’Kane et al., 1999 ), as well as the large amino acid 
transporter LAT1 ( Matsuo et al., 2000 ). The water 
permeability of hLAT1/4F2hc-expressing oocytes 
was 40% larger than that of the non-injected oocytes, 

while the  14 C-leucine uptake was seven-fold larger 
(MacAulay, unpublished results). It can be estimated 
that the water permeability of these transporters is 
sufficient to explain the water permeability of the 
BBB. Take glucose transport by GLUT1 as an exam-
ple. At first sight, the water permeability per protein 
seems small ( Table 28.1 ), but as the number of pro-
teins needed to supply the brain with glucose is large, 
the total water permeability becomes significant. In 
other words, it is the ratio of water permeability to 
glucose permeability that is important. As a first step, 
the transport capacity can be inferred from the rate of 
glucose consumption. From an oxygen consumption 
of 2.6       10  � 8        mol O 2 /gram*s, it follows that 2.6       10  � 8        mol 
glucose is consumed per gram*s by aerobic metabo-
lism. The capillary surface is 100       cm 2  per gram of brain 
tissue ( Paulson et al., 1977 ), so the glucose transport 
across the brain capillaries has to supply 1.3       10  � 10        mol 
glucose/cm 2  * s. If we assume a plasma glucose of 
10       mM (equivalent to 5       mM in whole blood) and a 
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 FIGURE 28.10          Isotonic transport in dilute solutions. An example of up-regulated volume transport in leaky epithelia. When an epithe-
lium is adapted to transport in dilute solutions the cells will tend to swell and KCC will be up-regulated. The prediction of increased volume 
transport is supported by experimental data.  A.  The rate of water transport ( J  H2O  in units of  μ L       cm  � 2        h  � 1 ) is larger in epithelia adapted to dilute 
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spaces was the same as that in the secreted solution. Data from amphibian gall bladders ( Zeuthen, 1983, 1982, 1981 ).    
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glucose concentration of 5       mM in the brain interstitium 
( Simpson et al., 2007 ), the gradient across the endo-
thelial wall amounts to about 5       mM. Accordingly, the 
 P  GLUC  can be calculated as 0.52*10  � 4        cm s  � 1 . The second 
step is to estimate the water permeability ( L  p ) associ-
ated with this P GLUC  by means of the ratio of  L  p / P  GLUC  
which for GLUT1 is about 40:1 at room temperature 
(see Table 1, Zeuthen unpublished). At body tempera-
ture (37 ° C) the ratio would be closer to 6:1, considering 
the high temperature coefficient of glucose transport 
( Simpson et al., 2007 ). These values were obtained 
from expression studies in  Xenopus laevis  oocytes in a 
manner analogous to the study of GLUT2 for which 
 L  p / P  GLUC  was 10:1 at room temperature ( Zeuthen 
et al., 2007 ). Accordingly, the  L  p  contributed by the glu-
cose transporter can be estimated at 0.3       10  � 3        cm       s  � 1  for 
37 ° C (or 2.1       10  � 3        cm       s  � 1  at room temperature) which 
is in good agreement with the overall  L  p  measured in 
humans  in vivo  of 1.04       10  � 3        cm       s  � 1  ( Paulson et al., 1977 ). 

 It   is not possible to give an estimate of the relative 
contributions of the other transporters listed in  Fig. 28.11  
to the overall passive water permeability of the BBB. 
It may be inferred, however, that the contribution 

of the NKCC1 is significant, as the water permeability of 
NKCC1 is comparable to that of AQP1 ( Table 28.1 ), and 
with this transport protein being present in the endo-
thelium ( O’Donnell et al., 2004 ). Thus, sizeable water 
fluxes are expected to take place through this protein.  

    B .       The Role of NKCC1 during Brain Edema 
Formation 

 Brain   edema is a potentially life-threatening condi-
tion that is due to an increase in brain water content 
and in intra-cranial pressure. Brain edema may accom-
pany diverse conditions, such as brain tumors, brain 
hemorrhage, severe head trauma, meningitis, stroke 
(ischemia), liver failure, etc. The path of water entry 
initially depends on the cause of the edema, as brain 
edemas can be divided into (at least) two major kinds; 
vasogenic edema and cytotoxic edema ( Go, 1997 ). 
Vasogenic edema is characterized by the breakdown 
of the blood – brain barrier, such as during the course 
of meningitis and tumor formation. This perforation of 
the BBB would allow water, ions, plasma, etc. to dif-
fuse freely into the brain and exert its damaging effects. 
Cytotoxic brain edema arises typically following the 
lack of oxygen supply to a part of the brain. This leads 
to a reduction of the ATP levels and thereby reduces the 
function of the Na  �  /K  �  -ATPase leading to a general 
rundown of the Na  �   and K  �   gradients, a depolariza-
tion of the neurons and glia cells, and increased intra-
cellular osmolarity. The water entering into the brain 
parenchyma via the BBB under this pathological con-
dition may, at least in part, go through NKCC1 in the 
brain endothelia. In support of this notion is the lack 
of ( Nagelhus et al., 1999 ;  Nielsen et al., 1997 ) or limited 
( Amiry-Moghaddam et al., 2004 ) expression of aquapo-
rin 4 (AQP4) in the endothelial cells that comprise the 
BBB. AQP4 is, however, highly expressed in the endfeet 
of the glia cells ( Nielsen et al., 1997 ), where they confer 
a large water permeability to the glial membrane facing 
the endothelial cells. It was recently shown that NKCC1 
is implicated in the formation of cytotoxic brain edema 
during middle cerebral artery occlusion (MCAO) in 
rats ( O’Donnell et al., 2004 ): Intravenous administra-
tion of bumetanide (a selective NKCC inhibitor) during 
the MCAO reduced the edema formation by around 
50%, pointing to NKCC1 as an important player in the 
water permeability of the blood – brain barrier.  

    C .      Vasopressin and its Role in Brain Edema 

 During   conditions that lead to brain edema, 
increased levels of the anti-diuretic peptide hormone 
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 FIGURE 28.11          Transport proteins with capacity for water 
transport in the endothelium of the blood – brain barrier. Some 
transporters, such as NKCC1, the glucose uniport GLUT1, the lac-
tate transporter MCT1 and the large amino acid transporter LAT1, 
are found in both the luminal membrane facing the blood plasma 
and in the membrane facing the brain (for NKCC1: 80% in the lumi-
nal membrane and 20% in the abluminal membrane ( O’Donnell 
et al., 2004 )). Others pathways have so far only been localized to one 
of the membrane aspects, i.e. the glutamate transporters EAAT1-
EAAT3, the GABA transporter GAT2.    

IV. ROLE OF COTRANSPORTERS AND UNIPORTERS IN A TIGHT EPITHELIUM, THE BLOOD–BRAIN BARRIER



28. CHLORIDE TRANSPORTERS AS WATER PUMPS564

vasopressin have been detected in the blood stream 
( Barreca et al., 2001 ;  Miura et al., 1989 ;  Tenedieva et al., 
1994 ). In experimental studies, this hormone worsens 
the outcome of the brain edema, whether it is given 
intravenously or directly into the ventricles ( Chung 
et al., 2003 ;  Rosenberg et al., 1990 ;  Vajda et al., 2001 ). 
This is probably due to the fact that activation of the 
vasopressin receptor in the BBB increases the overall 
permeability of the barrier to water as well as to Na  �   
and K  �   ( Nagao, 1998 ). The effect of vasopressin has 
been assigned to a G-protein-coupled receptor, the 
vasopressin receptor, type 1a (V1aR) ( Rosenberg et al., 
1990 ), which upon activation initiates a downstream 
activation of phospholipase C, release of calcium and 
activation of PKC ( Lolait et al., 1995 ). Antagonists 
of this receptor have in several studies been shown 
to improve the outcome of inflicted brain edema 
( Kagawa et al., 1996 ;  Nagao et al., 1994 ;  Rosenberg 
et al., 1992 ;  Vakili et al., 2005 ). A V1aR-induced increase 
in water flow has also been detected in cortical slices 
by optical measurements ( Niermann et al., 2001 ). 

 What   could be the molecular targets that would 
lead to an increase in water transport (and Na  �   and K  �   
transport) upon activation of the vasopressin receptor? 
We propose that NKCC1 is the major candidate for the 
vasopressin-induced increased water and ion trans -
port. As mentioned above, the cotransporter con-
tributes to the edema formation, it does transport 
water, and it is expressed in endothelial cells. 
Phosphorylation of NKCC1 upon activation of V1aR 
increases the activity of the transporter in endothe-
lial cells ( O’Donnell et al., 2005 ) and cultured astro-
cytes ( Katay et al., 1998 ), which would then lead to 
an increase in water transport across the membrane 
( Hamann et al., 2005 , and unpublished, see above).   

    V .      CONCLUDING REMARKS 

 The   rate of water transport varies markedly among 
different cell layers: high rates are seen in the epithe-
lia of the small intestine and of the proximal tubule 
of the kidney; whereas in contrast, the endothelial 
cell layer of the blood – brain barrier has to minimize 
water fluxes. Disturbances of these functions lead to 
life-threatening conditions: whole body dehydration 
or an increase in intra-cranial pressure. Despite the 
vital importance of understanding water movement, 
there is no general model for epithelial and endothe-
lial water transport. 

 We   presented here a new model of epithelial water 
transport based upon unilateral cellular volume reg-
ulation. The key building blocks are the Cl  �  -coupled 

cotransporters KCC (in absorptive epithelia) and 
NKCC1 (in secretory epithelia). The coupling between 
salt and water transport takes place within these pro-
teins. As they are located to one side of the cell only, 
transepithelial transport will ensue. In order to match 
influx with efflux, the rate of transport by KCC and 
NKCC are tightly regulated by a variety of kinases. 
This regulation is key to achieving cellular homeosta-
sis, i.e. control of volume, osmolarity and ion activi-
ties. For simplicity, other transporters, such as ion and 
water channels, are not included in the model. 

 The   ability for water transport by KCC and NKCC 
is shared by several other cotransport mechanisms, as 
well as by some uniporters. The transport is bimodal: 
secondary active water transport along with the sub-
strate, and passive water transport upon an osmotic 
challenge. The coupling between water and substrate 
takes place through a mechanism intrinsic to the pro-
tein, probably associated with the substrate. 

 The   blood – brain barrier (BBB) is a tight epithelium 
that contains virtually no aquaporins. We propose 
that the transport proteins, which are located in the 
endothe lial cells that comprise the BBB, are responsible 
for the majority of the water transport between blood 
and brain, with NKCC1 and GLUT1 being the princi-
pal contributors.  
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O U T L I N E

    I .      INTRODUCTION TO THE 
CEREBROSPINAL FLUID AND THE 

CHOROID PLEXUSES 

 The   cerebrospinal fluid (CSF) fills the ventricles of 
the brain, the spinal canal and the subarachnoid space 
( Fig. 29.1A   ). In humans, the CSF has a total volume 

of about 140       ml representing 40% of the extracel-
lular fluid in the central nervous system. The CSF is 
separated from the majority of neuronal tissue in the 
brain by the ependyma (which lines the ventricles and 
canals), and the pia (which covers the external surface 
of the brain). The composition of the CSF does, how-
ever, influence neuronal activity, notably in the cen-
tral chemoreceptors of the medulla oblongata which 
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modulate ventilation by responding to changes in CSF 
pH. In addition to helping maintain a stable environ-
ment for neuronal activity, the CSF has a number of 
other important functions: (i) it provides mechanical 
support for the brain, reducing its effective weight by 
more than 60% ( Segal, 1993 ); (ii) it acts as an excretory 

pathway for the brain by providing a  ‘  ‘ sink ’  ’  into 
which products of metabolism or synaptic activity are 
diluted and subsequently removed ( Segal, 1993 ); (iii) 
it is an important route by which nutrients can reach 
the central nervous system ( Johanson, 1999 ); (iv) it 
also has a putative role as a route for the movement 

 FIGURE 29.1          The locations and structure of the choroid plexuses in the human brain.  A.  The choroid plexuses are shown as the solid black 
structures, and the location of the cerebrospinal fluid they secrete is shown as the shaded areas.  B.  Branched structure of the choroid plexus with 
villi projecting into the ventricle of the brain. Each plexus consists of a network of capillaries covered by a single layer of cuboidal epithelial cells.    
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of hormones and transmitters between different areas 
of the brain ( Johanson, 1999 ). Most of these functions 
require that the composition of the CSF is carefully 
regulated. 

 The   composition of CSF differs significantly from 
that of plasma ( Table 29.1   ). A major difference is 
that of the protein concentration, which is greatly 
reduced in CSF, i.e.  � 0.4% of that in plasma. CSF is 
not just an ultrafiltrate of plasma; the concentrations 
of K  �   and amino acids are lower in CSF, compared 
to plasma levels, and [Cl  �  ] is 10% to 20% higher in 
CSF than in plasma. The CSF is constantly produced, 
and in humans the total volume is replaced about 
four times each day. Thus, approximately 600       ml of 
CSF is produced every 24 hours ( Wright, 1978 ). Most 
of the CSF is produced by the four choroid plexuses 
(one in each ventricle of the brain; see  Fig. 29.1A . The 
process by which the choroid plexuses secrete CSF is 
carefully coordinated so that concentrations of cer-
tain ions remain essentially constant even when their 
plasma concentrations are varied experimentally, e.g. 
K  �   ( Husted and Reed, 1976 ;  Keep et al., 1987 ), HCO 3   �   
( Husted and Reed, 1977 ) and Ca 2 �   ( Murphy et al., 
1986 ).  

    II .      AN OVERVIEW OF CSF SECRETION 
BY THE CHOROID PLEXUSES 

 The   choroid plexuses have a branched morphol-
ogy with numerous villi projecting into the ventricles 
of the brain. Each villus is composed of a single layer 
of epithelial cells overlying a core of connective tissue 

and blood capillaries ( Fig. 29.1B ). These capillaries, 
unlike those in the majority of the cerebral circulation, 
are fenestrated so they offer little resistance to the 
movement of small molecules, ions and water ( Segal, 
1993 ). A barrier between the blood and brain, how-
ever, is formed by the epithelial cells which are linked 
by tight junctions ( Fig. 29.1B ). The epithelial cells of 
the choroid plexuses therefore form what is known as 
the blood – CSF barrier. Note that this barrier is very 
different from the blood – brain barrier (BBB), which 
is formed by the brain microvessel endothelial cells. 
Both the fine structure of the BBB as well as the ion 
and fluid transport across this barrier are discussed in 
Chapter 30. 

 Fluid   secretion across epithelial barriers such as 
the choroid plexuses has been found to be dependent 
on the unidirectional transport of ions. This creates 
an osmotic gradient which drives the movement of 
water. Unidirectional transport of ions (either secre-
tion or absorption) is achieved due to the polarized 
expression of membrane transport proteins in the 
apical and basolateral membranes of the epithelial 
cells. In the majority of epithelia Na  �   and Cl  �   are the 
main ions secreted, but in the choroid plexus HCO 3   �   
also makes an important contribution ( Fig. 29.2A)   . 
Furthermore, choroid plexus epithelial cells are also 
thought to mediate the net absorption of K  �   from the 
CSF to the blood ( Fig. 29.2A) . The transport of K  �   is 
not only important in maintaining the [K  �  ] in the CSF 
( Zeuthen and Wright, 1981 ), but is also linked to the 
process of CSF secretion. 

 To   understand the process of secretion by any epi-
thelial tissue, it is essential to have knowledge of the 
expression and membrane localization of ion channels 
and transporters. In the last two decades excellent 
progress has been made in the identification of pro-
teins involved in Na  �   and K  �   transport by the choroid 
plexus. The last five years have seen an explosion in 
the amount of data on HCO 3   �   transporter expression. 
These data are discussed in the sections III to V of this 
chapter. The chapter will then move on to discuss the 
potential roles of cation-chloride cotransporters in the 
choroid plexus (sections VI to VIII).  

    III .      CATION CHANNELS AND CATION 
TRANSPORTERS EXPRESSION IN THE 

CHOROID PLEXUS 

 Many   of the early studies of ion transport by the 
choroid plexus focused on the roles of Na  �   and K  �  . 
These experiments determined the rates at which 
radioactive isotopes penetrated the CSF, or how the 

 TABLE 29.1          Solute concentrations (mM) in human plasma 
and CSF  

   Solute  Plasma  CSF 

   Na  �    152  141 

   K  �    4.4  2.9 

   Ca 2 �    0.2 (ionized)  1.1 (ionized) 

   Mg 2 �    0.6 (ionized)  1.1 (ionized) 

   Cl  �    102  113 – 120 

   HCO 3   �    24  †    22 

   Ph  7.4  7.4 

   Proteins  7       g/dl  0.03       g/dl 

  Brain extracellular fluid resembles CSF, but both differ from plasma. 
 Plasma is 92% water, and CSF is 99% water. Data sources:   Irani 
(2009)  ;  Boron and Boulpaep (2009) ;  Katzman and Pappius (1973) .  
   †   Value in mixed venous blood. In arterial blood is  � 22       mM.  
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rate of CSF secretion was affected by various transport 
inhibitors. The data obtained have more recently been 
refined and elaborated upon by the use of molecular 
localization methods. 

    A .      Na  �  /K  �   ATPase 

 Activity   of the Na  �  /K  �   ATPase or  ‘  ‘ sodium pump ’  ’  
is known to be closely associated with the secretion of 
CSF, because inhibitors such as ouabain reduce the rate 
of fluid secretion and the movement of Na  �   into the 
CSF ( Davson and Segal, 1970 ;  Wright, 1978 ;  Pollay et 
al., 1985 ). Various studies have determined the expres-
sion of the  α  1,   β  1  and  β  2  subunits in rat choroid plexus 
( Watts et al., 1991 ;  Zlokovic et al., 1993 ;  Klarr et al., 
1997 ). Ouabain binding studies ( Quinton et al., 1973 ) 

and immunocytochemical studies ( Masuzawa et al., 
1984b ;  Ernst et al., 1986 ) revealed that the  α  1  subunit, 
and presumably the two  β  subunits, are expressed at 
the apical membrane of rat and mouse choroid plexus 
( Fig. 29.2B ). Most recently,  Praetorius and Nielsen 
(2006)  have determined that Na  �  /K  �   ATPase is also 
located in the apical membrane of human choroid 
plexus.  

    B .      K  �   Channels 

 On   the basis of measurements of ion fluxes, mem-
brane potential and intracellular ion activities with 
microelectrodes,  Zeuthen and Wright (1981)  first 
suggested that K  �   channels are expressed in both 
the apical and basolateral membranes of amphibian 
choroid plexus. Using whole-cell patch-clamp meth-
ods, we have identified two K  �   conductances in rat 
choroid plexus: a time-independent, inward-rectify-
ing conductance (Kir) observed at hyperpolarizing 
membrane potentials, and a time-dependent outward-
rectifying conductance (Kv) observed at depolarizing 
membrane potentials ( Kotera and Brown, 1994 ). The 
inward-rectifying conductance is now known to be 
carried by Kir7.1 channels ( D ö ring et al., 1998 ), which 
are expressed in the apical membrane of the choroid 
plexus ( Nakamura et al., 1999 ). The Kv conductance 
is thought to be mainly carried by Kv1.1 and Kv1.3 
channels, which are also expressed in the apical mem-
brane ( Speake et al., 2004 ). To date, K  �   channels have 
not been identified in the basolateral membrane of the 
mammalian choroid plexus.  

    C .      Na  �  /H  �   Exchange 

 The   expression of an Na  �  /H  �   exchanger (NHE) 
in the basolateral membrane could provide a poten-
tial route for Na  �   influx during CSF secretion, as well 
as helping to regulate intracellular pH. Indeed, sev-
eral functional studies have indicated that an NHE 
is expressed in mammalian choroid plexus ( Murphy 
and Johanson, 1989 ;  Murphy and Johanson, 1990 ; 
Mayer and Sanders-Bush, 1993). Data on the molec-
ular identity of the NHE, however, are equivocal. 
NHE1 expression was indicated in the pig lateral ven-
tricle choroid plexus by the kinetics of amiloride bind-
ing, and by RT-PCR methods ( Kalaria et al., 1998 ). 
However, immunocytochemical methods have failed 
to detect NHE1 protein expression in rat choroid 
plexus ( Alper et al., 1994 ). Thus, an NHE or NHE-
like protein is expressed in the choroid plexus, but 
the molecular identity of this protein remains to be 
determined.   

 FIGURE 29.2          Ion transport by the choroid plexus.  A.  Major 
fluxes of ions across the choroid plexus epithelium.  B.  Ion trans-
porters expressed in the choroid plexus and thought to be involved 
in Na  �  , HCO 3   �  , H 2 O secretion and K  �   absorption. Data on cation-
chloride cotransporter expression have been omitted for clarity, and 
c.a.      �      carbonic anhydrase.  C.  Remaining questions about ion and 
H 2 O transport by the choroid plexus epithelium.    
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    IV .      HCO 3   �   TRANSPORTERS AND CSF 
SECRETION 

 It   has been recognized for many years that the process 
of CSF secretion is dependent on bicarbonate (HCO 3   �  ). 
This was initially indicated by the observation that CSF 
secretion was reduced by carbonic anhydrase inhibitors 
( Maren and Broder, 1970 ). Subsequent experiments by 
Saito and Wright determined that secretion is dependent 
on the presence of HCO 3   �   at the basolateral membrane 
of the epithelium ( Saito and Wright, 1983, 1984 ). The last 
few years have seen significant progress in the molecu-
lar identification of a whole family of HCO 3   �   transport 
proteins: the SLC4 family (see  Romero et al., 2004  and 
Chapter 4 in this volume). A number of these SLC4 pro-
teins, in addition to two HCO 3   �   permeable anion chan-
nels and several isoforms of carbonic anhydrase, have 
now been identified in choroid plexus ( Fig. 29.2B ). 

    A .      Carbonic Anhydrases 

 The   carbonic anhydrases are a group of enzymes 
which catalyze the production of HCO 3   �   and H  �   from 
H 2 O and CO 2 . Although not directly involved in ion 
transport, it is thought that carbonic anhydrases have 
an important role in CSF secretion. The main evidence 
for this is that acetazolamide, a carbonic anhydrase 
inhibitor, reduces CSF secretion in rats by as much 
as 50% ( Maren and Broder, 1970 ;  Vogh et al., 1987 ). 
Histochemical methods were first used to demonstrate 
carbonic anhydrase expression in the cytoplasm and 
membrane of the rat choroid plexus ( Masuzawa and 
Sato, 1983 ). Immunocytochemical methods have subse-
quently identified CAII in the cytoplasm of rat choroid 
plexus epithelial cells ( Masuzawa et al., 1984a ), and 
CAIII in the cytoplasm of rat and human choroid plexus 
( Nogradi et al., 1993 ). As for the membrane bound iso-
form CAIV, functional studies suggest that it contrib-
utes little to CSF secretion in the rat ( Maren et al., 1997 ).  

    B .      Basolateral Membrane HCO 3   �   Transporters 

    Lindsey et al. (1990)  demonstrated expression of 
the AE2 isoform of the Cl  �  /HCO 3   �   exchanger in the 
choroid plexus epithelium. In their immunolocal-
ization studies, they showed that the AE2 protein is 
expressed exclusively in the basolateral membrane 
of mouse choroid plexus cells, an observation which 
has since been confirmed in rat choroid plexus ( Alper 
et al., 1994 ;  Wu et al., 1998 ). 

 In   1997, the first Na  �  -HCO 3   �   cotransporter (NBC) 
was identified at the molecular level ( Romero et al., 

1997 ). Since then, a number of NBCs have been iden-
tified in the choroid plexus epithelium.  Praetorius 
et al. (2004)  reported mRNA expression of an elec-
troneutral Na  �  -HCO 3   �   cotransporter (NBCn-1 
or SLC4A7) in rat and mouse choroid plexus. The 
NBCn-1 protein was then visualized by immuno-
cytochemical methods in the basolateral membrane 
of rat and mouse choroid plexus ( Praetorius et al., 
2004 ). NCBE (SLC4A10) is also expressed in choroid 
plexus. The protein was originally described as an 
Na-dependent Cl  �  /HCO 3   �   exchanger ( Wang et al., 
2000 ), but it is now thought to be a second electroneu-
tral Na  �  -HCO 3   �   cotransporter (NBCn2;  Parker et al., 
2008 ). RT-PCR and Western blot analyses indicate that 
NBCn2 is indeed expressed in rat and mouse choroid 
plexus ( Praetorius et al., 2004 ). Immunocytochemical 
localization studies showed that the protein is 
expressed in the basolateral membrane ( Praetorius 
et al., 2004 ). Finally, SLC4A8, the putative Na  �  -
dependent Cl  �  /HCO 3   �   exchanger (NDCBE), is also 
expressed in the basolateral membrane of choroid 
plexus epithelial cells from fetal but not adult rats 
( Chen et al., 2008 ).  

    C .      Apical Membrane HCO 3   �   Transporters 

 Bicarbonate   transporters are also found in the api-
cal membrane of choroid plexus epithelial cells. RT-
PCR and Western blot analyses have determined that 
the electrogenic Na  �  -HCO 3   �   cotransporter NBCe2 
(SLC4A5), but not NBCe1 (SLC4A4) ,  is expressed 
in rodent choroid plexus ( Praetorius et al., 2004 ; 
 Bouzinova et al., 2005 ). The NBCe2 protein intrigu-
ingly appears to be expressed in the apical membrane 
of both rat and mouse choroid plexus, where it could 
potentially contribute to HCO 3   �   efflux; that is if it 
transports 3HCO 3   �   :1Na  �  , as described by  Sassani et 
al. (2002) . However, NBCe2 is also known to mediate 
HCO 3   �   influx with a 2:1 stoichiometry in some cells 
( Virkki et al., 2002 ). Using whole-cell patch-clamp 
methods to measure the small currents generated by 
the NBCe2, we have determined that the NBCe2 in 
mouse choroid plexus has a 3:1 stoichiometry. Thus, 
the cotransporter is likely to contribute to HCO 3   �   
efflux into the cerebrospinal fluid in mice and possi-
bly rats ( Millar and Brown, 2008 ). A final twist to this 
story, however, is that NBCe2 does not appear to be 
expressed in human choroid plexus ( Damkier et al., 
2007 ). NaBC1, another member of the SLC4 family 
(SLC4A11), is instead expressed in apical membrane of 
human choroid plexus ( Damkier et al., 2007 ), but the 
function of NaBC1 is as yet unknown ( Romero et al., 
2004 ; Pushkin and Kurz, 2006;  Damkier et al., 2007 ).  
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    D .      Anion Channels 

 Anion   channels located at the apical membrane 
play a key role in many secretory epithelia ( Jentsch 
et al., 2002 ). Indeed,  Saito and Wright (1984)  pre-
dicted that HCO 3   �   permeable channels have a central 
role in CSF secretion by amphibian choroid plexus. 
This observation was supported by data from single 
channel recording methods which identified anion 
channels with conductances of about 20       pS in the api-
cal membrane of both amphibian ( Christensen et al., 
1989 ) and mammalian choroid plexus ( Garner and 
Brown, 1992 ). The properties of these anion channels 
in mammalian choroid plexus have been further stud-
ied using whole-cell recording methods. Two anion 
conductances have been characterized in these experi-
ments: an inward-rectifying conductance and a vol-
ume-activated anion conductance. 

 The    inward-rectifying anion conductance  was first 
identified in rat choroid plexus ( Kibble et al., 1996 ), 
then subsequently in mouse ( Kibble et al., 1997 ) and 
porcine tissue ( Kajita et al., 2000 ). When first identified, 
it was thought to be the largest conductance in the cho-
roid plexus, and furthermore it was reported to have a 
uniquely high permeability to HCO 3   �   ( P  HCO3

 : P  Cl       �      1.5; 
 Kibble et al., 1996 ). Given these properties, and the 
HCO 3   �   permeable channel hypothesis of  Saito and 
Wright (1984) , it was suggested that these channels 
may have an important role in CSF secretion ( Speake 
et al., 2001 ;  Brown et al., 2004 ). Recent data, however, 
have challenged this conclusion, as: (i) the presence of 
NBCe2 currents in the whole-cell conductance ( Millar 
and Brown, 2008 ) means that the high  P  HCO3  may rep-
resent a significant overestimate since the experiments 
were performed in the presence of Na  �   ( Kibble et al., 
1996 ); (ii) the properties of the inward-rectifying con-
ductance are distinct from those of the apical mem-
brane channels identified in single channel studies; 
and (iii) cation substitution experiments indicate that 
a significant component of the inward-rectifying con-
ductance is carried by non-selective cation channels 
( Millar and Brown, 2008 ). In conclusion the properties 
and possibly the membrane localization of the chan-
nel may not be consistent with a role in CSF secre-
tion. Furthermore, the contribution of the channels 
to the whole-cell conductance is much smaller than 
originally anticipated. Thus, it now appears likely 
that these channels make less of a contribution to CSF 
secretion than had previously been believed. 

 The   second anion conductance identified by whole-
cell methods in rat and mouse choroid plexus is car-
ried by  volume-activated anion channels  ( Kibble et al., 
1996, 1997 ). The properties of this volume-activated 
conductance have not been studied in great detail, 

but some properties (e.g.  P  HCO3
 : P  Cl       �      0.6; I.D. Millar 

and P.D. Brown; unpublished data) suggest it may be 
carried by the single channels identified in the api-
cal membrane ( P  HCO3 : P  Cl       �      0.5; C. Garner and P.D. 
Brown; unpublished data). The volume-activated 
channels, however, make only a very minor contri-
bution to the whole-cell conductance at normal cell 
volumes ( Kibble et al., 1996, 1997 ). Thus, although 
they may be located in the apical membrane, it seems 
unlikely that they make a significant contribution to 
the process of CSF secretion.   

    V. A MODEL FOR CSF SECRETION: 
THE RELATIONSHIP BETWEEN Na  �  , 
HCO 3   �   AND Cl  �   TRANSPORT IN THE 

CHOROID PLEXUS 

 The   expression of the proteins involved in ion 
transport by the choroid plexus are summarized in 
 Fig. 29.2B . This section of the review discusses the 
interactions between these different proteins to bring 
about CSF secretion. 

    A .      Cation Transport at the Apical Membrane 

 As   stated above, the Na  �  /K  �   ATPase has a central 
role in the secretory process; it is the main route for 
Na  �   efflux across the apical membrane, and also gen-
erates the ion gradients which energize the activities 
of other transporters. Thus, the Na  �   gradient drives 
the accumulation of Cl  �   and HCO 3   �   influx across 
the basolateral membrane. The Na  �  /K  �   ATPase is 
also the most efficient mechanism for K  �   absorption 
from the CSF. In fact it is so efficient that, to prevent 
the removal of all K  �   from the CSF, most of the K  �   
pumped into the cell at the apical membrane simply 
leaks back out of the cell across the same membrane. 
This is achieved by the diffusion of K  �   through the 
inward-rectifying and delayed-rectifying K  �   chan-
nels expressed in the apical membrane. The combined 
actions of the K  �   channels and Na  �  /K  �   ATPase not 
only maintains the concentration of K  �   in the CSF, but 
also regulates intracellular K  �   activity and generates 
an intracellular negative membrane potential. This, as 
we shall see later, is essential in driving anion efflux 
across the apical membrane. In amphibian choroid 
plexus, membrane potential values of around  � 45       mV 
have been measured ( Zeuthen and Wright, 1981 ;  Saito 
and Wright, 1984 ), whereas in mammals, values of 
 � 60       mV and  � 35       mV have been reported for rab-
bit and rat, respectively ( Welch and Sadler, 1965 ; S.L. 
Greenwood and P.D. Brown, unpublished data).  
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    B .       Cation and Anion Transport at the 
Basolateral Membrane 

 A   combination of NBCn-1 (SLC4A7) and NBCn-2 
(SLC4A10) Na  �  -HCO 3   �   cotransporters mediate Na  �   
and HCO 3   �   entry through the basolateral membrane. 
These secondary active transport mechanisms for 
HCO 3   �  , in conjunction with the production of HCO 3   �   
by the action of several carbonic anhydrases, result 
in the accumulation of HCO 3   �   within the cell. The 
importance of the NBCn-2 to CSF secretion has been 
highlighted recently by experiments showing that the 
volume of the brain ventricles is significantly reduced 
(presumably due to a decrease in CSF secretion) in 
mice in which the Slc4a10 gene has been disrupted 
( Jacobs et al., 2008 ). The net effect of Na  �  -HCO 3   �   
cotransport activity is to elevate the intracellular 
concentration of HCO 3   �  , which can also be demon-
strated by the very rapid intracellular alkalinization 
that ensues when choroid plexus cells are exposed to 
HCO 3   �  -containing solutions ( Bouzinova et al., 2005 ). 
This, in turn, is thought to promote the activity of AE2 
(SLC4A2), which mediates electroneutral Cl  �   accu-
mulation in exchange for HCO 3   �  . This hypothesis is 
supported by the observation that DIDS (an inhibitor 
of both AEs and NBCs) reduces Cl  �   uptake into the 
choroids plexus and reduces CSF production ( Deng 
and Johanson, 1989 ). Furthermore, patch-clamp stud-
ies of rat choroid plexus show a DIDS-sensitive shift in 
the reversal potential for Cl  �   channels in cell-attached 
patches, when cells are bathed in HCO 3   �   solutions, 
which is consistent with an increase in the intracellular 
Cl  �   activity ( Brown and Garner, 1993 ). Estimates based 
on these data suggest that the intracellular [Cl  �  ] in rat 
choroid plexus increases from 30       mM in HCO 3   �  -free 
Hepes-buffered solutions to 80       mM in the presence of 
HCO 3   �   ( Brown and Garner, 1993 ). This latter value is 
not too dissimilar to the 67       mM measured by  36 Cl  �   dis-
tribution in rat tissue ( Smith and Johanson, 1985 ). In 
summary, the combined actions of the anion transport-
ers in the basolateral membrane appear to mediate the 
HCO 3   �  -dependent accumulation of Na  �   and Cl  �  .  

    C .      Anion Transport at the Apical Membrane 

 The   mechanism of anion transport at the api-
cal membrane is still not fully defined. As suggested 
above, the accumulation of HCO 3   �   and Cl  �   by the 
 choroid plexus cells, coupled to the negative membrane 
potential, means that there are very significant elec-
trochemical gradients set to drive the efflux of both 
anions. The gradient for HCO 3   �   is certainly suffi-
cient to drive efflux via the NBCe2, as discussed by 

 Millar and Brown (2008) . Cl  �   and HCO 3   �   efflux via 
the anion channels expressed in choroid plexus may 
also contribute to CSF secretion, but it is now debat-
able whether the conductance of these channels is suf-
ficient to account for all of Cl  �   efflux into the CSF (see 
section IV).   

    VI .      REMAINING QUESTIONS ABOUT 
THE MECHANISM OF CSF SECRETION: 

POTENTIAL ROLES FOR CATION-
CHLORIDE COTRANSPORTERS 

    Figure 29.2B  summarizes our current understand-
ing about ion transport in the choroid plexus. By 
contrast,  Fig. 29.2C  identifies three important ques-
tions about the mechanism of the CSF secretion which 
remained to be answered. These questions are: 

    A .       What is the Route for Cl  �   Efflux at the 
Apical Membrane? 

 In   previous models of CSF secretion we have pro-
posed that the inward-rectifying anion conductance 
could account for the efflux of both Cl  �   and HCO 3   �   
from the cells into the CSF ( Brown and Garner, 1993 ; 
 Speake et al., 2001 ). Recent data, however, indicate 
that the inward-rectifying conductance may have a 
much less significant role in CSF secretion ( Millar 
and Brown, 2008 ). Thus, other transport proteins may 
contribute to anion efflux, e.g. HCO 3   �   efflux may be 
mediated by NBCe2. Alternative routes for Cl  �   efflux, 
however, remain to be identified.  

    B .       How does K  �   Traverse the Basolateral 
Membrane of the Choroid Plexus Epithelium? 

    Zeuthen and Wright (1981)  reported that approxi-
mately 90% of the K  �   pumped into bullfrog choroid 
plexus cells by the Na  �  /K  �   ATPase leaks back out of 
the cell via K  �   channels in the apical membrane. The 
remaining 10% of K  �   was proposed to exit the cell via 
K  �   channels in the basolateral membrane. This minor 
fraction of K  �   efflux at the basolateral is important 
because it helps explain the net transport of K  �   across 
the choroid plexus epithelium from the CSF to the 
blood. A similar model is hypothesized for the mam-
malian choroid plexus, where Kir7.1, Kv1.3 and Kv1.6 
K  �   channels, which are the major contributors to the 
whole-cell K  �   conductance, are all expressed in the 
apical membrane. K  �   channel proteins have not been 
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identified in the basolateral membrane. Thus, an as yet 
uncharacterized K  �   channel or some other K  �   trans-
porter must be expressed in the basolateral membrane.  

    C .       By what Mechanism is Water Transported 
across the Basolateral Membrane of the 
Choroid Plexus? 

 The   transport of water across epithelia, including 
that of the choroid plexus, is generally considered to 
occur as the result of osmosis in response to gradients 
created by ion transport. To facilitate the transcellular 
movements of water by osmosis most epithelia express 
aquaporin water channels in both their apical and baso-
lateral membranes. Consistent with this hypothesis, the 
apical membrane of the choroid plexus epithelium con-
tains high concentrations of aquaporin 1 (AQP1;  Nielsen 
et al., 1993 ;  Speake et al., 2003 ). Indeed, CSF secretion 
is reduced in AQP1 knockout mice ( Oshio et al., 2005 ). 
However, aquaporin expression in the basolateral mem-
brane is much less well defined. Small amounts of AQP1 
are expressed in the basolateral membrane ( Praetorius, 
2007 ), but whether so few channels, compared to the 
apical membrane, are able to account for all the trans-
port of water in CSF secretion is unknown. Other aqua-
porins are expressed in choroid plexus cells, i.e. AQP4 
and AQP11, but neither of these proteins is located in the 
basolateral membrane ( Speake et al., 2003 ;  Praetorius, 
2007 ). Thus, it is possible that other water-transporting 
proteins may be expressed in the basolateral membrane 
thereby contributing to the influx of water. 

 The   answers to each of these questions remain to be 
determined experimentally, but here we hypothesize 
that some members of the SLC12 family of cation-chlo-
ride cotransporters could make a contribution to each 
of the above processes. For instance, a KCC could con-
tribute to Cl  �   efflux at the apical membrane and/or K  �   
efflux at the basolateral membrane. Furthermore, as 
discussed in Chapter 28 of this volume and in Zeuthen 
and Hamann (2008), members of the cation-chloride 
cotransporter family (SLC12) may also transport water. 
The final two sections of this chapter review the avail-
able data on cation-chloride cotransporter expression 
in the choroid plexuses and discuss the evidence for 
their function in the choroid plexus and CSF secretion.   

    VII .      THE EXPRESSION OF CATION-
CHLORIDE COTRANSPORTERS (SLC12 

FAMILY) IN CHOROID PLEXUS 

 Cation  -chloride cotransporters have a number 
of potential roles in CSF secretion. However, the 

expression of these transporters in the choroid plexus 
and their role in CSF secretion has been controversial 
for many years ( Javaheri, 1991 ). It is now known that 
several members of the cation-chloride cotransporter 
family are expressed in both the apical and basolateral 
membrane of mammalian choroid plexus (see  Table 
29.2   ). The data supporting the expression of cation-
chloride cotransporters in choroid plexus are briefly 
reviewed below. 

    A .      The Na  �  -K  �  -2Cl  �   Cotransporters 

  NKCC1   (SLC12A2)     –    Expression of NKCC1 has 
been demonstrated in the rat choroid plexus by  in situ  
hybridization and Western blot analysis ( Plotkin et al., 
1997 ). Immunocytochemical studies found that the 
NKCC1 protein is expressed in the apical membrane 
of rat ( Plotkin et al., 1997 ;  Wu et al., 1998 ) and mouse 
( Piechotta et al., 2002 ) choroid plexus cells. 

  NKCC2   (SLC12A1)     –    NKCC2 is thought to be 
expressed exclusively in the kidney, so expression 
has not been specifically examined in the adult cho-
roid plexus. However,  in situ  hybridization studies of 
NKCC2 expression during fetal development clearly 
show that NKCC2 is not expressed in the choroid 
plexus ( Igarashi et al., 1995 ). This is in marked con-
trast to NKCC1, which is strongly expressed in the 
fetal choroid plexus ( Li et al., 2002 ;  Vanden Heuvel 
et al., 2006 ).  

    B .      The Na  �  -Cl  �   Cotransporter 

  NCC   (SLC12A3)     –    The thiazide-sensitive Na  �  -Cl  �   
cotransporter (NCC) is expressed mainly in the distal 
convoluted tubule of the kidney, but is also found in 
some non-renal tissues, e.g. placenta, brain and small 
intestine ( Chang et al., 1996 ). We have examined the 
expression NCC in rat choroid plexus by RT-PCR. 
 Figure 29.3    shows that a 292       bp product is detected 
by PCR with mRNA isolated from rat kidney, but not 
with mRNA from rat choroid plexus.  

    C .      The K  �  -Cl  �   Cotransporters 

  KCC1   (SLC12A4)     –   In situ  hybridization studies 
have shown that mRNA encoding KCC1 is expressed 
in the choroid plexus of rats and mice ( Kanaka et al., 
2001 ;  Li et al., 2002 ; Le  Rouzic et al., 2006 ). To date 
protein expression has not been investigated so that it 
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is not yet known whether the transporter is expressed 
in the apical or basolateral membrane. 

  KCC2   (SLCA5)     –    KCC2 is expressed only in CNS 
neurons (see Chapters 5 and 22) and there is no 
evidence for the expression of KCC2 in rat choroid 

plexus epithelium, either by  in situ  hybridization 
( Kanaka et al., 2001 ) or by RT-PCR (Davies and Brown, 
unpublished data). 

  KCC3   (SLC12A6)  –   KCC3 expression in mouse 
choroid plexus has been determined by Northern blot, 
Western blot and immunofluorescence analyses. The 
protein is immunolocalized to the basolateral mem-
brane ( Pearson et al., 2001 ). 

  KCC4   (SLC12A7)  –   The expression of mRNA for 
KCC4 has been determined in rat choroid plexus by 
 in situ  hybridization ( Li et al., 2002 ; Le  Rouzic et al., 
2006 ), and the KCC4 protein localized to the apical 
membrane of mouse choroid plexus by immunocyto-
chemistry ( Karadsheh et al., 2004 ).   

    VIII .      FUNCTIONS OF CATION-
CHLORIDE COTRANSPORTERS IN 

CHOROID PLEXUS EPITHELIAL CELLS 

 The   previous section describes how molecular local-
ization methods have resolved some of the confusion 
created by earlier studies of cation-chloride cotrans-
porter expression in the choroid plexus. The actual 
functions of the four cotransporters identified in the 

 TABLE 29.2          Molecular localization of cation-chloride cotransporters in rat and mouse choroid plexus  

   HUGO designated 
name  Common name  Species  mRNA, protein or both  Apical or basolateral  References 

   SLC12A1  NKCC2  M (f)  Not expressed   –    Igarashi et al. (1995)  

       R    n.d.   –  

   SLC12A2  NKCC1  M  Protein  Apical   Piechotta et al. (2002)  

       R  Both  Apical   Plotkin et al. (1997)  

   SLC12A3  NCC  M  n.d.   –    –  

       R  Not expressed   –   Fig. 29.3 

   SLC12A4  KCC1  M (f)  mRNA  n.d.   Li et al. (2002)  

       R  mRNA  n.d.   Kanaka et al. (2001) ;  
Li et al. (2002)  

   SLC12A5  KCC2  M (f)  Not expressed   –    Li et al. (2002)  

       R  Not expressed   –   Le Rouzic et al. (2006) 

   SLC12A6  KCC3  M  Both  Basolateral   Pearson et al. (2001)  

       R  mRNA   –   Le Rouzic et al. (2006) 

   SLC12A7  KCC4  M  Both  Apical   Li et al. (2002) ;  Karadsheh 
et al. (2004)  

       R  mRNA   –   Le Rouzic et al. (2006) 

  Data are for adult tissue except where stated (f      �      fetal). mRNA was detected by in situ hybridization or northern analysis except for NCC 
which was determined by RT-PCR. Protein expression was by Western analysis and immunocytochemistry. Apical localization of NKCC1 was 
first determined by functional methods ( Keep et al., 1994 ). NKCC1 expression has recently been determined in the apical membrane of human 
choroid plexus ( Praetorius and Nielsen, 2006 ). n.d.      �      not determined.  

 FIGURE 29.3          RT-PCR for NCC in rat kidney and choroid 
plexus. Primers based on the rat sequence (accession number NM_
019345). The sense primer was CACCTTGTACCTACGCAC C and 
antisense TGCATCGGATCATCACTCCC. The primers yielded a 
product of 292       bp from mRNA extracted from kidney but not cho-
roid plexus.    
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choroid plexus have, however, proved more diffi-
cult to resolve. This is mainly because there is still a 
lack of specific inhibitors with which to differentiate 
between the cation-chloride cotransporters. The use in 
future experiments of molecular methodologies such 
as siRNA to transiently reduce protein expression, or 
gene knockout mice may help resolve this problem. 
To date, however, no impairments to central nervous 
system function, which could be attributed to major 
disturbances in CSF production, have been reported 
in mice lacking: NKCC1 ( Delpire et al., 1999 ;  Flagella 
et al., 1999 ;  Sung et al., 2000 ); KCC1 ( Rust et al., 2007 ); 
KCC3 ( Howard et al., 2002 ;  Boettger et al., 2003 ) or 
KCC4 ( Boettger et al., 2002 ). 

    A .      NKCC1 Activity in the Choroid Plexus 

 NKCC1   is known to play a major role in ion secre-
tion in many epithelia ( Russell, 2000 ). In these secre-
tory epithelia the NKCC1 is located in the basolateral 
membrane where it mediates Cl  �   influx driven by 
the inwardly directed Na  �   gradient. This  ‘  ‘ secondary 
active transport ”  results in the accumulation of Cl  �   
above electrochemical equilibrium, so that there is a 
driving force for Cl  �   efflux via anion channels in the 
apical membrane. For many years investigators antici-
pated that Na  �  -coupled Cl  �   cotransporters (either 
NKCC1 or NCC) would have similar roles in the baso-
lateral membrane of the choroid plexus (for review see 
 Javaheri, 1991 ). The finding that NKCC1 is expressed 
in the apical membrane of the choroid plexus there-
fore required a complete reappraisal of the mechanism 
of CSF secretion. 

 In   virtually all cells where it has been studied, 
NKCC1 mediates ion influx because of the domi-
nance of the inward Na  �   and Cl  �   chemical gradients 
against the outward K  �   chemical gradient. The sug-
gestion that NKCC1 could mediate ion influx across 
the apical membrane of the choroid plexus, however, 
appears counter-intuitive, because both Na  �   and Cl  �   
will be transported in the  ‘  ‘ wrong direction ’  ’  in terms 
of explaining Na  �   and Cl  �   transport into the CSF. 
In addition, the transport of ions into the choroid 
plexus cells would create an osmotic gradient for H 2 O 
absorption rather than secretion. There are, however, 
some experimental data to support the hypothesis 
that NKCC1 mediates ion influx. For instance,  Plotkin 
et al. (1997) , who first demonstrated the apical local-
ization of NKCC1, also found that  86 Rb  �   (a radioac-
tive tracer for K  �  ) influx into rat choroid plexus cells 
in primary culture is inhibited by about 90% using the 
loop diuretic bumetanide at a concentration of 50        μ M. 
A subsequent study by the same group found that 

100        μ M bumetanide causes a 10% decrease in cell vol-
ume, suggesting that ion influx via the cotransporter 
is required to maintain normal cell volume ( Wu et al., 
1998 ). These data are also supported by earlier stud-
ies which found that in isolated choroid plexus tis-
sue 100        μ M bumetanide inhibits  86 Rb  �   influx by 25% 
and causes a 25% decrease in tissue water (an indirect 
measure of cell volume;  Bairamian et al., 1991 ). One 
criticism of all these experiments, however, is that 
bumetanide was used at a high concentration, e.g. 
100        μ M bumetanide is known to have inhibitory effects 
on other transporters which are expressed in the cho-
roid plexus, e.g. KCC and AE ( Culliford et al., 2003 ). 
To examine the possibility that 100        μ M bumetanide 
may be acting non-specifically we have repeated some 
of these experiments using 10        μ M bumetanide (i.e. 
a concentration which completely inhibits NKCC1 
activity in most cells;  Javaheri, 1991 ;  Russell, 2000 ). 

    Figure 29.4    shows data in which isolated choroid 
plexus cells were superfused with HCO 3   �  -buffered, 
isotonic solutions for 12 minutes. For the 10 minute 
period indicated by the bar either 10        μ M or 100        μ M 
bumetanide was included in the superfusate. The data 
indicate that 10        μ M bumetanide had little effect on cell 
volume, whereas 100        μ M bumetanide caused a 10 to 
20% decrease in cell volume similar to that observed 
by  Wu et al. (1998) . In other experiments, we have 
measured volume changes in cells superfused with 
hypertonic solutions. In control conditions this maneu-
ver caused an immediate decrease in cell volume 

 FIGURE 29.4          100        μ M bumetanide but not 10        μ M bumetanide 
causes a decrease in choroid plexus cell volume. Experiments were 
performed on cells isolated by dispase digestion and cell volume 
was measured by video imaging. The cells were superfused with an 
HCO 3   �  -buffered ringer (120       mM NaCl; 25       mM Na HCO 3 ; 5       mM KCl; 
1       mM CaCl 2 ; 1       mM MgCl 2;  15       mM mannitol and 5       mM glucose, pH 
7.4). Data a mean � s.e.m. of 7 (10        μ M bumetanide) and 3 (100        μ M) 
experiments.    
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followed by a slower recovery of volume (a regulatory 
volume increase) due to the transport of ions and water 
into the cells. Neither 10        μ M nor 100        μ M bumetanide 
had a significant effect on the regulatory volume 
increase; further suggesting that NKCC1 does not con-
tribute to volume maintenance in choroid plexus cells. 
At present, we do not know why 100        μ M bumetanide 
causes a decrease in cell volume, but preliminary data 
indicate that the cell volume decrease is only observed 
in CO 2 /HCO 3   �  -buffered solutions suggesting the 
involvement of an HCO 3   �  -dependent process. Future 
experiments using a range of different transport inhibi-
tors will examine this possibility in more detail. 

 If   NKCC1 does not contribute to ion influx, as sug-
gested above, does it mediate ion efflux?  Keep et al. 
(1994)  first suggested this possibility based mainly 
on calculations made using measured concentrations 
of intracellular ions. Such calculations, however, are 
very dependent on the accuracy of the ion concentra-
tions measurements, and values in the literature vary 
substantially for all three of the transported ions. 
Experimental evidence for the hypothesis shows that 
relatively modest concentrations of bumetanide (10 
or 30        μ M) cause a 75% inhibition of K  �   efflux from rat 
choroid plexus ( Keep et al., 1994 ). However, there are 
few other data to support this hypothesis. Indeed in 
our experiments, 10        μ M bumetanide did not cause cell 
swelling when added to isotonic solutions which might 
be expected in NKCC1 mediating ion efflux. Thus, in 
conclusion the currently available data suggest that 
NKCC1 does not make a major contribution to ion 
efflux or influx at the apical membrane of the choroid 
plexus, and that NKCC1 is unlikely to be an additional 
route for Cl  �   efflux in the process of CSF secretion. 

 An   alternative explanation for the role of NKCC1 in 
the choroid plexus is that NKCC1 makes a vital con-
tribution to K  �   transport and hence the regulation of 
[K  �  ] in the CSF.  Husted and Reed (1976)  demonstrated 
the capacity of the choroid plexus to regulate K  �   
transport by showing that [K  �  ] in the CSF is carefully 
maintained in animals experimentally made hypokale-
mic and hyperkalemic. The most effective methods of 
transporting K  �   into cells is the Na  �  /K  �   ATPase, and 
it has generally been thought to mediate K  �   influx in 
the choroid plexus ( Zeuthen and Wright, 1981 ;  Speake 
et al., 2004 ). The Na  �  /K  �   ATPase, however, has quite 
a high affinity for K  �   ( K  m  of approximately 1       mM; 
 Crambert et al., 2000 ), so is probably operating close to 
a maximum rate at normal K  �   concentrations (3.0       mM;  
 Table 29.1 ). By contrast, NKCC1 has a higher  K  m  for 
K  �   of  � 1.6 – 2.5       mM ( Payne et al., 1995 ), and therefore 
it has the potential to mediate increased K  �   absorp-
tion if CSF [K  �  ] were to increase above this value. 
Furthermore, if the driving forces for Na  �  , K  �   and 

Cl  �   transport are at equilibrium (as suggested by our 
experimental data), then even a small increase in CSF 
[K  �  ] will alter the driving force to favor ion influx. An 
additional advantage of NKCC1 mediating K  �   influx 
is that K  �   transport will not be coupled to Na  �   secre-
tion as is the case for Na  �  /K  �   ATPase. 

 The   hypothesis that NKCC1 mediates K  �   influx 
is supported by data showing that a large increase 
in extracellular K  �   from 3 to 25       mM causes a 40% 
increase in choroid plexus cell volume ( Wu et al., 
1998 ). The fact that this volume increase is inhibited 
by bumetanide (albeit at 100        μ M;  Wu et al., 1998 ) sug-
gests the involvement of NKCC1 in ion influx, rather 
than increased Na  �  /K  �   ATPase activity or decreased 
efflux via K  �   channels. These observations certainly 
merit further investigation preferably using confluent 
monolayers of choroid plexus cells in which solution 
changes and drug additions can be made to either the 
basolateral or apical membrane. Such model systems 
have been developed over the last decade ( Haselbach 
et al., 2001 ), but as yet have not been used in system-
atic studies of inorganic ion transport across the cho-
roid plexus epithelium.  

    B .      KCC Function in the Choroid Plexus 

 KCC   transporters have several potential roles in 
CSF secretion, e.g. Cl  �   (and K  �  ) efflux at the apical 
membrane; K  �   efflux at the basolateral membrane 
and even the transport of H 2 O at the basolateral mem-
brane. However, just as with NKCC1, there are few 
definitive data on KCC function in the choroid plexus. 
This is primarily because of the lack of specific block-
ers for KCC. Furosemide has frequently been used 
in the past as an inhibitor of KCC, but it also affects 
the activities of NKCC1, AE and carbonic anhydrase 
( Vogh and Langham, 1981 ;  Culliford et al., 2003 ). 
Dihydroindenyloxy alkanoic acid (DIOA) has been 
suggested to be a selective inhibitor of KCC ( Garay 
et al., 1988 ), but it also has effects on a number of 
anion transport processes, including AE and NKCC1 
( Culliford et al., 2003 ). 

  In   vivo  experiments have found that furosemide 
increases the K  �   content of rat choroid plexus epithe-
lial cells (suggesting inhibition of K  �   efflux), while 
also reducing the rate of Cl  �   transport from the blood 
to the CSF ( Johanson et al., 1992 ). Similar data were 
also generated in microdialysis experiments, where 
furosemide produced a 40% reduction of Cl  �   trans-
port into the CSF ( Johanson et al., 1994 ). These data 
are indicative of KCC having a role in ion efflux at the 
apical membrane. However, the carbonic anhydrase 
inhibitor acetazolamide also causes a 55% reduction 
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of Cl  �   transport ( Johanson and Preston, 1994 ). It is 
therefore difficult to draw any firm conclusions from 
the furosemide data because it inhibits carbonic anhy-
drase in addition to KCC ( Javaheri, 1991 ). 

 Contradictory   evidence of KCC function has also 
been obtained from  in vitro  experiments. A key finding 
for KCC activity was that the efflux of  86 Rb  �   from rat 
choroid plexus was inhibited by more than 50% when 
Cl  �   in the artificial CSF bathing the tissue was replaced 
by either NO 3   �   or SCN  �   ( Johanson and Preston, 1994 ). 
This observation suggests that the presence of Cl  �   is 
obligatory for K  �   influx.  Johanson and Preston (1994)  
also observed that Rb  �   efflux increases by about 10% 
in the presence of 0.5       mM N-ethylmaleimide (NEM), 
a thiol-reactive reagent known to activate KCC ( Lauf 
et al., 1984 ). In this study, however, the NEM-induced 
increment of K  �   efflux was also observed in the 
absence of Cl  �   (NO 3   �   substitution) so that the effect of 
NEM may be on a protein other than KCC ( Johanson 
and Preston, 1994 ). Furthermore,  Keep et al. (1994)  
were unable to identify DIOA-sensitive components to 
K  �   influx or efflux in rat choroid plexus epithelial cells. 
Therefore, it is not clear how much K  �   efflux from the 
choroid plexus is mediated by KCC. 

 Better   functional evidence for coupled efflux of K  �   
and Cl  �   through the apical membrane comes from 
experiments using ion-sensitive microelectrodes to 
study the choroid plexus isolated from the amphibian 
 Necturus maculosus  ( Zeuthen, 1994 ). Coupled transport 
of K  �   and Cl was observed as interdependent, paral-
lel changes in ion concentrations. These changes were 
inhibited by 0.1       mM furosemide. Furthermore this 
study provided some of the first evidence that K  �   and 
Cl  �   transport may also be coupled to the movement of 
H 2 O across the membrane ( Zeuthen, 1994 ). These data 
are discussed in more detail by Thomas Zeuthen and 
collaborators in Chapter 28 in this volume. Whether 
the transport of K  �  , Cl  �   and H 2 O is mediated by an 
amphibian isoform of KCC1 or KCC4 remains to be 
determined. If Zeuthen and his colleagues are cor-
rect these transporters may be contributing to ion and 
water transport at the apical membrane of the mam-
malian choroid plexus. The KCC3 isoform in the baso-
lateral membrane of the mammalian choroid plexus, 
however, is unlikely to contribute to H 2 O influx at this 
membrane, because the prevailing gradients strongly 
favor the efflux of K  �   and Cl  �  .   

    IX .      CONCLUSIONS 

 Much   progress has been made over the last two 
decades in identifying ion transport protein in the 

mammalian choroid plexus, and in determining 
whether these proteins are expressed in the apical or 
basolateral membrane of the epithelium. However, 
the function of many of these transporters, particu-
larly those of the cation-chloride cotransporter family, 
remains to be determined. Progress has been impaired 
by the lack of specific transport inhibitors and impor-
tant questions remain about: the mechanisms of Cl  �   
and K  �   efflux at the apical and basolateral mem-
branes, respectively, and the influx of H 2 O at the baso-
lateral membrane. The use of tools such as siRNA, 
gene knockout animals and monolayers of choroid 
plexus cells in primary culture should help provide 
answers in the near future.  
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O U T L I N E

    I .      INTRODUCTION 

 This   chapter will provide an overview of blood –
 brain barrier (BBB) structure and function with an 
emphasis on Cl �  transporters and channels and their 
role in health and disease. The field of blood – brain 
barrier research has grown somewhat more slowly 
than that of neuroscience. However, we now know 
that the BBB not only plays a central role in maintain-
ing normal brain function but that it also participates 
in a range of neurological diseases. This, together 
with the fact that BBB endothelial cells are more read-
ily accessible than parenchymal cells of the brain for 
targeted therapies, makes it imperative that we work 
to understand cellular processes underlying BBB func-
tion. Among these processes, BBB regulation of water 
and electrolyte movement into and out of the brain is 

of paramount importance. Thus, while many studies 
have focused on the role of BBB transporters in nutri-
ent and drug movement across the barrier as well as 
the role of the barrier in inflammation, this chapter will 
focus solely on BBB ion transporters and channels. For 
other aspects of BBB function, the reader is referred to 
the many excellent reviews that are available. 

    A .      Structure of the Blood – Brain Barrier 

 The   blood – brain barrier is comprised of brain 
microvessel endothelial cells. It is a highly specialized 
endothelium that provides an important anatomic and 
functional barrier between the blood and the brain 
( Betz, 1986 ;  Bradbury, 1984 ;  Goldstein and Betz, 1986 ). 
The BBB has unique features that set it apart from 
endothelial cells of other vascular beds. This includes 
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the presence of complex tight junctions that create a 
barrier with very limited paracellular solute flux and 
a high electrical resistance between blood and brain 
on the order of 2000 ohm  ·  cm 2 , making this barrier com-
parable to tight epithelia such as those found in the 
distal kidney and colon. Like other tight epithelial 
barriers, BBB endothelial cells have a polarized distri-
bution of membrane transporter and channel proteins 
between the apical and basolateral plasma membrane. 
The barrier also has very few pinocytotic vesicles, 
such that there is little vesicular traffic that could 
move solutes between blood and brain. This means 
that the vast majority of solutes must move across the 
BBB via a transendothelial rather than a paracellular 
route and thus it is BBB transporters that determine 
what moves between blood and brain. 

 While   microvessel endothelial cells alone com-
prise the BBB, the abluminal surface of these cells is 
ensheathed by foot processes of perivascular astro-
cytes with only the endothelial basal lamina separating 

the two cell types ( Fig. 30.1   ). The exception to this is 
the occasional presence of pericytes found within the 
basal lamina of the BBB ( Goldstein and Betz, 1986 ). 
Numerous studies have demonstrated that astrocytes 
and BBB endothelial cells have a close functional as 
well as anatomic association. For example, astrocytes 
secrete factors that induce and maintain the BBB phe-
notype (         Beck et al., 1984, 1990, 1986 ;  Betz et al., 1980 ; 
 Betz and Goldstein, 1986 ;  Janzer, 1993 ;  Janzer and Raff, 
1987 ). The factors released have not been well charac-
terized although IL-6 appears to be among astrocyte 
factors that induce BBB properties ( Sun et al., 1997 ). 
BBB phenotype characteristics induced by astrocyte 
factors include an increase in the complexity of tight 
junctions and thus an increase in electrical resistance 
across the barrier. Astrocytes, as well as astrocyte con-
ditioned medium, also increase the expression of sev-
eral membrane proteins that appear to be important in 
BBB function. This will be considered in more detail 
below in the discussion of BBB functions (Section I.B). 
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 FIGURE 30.1          The blood – brain barrier with abluminal surface ensheathed by perivascular astrocytes.  A.  The blood – brain barrier (BBB) is 
comprised solely of brain microvascular endothelial cells. However, BBB endothelial cells have a close anatomic and functional relationship 
with perivascular astrocytes. The electron micrograph in the right panel shows a BBB endothelial cell. Note the lumen of the microvessel in the 
center and the dense cellular brain parenchyma surrounding the microvessel. The abluminal surface of the BBB endothelial cells is covered by 
endfeet of perivascular astrocytes, illustrated by the cartoon in the left panel.  B.  Blood – brain barrier endothelial cells operate within a  ‘  ‘ neural 
environment ’  ’ . Together with astrocytes and neurons, BBB endothelial cells form the neurovascular unit, defined as the astrocytes and neurons 
associated with each BBB endothelial cell or, conversely, the astrocytes and BBB endothelial cells associated with each neuron. Note that some 
neuronal processes terminate directly on BBB endothelial cells.    
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BBB endothelial cells also have important functional 
associations with neurons. Indeed, the observation 
that BBB endothelial cells operate in a neural/astro-
cyte environment has led to the term  ‘  ‘ neurovascular 
unit ’  ’  which can be thought of as the neurons, astro-
cytes and pericytes associated with a BBB endothelial 
cell or, conversely, the BBB endothelial cells, pericytes 
and astrocytes associated with each neuron (Stroke 
Progress Review Group, 2002).  

    B .      Functions of the Blood – Brain Barrier 

 The   BBB has many important functions that are vital 
for maintenance of normal brain activity. This includes 
transport of nutrients (e.g. glucose and amino acids) 
into the brain and removal of waste products from the 
brain. The BBB is also well known for its robust ability 
to transport drugs in and out of the brain. The export 
of drugs from the brain by BBB drug transporters is 
perhaps most widely recognized because it presents a 
barrier to many different drug therapies developed to 
treat a variety of brain pathologies, such as epilepsy, 
tumors and Alzheimer’s disease ( Dallas et al., 2006 ; 
 Kusuhara and Sugiyama, 2005 ;        L ö scher and Patschka, 
2005 ;  Miller et al., 2008 ;  Neuwelt et al., 2008 ). As a 
barrier that separates the brain compartment from 
the blood compartment, the BBB also protects neu-
rons and glial cells of the brain from toxins and from 
acute fluctuations in plasma ion concentrations. With 
respect to the latter, the BBB, together with the cho-
roid plexus epithelium, serves the vitally important 
function of regulating both composition and volume 
of brain interstitial fluid (Chapters 28 and 29). This 
is critical for two reasons. First, the electrically excit-
able neurons are quite sensitive to changes in ionic 
composition of the extracellular fluid such that, for 
example, elevation of extracellular [K  �  ] can depolar-
ize the cells, causing action potentials to fire inappro-
priately. Second, the brain sits within a rigid cranium 
and thus there is very little room for expansion of tis-
sue volume without causing significant brain damage 
( Simard et al., 2007 ). 

 BBB   endothelial cells are structurally and function-
ally polarized, with a number of enzymes and transport 
systems asymmetrically distributed between apical 
and basolateral surfaces of the cells. These include, for 
example, the Na  �  /K  �   ATPase (primarily abluminal), 
the Na  �  -K  �  -Cl  �   cotransporter (primarily luminal), 
gamma glutamyl transpeptidase (primarily luminal), 
amino acid transporters (either luminal or abluminal, 
depending on the transporters) and P-glycoprotein 
( Betz, 1986 ;  Betz and Goldstein, 1986 ;  Bradbury, 1984 ; 
 Gaillard et al., 2000 ;  O’Donnell et al., 2004 ; S á nchez del 
Pino et al., 1995a, b) (luminal or abluminal, depending 

on the transporter), to name a few. Consequently, the 
BBB, like many epithelia but unlike other endothelial 
barriers, is organized in a manner that promotes vec-
torial, i.e. transendothelial, solute and water flux. This 
asymmetry is the basis for the ability of BBB endothe-
lial cells to tightly regulate the movement of nutrients, 
electrolytes and other solutes between blood and brain 
( Betz, 1986 ;  Betz and Goldstein, 1986 ;  Bradbury, 1984 ). 
The remainder of this chapter will focus on ion trans-
porters of the BBB. A number of excellent reviews are 
available that cover BBB transport of other solutes, 
including nutrient and drug transporters ( Vannucci 
et al., 1997 ;        L ö scher and Patschka, 2005 ;  Leybaert, 2005 ; 
 Hawkins et al., 2006 ;  Dallas et al., 2006 ;  Leybaert et al., 
2007 ;  Pardridge, 2007 ;  Banks, 2008 ;  Simpson et al., 2008 ; 
 Miller et al., 2008 ).   

    II .      ION TRANSPORT OF THE 
BLOOD – BRAIN BARRIER 

    A .      Overview: Water and Electrolyte Transport 
across the Blood – Brain Barrier 

 The   ion transporters of the BBB that regulate brain 
interstitial fluid volume and composition have yet to 
be fully elucidated. At the simplest level, we know 
that BBB endothelial cells possess the ability to trans-
port Na  �  , Cl  �  , K  �   and water between blood and 
brain ( Betz et al., 1994 ), as well as to regulate intra-
cellular pH and volume of the cells. With respect 
to transendothelial transport, the BBB constantly 
secretes Na  �   and Cl  �   from blood into brain such that 
in the healthy, normoxic brain, the BBB produces 
up to 30% of the brain interstitial fluid, with cho-
roid plexus epithelial cells producing the remainder 
( Bradbury, 1984 ;  Cserr et al., 1989 ;  Keep, 1993 ). In the 
case of cerebral ischemia, however, this BBB secretion 
of brain interstitial fluid is greatly increased, contrib-
uting to the pathology of ischemic stroke, as will be 
discussed in Section III below. It should be noted that 
BBB-mediated secretion and absorption occur in api-
cal to basolateral and basolateral to apical directions, 
respectively, since these processes refer to direction 
relative to blood. The BBB also functions in regulat-
ing brain extracellular [K  �  ], transporting K  �   between 
brain and blood as needed ( Betz et al., 1994 ) for 
maintaining an appropriately low brain interstitial 
fluid [K  �  ] to support neuronal function. Thus, the 
BBB maintains extracellular [K  �  ] at about 3       mM in 
the brain while plasma [K  �  ] tends to range between 
3 and 6       mM ( Keep, 1993 ;        Stummer et al., 1994, 1995 ; 
       Keep et al., 1995a, b, 1999 ).  

II .    ION TRANSPORT OF THE BLOOD – BRAIN BARRIER



30.   ION AND WATER TRANSPORT ACROSS THE BLOOD – BRAIN BARRIER588

    B .      Chloride Transporters and Channels of the 
Blood – Brain Barrier 

 Despite   the long held understanding that the BBB 
secretes brain interstitial fluid (primarily Na  �   and 
Cl  �  ) and absorbs K  �  , we don’t yet fully know the 
complement of transporters and channels involved in 
this phenomenon. Indeed, much remains to be discov-
ered about ion transporters and channels that must be 
present in BBB endothelium to support not only vec-
torial transport but also intracellular pH and volume 
regulation of these cells. With respect to Na  �   secre-
tion and K  �   absorption across the BBB, early stud-
ies demonstrated an abundance of an abluminally 
located Na  �  /K  �   pump ( Betz et al., 1980, 1994 ;  Betz 
and Goldstein, 1986 ). As a primary active transporter 
that pumps Na  �   out of the cells and K  �   into the cells, 
the Na  �  /K  �   pump not only maintains appropriate 
transmembrane gradients for Na  �   and K  �   but also 
provides a means of driving both Na  �   secretion and 
K  �   absorption. Early studies also provided evidence 
for a luminal Na  �  - and K  �  -selective, amiloride-sensi-
tive channel ( Vigne et al., 1989 ) and thus, it has been 
hypothesized that the pump and the cation channel 
may work together to transport Na  �   from blood into 
brain and/or transport K  �   from brain into blood ( Fig. 
30.2   ). In recent years a more complete understand-
ing of BBB transporters and channels has begun to 
emerge. It is not possible to provide a comprehen-
sive review of all BBB ion transporters and channels 
known to date and how they may function in health 
and disease. Thus, I will focus here on the transport-
ers and channels thought to participate in Na  �   secre-
tion (and K  �   absorption) across the BBB, as well as pH 
and volume regulation. 

    1 .      Secretion of Na  �  , Cl  �   and Water 

    a .      Na  �  -K  �  -Cl  �   Cotransport 

 It   has been recognized for a number of years that 
because the BBB secretes Na  �   and Cl  �   from blood into 
brain, the BBB must have pathways for both Na  �   and 
Cl  �   entry at the luminal membrane. In studies exam-
ining Na  �   uptake into brain of intact rats, Betz and 
co-workers demonstrated previously that the Na  �  -
K  �  -Cl  �   cotransport inhibitor furosemide inhibits a 
Cl  �  -dependent Na  �   uptake into the brain, which led 
them to hypothesize that a luminal Na  �  -Cl  �   cotrans-
porter participates in secreting Na  �  , Cl  �   and water 
across the BBB (       Betz, 1983a, b ). In other studies, iso-
lated rat cerebral microvessels were shown to have a 
furosemide-inhibitable and Na  �  - and Cl  �  -dependent 
cellular K  �   influx, indicating the presence of Na  �  -K  �  -
Cl  �   cotransport (       Lin, 1985, 1988 ). Using the potent 
and more selective Na  �  -K  �  -Cl  �   cotransport inhibitor 
bumetanide, several studies have subsequently pro-
vided good evidence for the presence of Na  �  -K  �  -Cl  �   
cotransport in cerebral microvascular endothelial cells 
(CMEC) of several species. Our early studies of BBB 
endothelial cells showed that cultured bovine CMEC 
exhibit Na  �  -K  �  -Cl  �   cotransporter activity, evaluated 
as bumetanide-sensitive, Na  �  - and Cl  �  -dependent 
K  �   influx ( O’Donnell, 1993 ;  O’Donnell et al., 1995a ; 
 Sun et al., 1995 ) and that cotransporter activity is also 
present in freshly isolated rat cerebral microvessels 
( O’Donnell et al., 2005 ). Bumetanide-sensitive, Na  �  - 
and Cl  �  -dependent K  �   influxes were also observed in 
cultured rat CMEC by Spatz and co-workers ( Kawai 
et al., 1996a,b, 1997 ) and Vigne and co-workers ( Vigne 
et al., 1994 ). We and others have also shown that 
Na  �  -K  �  -Cl  �   cotransporter activity is also observed 
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 FIGURE 30.2          Hypothesized pathways for BBB secretion of Na  �   and Cl  �   into the brain and absorption of K  �   into blood. Evidence sug-
gests that a luminal Na  �  -K  �  -Cl  �   cotransporter works in conjunction with an abluminal Na  �  /K  �   pump and a Cl  �   efflux pathway (such as a 
Cl  �   channel) to mediate vectorial transport of Na  �   and Cl  �   with osmotically obliged water from blood into brain. At the same time, K  �   can 
be absorbed from brain into blood as it enters via an Na  �  /K  �   pump and exits via a luminal K  �   channel. A luminal Na  �  /H  �   exchanger is 
also hypothesized to participate in BBB secretion of Na  �   by working with an abluminal Na  �  /K  �   pump to secrete Na  �   across the BBB. In this 
case, Cl  �   accompanying Na  �   is hypothesized to enter the cell at the luminal membrane via Cl  �  /HCO 3   �   exchanger and/or the Na  �  -K  �  -Cl  �   
cotransporter.    
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in cultured human CMEC ( O’Donnell et al., 2005 ; 
 Spatz et al., 1997 ). In studies conducted to provide a 
molecular characterization of the endothelial Na  �  -
K  �  -Cl  �   cotransporter (NKCC), Northern blot analy-
ses revealed the presence of NKCC1 RNA in bovine 
CMEC ( Yerby et al., 1997 ). By Western blot analyses, 
abundant NKCC protein has also been demonstrated 
in both cultured CMEC and in freshly isolated rat 
brain microvascular endothelial cells ( O’Donnell et al., 
1995b ;  Sun et al., 1995 ;  Yerby et al., 1997 ). 

 Evidence   that the Na  �  -K  �  -Cl  �   cotransporter may 
be of importance to BBB function is suggested by the 
observation that coculture of CMEC with astrocytes or 
exposure of CMEC to astrocyte-conditioned medium 
increases the expression of Na  �  -K  �  -Cl  �   cotransporter 
protein in the CMEC ( Sun et al., 1995 ). In these early 
studies using CMEC grown on permeable tissue cul-
ture filter inserts, we found that astrocyte-conditioned 
medium and coculture with astrocytes also increased 
the amount of specific [ 3 H]-bumetanide binding in the 
CMEC, an index of Na  �  -K  �  -Cl  �   cotransporter protein 
abundance ( Sun et al., 1995 ). In these studies, approxi-
mately 90% of specific [ 3 H]-bumetanide binding and 
90% of bumetanide-sensitive K  �   influx occurred at 
the apical versus basolateral membrane of the CMEC 
monolayers, suggesting that the cotransporter may 
serve as a luminal Na  �   and Cl  �   uptake pathway in the 
BBB ( Sun et al., 1995 ). We have also found immuno-
electron-microscopy evidence for the presence of 
Na  �  -K  �  -Cl  �   cotransporter protein in the luminal BBB 
membrane  in situ  ( O’Donnell et al., 2004 ;  Brillault 
et al., 2007 ). This will be discussed in more detail in 
Section II. Numerous previous studies have demon-
strated that the Na  �  -K  �  -Cl  �   cotransporter plays a 
major role in salt and water transport across a variety 
of epithelia ( Chipperfield, 1996 ;  Haas, 1994 ;  O’Grady 
et al., 1987 ;  Russell, 2000 ). Together with the above 
findings regarding Na  �  -K  �  -Cl  �   cotransporter protein 
expression and activity in BBB endothelial cells, this 
suggests that NKCC functions by transporting Na  �  , 
Cl  �   and water across BBB endothelial cells as well, as 
shown in  Fig. 30.2 . This will be explored further in the 
context of BBB NaCl secretion in stroke (Section III).  

    b .      Cl  �   Channels 

 Secretion   of Na  �  , Cl  �   and water across the BBB 
requires a Cl  �   exit pathway at the abluminal mem-
brane of the cells. Previous studies of salt absorb-
ing epithelia have shown that an apical Na  �  -K  �  -Cl  �   
cotransporter functionally coupled to a basolateral 
Na  �  /K  �   pump and a basolateral Cl  �   channel medi-
ates Na  �   and Cl  �   absorption ( O’Grady et al., 1987 ; 
 Paulais and Teulon, 1990 ;  Hebert et al., 1996 ;  Russell, 

2000 ;  Fischer et al., 2007 ). While we know that the 
BBB Na  �  /K  �   pump can move Na  �   across the ablu-
minal membrane into the brain, less information is 
available about how Cl  �   exits these cells. However, 
von Weikersthal and collaborators have described 
a volume-sensitive Cl  �   current in BBB endothelial 
cells (von  Weikersthal et al., 1999 ). In those stud-
ies, Cl  �   currents of rat brain CMECs were evaluated 
by whole-cell voltage-clamp methods. Cell swelling 
induced by exposure to hypotonic media caused a 
large outwardly rectifying Cl  �   current that could be 
blocked by the Cl  �   channel blocker NPPB and also by 
DIDS. This swelling-activated current was found to 
be dependent on intracellular ATP but independent 
of intracellular Ca 2 �  . When the rat CMECs were sub-
jected to an RT-PCR analysis of possible volume-sensi-
tive Cl  �   channels, it was found that the cells expressed 
the transcripts for ClC-2, ClC-3 and ClC-5 (Chapters 
12 and 15). Whether this volume-sensitive Cl  �   channel 
does, in fact, function as the BBB abluminal exit path-
way for Cl  �  , working in conjunction with the luminal 
Na  �  -K  �  -Cl  �   cotransporter and abluminal Na  �  /K  �   
pump to mediate secretion of Na  �   and Cl  �   from 
blood into brain, will require further studies. In keep-
ing with this, previous studies have suggested that 
some Cl  �   channels of the CLC family are sensitive to 
small changes in volume ( Strange et al., 1996 ), but the 
molecular identity of volume-activated Cl  �   channels 
is a highly controversial issue, as discussed in detail in 
Chapters 15. Further, ClC-3 and ClC-5 are now known 
to be Cl  �  /H  �   exchangers rather than channels, and 
they reside in endolysosomal compartments, as dis-
cussed in Chapter 12 in this volume. Thus, if even a 
small increase in BBB cell volume occurs as the Na  �  -
K  �  -Cl  �   cotransporter is stimulated to increase influx of 
Na  �  , K  �   and Cl  �  , it is possible that an abluminal Cl  �   
channel, whatever its molecular identity turns out to 
be, would be activated allowing Cl  �   efflux at the ablu-
minal membrane. It should be noted that maintaining 
a negative cell interior is also essential for promoting 
Cl  �   efflux via Cl  �   channels. In this regard, we know 
that the cells possess an amiloride-sensitive Na  �  - and 
K  �  -permeable channel ( Vigne et al., 1989 ), inwardly 
rectifying K  �   channels ( Hoyer et al., 1991 ), and ATP-
sensitive K  �   channels ( Janigro et al., 1993 ). The 
relative contribution of these channels to ion transport 
across the BBB has yet to be determined.  

    c .      Na  �  /H  �   Exchange, Cl  �  /HCO 3   �   Exchangers and 
Na  �  -HCO 3   �   Cotransport 

 It   is unlikely that the Na  �  -K  �  -Cl  �   cotransporter is 
the only luminal pathway by which Na  �   and Cl  �   enter 
the BBB endothelial cell for NaCl secretion. We and 
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others have found evidence of a Na  �  /H  �   exchanger 
in BBB endothelial cells ( Hsu et al., 1996 ;  Kalaria et al., 
1998 ;  Kawai et al., 1997 ;  Lam and O’Donnell, 2008 ; 
 Sipos et al., 2005 ;  Spatz et al., 1997 ;  Vigne et al., 1991 ) 
(to be discussed in more detail below in Section III). 
The Na  �  /H  �   exchanger is known to function in vec-
torial transport of Na  �   across epithelia, and also in 
intracellular pH and volume regulation in a variety of 
cell types ( Boron, 2004 ;  Chesler, 2003 ;  Pedersen et al., 
2006 ). With respect to vectorial transport of Na  �  , Cl  �   
and water, in salt absorbing epithelia an apical Na  �  /
H  �   exchanger can functionally couple with apical 
Cl  �  /HCO 3   �   exchange to bring Na  �   and Cl  �   into the 
cell at the apical membrane ( Friedman and Andreoli, 
1982 ). Evidence has also been provided for the pres-
ence of Cl  �  /HCO 3   �   exchange in BBB endothelial 
cells, although its cellular location has not been estab-
lished ( Taylor et al., 2006 ). Nevertheless, the observa-
tions that both Na  �  /H  �   exchange and Cl  �  /HCO 3   �   
exchange are present in the BBB raise the possibil-
ity that these two exchangers also participate in BBB 
secretion of Na  �   and Cl  �   into the brain (as shown in 
 Fig. 30.2 ). 

 There   are additional possibilities for entry of Na  �   
and Cl  �   at the BBB luminal membrane. These include 
a Na  �  -driven Cl  �  /HCO 3   �   exchanger (Na  �  -depen-
dent Cl  �  /HCO 3   �   exchanger) and a Na  �  /HCO 3   �   
cotransporter ( Taylor et al., 2006 ). In a recent study 
by Taylor et al., RT-PCR analysis of rat brain CMEC 
revealed the abundant presence of transcripts for the 
AE2 isoform of Cl  �  /HCO 3   �   exchange and the NBCn1 
and NBCn2 isoforms of electroneutral Na  �  /HCO 3   �   
cotransporters. The AE1 and AE3 isoforms of Cl  �  /
HCO 3   �   exchange were also detected but at lower 
levels, as were the electrogenic Na  �  -HCO 3   �   cotrans-
porter NBCe2, and the Na  �  -dependent Cl  �  /HCO 3   �   
exchangers NDCBE and NCBE ( Taylor et al., 2006 ). In 
this study, rat CMEC were also evaluated to determine 
which of these transporter proteins might be active 
in the cells. At basal intracellular pH levels ( �  pH 
7.1) the rat CMEC appeared to have Na  �  /HCO 3   �   
cotransporter activity as well as Na  �  -independent 
Cl  �  /HCO 3   �   exchange activity, and possibly also 
Na  �  -dependent Cl  �  /HCO 3   �   exchange activity. While 
these studies examined the HCO 3   �   transporters from 
the perspective of pH regulation, the transporters 
have been found to participate in HCO 3   �   secretion or 
absorption in polarized epithelial cells. Thus it is pos-
sible that one or more of these HCO 3   �   transporters 
may participate in vectorial transport of HCO 3   �   across 
the BBB or, in the case of Cl  �  /HCO 3   �   exchangers, also 
vectorial Cl  �   transport. For example, in pancreatic 
duct, an apical Na  �  -HCO 3   �   cotransporter is thought 
to be functionally coupled to a basolateral Cl  �  /

HCO 3   �   exchanger to mediate HCO 3   �   secretion into 
the duct lumen ( Romero, 2005 ;  Romero et al., 2004 ). 
It has been suggested that such an arrangement of 
these transporters in the luminal and abluminal BBB 
membranes could similarly participate in secretion of 
HCO 3   �   from blood into brain across the BBB ( Taylor 
et al., 2006 ). This is because the BBB determines the 
composition of brain interstitial fluid which contains 
HCO 3   �   as well as Na  �  , Cl  �   and K  �  , and thus there 
must be mechanisms for BBB secretion of HCO 3   �   
into the brain ( Taylor et al., 2006 ). Clarifying whether 
Na  �  -dependent Cl  �  /HCO 3   �   exchange and/or Na  �  /
HCO 3   �   cotransport may participate in secretion of 
Na  �  , Cl  �   and possibly HCO 3   �   by the BBB clearly 
requires further investigation, not the least of which 
will be to determine the plasma membrane distribu-
tion of these transporters in BBB endothelial cells.   

    2 .      Regulation of Intracellular pH 

 A   number of studies have now provided evidence 
that a Na  �  /H  �   exchanger participates in regulation of 
intracellular pH in BBB endothelial cells ( Vigne et al., 
1991 ;  Schmid et al., 1992 ;  Hsu et al., 1996 ;  Lam et al., 
2006 ;  Taylor et al., 2006 ;  Hom et al., 2007 ;  Nicola 
et al., 2007 ;  Lam and O’Donnell, 2008 ). This will be 
examined further in Section III. In addition, Taylor and 
co-workers have found that both Na  �  -dependent and 
Na  �  -independent Cl  �  /HCO 3   �   exchangers as well as 
Na  �  -HCO 3   �   cotransport appear to contribute to pH 
regulation of BBB endothelial cells ( Nicola et al., 2007 ; 
 Taylor et al., 2006 ). A more complete understanding of 
how these HCO 3   �   transporters may contribute to BBB 
intracellular pH regulation in health and disease awaits 
future studies.  

    3 .      Regulation of Cell Volume 

 Previous   studies have shown that BBB endothe-
lial cells have a robust ability to regulate their cell 
water volume via both regulatory volume increase 
(RVI) and regulatory volume decrease (RVD) mecha-
nisms ( Kempski et al., 1985 ;  DePetris et al., 2001 ). The 
Na  �  -K  �  -Cl  �   cotransporter is well known for its abil-
ity to regulate cell volume in a variety of cell types 
( Chipperfield, 1996 ;  O’Donnell, 1993 ;  O’Grady et al., 
1987 ;  Russell, 2000 ), as also discussed in Chapters 2, 
22 and 27. In previous studies we showed that Na  �  -
K  �  -Cl  �   cotransporter participates in cell volume 
regulation of aortic endothelial cells, mediating RVI 
following hyperosmotic media-induced cell shrinkage 
( O’Donnell, 1993 ). In those studies we also found that 
stimulation of the cotransporter by vasoactive agents, 
including vasopressin, angiotensin II and bradykinin, 
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can drive increases in cell volume. With respect to 
BBB, we and others have shown that CMEC Na  �  -
K  �  -Cl  �   cotransporter activity is stimulated by hyper-
osmotic media ( Vigne et al., 1994 ;  O’Donnell et al., 
1995a ), suggesting that it may be involved in RVI (see 
Chapter 2). Na  �  /H  �   exchange also participates in cell 
volume regulation and, when coupled to Cl  �  /HCO 3   �   ,  
has been shown to mediate increases in volume, 
especially the RVI that follows hypertonic medium-
induced cell shrinkage ( Kregenow, 1981 ;  Eveloff and 
Warnock, 1987 ;  Sarkadi and Parker, 1991 ;  McManus 
et al., 1995 ;  Chesler, 2003 ;  Pedersen et al., 2006 ). 
Whether the Na  �  /H  �   exchanger and/or Cl  �  /HCO 3   �   
exchange contribute to regulation of BBB endothelial 
cell volume remains to be determined.    

    III .      DISEASES OF THE BLOOD – BRAIN 
BARRIER 

    A .      Overview 

 While   BBB ion transporters are important for BBB 
function in the normal, healthy brain, they can also 
participate in pathophysiological processes occur-
ring during central nervous system injury and dis-
ease. Numerous studies in recent years have provided 
strong evidence that CNS disorders and pathologi-
cal states involve BBB dysfunction ( Grant et al., 1998 ). 
These include, for example, epilepsy, brain tumors, 
diabetes, multiple sclerosis, Alzheimer’s disease, trau-
matic head injury, and both ischemic and hemorrhagic 
stroke. Because it is simply not possible to cover the 
many brain pathological states that very likely involve 
altered function of BBB ion transporters, I will focus on 
ischemic stroke. This is pertinent because we know that 
BBB regulation of brain interstitial fluid volume and 
composition is altered during ischemic stroke, lead-
ing to cerebral edema formation. We also know that 
edema is a major contributing factor to the morbidity 
and mortality of stroke ( Kato et al., 1987 ;  Klatzo, 1994 ; 
 Bronner et al., 1995 ;  Kimelberg, 1995 ). The role of Cl  �   
transporters in the pathophysiology of ischemic brain 
damage is also discussed in Chapter 25 in this volume.  

    B .      Stroke 

 A   number of events unfold during ischemic stroke 
that together lead to brain damage. Some of these 
are initiated within minutes and others develop over 
hours or even days. Some of the earliest events include 
rapid development of hypoxia, as well as release of 
arginine vasopressin (AVP) from extrahypothalamic 

neuronal processes that terminate on cerebral micro-
vessels ( D ó czi et al., 1984 ;  J ó j á rt et al., 1984 ;  Sorensen 
et al., 1985 ;  Landgraf, 1992 ;  D ó czi, 1993 ;  Baringa, 1996 ). 
Another event that is initiated very quickly is develop-
ment of cerebral edema. In the early hours of ischemic 
stroke, brain edema forms by a process involving net 
uptake of Na  �   and water across the barrier from blood 
into brain ( Gotoh et al., 1985 ;  Hatashita and Hoff, 1990 ; 
 Schielke et al., 1991 ;  Menzies et al., 1993 ;  Kimelberg, 
1995 ;  Betz, 1996 ). This early ischemia-induced brain 
edema formation occurs in the presence of an intact 
BBB, with breakdown of the barrier occurring approxi-
mately 4 – 6 hours after the onset of ischemia ( Gotoh 
et al., 1985 ;  Hatashita and Hoff, 1990 ;  Menzies et al., 
1993 ). Also, it has been found that the net uptake of 
cations and water into the brain occurring during these 
early hours accounts for the majority of edema forma-
tion ( Betz, 1996 ) and further that ischemia triggers an 
increased secretion of Na  �  , Cl  �   and water across the 
BBB from blood into brain ( Kimelberg, 1999 ;  Menzies 
et al., 1993 ;  Schielke et al., 1991 ). At the same time, 
astrocytes are stimulated by ischemia to take up Na  �  , 
Cl  �   and water from the brain interstitium and rapidly 
swell ( Bourke et al., 1980 ;  Gotoh et al., 1985 ;  Iadecola, 
1999 ;  Kempski et al., 1991 ;  Kimelberg, 1995, 1999 ). The 
total amount of Na and water in the brain increases 
during ischemia ( Menzies et al., 1993 ;  Schielke et al., 
1991 ). This means that astrocytes don’t simply swell by 
taking up ions and water from the extracellular space, 
i.e. that astrocyte swelling cannot by itself account for 
the observed brain edema. Rather, the astrocytes take 
up ions and water coming from the blood into the 
brain as the result of increased BBB secretion. In this 
regard, the increased BBB secretion of Na  �  , Cl  �   and 
water facilitates astrocyte swelling. This close func-
tional relationship between BBB and astrocytes with 
respect to water and electrolyte movements during 
ischemic stroke is underscored by the observation that 
aquaporin 4 water channels are remarkably concen-
trated at perivascular endfeet that appose the ablu-
minal BBB surface ( Amiry-Moghaddam et al., 2003 ). 
As edema continues to form during stroke, the pro-
gression of swelling reduces flow in additional blood 
vessels, expanding the ischemic zone. Understanding 
the cellular mechanisms underlying ischemia-induced 
edema formation is essential for identifying therapies 
that can reduce or abolish edema. 

    1 .      A Role for BBB Na  �  -K  �  -Cl  �   Cotransport in 
Ischemia-induced Cerebral Edema 

 The   apparent predominantly luminal membrane 
location of the BBB Na  �  -K  �  -Cl  �   cotransporter, to
gether with evidence that it may be stimulated 
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by hypoxia and AVP, makes it a good candidate for 
participating in ischemia-induced hypersecretion 
of Na  �  , Cl  �   and water across the BBB during stroke. 
Thus, we have hypothesized that a luminal Na  �  -K  �  -
Cl  �   cotransporter is stimulated by ischemic condi-
tions, including hypoxia and AVP, and that increased 
cotransporter-mediated Na  �   and Cl  �   influx leads to 
hypersecretion of the ions as they exit the cell via the 
abluminal Na  �  /K  �   pump and an abluminal Cl  �   chan-
nel (as shown in  Fig. 30.3    ) . It should be noted here that 
the Na  �  /K  �   pump is highly sensitive to an increase 
in intracellular [Na  �  ] such that as the cotransporter 
brings more Na  �   into the cell, the pump is stimulated 
to transport the increased Na  �   out at the abluminal 
membrane. Also, because Cl  �   flux through the Cl  �   
channel is determined by the electrochemical gradient 
for Cl  �  , an increase in intracellular [Cl  �  ] will increase 
Cl  �   efflux via Cl  �   channels. The studies discussed in 
the following sections address the possibility that the 
BBB Na  �  -K  �  -Cl  �   cotransporter participates in edema 
formation during ischemic stroke. 

    a .      Plasma Membrane Distribution of the BBB Na  �  -
K  �  -Cl  �   Cotransporter  in situ  

 If   the Na  �  -K  �  -Cl  �   cotransporter participates in 
ischemia-induced edema formation by functioning as 
the luminal entry pathway for BBB secretion of Na  �   
and Cl  �  , it should be present in the luminal mem-
brane of BBB endothelial cells  in situ . We have tested 
this using perfusion-fixed rat brains and immuno-
electron microscopy with specific primary antibodies 
that recognize the Na  �  -K  �  -Cl  �   cotransporter protein 
and secondary antibodies conjugated to gold parti-
cles. These studies revealed that in healthy, normoxic 

rat brain, the Na  �  -K  �  -Cl  �   is indeed present in BBB  in 
situ  and further that it is distributed 80% in the lumi-
nal membrane and 20% in the abluminal membrane 
( O’Donnell et al., 2004 ). This is consistent with the 
cotransporter participating in the low rate of Na  �  , 
Cl  �   and water secretion across the BBB that occurs 
under normoxic conditions. To determine whether the 
cotransporter is present in luminal membranes under 
ischemic conditions as well, we subjected rats to mid-
dle cerebral artery occlusion (MCAO), a well-estab-
lished rat model of stroke ( Schielke et al., 1991 ;  Zea 
Longa et al., 1989 ;  Betz et al., 1995 ;  O’Donnell et al., 
2004 ). Here, we perfusion fixed the brains after 90       min 
of permanent MCAO and searched for the presence 
of Na  �  -K  �  -Cl  �   protein in BBB endothelial cells  in situ , 
both in ipsilateral (occluded) ischemic brain and in the 
contralateral normoxic brain ( Fig. 30.4   ). We found that 
for both the normoxic and ischemic brain regions, the 
distribution of Na  �  -K  �  -Cl  �   protein between luminal 
and abluminal BBB membranes is approximately 80% 
and 20%, respectively ( Brillault et al., 2007 ).  

    b .      Reduction of Ischemia-induced Edema and Infarct 
by Inhibition of the BBB Na  �  -K  �  -Cl  �   Cotransporter 

 If   the luminal BBB Na  �  -K  �  -Cl  �   cotransporter is 
a significant contributor to ischemia-induced brain 
edema formation, then intravenous (i.v.) adminis-
tration of bumetanide to inhibit the luminal cotrans-
porter is predicted to reduce or abolish edema 
formation following MCAO in the rat. One way to 
do this is to administer bumetanide i.v., subject rats 
to MCAO and then evaluate brain water at various 
times after the start of MCAO. In this case, each rat 
only provides one time point. These studies have been 
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 FIGURE 30.3          Blood – brain barrier  ‘  ‘ hypersecretion ’  ’  of Na  �   and Cl  �   during ischemic stroke: hypothesized roles of Na  �  -K  �  -Cl  �   cotransport 
and Na  �  /H  �   exchange. Previous studies provide evidence that a luminal BBB Na  �  -K  �  -Cl  �   cotransporter is stimulated by ischemic factors, 
including hypoxia, aglycemia and arginine vasopressin (AVP), to participate in increased secretion of Na  �  , Cl  �   and water into the brain during 
the early hours of stroke. By this model, Na  �   and Cl  �   entering at the luminal membrane are predicted to exit the BBB at the abluminal mem-
brane by the Na  �  /K  �   pump and a Cl  �   channel. Evidence suggests that ischemic factors also increase secretion of Na  �   into the brain by stimu-
lating activity of a luminal Na  �  /H  �   exchanger. Cl  �   secretion is hypothesized to accompany Na  �  /H  �   exchange-mediated Na  �   secretion, with 
Cl  �   entering at the luminal membrane (e.g. by Cl  �  /HCO 3   �   exchange or even the Na  �  -K  �  -Cl  �   cotransporter) and exiting via the abluminal Cl  �   
efflux pathway (such as a Cl  �   channel).    
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done with good success by various laboratories to test 
effects of different drugs on brain water ( Betz et al., 
1994 ;  Ennis et al., 1996 ;  Menzies et al., 1993 ;  O’Donnell 
et al., 2004 ;  Schielke et al., 1991 ). Another approach is 
to use magnetic resonance diffusion-weighted imag-
ing (MR DWI) to evaluate brain edema in living rats 
over a time course following MCAO ( O’Donnell et al., 
2004 ). This allows monitoring of brain edema in real 
time and has the advantage that data can be obtained 
both before and after treatment for each rat. Using 
MR DWI with MCAO, one can also visualize the loca-
tion of the edema as hyperintensity in the spin echo 
image. In the image shown in  Fig. 30.5A   , taken from a 
rat 90       min after the start of left MCAO, a hyperintense 
signal can be seen in the left hemisphere, indicating 
the presence of cytotoxic edema ( O’Donnell et al., 
2004 ). Apparent diffusion coefficient (ADC) values can 
be determined for specific regions of interest (ROI) as 
desired. It has been shown that by this method, a drop 
in ADC values provides a good index of edema for-
mation ( Hasegawa et al., 1994 ;  Knight et al., 1994 ;  Liu 
et al., 2001 ;  Moseley et al., 1990 ). Comparing ADC val-
ues for ROIs in ipsilateral ischemic brain with those of 
contralateral normoxic brain provides an internal con-
trol for each rat.  Figure 30.5B  is a plot of ADC ratios 
for left (ischemic)/right (normoxic) brain for ROI 1 
over a time course following induction of MCAO. 

Note that Sham-operated rats, undergoing MCAO sur-
gery but never occluded, show L/R ADC ratios of 1, 
as expected. For rats subjected to permanent MCAO, 
the L/R ADC ratios drop, indicating the presence of 
edema. However, in rats administered i.v. bumetanide 
(in this case 30       mg/kg) immediately before the start of 
MCAO (to inhibit the BBB Na  �  -K  �  -Cl  �   cotransporter), 
the fall in ADC ratios is attenuated significantly, indi-
cating reduction of edema formation. Note also that 
this reduction is sustained throughout the 3-hour 
imaging period, and thus blocking the cotransporter 
does not simply slow edema formation but causes a 
quick onset, sustained inhibition of edema formation 
( O’Donnell et al., 2004 ). These findings are in good 
agreement with gravimetric analyses of brain water 
in rats subjected to 3 hours of permanent MCAO and 
treated with bumetanide or vehicle ( O’Donnell et al., 
2004 ), i.e. brain water was significantly increased fol-
lowing MCAO in rats treated with vehicle but not 
those treated with bumetanide. 

 We   have also found that administering bumetanide 
reduces brain infarct volume, assessed as TTC (2,3,5-
triphenyltetrazolium chloride) staining of brain slices 
after 3 hours of permanent MCAO ( Figure 30.5C ). In 
this figure, note the large TTC-defined lesion in the 
left hemisphere. The total infarct volume in these 
studies was 40% of the ipsilateral hemisphere in vehi-
cle-treated rats and 18% to 25% of the ipsilateral hemi-
sphere in bumetanide-treated rats (for doses ranging 
from 7.6 to 30       mg/kg i.v.). Identifying luminal BBB 
proteins that participate in CNS pathophysiology, 
given the fact that such targets appear to be readily 
accessible to i.v. administration of drugs, even in the 
case of reduced cerebral blood flow in ischemic stroke, 
suggests that this is a promising therapeutic avenue 
worthy of pursuit (see Chapter 25 in this volume).  

    c .      Stimulation of BBB Na  �  -K  �  -Cl  �   Cotransport Activity 
by Ischemic Factors 

 If   the BBB Na  �  -K  �  -Cl  �   cotransporter participates in 
ischemia-induced  ‘  ‘ hypersecretion ’  ’  of Na  �  , Cl  �   and 
water from blood into brain, then it is predicted that 
one or more factors that are present during cerebral 
ischemia will increase activity of the cotransporter. 
There is now good evidence that this is in fact the 
case, as will be discussed in the following sections. 

    i .      AVP 
 Several   studies have provided compelling evidence 

that a central release of AVP occurs during cerebral 
ischemia and also that AVP containing extrahypotha-
lamic neuronal processes terminate on brain microves-
sels ( Baringa, 1996 ;  D ó czi, 1993 ;  D ó czi et al., 1984 ; 

Normoxic control

Ischemic (90 min MCAO)

A

B

 FIGURE 30.4          Immuno-electron microscopic localization of BBB 
Na  �  -K  �  -Cl  �   cotransport protein  in situ . Perfusion-fixed rat brains 
were labeled with primary antibody that recognizes Na  �  -K  �  -Cl  �   
cotransporter protein (T4 at a 1:7500 dilution), then gold particle-
conjugated secondary antibody. Figures shown are representative 
micrographs. Vessel lumens are at top of each image with astro-
cyte and neuronal elements below the basal lamina underlying the 
endothelium. Locations of gold particles in luminal and ablumi-
nal membranes are indicated by arrowheads.  A.  Immuno-electron 
micrograph from normoxic cortex.  B.  Immuno-electron micrograph 
from ischemic cortex of a rat subjected to 90       min MCAO (then brain 
immediately perfusion-fixed). This image is from cortical region of 
interest 3 shown in  Fig. 30.5A . ( Brillault et al., 2007 ).    
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 J ó j á rt et al., 1984 ;  Landgraf, 1992 ;  Sorensen et al., 1985 ) 
and that AVP receptors are present in brain microves-
sels ( Kretzschmar and Ermisch, 1989 ;  Pearlmutter 
et al., 1988 ). An AVP receptor antagonist has been 
shown to attenuate ischemia-induced brain infarct 
in rats ( Shuaib et al., 2002 ). Further, Brattleboro rats, 
which are genetically deficient in AVP, show reduced 
edema formation in MCAO and administering AVP 

to those rats restores MCAO-induced edema forma-
tion ( Dickinson and Betz, 1992 ). In studies of bovine 
CMEC, we have found that AVP does indeed stimu-
late Na  �  -K  �  -Cl  �   cotransporter activity of the cells, 
evaluated as bumetanide-sensitive K  �   influx. This 
stimulation occurs with an EC 50  of about 1       nM and is 
seen with 5       min of exposure to AVP ( Fig. 30.6   ). Na  �  -
K  �  -Cl  �   cotransporter activity of human CMEC and 
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 FIGURE 30.5          Magnetic resonance imaging assessment of edema in focal ischemia.  A.  Magnetic resonance diffusion-weighted spin echo 
image (2       mm slice) of a rat brain acquired 90       min after initiation of middle cerebral artery occlusion (MCAO). A relative hyperintensity (edema) 
is seen on the left side (L) of the image. Apparent diffusion coefficient (ADC) values were determined for the regions of interest (ROI) indicated 
by the boxes (L1 – L4 and R1 – R4) and ratios of left/right ADC values calculated for each ROI.  B.  Bumetanide attenuation of MCAO-induced 
cerebral edema. Rats were subjected to MCAO or Sham surgery, with bumetanide (30       mg/kg) or vehicle administered i.v. 20       min prior to start 
of occlusion. Values shown are ratios of left (occluded) to right (non-occluded control) ADC values for cortical ROI 1. ADC ratios of MCAO 
animals fall below 1.0, indicating the presence of edema. Animals given bumetanide (Bumet) then subjected to MCAO exhibit less edema for-
mation, as indicated by the attenuated fall in ADC ratios. ADC values for Sham animals were not affected by bumetanide (not shown). Data 
are means � SD of four to nine experiments for the three conditions. For all four ROI evaluated, ADC ratios for MCAO plus bumetanide were 
found to be significantly different from ADC ratios for MCAO at all times (*  P       �             0.0001).  C.  Effects of bumetanide on infarct size assessed with 
TTC (2,3,5-triphenyltetrazolium chloride) staining. At the conclusion of magnetic resonance diffusion-weighted imaging (MR DWI) experi-
ments, TTC staining of brain slices was performed as described in  O’Donnell et al. (2004) . Images are representative brain slices from rats 
treated i.v. for 20       min with vehicle (left panel) or 30       mg/kg bumetanide (right panel) followed by 180       min of permanent MCAO.    
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freshly isolated bovine cerebral microvessels is also 
stimulated by AVP ( O’Donnell et al., 2005 ). Prolonged 
exposures to AVP of 4 to 36       h also results in increased 
Na  �  -K  �  -Cl  �   cotransporter activity ( O’Donnell et al., 
2005 ). The AVP effect on the CMEC cotransporter 
appears to be mediated via a V1-type AVP receptor 
because V1 but not V2 agonists also stimulate cotrans-
porter activity in the cells and V1 but not V2 receptor 
antagonists inhibit AVP stimulation of cotransporter 
activity in the cells ( O’Donnell et al., 2005 ). V1 AVP 
receptors are known to be linked to activation of 
phospholipase C (PLC) and elevation of intracellular 

[Ca 2 �  ]. Consistent with this, our studies showed that 
the AVP stimulation of CMEC cotransporter activity is 
attenuated by PLC inhibitors and by treatments that 
prevent elevation of intracellular [Ca 2 �  ].  

    ii .      Hypoxia 
 An   important factor to consider in ischemia-

induced hypersecretion of ions by the BBB is hypoxia. 
Due to the low O 2  store in the brain, hypoxia develops 
rapidly during an ischemic episode. In focal ischemia, 
as occurs with MCAO, the O 2  level can vary from zero 
in the core area to 20 – 50% of normal in the adjacent, 
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 FIGURE 30.6          Arginine vasopressin stimulation of Na  �  -K  �  -Cl  �   cotransport activity of cerebral microvascular endothelial cells.  A.  Dose-
dependent stimulation by arginine vasopressin (AVP) of cerebral microvascular endothelial cells (CMEC). Cells were pretreated for 5 minutes 
with bumetanide (0 or 10        μ M) � AVP (1 to 100       nM), then assayed in the same media containing  86 Rb for 5 minutes. Cotransport activity was 
assessed as described previously ( O’Donnell et al., 2005 ). Data represent means � SEM of 3 – 7 experiments.  B.  Effects of V1 and V2 agonists on 
Na  �  -K  �  -Cl  �   cotransport activity of CMEC. Cells were pretreated for 5 minutes in media containing AVP (0 or 10       nM), the V1 agonist Ornithine 
VP (Orn VP; 0 or 10       nM), or the V2 agonist DDAVP (deamino-Cys1,D-Arg8)-vasopressin (0 or 10       nM), followed by a 5 minute incubation in 
media with or without bumetanide (10        μ M) � AVP, Orn VP and/or DDAVP (all at 10       nM). Na  �  -K  �  -Cl  �   cotransporter activity was then assayed 
for 5 minutes in the same media. Values shown represent means � SEM of 13, 13, 7 and 8 experiments for control, AVP, Orn VP and DDAVP, 
respectively. * Significantly different from control (by ANOVA).  C.  Ca 2 �  -dependence of AVP effects on Na  �  -K  �  -Cl  �   cotransport activity of 
CMEC. Cells were exposed to the membrane-permeable form of the intracellular Ca 2 �   buffer BAPTA-AM (5        μ M) at 37 °C for 20       min, then incu-
bated for 5       min in BAPTA-free and/or Ca-free medium, followed by incubation for another 5       min in the same medium also containing AVP 
(100       nM) � bumetanide (10        μ M), and finally assayed for 5       min in the same medium. Values shown are means � SEM of four experiments for 
BAPTA, Ca 2 �  -free, and BAPTA/Ca 2 �  -free conditions and eight experiments for control. #, Significantly different from control without AVP. 
*, Significantly different from control with AVP (AVP with no inhibitor). In addition, control AVP-stimulated cotransporter activity is signifi-
cantly different than AVP-stimulated cotransporter activity in the presence of BAPTA, Ca 2 �  -free medium or BATPA/ Ca 2 �  -free medium (the 
difference between the dark and light bar in each case). All comparisons were done by Student’s  t  tests.    
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penumbral regions ( Baringa, 1996 ). In determining 
whether the BBB Na  �  -K  �  -Cl  �   cotransporter is stimu-
lated by hypoxia to participate in brain edema forma-
tion, one must thus ask whether hypoxia can stimulate 
cotransporter activity of the cells, and if so, then at 
what levels and over what time course this occurs. 

 Early   studies examining the effects of hypoxia 
on BBB endothelial cells assessed the effects of treat-
ing the cells with oligomycin, considered to be a 
form of chemical hypoxia because it acts on mito-
chondria, reducing ATP levels. It was found that in 
rat CMEC exposed to oligomycin (1        μ g/ml) for 5 to 
60       min, Na  �  -K  �  -Cl  �   cotransporter activity, evalu-
ated as bumetanide-sensitive K  �   influx, is signifi-
cantly increased ( Kawai et al., 1996a, b ). Our studies 
have revealed that oligomycin (1        μ g/ml) also signifi-
cantly stimulates Na  �  -K  �  -Cl  �   cotransporter activ-
ity of bovine CMEC (a 1.8-fold increase) ( Foroutan 

et al., 2005 ). Rat CMEC have also been tested for the 
effect of a 24       h exposure to hypoxia (O 2  level of  � 2%) 
and it was found that, like oligomycin, true hypoxia 
also increases CMEC cotransporter activity ( Kawai 
et al., 1996a ). We have further evaluated the effects of 
hypoxia on CMEC Na  �  -K  �  -Cl  �   cotransporter activ-
ity, testing both the sensitivity of the cotransporter 
to different levels of hypoxia and the time course of 
hypoxia effects. For this, we used a hypoxia cham-
ber in which temperature, O 2  levels and CO 2  levels 
are precisely controlled and we varied O 2  levels (in 
the chamber atmosphere and assay media) from the 
control level of 19% down to 0.5% O 2  (inclusion of 
5% CO 2  in the hypoxic chamber reduces O 2  below 
the atmospheric O 2  level of 20%). In those studies, 
we found that exposing the CMEC to 7.5%, 3%, 2% or 
0.5% O 2  for 30       min significantly increased Na  �  -K  �  -Cl  �   
cotransporter activity ( Fig. 30.7A   ). When cells were 
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 FIGURE 30.7          A. Effects of exposure to varying degrees of hypoxia on Na  �  -K  �  -Cl  �   cotransporter activity of cerebral microvascular endo-
thelial cells. CMEC monolayers were subjected to varying O 2  levels in glucose-containing media at 37°C in a hypoxia chamber, as described 
by us previously ( Foroutan et al., 2005 ). Na  �  -K  �  -Cl  �   cotransporter activity was measured as ouabain-insensitive, bumetanide-sensitive K  �   
influx.  B. and C.  Effects of exposing CMEC to 7.5% O 2  for varying times in glucose-containing (B) and glucose-free (C) media, on Na  �  -K  �  -
Cl  �   cotransporter activity. CMEC were exposed to 19% O 2  (control) for 30       min or to 7.5% O 2  for varying times in media containing or lacking 
glucose, then Na  �  -K  �  -Cl  �   cotransporter activity assessed as in A. Data are means � SEM of at least five experiments; * Significantly different 
from control by ANOVA. Note the dashed line in C depicting the control level of Na  �  -K  �  -Cl  �   cotransporter activity in the presence of glucose 
(control values in B).    
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exposed to 7.5% O 2  for up to 180       min cotransporter 
activity was significantly elevated above the normoxic 
control through 120       min and then activity began to fall 
toward normoxic levels ( Fig. 30.7B ). This is a level of 
hypoxia as might be found in the penumbral region 
of an ischemic area ( Kato et al., 1987 ;  Baringa, 1996 ). 
At 2% O 2 , a more severe hypoxia as can be found in 
the ischemic core, cotransporter activity was increased 
above control at 30       min, then fell toward control lev-
els at 120       min. This suggests that hypoxia stimula-
tion of the cotransporter is more prolonged in the 
ischemic penumbra than the core, consistent with 
the observation that increases in water and Na con-
tent are greater in the penumbra than the core ( Kato 
et al., 1987 ). We and others have shown previously 
that the Na  �  -K  �  -Cl  �   cotransporter is phosphorylated 
when activated, both in CMEC ( Sun and O’Donnell, 
1996 ) and in a variety of other cell types ( O’Donnell 
et al., 1995b ;  Muzyamba et al., 1999 ;  Flemmer et al., 
2002 ;  Gim é nez and Forbush, 2003 ;  Flatman, 2005 ). 
Using an antibody that recognizes phosphorylated 
NKCC (p-NKCC) ( Flemmer et al., 2002 ) and Western 
blot analyses, we observed significant increases in the 
abundance of p-NKCC but not total NKCC following 
30 and 90       min treatment of CMEC with 7.5% O 2  (1.6- 
and 1.8-fold, respectively) ( Foroutan et al., 2005 ) ( Fig. 
30.8   ). We also found that AVP (10       min, 100       nM) sig-
nificantly increased the abundance of p-NKCC in the 

cells ( Foroutan et al., 2005 ). It is noteworthy that pre-
vious studies evaluating the effects of oligomycin and 
24       h exposures to severe hypoxia ( � 2%) found that for 
both treatments, cellular ATP levels fell significantly 
( � 65% and 50% reductions, respectively). However, 
when we evaluated CMEC ATP levels following treat-
ment with more moderate hypoxia or shorter expo-
sures to severe hypoxia, we found ATP levels were 
not significantly reduced below control. In these stud-
ies, cell ATP did not fall after 30       min to 4       h exposures 
to either 7.5% or 2% O 2 . Only after a 24       h exposure to 
2% O 2  was ATP significantly reduced (by 40%). This 
suggests that the signaling pathway by which hypoxia 
stimulates CMEC Na  �  -K  �  -Cl  �   cotransporter activity 
does not involve a drop in cell ATP levels ( Foroutan 
et al., 2005 ). 

 An   important question to address in testing the 
hypothesis that a luminal Na  �  -K  �  -Cl  �   cotransporter 
functionally couples with the abluminal Na  �  /K  �   
pump to  ‘  ‘ hypersecrete ’  ’  Na  �  , Cl  �   and water during 
cerebral ischemia is whether, in fact, the pump is still 
active in BBB endothelial cells under conditions of 
ischemia. Consistent with our observation that cell 
ATP levels do not fall more than 50% even after 24       h 
of severe hypoxia, in our studies we have found that 
none of the hypoxia treatments we examined reduced 
activity of the Na/K pump. In evaluating Na  �  -K  �  -
Cl  �   cotransporter activity we measured the effects 
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 FIGURE 30.8          Increased expression of phosphorylated Na  �  -K  �  -Cl  �   in cerebral microvascular endothelial cells following exposure to 
hypoxia. Western blot analyses were conducted to evaluate total Na  �  -K  �  -Cl  �   (NKCC) and phosphorylated Na  �  -K  �  -Cl  �   (p-NKCC), using T4 
and R5 antibodies, respectively (42).  A. and C.  Representative Western blots of p-NKCC abundance and total NKCC abundance, respectively, 
in CMEC exposed to 19% O 2  for 30 minutes or to 7.5% O 2  for 30, 90 or 180 minutes.  B. and D.  Quantitation of p-NKCC abundance and total 
NKCC abundance, respectively, by densitometric analysis of Western blots following exposures to hypoxia. Note that 30 and 90       min exposures 
to 7.5% O 2  significantly increased p-NKCC without altering total NKCC abundance.    

III .    DISEASES OF THE BLOOD – BRAIN BARRIER



30.   ION AND WATER TRANSPORT ACROSS THE BLOOD – BRAIN BARRIER598

of both bumetanide and ouabain on K  �   influx in the 
CMEC. Thus, we evaluated cotransporter activity in 
the absence of ouabain as well as in the presence of 
ouabain, and we also evaluated Na  �  /K  �   pump activ-
ity in the absence and in the presence of bumetanide. 
We found that ouabain-sensitive, bumetanide-insen-
sitive pump activity (i.e. measured in the presence of 
bumetanide) was not altered by hypoxia treatments. 
However, if we measured Na  �  /K  �   pump activity 
in the  presence  of Na  �  -K  �  -Cl  �   cotransporter activ-
ity (i.e. in the absence of bumetanide), hypoxia actu-
ally increased Na  �  /K  �   pump activity ( Foroutan et al., 
2005 ). This would be expected to occur if increased 
Na  �  -K  �  -Cl  �   cotransporter activity delivers more Na  �   
to the cell, thereby stimulating the Na  �  /K  �   pump; as 
mentioned, the latter is highly sensitive to elevation 
of intracellular [Na  �  ]. This finding also supports the 
hypothesis that the cotransporter and the pump are 
functionally coupled during hypoxia.  

    iii .      Aglycemia 
 Ischemic   factors include not only AVP and hypoxia 

but also aglycemia. To determine whether aglycemia, 
independent of other ischemic factors, may stimulate 
BBB Na  �  -K  �  -Cl  �   cotransporter activity, we evaluated 
CMEC bumetanide-sensitive K  �   influx in glucose-
free media. We found that exposure to glucose-free, 
normoxic media increased cotransporter activity by 
2.6-fold and further that this effect of aglycemia was 
additive with the effects of hypoxia. Thus, aglycemia 
caused a  � 2.6-fold elevation of cotransporter activity 
on top of the stimulation observed with 7.5% O 2  expo-
sures of 30 to 90       min ( Fig. 30.7C ). Note that the dashed 
line in the graph of  Fig. 30.7C  represents the normoxic 
control cotransporter activity level that we observed 
in the presence of glucose, as shown in the graph on 
the left ( Fig. 30.7B ). Thus, exposing CMEC to 7.5% 
O 2  in glucose-free media for 30       min caused a 4.2-fold 
increase in cotransporter activity. 

 Studies   by Abbruscato and co-workers have exam-
ined the possibility that the fraction of Na  �  -K  �  -Cl  �   
cotransporter present in the BBB abluminal mem-
brane is important for K  �   absorption during cerebral 
ischemia. In this regard, they have hypothesized that 
K  �   enters the BBB at the abluminal surface not only 
through the Na  �  /K  �   pump but also through the Na  �  -
K  �  -Cl  �   cotransporter and then exits at the luminal 
membrane via a K  �   channel, allowing the BBB to off-
set the ischemia-induced elevation of brain extracellu-
lar [K  �  ] by transporting K  �   from brain to blood even 
if the Na  �  /K  �   pump starts to fail in prolonged severe 
hypoxia ( Abbruscato et al., 2004 ;  Yang et al., 2006 ). The 
results of these studies provided evidence that ablu-
minal Na  �  -K  �  -Cl  �   cotransporter activity is increased 

following 6       h of hypoxia ( � 3% O 2 )/aglycemia by not 
after 24       h of hypoxia/aglycemia ( Abbruscato et al., 
2004 ).  

    iv .      Endothelin 
 The   peptide endothelin-1 (ET-1) is also increased 

during ischemia ( Barone et al., 1994 ;  Bian et al., 1994 ; 
 Kawai et al., 1995 ;  Lampl et al., 1997 ;  Spatz et al., 1995 ; 
 Suzuki et al., 1990 ). BBB endothelial cells both synthe-
size ET-1 and exhibit ET A  receptors ( Bacic et al., 1992 ; 
 Stanimirovic et al., 1994 ;  Vigne et al., 1991 ;  Yoshimoto 
et al., 1990 ). ET-1 has been hypothesized to modulate 
BBB functions during ischemia ( Kawai et al., 1996b, 
1995 ). Further, ET A  receptor antagonists have been 
shown to reduce brain edema injury following both 
transient and permanent MCAO in rats ( Barone et al., 
2000 ;  Matsuo et al., 2001 ). Thus, it is possible that, like 
AVP, ET-1 is another peptide released during ischemia 
that may stimulate the BBB Na  �  -K  �  -Cl  �   cotransporter 
to participate in ischemia-induced edema forma-
tion. To test this hypothesis, Kawai, Spatz and co-
workers have evaluated the effects of endothelin on 
bumetanide-sensitive K  �   influx of rat on the human 
CMEC. They found that the cotransporter in CMEC 
of both rat and human is readily stimulated by ET-1 
at low nanomolar concentrations ( Kawai et al., 1995 , 
1996b, 1997;  Spatz et al., 1997, 1998 ). Stimulation of rat 
CMEC Na  �  -K  �  -Cl  �   cotransporter activity by ET-1 has 
also been reported by Vigne and co-workers ( Vigne 
et al., 1994, 1995 ).   

    d .      Estradiol Reduction of Ischemia Effects on the BBB 
Na  �  -K  �  -Cl  �   Cotransporter 

 Estradiol   provides neuroprotection in stroke, atten-
uating ischemia-induced edema and brain damage 
( Dubal et al., 1998 ;  Zhang et al., 1998 ;  Tuong et al., 
1998 ;  Rusa et al., 1999 ;  Linford et al., 2000 ;  Hurn and 
Macrae, 2000 ;  Lee and McKewen, 2001 ;  Dhandapani 
and Brann, 2002 ). We have found that treating ovari-
ectomized (OVX) rats with estradiol (17 β -estradiol, 
either 7 days or 30       min) reduces edema and infarct 
induced by 210       min of permanent MCAO, assessed 
as MR DWI-determined ADC values and by TTC 
staining ( O’Donnell et al., 2006 ). This raises the pos-
sibility that since bumetanide inhibition of the BBB 
Na  �  -K  �  -Cl  �   cotransporter reduces edema and infarct 
in permanent MCAO, estradiol may act, at least in 
part, by reducing ischemia stimulation of the cotrans-
porter. Thus, we evaluated estradiol effects on bovine 
CMEC Na  �  -K  �  -Cl  �   cotransporter activity. Here, we 
found that estradiol (1–100       nM) significantly reduced 
cotransporter activity whether the treatment time was 
5       min or 3       h. Further, estradiol abolished stimulation of 
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the cotransporter by AVP or by oligomycin ( O’Donnell 
et al., 2006 ). Further, Western blot analysis revealed 
that estradiol also reduced abundance of the CMEC 
Na  �  -K  �  -Cl  �   cotransporter protein, both following 
just one hour of estradiol treatment and after 7 days 
of treatment.  

    e .      Hypoxia Effects on BBB Endothelial Cell Volume 

 The   above observations collectively support the 
hypothesis that ischemic factors stimulate the BBB 
cotransporter to participate in edema formation 
through hypersecretion of Na  �  , Cl  �   and water from 
blood into brain, where the astrocytes swell as they take 
up the increased ions and water presented to them. 
However, it is important to consider whether the 
cotranporter could be contributing to edema in 
another manner, e.g. by causing the BBB endothe-
lial cells themselves to swell. This is possible given 
that the Na  �  -K  �  -Cl  �   cotransporter is known to be 
involved in regulation of intracellular volume for a 
variety of cell types, including endothelial cells, and 
some factors that stimulate cotransporter activity have 
been shown to drive increases in intracellular volume 
( O’Donnell, 1993 ). Thus, one must ask whether, and 
under what conditions, ischemic factor stimulation 

of BBB cotransporter activity could lead to swell-
ing of the BBB endothelial cells. Such an event could, 
e.g., compress the microvessel lumen, further reduc-
ing blood flow and/or it could participate in break-
down of the BBB, which would contribute to edema 
formation (vasogenic edema in the latter case). We 
have addressed this question, using bovine CMEC 
and radioisotopic equilibration of [ 3 H]-3-0-methyl-
D-glucose, to assess intracellular water space along 
with [ 14 C]-sucrose to correct for trapped extracellular 
water space. When the cells were exposed to hypoxia, 
significant increases in CMEC volume did not occur 
before 3       h (7.5% or 3% O 2 ) or 4       h (1% O 2 ) of treatment 
( Fig. 30.9   ). Cells exposed to 1% O 2  didn’t swell before 
4       h and the swelling observed at 5       h was less than 
that of cells exposed to 7.5% O 2 . This is not entirely 
surprising, given the observation that more cerebral 
swelling occurs in peripheral regions of an ischemic 
zone ( Kato et al., 1987 ). We also assessed net Na  �   and 
K  �   uptake by the CMEC during 7.5% O 2  treatments 
and found that cell Na content did not increase until 
3       h of exposure ( Brillault et al., 2007 ). This is consis-
tent with the Na  �  -K  �  -Cl  �   cotransporter participating 
in vectorial transport of ions across the BBB during 
the early hours of ischemia, with cell swelling occur-
ring more gradually. Treating CMEC with 7.5% O 2  
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 FIGURE 30.9          Effect of hypoxia on cerebral microvascular endothelial cell volume. CMEC monolayers were subjected to 19% O 2  (control) 
or to 7.5%, 3% or 1% O 2  (A, B and C, respectively) for 1 to 5       h in glucose-containing DMEM-HEPES medium at 37  ° C using a hypoxia chamber. 
Cell volume was subsequently assessed using radioisotopic equilibration of [ 3 H]-3-o-methyl-D-glucose and [ 14 C]-sucrose for total and extra-
cellular trapped space, respectively. Data are means � SEM of three experiments. * Significantly different from control by ANOVA,  p       �             0.05. # 
Significantly different from control by Student’s paired  t  test,  p       �             0.05.    
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in the presence of bumetanide reduced cell swelling 
observed after 5       h, suggesting that the cotransporter in 
some manner contributes to CMEC swelling. Overall, 
these observations are consistent with cotransporter-
mediated hypersecretion that starts within minutes of 
ischemia onset and also a cotransporter-mediated cell 
swelling with a slower onset and increasing over time, 
contributing to more widespread edema.   

    2 .      A Role for Other Na  �   and Cl  �   Transporters 
and Channels in Ischemia-induced Cerebral 
Edema? 

    a .      Na  �  /H  �   Exchange 

 Previous   studies have also suggested a role for 
a luminal Na  �  /H  �   exchanger in ischemia-stimu-
lated BBB secretion of Na  �  , Cl  �   and water. Ennis 
and co-workers found that i.v. administration of 
dimethylamiloride (DMA), an Na  �  /H  �   exchange 
inhibitor, reduced  22 Na uptake by normal (non-isch-
emic) rat brain, evaluated by  in situ  perfusion meth-
ods ( Ennis et al., 1996 ). Further, Betz and co-workers 
showed that DMA also attenuated ischemia-induced 
increases in brain water and Na following 4       h of per-
manent MCAO in rats ( Betz et al., 1995 ). Several 
studies have provided evidence for the presence of 
Na  �  /H  �   exchanger (NHE) RNA and protein in brain 
microvascular endothelial cells. Multiple isoforms of 
NHE have been described in various cell types, with 
NHE1 – 5 found in plasma membrane and NHE6 – 9 in 
organelle membranes ( Chesler, 2003 ;  Nakamura et al., 
2005 ). mRNA for NHE1 has been demonstrated for 
rat CMEC ( Kalaria et al., 1998 ) and mRNA for NHE2, 
NHE3 and NHE4 isoforms has also been reported to 
be present in the cells ( Sipos et al., 2005 ). It has also 
been shown that basal intracellular pH (pH i ) of piglet 
CMEC is decreased by amiloride ( Hsu et al., 1996 ) and 
that pH i  recovery from an acid load is inhibited by 
amiloride or ethylisopropylamiloride (EIPA) in pig-
let and rat CMEC ( Sipos et al., 2005 ), suggesting that 
a Na  �  /H  �   exchanger participates in pH regulation 
of BBB endothelial cells. In recent studies evaluating 
bovine and rat CMEC for the presence of NHE iso-
forms, Western blot analysis revealed that both NHE1 
and NHE2 isoforms are present in bovine CMEC as 
well as in freshly isolated rat cerebral microvessels 
( Lam and O’Donnell, 2008 ). If either of these NHE 
isoforms participates in ischemia-induced edema for-
mation by providing a luminal membrane BBB entry 
pathway for Na  �  , then the NHE proteins should 
be present in the luminal membrane. Using perfu-
sion-fixed rat brain with immuno-electron micros-
copy and specific antibodies for NHE1 and NHE2, 
we have found that both isoforms are present in the 

BBB endothelial cells  in situ , with approximately 80% 
of both NHE1 and NHE2 in the luminal membrane 
compared to the abluminal membrane ( Lam and 
O’Donnell, 2008 ). We have also evaluated Na  �  /H  �   
exchange activity in bovine CMEC, using the NH 4   �   
prepulse method with the pH-sensitive dye BCECF to 
assess Na  �  -dependent, Na  �  /H  �   exchange inhibitor-
sensitive H  �   flux ( Boyarsky et al., 1988 ;  McLean et al., 
2000 ). For these experiments, we used HOE642 (cari-
poride), which is a potent, highly selective inhibitor of 
NHE1 that also inhibits NHE2 activity (at IC 50  values 
 � 150 – 200-fold higher than for NHE1) ( Masereel et al., 
2003 ;  Scholz et al., 1995 ). We observed an Na  �  -depen-
dent, cariporide-sensitive H  �   flux in CMEC with an 
IC 50  value of  � 7        μ M, consistent with the presence of 
both NHE1 and NHE2 activity in the cells. Exposing 
the CMEC to 30       min of either hypoxia (2%), aglycemia 
or AVP (1 to 100       nM) significantly increased Na  �  /H  �   
exchanger activity ( Fig. 30.10   ). Other studies have 
shown that in CMEC an EIPA-sensitive  22 Na influx 
is stimulated by endothelin, another factor present 
during cerebral ischemia ( Kawai et al., 1997 ;  Spatz 
et al., 1997 ;  Vigne et al., 1991 ). Thus, it appears that 
the CMEC Na  �  /H  �   exchanger, like the Na  �  -K  �  -Cl  �   
cotransporter is stimulated by ischemic factors, sug-
gesting that the exchanger may also participate in 
the BBB response to ischemia. Whether the increased 
Na  �  -K  �  -Cl  �   exchanger activity is due to stimula-
tion of NHE1, NHE2 or both, necessitates further 
investigation. 

 If   a luminal BBB Na  �  /H  �   exchanger participates 
in ischemia-induced edema formation, then inhibi-
tion of the exchanger by intravenous administration 
of cariporide is predicted to reduce edema and infarct 
in rats subjected to MCAO. Indeed, in experiments 
evaluating ADC values during permanent MCAO, 
rats treated with cariporide immediately before initia-
tion of MCAO had significantly attenuated reductions 
in edema formation, assessed as the fall in ipsilat-
eral/contralateral ADC ratios ( Tran et al., 2004 ). They 
also exhibited significantly reduced infarct volumes 
following 180       min of MCAO, assessed as TTC-lesion 
volume. 

 While   these studies collectively support the 
hypothesis that a luminal BBB Na  �  /H  �   exchanger is 
stimulated during cerebral ischemia to participate in 
increased secretion of Na  �   and water into the brain, it 
is also possible that the exchanger may also, or even 
instead, contribute to ischemia-induced BBB endo-
thelial cell swelling. In cell volume studies we found 
that when CMEC are exposed to 7.5% O 2  for 5       h in the 
presence of cariporide, CMEC swelling was signifi-
cantly reduced. Further, when the cells were treated 
with both bumetanide (10        μ M) and cariporide (10        μ M) 
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during 5       h of moderate hypoxia (7.5% O 2 ), the increase 
in cell volume was nearly abolished ( Brillault et al., 
2007 ). Clarification of the processes by which the Na  �  -
K  �  -Cl  �   cotransporter and Na  �  /H  �   exchanger contrib-
ute to hypoxia-induced swelling of CMEC will require 
further study. 

 Davis   and co-workers have also demonstrated the 
presence of Na  �  /H  �   exchange protein in BBB endo-
thelial cells and provided evidence that the exchanger 
may play a role in the increase in ischemia-induced 
brain damage in hypertensive animals ( Hom et al., 
2007 ). In those studies, brain microvessel abundance 
of NHE1 protein was increased in spontaneously 
hypertensive rats (SHR) following development of 
hypertension but not in age-matched normotensive 
control rats (WKY). Further, intracerebroventricular 

administration of the Na  �  /H  �   exchange inhibitor 
DMA significantly reduced TTC-defined infarct fol-
lowing 4       h of permanent MCAO in the hypertensive 
SHR animals ( Hom et al., 2007 ). This is consistent 
with the observation that the severity of brain damage 
in ischemic stroke is generally more pronounced in 
hypertensive than normotensive individuals ( Barone 
et al., 1992 ;  Kannel et al., 1970 ;  Li et al., 2005 ;  Liu et al., 
2005 ;  Sacco et al., 1991 ;  Stokes et al., 1989 ).  

    b .      Cl  �   Channels and Cl  �  /HCO 3   �   Exchangers 

 The   pathways that mediate increased secretion of 
Cl  �   across the BBB during ischemic stroke are not well 
defined and, as discussed above for NaCl secretion 
occurring during normoxic conditions (Section II), 
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the available evidence suggests that an abluminal 
volume-activated Cl  �   channel may be the ablumi-
nal Cl  �   efflux pathway (von  Weikersthal et al., 1999 ). 
Thus, increased Na  �   and Cl  �   influx at the luminal 
membrane, mediated by Na  �  -K  �  -Cl  �   cotransporter 
and perhaps also Na  �  /H  �   exchange, is predicted to 
stimulate increased Na  �   and Cl  �   efflux at the ablu-
minal membrane via Na  �  /K  �   pump and Cl  �   chan-
nel. To clarify whether this Cl  �   channel may function 
in this capacity during ischemic stroke will require 
other studies, including determination of whether the 
volume-activated Cl  �   channel is indeed present in 
the abluminal membrane under ischemic conditions. 
Given that estradiol appears to attenuate ischemia-
induced edema formation and also to block ischemic 
factor stimulation of the BBB Na  �  -K  �  -Cl  �   cotrans-
porter, it is noteworthy that the rat CMEC volume-
activated Cl  �   current was also found to be blocked by 
the estrogen antagonist tamoxifen (von  Weikersthal 
et al., 1999 ). This suggests that the edema reducing 
effects of estradiol may include inhibition of an ablu-
minal volume-sensitive Cl  �   channel. 

 Recent   studies providing evidence for the presence 
of Na  �  -independent and Na  �  -dependent Cl  �  /HCO 3   �   
exchangers as well as Na  �  -HCO 3   �   cotransporters in 
BBB endothelial cells suggest additional pathways 
for Cl  �   and also HCO 3   �   secretion ( Nicola et al., 2007 ; 
 Taylor et al., 2006 ). Thus, as discussed in Section II 
above for ion secretion by normoxic BBB, it is possible 
that a polarized distribution of these Cl  �   and HCO 3   �   
transporters in the luminal and abluminal membranes 
provides for vectorial transport of the anions across 
the BBB. It should also be recognized that an ablu-
minal Na  �  -dependent Cl  �  /HCO 3   �   exchanger could 
also participate in Cl  �   efflux into the brain. While the 
BBB transporters discussed here are thought to par-
ticipate in increased secretion of Na  �  , Cl  �   and prob-
ably also HCO 3   �   into the brain during ischemia, they 
also very likely function in regulation of intracellular 
pH during ischemic challenge. In this regard, Nicola 
and collaborators have shown that in response to an 
increased acid load in the CMEC, as can occur dur-
ing hypoxia, the cells can regulate their pH by Na  �  /
H  �   exchange-mediated H  �   efflux and also by Na  �  -
HCO 3   �   cotransporter-mediated HCO 3   �   influx, with 
both mechanisms working to correct mild acid loads 
and Na  �  /H  �   exchange primarily handling large 
acid loads ( Nicola et al., 2007 ). Clarifying the roles of 
Na  �  -dependent and Na  �  -independent Cl  �  /HCO 3   �   
exchange, as well as Na  �  -HCO 3   �   cotransport, at the 
BBB clearly requires further investigation, not the least 
of which will be to determine the plasma membrane 
distribution (i.e. luminal, abluminal or both) of these 
transporters in BBB endothelial cells.     

    IV .      CONCLUSIONS 

 BBB   ion transporters play a vital role in brain elec-
trolyte and water distribution in both health and 
disease. We now have evidence that a luminal BBB 
Na  �  -K  �  -Cl  �   cotransport participates in the increased 
secretion of Na  �  , Cl  �   and water that contributes to 
edema formation during ischemia and probably also 
participates in the normal lower rate of NaCl secre-
tion into the healthy, normoxic brain. Mounting evi-
dence also suggests a BBB Na  �  /H  �   exchanger serves 
as a luminal Na  �   entry pathway for secretion of Na  �   
into the brain, under both normoxic and ischemic con-
ditions. Na  �   entering the BBB endothelial cell via the 
exchanger may be accompanied by Cl  �   entering the 
cell via Cl  �  /HCO 3   �   exchange as well as Na  �  -K  �  -Cl  �   
cotransport. The recently discovered presence of Na  �  -
dependent Cl  �  /HCO 3   �   exchange and Na  �  -HCO 3   �   
cotransport in BBB endothelial cells suggests the pos-
sibility that these transporters may also participate in 
NaCl secretion across the BBB. Candidates for ablu-
minal efflux of Cl  �   that accompanies Na  �  /K  �   pump-
mediated efflux of Na  �   during NaCl secretion include 
a volume-activated Cl  �   channel and possibly also 
Na  �  -dependent Cl/HCO 3  exchange. However, it is 
not yet known whether these are present in the ablu-
minal BBB membrane. In addition to vectorial trans-
port, other important ion transporter and channel 
BBB functions include regulation of intracellular pH 
and/or volume. The Na  �  -K  �  -Cl  �   cotransporter very 
likely participates in BBB volume regulation, as does 
the Na  �  /H  �   exchanger and Cl  �  /HCO 3   �   exchanger. 
Further, there is evidence that the Na  �  /H  �   exchanger, 
Na  �  -HCO 3   �   cotransporter and both Na  �  -depen-
dent and Na  �  -independent Cl  �  /HCO 3   �   exchang-
ers all contribute to regulation of intracellular pH of 
BBB endothelial cells. Additional studies are needed 
to clarify the roles of these transporters and channels 
in BBB function. Given the importance of the BBB in 
brain water and electrolyte distribution in both health 
and disease, understanding how these transporters 
and channels are distributed in the cells and how they 
respond to changing conditions in the neuron micro-
environment is essential for developing new therapies 
to treat ischemic stroke and other brain pathologies.   
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