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FOREWORD

 In front of you is the finished product of your work, the text of your contributions to 
the 2003 Dayton International Symposium on Cell Volume and Signal Transduction. As 
we all recall, this symposium brought together the Doyens of Cellular and Molecular 
Physiology as well as aspiring young investigators and students in this field. It became a 
memorable event in an illustrious series of International Symposia on Cell Volume and 
Signaling. This series, started by Professors Vladimir Strbák, Florian Lang and Monte 
Greer in Smolenice, Slovakia in 1997 and continued by Professors Rolf Kinne, Florian 
Lang and Frank Wehner in Berlin in 2000, is projected for 2005 in Copenhagen to be 
hosted by our colleague, Professor Else Hoffmann and her team.
 We dearly miss Monte Greer to whom this symposium was dedicated and addressed 
so eloquently by Vladimir Strbák in his Dedication to Monte. Monte and I became 
friends in Smolenice and had begun to discuss the 2003 meeting only a few days before 
his tragic accident in 2002. There are others who were not with us, and we missed them, 
too.
 We would not have been able to succeed in this event without the unflagging support 
of our higher administration at Wright State University, the NIDDKD of the National 
Institute of Health, and the Fuji Medical System (see Acknowledgments). 
 The special touch of our Symposium Coordinator / Editorial Assistant Donna Maas 
was reflected in the management and organization of the symposium details, generation 
of program highlights, and finally, as you all know from the many e-mails, in the hard 
work thereafter to edit all our chapters readying them for final publication. We all owe 
her a big thanks and round of applause.
 In the final layout of this volume and the listing of its chapters, we adhered to the 
original program which divided the symposium into four major topics at the cutting edge 
of research in cell volume and signal transduction. There is an Abstract appendix 
containing those abstracts that were expanded by some of the poster presenters.
 At the concluding dinner of the Dayton International Symposium at the Dayton Art 
Institute, our dear colleague and friend Hector Rasgados-Flores, physiologist and 
composer, dedicated a Sarabanda for Cello and Piano which he together with our cellist 
son Adrian Lauf performed. This fine piece of music is published herein for the first time 
and interwoven between the chapters and abstracts. 
 Our special thanks to every member on the Editorial/Advisory Committee for 
reviewing and editing each page of this book. On behalf of the members of this 
committee and Wright State University, we would like to thank all who helped and our 
colleagues and friends who came from near and far to make the 2003 Dayton 
International Symposium on Cell Volume and Signal Transduction such a resounding 
success.

For the Editorial/Advisory Committee,   

Peter K. Lauf,     Norma C. Adragna 
University Professor   Professor of Pharmacology & Toxicology
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DEDICATION

Monte Arnold Greer 
(1922-2002)

This Symposium is dedicated to the 
memory of Monte Arnold Greer, pioneer in 
the field of cell swelling-induced secretion, 
exceptional scientist and rare friend, who 
died on March 24, 2002 in an auto accident 
in Oregon. 
     It was in the early eighties when Monte 
noticed that an improperly prepared 
perfusion solution was surprisingly effective 
in the stimulation of pituitary hormone 
secretion. Interestingly enough, secretion 
returned to basal values and responded again 

to different stimuli. It looked like a joke and that was enough to attract Monte’s attention. 
He was unaware of any similar observations. Now, we know that some other people 
noticed a similar behavior for one particular hormone, but it was Monte who was 
thunderstruck by finding that it was a broad, universal phenomenon. And so this highly 
reputed neuroendocrinologist spent the rest of his carrier studying and admiring cell 
swelling-induced hormone secretion. Illustrative is the title of his paper: Greer MA, Greer 
SE, Opsahl Z, McCafferty L, Maruta S: Hyposmolar stimulation of in vitro pituitary 

secretion of luteinizing hormone: a potent clue to the secretory process, Endocrinology 
113: 1531-1533,1983. Over the following years, Monte published many elegant papers in 
prestigious scientific journals; however, he did not evoke an expected interest among 
orthodox endocrinologists. In the years 1994-1998, we worked on a joint project 
Isosmotic Ethanol-induced Neural Cell Swelling and Thyroliberin Release supported by 
the US-Slovak Science and Technology Cooperation Program. During one of my visits in 
Portland, Monte suggested contacting relevant people in various fields to organize a 
symposium on cell swelling. We were impressed by the number of top scientists who 
worked on cell volume regulation and were pleased that many of them attended our first 
International Symposium on Primary Role of Cell Volume Changes in Controlling 
Cell Function, in Smolenice Castle in Slovakia, June 23-27, 1997. As the main 
organizers, Monte, Florian Lang and I served as chairpersons of the meeting. That was 
the beginning of this series. It was followed by the International Conference on Cell
Volume: Signalling and Regulation, Max Plank Institute, Berlin, October 25-28, 2000, 
and now, by the present International Symposium on Cell Volume & Signaling, 
September 20-24, 2003, at Wright State University in Dayton, Ohio. 

Monte Arnold Greer was born in Portland, Oregon; he received his A.B. in Biology 
(1944) and M.D. (1947) at Stanford University. After working in Bethesda, Boston and 
San Francisco, he accepted an offer as head of the Division of Endocrinology, 
Department of Medicine, Oregon Health Sciences University, in Portland, Oregon, in 
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1956. Under his leadership (1956-1990), first as Associate Professor of Medicine (1956) 
and then Professor of Medicine and Physiology (1962), the Endocrinology Division in 
Portland developed into an eminent clinical and research institution.
 Monte Greer was an excellent clinician and gifted researcher who pioneered work in 
several fields. Most acknowledged has been the field of hypothalamic regulation of 
pituitary hormone secretion. He was the first to publish proof of the role of 
the hypothalamus in thyroid regulation – a lesion of the hypothalamus prevented goiter 
development in experimental rats. Twenty-five years later, A. Shally and R. Guilemin 
shared the Nobel Prize for the isolation of the thyrotropin-releasing hormone from the 
hypothalamus. Naturally, Monte was included in the prestigious publication: Pioneers in 
Neuroendocrinology (M. A. Greer: Why I am still waiting for the free trip to Stockholm, 
chapter 13, Plenum Publishing Corporation, 1978).
 Among the awards Monte Greer received were the Oppenheimer Award of the Endo-
crine Society and Honorary memberships in the Japanese and Czechoslovak Endocrine 
Societies. Monte’s achievements were also recognized by his appropriate roles in 
professional societies: 

 American Thyroid Association President 
 Endocrine Society Vice President 
 Western Society for Clinical Research President 
 American Society for Clinical research Chair, Subsection on Endocrinology 

In addition, he served as a member of the editorial boards of Endocrinology, Neuroendo-

crinology and Endocrinologia Experimentalis. 

 Monte’s charming personality, esprit, rare sense of humor and friendliness made him 
popular with friends all over the world. His personality is best reflected in his statement: 
“Nobody is as bad as his publications!” The sad message of his death deeply touched his 
former research fellows and coworkers and their families in USA, Japan, Switzerland, 
France, Germany, Slovakia, China and possibly other countries. We are all very pleased 
to devote this exciting meeting to the memory of our friend Monte Arnold Greer. 

Vladimir Strbak 
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THE BALANCING ACT
OF THE NAKED CELL 

A brief history of membrane regulation 
 of animal cell volume before 1978 

John S. Willis* 

1. INTRODUCTION 

Asked to discuss the history of cell volume regulation, my first reaction was one of 
panic. This was alleviated by my realization that the first task of a would-be "historian" is 
to choose his dates. Accordingly, I have limited myself in this review to a few of the 
central issues that were of concern prior to 1978. Twenty-five years ago is a convenient 
date from which to mark the beginnings of the modern era of this subject, and so I shall 
discuss the foundation upon which it is based, in other words, its "prehistory." Two 
excellent reviews appeared in 19771, 2 that obviate a further detailed accounting; 
therefore, my role here diminishes mainly to a ceremonial one of invoking the names of 
heroes and the memory of their key accomplishments. 

Consensus regarding cell volume regulation prior to 1978 was based on three main 
propositions that traced their origins back more than 50 years: (1) The plasma cell 
membrane is incapable of resisting significant tension; (2) Accordingly, cells of animals 
are generally isosmotic with the internal environment that surrounds them and (3) This 
osmotic balance is achieved  by managing the cells’ selective permeability to ions and by 
extruding excess sodium ions. By 1978, cracks had begun to appear in this simplified 
picture, leading to the modern expansion of the subject. 
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2. FRAGILE MEMBRANES 

The concept that the membrane of naked animal cells is too fragile to resist tension 
or to stretch was initially based on experiments of E. Newton Harvey3,4 in the early 
1930's that showed the force required to break eggs of sea urchins and other marine 
invertebrates viewed in a centrifugal field under a centrifuge microscope5 was very small, 
corre-sponding to 1 dyne/cm or less.

In 1937, Eric Ponder6 found that after rabbit red cells were made spherical by 
treatment with lecithin, their surface area was reduced by 23 per cent below that of the 
normally discoid cells. When these sphericized cells were then exposed to media with 
lower osmolarities, their surface area expanded with swelling, and they lysed when their 
surface area returned to its original value in the discoid cells. The conclusion from these 
two studies was that the membrane of animal cells is too fragile to withstand osmotic 
pressure differences. This conclusion was reexamined over the ensuing 40 years with 
greater sophistication of methods and analysis,7 but without any basic revision.

3. ISOTONICIY OF CYTOPLASM 

The notion that animal cells – or at least mammalian cells – were isotonic with their 
medium was for a long time conventional wisdom, weakly supported, if at all, by 
evidence. In 1923, van Slyke8 and his colleagues assumed isotonicity entirely on the basis 
of the discoid shape of red cells, since they were capable of swelling and changing shape 
in hypotonic media. John P. Peters was a strong spokesperson for the dogma of 
isosmolarity from as early as 1935. In a 1944 review, he proclaimed, "Despite the 
extreme differences in composition of the contents of its various compartments, a 
uniform osmotic pressure prevails throughout the fluids of the body."9 This assertion was 
seriously challenged by several investigators during the 1950's, most notably by James R. 
Robinson, then of the Pathology Department at Cambridge, and later Professor of 
Physiology at the University of Dunedin in New Zealand. Robinson wrote several 
reviews between 1950 and 1960, but my favorite is his 1954 SEB Symposium paper10 in 
which he defended the unlikely proposition of active transport of water from the cell as 
being a beneficial intellectual exercise as recommended by "Carroll, 1872." The Carroll 
reference was to Lewis Carroll’s Through the Looking Glass: And What Alice Found 

There!
Robinson's argument10 was based in part on the contractile vacuoles of fresh water 

protozoa (as they were then called in the mistaken belief that they were animals). These 
organelles appeared to secrete water and to be responsible for the metabolically 
dependent osmotic balance of protista such as ciliates and amoebae, as inferred from 
numerous microscopic observations such as those of Kitching.11 Robinson's other 
arguments were that certain epithelial cells must face on one surface a hypotonic 
medium, so cannot be in equilibrium on both faces, that cryoscopic measurements for 
half a century before had often indicated that tissues were hypertonic to their 
environment and that metabolically compromised cells swelled in putatively isosmotic 
medium and were only prevented from swelling in hypertonic medium. Swelling in some 
of these cases, he said, could not be ascribed to inhibition of Na pumps because similar 
results were obtained in Na-free balanced media.10
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The possibility that tissue cells such as kidney, liver and heart were hypertonic to 
their environment was laid to rest largely through the detailed cryoscopic measurements 
of Maffly and Leaf12 and of Appelboom et al.

13 Both these studies involved elaborate 
precautions against autolysis causing a spurious rise in solute concentration before 
freezing was initiated and by using melting rather than freezing point as the measure of 
total osmotic concentration. In the case of Maffly and Leaf,12 tissue taken from living 
anesthetized animals was quick-frozen in liquid nitrogen, pulverized and suspended in 
silicone. The deeply frozen samples were allowed to warm with stirring to prevent 
thermal gradients and the curve of melting time (converted to per cent water melted) vs.

rising temperature was compared with samples of serum and found to be the same. The 
approach of Appelboom et al.13 involved dropping snippets of freshly collected tissue 
into boiling water to kill autolytic enzymes, then determining total solute content of the 
known volume of the mixture by melting point depression. Robinson14 professed himself 
satisfied with the conclusion from these results that at least these tissues were isotonic. 

4. THE DOUBLE DONNAN CONCEPT 

The reason the presumption of isotonicity had become so wide-spread without prior 
rigorous testing was that it fit well with the equally ingrained belief in the Double-
Donnan system as a basis for explanation of ion distributions across the cell membrane 
and stability of cell volume. The explicit first proposal of a Double Donnan hypothesis 
appears to have been that of Hsien Wu15 (Union Medical College, Beijing) in  a brief note 
in the Journal of Biological Chemistry in 1926 in reference to work he had carried out 
earlier in collaboration with Van Slyke's group.8 Wu stated that the concentration 
gradients of animal cells could be explained by a Donnan equilibrium determined by the 
fixed position of impermeant organic anions in the cytoplasm and of crystalloids, e.g., Na 
ion, in the cell's environment. Later extension of the hypothesis predicted that in muscle, 
nerve and other nucleated cells, the membrane can be freely permeable to K ion and that 
cells will swell if Na is replaced in the medium by K, provided Cl is also free to move. 
That cell swelling does indeed occur in frog muscle fibers incubated with elevated K 
concentration was, according to Kleinzeller,16 first observed by Loeb in 1898 and studied 
in more detail by Overton in 1902 in connection with inactivation of excitability by 
extracellular K.

In my generation, the foundation of the idea that cells are in a Double Donnan 
equilibrium was laid by the classic paper of Boyle and Conway17 published in 1941, 
beginning on page 1 of volume 100 of the Journal of Physiology. That study hinged on 
the issue of K permeability, and indeed, this 62 page paper began with the sentence, "We 
are concerned here chiefly with an account of the mechanism underlying the 
accumulation of potassium in the excised sartorius of the frog." They showed, among 
many things, that gain of K as a function of K in the medium was linear and fit with 
expectations from calculations based on a Donnan Equilibrium. Their evidence for 
impermeability of the membrane to Na was weak and was based mainly on the lack of 
gain of Na when swelling was occurring under conditions of elevated K. They also cited 
some early, apparently crude, experiments with radioactive Na that suggested the isotope 
only equilibrated into the extracellular space of the muscle. 
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There ought to be a corollary of Parkinson's Law stating that once a paradigm is 
firmly established, the seeds of its demise are already sprouting. That at least was the 
case for the concept that animal cells are in an osmotic equilibrium based on absolute 
impermeability to Na. Even at the time of publication of Boyle and Conway, evidence 
was emerging that the membrane was not impermeable to Na: frog muscle, after all, 
gained Na when it was electrically stimulated and when it was stored in the cold or in K-
free medium. It was such observations by H. Burr Steinbach18 on frog muscle in low K 
medium that lead Robert Dean19 at Rochester University to propose in 1941 that the 
gradient for Na must occur through metabolically dependent extrusion of Na by means of 
some kind of "pump" in the cell membrane. 

Once it was accepted that animal cells live in a dynamic steady state (now called a 
Double Donnan system, as distinct from an equilibrium), it became necessary to explain 
the swelling of cells under metabolic inhibition that was being used as an argument for 
their hypertonicity. This issue was explored by several investigators in the early 1950's, 
most notably by Mudge in rabbit kidney slices.20 These early studies showed that when 
cells swelled under metabolic inhibition, there was a gain of Na and Cl along with the 
water taken up by swelling. A quantitative accounting for the solute causing the uptake 
was obscured by use of fresh tissue weight or water content as a mass base and by the 
apparent complementarity of K loss with Na gain. In 1956, Alexander Leaf21 published a 
particularly clear and quantitative demonstration that the fluid which accumulated in 
metabolically inhibited guinea pig kidney slices was isotonic. In other words, the net 
increase of chloride and excess Na (beyond that balanced by K loss) computed on the 
basis of dry weight of tissue was isotonic with the medium when divided by the water 
uptake, also computed on a dry weight basis. Thus, the swelling was explained by the 
collapse of the Na and Cl gradients and the fluid being taken up was not hypotonic, as 
would have been required by the hypertonicity-water pump hypothesis. These results and 
conclusions were confirmed in studies of rat diaphragm by Rixon and Stevenson.22

5. THE PUMP-LEAK HYPOTHESIS  

Based on his results both on directly measured tonicity of tissues and on the ion 
movements in metabolically inhibited cells, Leaf,23 in 1959, propounded the model of a 
metabolically dependent Na-K pump balancing a passive leak. Inhibition of this pump 
would then lead to collapse of the gradients and movement toward a single Donnan, 
swollen state. 

 During the 1950’s, center stage was thus largely occupied by net movements 
occurring in rather sloppy, tissue slice preparations. The apotheosis of the "pump-leak" 
model, however, came with the publication in 1960 of a paper by Tosteson and Hoffman24

from the NIH in which isotopically measured unidirectional fluxes of Na and K in red 
blood cells were used to validate a mathematically rigorous version of the model. In their 
mathematical model, cell volume and ion concentrations could be predicted by three 
transport parameters  the ratio of rate coefficients of passive leak of Na and of passive 
leak of K, the ratio for K pump flux to K leak flux, and the coupling ratio of the Na-K 
pump. The validating measurements to test the mathematical model were carried out in 
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HK and LK sheep red cells in which vastly different natural rates of pump activity could 
be compared with leak fluxes and cell ion concentrations. 

6. BEYOND PUMP AND LEAK 

Once again, however, the complacency that any of us might have felt at having 
arrived at a satisfactory stopping place was short-lived. By 1960, ouabain and other 
cardiac glycosides had been shown to be powerful and specific inhibitors of the Na-K 
pump. Therefore, numerous tests of the pump-leak model hinged upon the success or 
failure of ouabain-treated cells to behave according to that expectation.

In the sloppy slice arena, trouble began with the findings of Kleinzeller and 
Knotkova25 in 1964 that in Na-loaded rabbit kidney slices reincubated under favorable 
metabolic conditions, a considerable portion of Na extrusion and reversal of swelling 
occurred in the presence of ouabain. Ouabain also failed to cause swelling in fresh slices. 
In the ensuing two years, Whittembury26 and I27 independently observed that there was a 
corresponding component of Na extrusion from Na-loaded kidney slices that was 
independent of K in the medium.

In 1968, I reported that if one combined these two treatments  K-free incubation 
and presence of ouabain  then Na extrusion from Na-loaded kidney slices, measured 
after one hour of reincubation, was fully blocked.28 So, I suggested that the failure of 
either ouabain or K-free incubation to block Na extrusion fully in the earlier studies was 
due to the possibly restricted localization of pumps to inaccessible lateral intercellular 
spaces, coupled with local loss of K interfering with ouabain inhibition. This was in 
keeping with the finding of Kleinzeller and Knotkova25 that liver slices, where 
accessibility of pumps would have been less of an issue, did not show the failures of 
ouabain they saw in kidney slices. So it seemed that “pump-leak” might be rescued. 
However, in the volume of BBA published just prior to the one containing my own paper 
was a paper by ADC MacKnight29 that I had overlooked. This paper described results in 
which K-free incubation with ouabain present did fail to block a component of Na 
extrusion at early times, e.g., less than 15 minutes, of reincubation. Reuptake of Na 
occurred by one hour that would have accounted for my observations, and this secondary 
reuptake he attributed to other, non-pump related processes. 

This puzzling state of affairs in kidney slices persisted, e.g., Whittembury and 
Proverbio30 and to my knowledge was never satisfactorily resolved. Shortly after this 
time, interest turned away from volume regulation in sloppy slices with their cellular het-
erogeneity and structural complexity to better defined preparations such as renal tubules, 
cell cultures, and other models that lent themselves to isotopic flux measurements. 

In the same period, red blood cells were the king of simple, homogenous cell models, 
ideal for isotopic flux measurements. These also began to exhibit unexplained departures 
from the minimal pump-leak hypothesis. First, there were the observations by Kregenow 
and Hoffman31 of an ouabain-insensitive, ethacrynic acid-sensitive, so-called "pump II" in 
human red cells. Then, there were the high-Na red cells of dogs that John Parker32 found 
maintained volume regulation without any Na-K pump at all but had volume-sensitive 
passive movements of Na and K. Parker later found that maintenance of cell volume 
depended upon Ca in the medium and that dog red cells, unlike red cells of other 
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mammals outside the order of Carnivora, also possessed a Na-Ca exchanger. Thus, he 
could establish a hypothesis32 by which an ATP-dependent Ca pump could maintain a 
stable concentration of cytoplasmic Na, albeit a very high one. 

Finally, there was the emergence of studies based on responses of cells to anisotonic 
medium, especially hypotonic media, in which it was shown that cells have rapid-
response membrane transport systems, insensitive to ouabain, that return cell volume to 
its normal value following swelling or shrinking. Notable among these early findings 
were those of Floyd Kregenow33 with duck red cells. He postulated rapid alterations of 
membrane passive permeability, especially to K during swelling (similar to that seen in 
the dog red cells) and was confirmed in this by numerous studies in other cell models.

So, three assumptions upon which the Tosteson-Hoffman model had been based 
were now seen not to hold in exceptional cases: The Na-K pump need not be the only 
metaboli-cally dependent mechanism involved in cell volume regulation, and under 
challenging conditions, the rate of K leak to K pumping need not be a constant nor the 
ratio of Na leak to K leak. 

The stage was then set for the modern era of discovery of ever more diverse mem-
brane transport mechanisms involved with maintenance of constant volume in naked 
animal cells. What was classically seen as a balancing act has now, in modern times, 
become a juggling act. In this act, the basic pump and “leak” are supplemented by the 
downhill or secondary uphill movements of diverse solutes that can be traded or coupled 
to ensure the appropriate net movement of water. 

7. ORPHANED QUESTIONS 

Four questions linger from the classical period that have been largely ignored or 
forgotten, "orphaned" as it were, or at best kept alive by a "single parent." These are: (1) 
Where does the membrane come from that allows cells to swell? (2) Is there a common 
"leak" pathway in animal cells in the sense envisioned in the "pump-leak" hypothesis? (3) 
What happened to explaining contractile vacuoles, and are they relevant to mammalian 
cells? (4) How does temperature impinge on cell volume regulation? 

7.1 Source of Membrane for Swelling? 

Many of us are accustomed to thinking in terms of the biconcave mammalian red cell 
becoming spherical and swelling without stretching its membrane. Other cells may 
benefit from some similar geometric trick. For, example, microvilli were shown to 
disappear with swelling in Lettré cells.34 But not all cells have odd shapes or surface 
wrinkles to contribute. Even the red cells in Ponder's experiments were sphericized 
before they swelled, and Ponder6 had the grace to wonder where the membrane "had 
gone" and where it "came back from." He postulated subcellular vesicles as membrane 
reserves. Cell biology has since taught us much about membrane dynamics and 
exchanges with vesicles, but seldom, if ever, in the context of cell swelling. 
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7.2  A Common Leak?

In the classical discussions, leakiness was viewed as a common and possibly 
essential feature of animal cells. Since then, we have been faced with the discovery of a 
plethora of passive transport systems for electrolytes, exchangers, cotransporters and 
channels of various kinds: ligand-gated, voltage-gated, volume-sensitive, stretch-
sensitive, and so on. Yet, the complement of these is cell-specific and usually operative 
only under special circumstances. So, when things are quiet, is there still a common leak? 
If so, what is it? In red cells it has been suggested that the linearly diffusive influx of K is 
a proton-cation exchanger.35 Genomics has permitted the identification of putatively 
generic leak chan-nels in C. elegans. Are these present in mammalian cells? 

7.3 Contractile Vacuoles?

The classical view of contractile vacuoles (CV) was that in free-living cells they 
secreted water or at least a solution hypotonic to the cytoplasm. Some cryoscopic obser-
vations have indeed indicated that the CV contents may be hypotonic. Since the 50's, it 
has been found that a network of membrane-limited spaces, the "spongiome," connect to 
a contractile vacuole,36 raising the possibility of primary transport of solute followed by 
water to fill the system, followed in turn by secondary modification to remove solute 
from the final excreted fluid.37 However, recent studies indicate an actually hypertonic 
solution of KCl in the CV of Paramecium38 and an accumulation of phosphate 
compounds in trypanosomes.39 In their 1977 review, MacKnight and Leaf1 recognized 
the possibility that vesicular exocytoplasmic space could play an important role in cell 
volume regula-tion. Beginning in 1977 and continuing to the present, studies by George 
van Rossum and his colleagues at Temple have demonstrated there does indeed appear to 
be such a role – vesicular systems in liver and other tissue cells that fill with fluid during 
swelling and empty during recovery – and that, like contractile vacuole systems, possess 
V-ATPase in the membrane along with ion exchangers.40, 41 These could easily account 
for ouabain-insensitive isotonic NaCl extrusion of Na-loaded cells. Thus, as in canine red 
cells, a different ATPase could be a backup to the Na-K ATPase as a primary governor of 
Na content and cell volume. 

7.4 Effect of and Response to Temperature Change?

 In the original sloppy slice studies, the most common method of reversibly Na-
loading cells was to place them at temperatures close to 0oC, supposedly inhibiting energy 
metabolism. Since then, numerous but scattered studies have indicated that cooling cells 
does not necessarily lower ATP content. In my laboratory at Illinois, Marina Marjanovic 
demonstrated in human and guinea pig red cells that inhibition of Na-K pump at reduced 
temperature was not due to decline of ATP but rather was caused by a loss of affinity of 
the pump for ATP.42 The remaining question is how do cells manage in the face of more 
moderately varying temperatures? In the classical pump leak model, the Na-K pump 
could have compensated for varying Na load by the direct stimulation of cytoplasmic Na 
on the ATPase. Now, with the plethora of diverse leak pathways, the likelihood that Na 
leak maintains a constant relationship to K leak with varying temperature is unlikely. 
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Indeed, we have found that increase in temperature inhibits Na-K-Cl cotransport and Na-
H exchange in red blood cells while greatly stimulating K-Cl cotransport.43, 44 The 
mechanisms that balance the multiplicity of these leaks with pump activity are yet to be 
discovered.   

Thus, in addition to being a high-wire juggler, the naked animal cell may also be like 
a magician, pulling membrane out of a hat, hiding fluid and pumps in deep pockets, and 
escaping the effects of heat and cold. 
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TWENTY-FIVE YEARS OF K-Cl COTRANSPORT: 
FROM STIMULATION BY A THIOL REACTION TO 

CLONING OF THE FULL-LENGTH KCCs 

Peter K. Lauf  and Norma C. Adragna* 

1.  INTRODUCTION 

       This chapter combines a review of research on a chemical intervention that, over a 
period of 15 years, preceded the molecular identification of the mechanism of K-Cl 
cotransport (potassium chloride cotransporter, KCC) and new data that reveals the 
caveats of an approach successfully used to unravel kinetic, thermodynamic and regula-
tory properties of this transporter. A recent comprehensive review from our laboratory on 
K-Cl cotransport, function, pathology and molecular properties1 as well as several 
excellent earlier reviews2-5 should be consulted for further details. 

2.  THIOL-MODIFICATION ACTIVATES K-Cl COTRANSPORT 

Twenty-five years ago, we observed that N-ethylmaleimide (NEM) treatment of 
sheep red blood cells (RBCs) with genetically low (L) internal potassium (K) levels 
unexpectedly enhanced their passive, ouabain-insensitive K-permeability four- to eight-
fold without changing their Na-permeability.6 This effect, unusual since thiol-alkylation 
by NEM was expected to alter cation permeability non-selectively,7 was repeated in LK 
goat RBCs but was barely in evidence in genetically high K (HK) sheep or goat RBCs. 
Simultaneously, one of us was studying the effect of chaotropic anions on the osmotic 
behavior of RBCs of Opsanus Tau, the ugly beauty of oyster toad fish, in the brackish 
waters around Pivers Island at Duke’s Marine-Biological Station in Beaufort, North 
Carolina. It was noted that the nucleated RBCs of this species, upon swelling in 
hyposmotic media, showed regulatory volume decrease (RVD) in Cl but not in non-Cl 
media with NO3 or SCN as replacement anions, with a net loss of K and Cl, i.e., they 
possessed a swelling-activated Cl-dependent K transport system inhibited by DIDS (4,4’-
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diisothiocyanatostilbene-2,2’-disulfonic acid).8 This effect resembled a behavior de-
scribed in nucleated RBCs from Amphiuma possessing a K/H exchanger thermody-
namically coupled to a DIDS-sensitive Cl/HCO3 exchanger.9 However, the fact that 
furosemide also inhibited RVD in Opsanus Tau RBCs pointed in another direction—that 
of loop diuretic-inhibited electroneutral Na-K-2Cl cotransporters seen in Ehrlich ascites 
cells10 and in the thick ascending limb of Henle’s loop.11 Comparison of data in both 
sheep and fish species and studies on the cation-dependency of ouabain-insensitive K or 
Rb influx suggested a Na-independent, furosemide- (and DIDS-) sensitive, Cl-dependent 
K transport pathway. Results of these data together with work from Cambridge12 on 
swollen LK sheep RBCs were later coined K-Cl cotransport. Such ouabain-insensitive, 
Na-independent K fluxes were actually first seen ten years earlier in human RBCs 
suspended in Mg media.13

Figure 1 with controls compares the remarkable effect of NEM on the zero-trans K 
efflux rate constants (left panel) in LK sheep RBCs. As shown on the right, there was a 
pronounced dose-dependence of the NEM-effect on K efflux rate constants abating at 
higher concentrations, whereas NEM did not affect Na efflux rate constants.

Figure 1. Left panel: N-ethylmaleimide (2 mM) stimulates the zero-trans K efflux rate more than eight-fold as 
compared to controls. Right panel: The effect of NEM on K efflux rate constants is sharply dose-dependent, 
whereas Na efflux rate constants in choline were not affected (with permission of the publisher6).

The argument that NEM targets not only thiols within a narrow, slightly alkaline pH 
range but also amino groups was soon laid to rest by our finding that a highly specific 
thiol alkyl reagent, methylmethanethiolsulfonate (MMTS), selectively activated K-Cl co-
transport.14 Furthermore, as shown in Figure 2 (left panel), hetero- or homo-functional 
dithiol formation by the membrane-permeable thiol oxidant diamide revealed for the first 
time an inverse relationship between cellular glutathione levels and K-Cl cotransport 
activity, suggesting the redox-dependence of this transporter in erythrocytes from a 
variety of species.15-17 This diamide-induced oxidation is fully reversible, an advantage 
unnoticed in much of the work published later in this field. Upon subsequent incubation 
of LK SRBCs in glucose-containing media in the absence of diamide (Figure 2, right 
panel) or after treatment with 3 mmol dithiothreitol (DTT)/liter of cells (about twice the 
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cellular GSH concentration, Figure 3), GSH was fully restored and the previously 
stimulated ouabain-resistant K flux again inactivated. Although in ruminant RBCs, 
diamide activated K-Cl cotransport with little effect on diffusional fluxes, in human 
RBCs, it exerts a major effect on the latter through cytoskeletal modifications.18 Whether 
diamide oxidation only involves the redox system governing a regulatory signal trans-
duction pathway or directly affects sulfhydryls in the transporter remains to be seen. 

Figure 2. Apparent redox-dependence of K-Cl cotransport in LK sheep red blood cells. Left panel: Cellular 
GSH (left ordinate) and rate constants for K or Na effluxes (right ordinate) as function of diamide concentration 
in the medium (upper abscissa) or per liter of cells (lower abscissa). With an expected cellular molar ratio of 
close to 0.5 diamide/GSH, ouabain-resistant K, but not Na, efflux is stimulated as GSH levels fall below 50%. 
Right panel: Previously stimulated ouabain-resistant K efflux (left ordinate) decreases with restoration of 
cellular GSH (right ordinate) by incubation in glucose- and phosphate-containing media. Insert: the slope 
between changes in K efflux and GSH level is 0.5, indicating the close association of K-Cl cotransport activa-
tion with the oxidized GSH (GSSG) levels and cellular redox status (with permission of the publisher15).

Figure 3. Dithiothreitol (DTT, abscissa), with a roughly two-fold stoichiometric ratio, restores cellular GSH 
(right ordinate) and abolishes the activation of the diamide-stimulated K flux (left ordinate) attributed to K-Cl 
cotransport in two samples of LK SRBCs (with permission of the publisher15).
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Figure 4. Bumetanide inhibition of NEM-stimulated zero-trans K efflux and Rb influx in LK SRBCs in Cl and 
NO3. LK SRBCs were treated with 1 mM NEM for 15 min and preincubated for 30 min in the presence and 
absence of the bumetanide concentrations indicated on the abscissa, both at 37oC, prior to measuring K loss and 
Rb uptake. K efflux and Rb influx (ordinate) were calculated from the extracellular K and intracellular Rb, 
respectively, sampled under initial velocity at 5 time points within one hour after addition of Rb at zero-trans K.

Although initially HK sheep RBCs appeared to be unaffected by NEM, we later 
established there was also a very small activation of K-Cl cotransport in these cells, indi-
cating a quantitative rather than qualitative difference in K-Cl cotransport activity. This 
result means the NEM effect on K efflux may be found in any erythrocyte and differ-
ences in K-Cl cotransport may be at the regulatory level. NEM has been shown to 
stimulate K-Cl cotransport in RBCs from man, rabbit, rat, mouse, and lamprey.19-24 In 
hindsight, it is not surprising that, as in the fish erythrocyte, K-Cl cotransport in LK sheep 
RBCs is inhibited by furosemide25 and DIDS26 with Kd values of 300µM and 3µM, re-
spectively. Since we showed earlier there was no functional evidence for Na-K-2Cl 
cotransport in sheep RBCs,27-28 bumetanide, its classical inhibitor, was tested on K-Cl 
cotransport in LK SRBCs. In a heretofore unpublished experiment, Figure 4 shows where 
210µM and 360µM bumetanide reduced NEM-activated K efflux and K influx by 50% 
(IC50), respectively. This information is useful for ongoing work in other systems where 
bumetanide may suppress K-Cl cotransport at too high concentrations. Whereas the 
inhibition by furosemide and bumetanide fits into our understanding of action of loop 
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diuretics on electroneutral cotransporters, inhibition by DIDS, especially its augmentation 
by external K as also shown in other expression systems,29 remains unresolved. Whether 
protein-protein interactions occur directly between the K-Cl cotransporter and the DIDS-
inhibited anion exchanger (AE1) or indirectly involving the cytoskeleton is unknown.

Sheep RBCs remain a viable model for functional proteomics studies on K-Cl 
cotransport, currently under investigation in our laboratory, for another reason. There are 
two surface antigens present that are functionally associated with the Na/K pump (the Lp

antigen) and K-Cl cotransport (the Ll antigen). Whereas the Lp antigen is a functional 
repressor of the pump, the Ll antigen appears to activate K-Cl cotransport. Antibodies 
against Lp activate Na/K pump flux and against Ll, inhibit K-Cl cotransport 30.

3.  MEMBRANE AND REGULATORY MODELS 

By the mid-eighties, three key observations led to an early membrane model of the 
K-Cl cotransport mechanism in RBCs based on the following findings. First, K-Cl 
cotransport activation by NEM occurred through low pKa thiols, suggesting nearby 
imidazolium (histidine) residues.31, 32 Figure 5 shows the pH-dependence of NEM action 
on the ouabain-insensitive K efflux rate constants. Since the effect is entirely Cl-
dependent, it is K-Cl cotransport that is stimulated by NEM in LK SRBCs (and barely in 
HK SRBCs, sqares) at low pH and inhibited at high pH, near the normal pKa of cysteine.

Figure 5. Effect of treatment pH (abscissa) on stimulation of the rate constant of ouabain-insensitive K efflux 
(ordinate)  by 2 mM NEM in LK (circles) and HK (squares) SRBCs. Controls without NEM. (Data modified 
from31 with permission of publisher.) 

 Second, ATP is required for thiol-stimulation of K-Cl cotransport, a finding as yet 
unexplained. Figure 6A shows the time course of ATP depletion in human RBCs by the 
deoxy-D-glucose method (left ordinate) is followed with about a one hour delay by 
inactivation of the NEM-stimulated ouabain-resistant Rb influx (K-Cl cotransport, right 
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ordinate).33 Also seen in LK sheep RBCs,34 this effect is fully reversible before NEM 
treatment, suggesting that ATP with an apparent affinity of 290µM is required to uphold 
the thiol modification, hence K-Cl cotransport stimulation (Figure 6, right panel).

Figure 6. ATP-dependence of the NEM ‘effect.’  Left panel: Cellular ATP (left ordinate) and NEM-stimulated 
ouabain-resistant Rb influx (right ordinate) after 0-6 hours incubation in 2-deoxy-D-glucose depleting ATP. 
Insert: semilog plot of activity levels versus time; changes in ATP preceded those in the flux by ~1 h. (From 
ref.33 with permission of publisher). Right panel: ATP-dependence of the NEM-supported K-Cl cotransport 
activity. The NEM-stimulated ouabain-resistant Rb influx is plotted as function of cellular ATP. Insert: double 
reciprocal plot of the same data yielding a Km of 0.29mM.

Figure 7. Modulation of K-Cl cotransport by divalent metal ions introduced in LK SRBCs by A23187. 
Panel A: K-Cl cotransport in controls (left ordinate) is inhibited by divalents in the order of  Mn>Mg =Ca>Sr 
with the A23187-impermeable Ba ineffective. Panel B: Failure of Mn and Mg, but not of Ca or Sr, to inhibit 
NEM-stimulated K-Cl cotransport (right ordinate). From ref 35 with permission of the publisher. 
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Third, when introduced into RBCs by A23187, at least four divalent metal ions (Mn, 
Mg, Ca, and Sr) inhibit basal K-Cl cotransport in a dose-dependent manner. Figure 7A 
shows the usual inhibition of the basal cotransport efflux rate constants (left ordinate) by 
Mn and Mg is abolished by NEM treatment (figure 7B), suggesting thiol-sensitive Mn 
and Mg binding sites. The inhibition by Ca and Sr was unaffected.35 The effects of Mg 
and MgATP are complex and have been studied in detail.36-38

Figure 8: The early « membrane model » of K-Cl cotransport in erythrocytes. MeATP (presumably MgATP) 
binds via imidazolium moieties influencing the pKa of neighboring thiols of the closed-state transporter, pro-
viding access for thiol reagents low pKa thiols. Upon thiol modification by NEM, diamide and others, MeATP 
leaves its site shifting the transporter into the open state. This process is blocked by diethyl-pyrocarbonate 
(DEPC), probably at the external face of the transporter, and by anti-Ll, the antibody against the L antigen 
associated with K-Cl cotransport in LK SRBCs. (From ref.41 with permission of publisher) 

Coined “membrane model” and depicted in Figure 8, this model emerged naturally 
from our understanding of active monovalent cation transport. Previously, the protection 
of catalytic sites by ATP and protein conformational aspects39 dominated the field of 
membrane transport more than signal transduction. In the model, the closed or resting 
state of the K-Cl cotransporter (A), MeATP (presumably MgATP) binds via imidazolium 
moieties that influence the pKa of neighboring thiols, allowing thiol reagents such as 
NEM access to low pKa thiols. Upon thiol modification by NEM, diamide and other thiol 
alkylants or oxidants, Me-ATP leaves its site and the transporter shifts into the open state.
The Vmax effect after chemical modification of low pKa thiols (imidazolium-thiolates) 
was explained in terms of recruiting “silent” sites into the active state by Mg-ATP-
dependent conformational changes within the transporter itself. This process is blocked 
by diethyl-pyrocarbonate (DEPC) probably acting at the external face of the transporter 
and by anti-Ll, the inhibitory antibody against the L antigen associated with K-Cl cotrans-
port in LK SRBCs.30, 40
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Thus, our membrane model combined a closed state of the transporter with reduced 
thiols and bound MgATP and an open state with oxidized thiols without ATP.41 In effect, 
this model is compatible principally with the subsequent regulatory model of Jennings43

in which the closed or resting state is phosphorylated by a volume and/or NEM-sensitive 
kinase and the open or active state dephosphorylated by either protein phosphatases 1 and 
2A.42 The two-state model is shown in the center of Figure 9. While the rate analysis of 
the activation (slow) and inactivation (fast) of K-Cl cotransport is commensurate with a 
simple phosphorylation equilibrium,20, 43 combinatorial studies with inhibitors other than 
calyculin A (a PP1 inhibitor) such as the kinase inhibitors staurosporine, tyrphostin B46 
and genistein led to the conclusion that the regulation may indeed be complex.44-48 Thus, 
Figure 9 is expanded by including  modifications based on the potential actions of thiol 
reagents on kinases of a regulatory cascade in control of the phosphatase PP1/PP2A.44-48

NEM, MMTS, Diamide

Redox System

Thiols of Regulatory Cascade

-

(inactive) PP1/PP2A (active)

KCC-P KCC + P
Kinase-Thiols

_

NEM, MMTS, Diamide

?

?
_

Figure 9. Regulatory Model of K-Cl Cotransport (KCC). At the heart of the model is the phosphorylation/ 
dephosphorylation mechanism of KCC maintained by a kinase/PP1 and PP2A equilibrium proposed by 
Jennings.20, 43 The long solid arrow for the phosphorylation reaction and the shorter arrow for the dephosphoryl-
ation reaction are commensurate with the fast inactivation by shrinking and slow activation of the transporter by 
swelling. In this model, NEM, MMTS and diamide as well as Mg(ATP) depletion inhibit a kinase that directly 
phosphorylates KCC. Our data, as well as those of others, place the action of thiol compounds at the redox level 
removing the control of phosphatases (vertical arrow and negative sign in the circle). 

4.  FROM MODELS TO MOLECULAR REALITIES 

 Between 1978 and 1996, this laboratory was identifying the characteristics of K-Cl 
cotransport while the molecular nature remained elusive. K-Cl cotransport was reported 
to play an important role in the hydration status of  human HbS (sickle) cells, an issue 
addressed by Carlo Brugnara49 and in this symposium. Shortly after we presented prelimi-
nary data (1995 Membrane Biophysics Symposium, Beaufort, NC) on a swelling-acti-
vated K-Cl cotransport expression from a trout liver library in Xenopus Laevi oocytes,50

the first two KCC isoforms, KCC1 and KCC2 were cloned and expressed.51, 52 The open 
reading frame of the two cDNAs were 1086 and 1150 amino acids. KCC1, occurring in 
every cell and tissue analyzed, is considered the ‘house-keeping’ isoform; KCC2 only 
occurs in neuronal tissue.52 Soon thereafter, at least three more isoforms were discovered: 
KCC3a,b53-55 and KCC4, with distributions throughout many organs including muscle, 
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heart, vascular smooth muscle,56-57 brain and kidney.33 The KCC1-4 isoforms are now 
well-established members of a superfamily of solute cotransporters (SLC) to which the 
Na-Cl and Na-K-2Cl cotransporters and their isoforms also belong.1, 2-4  In the studies 
showing molecular expression of these KCCs, activation through thiol groups by NEM 
was a convenient experimental tool to demonstrate successful transfection with KCC 
isoforms of human embryonic kidney (HEK293) cell lines,51, 52, 58 NIH3T3 cells,58, 59 and 
to correlate molecular expression with functional activity in vascular smooth muscle 
cells,60 C6 glioma cells61 and human lens epithelial B3 cells.62 Even Xenopus laevi

oocytes expressing KCC4 respond to NEM.29

 At this point, we refrain from further review of well-established ‘molecular realities,’ 
since a wealth of information on the molecular properties of  the KCC isoforms and their 
regulation will be presented in this Symposium Volume by David Mount, Eric Delpire, 
Gerardo Gamba and Martha O’Donnell. The consequences of the absence of the KCC2, 3 
and 4 isoforms63 are distinct pathologies of the central and peripheral nervous system, the 
auditory system, the vascular smooth muscle cells and the kidneys (see review1). In these 
proceedings, Norma Adragna will present evidence for hypertension in mice with KCC3 
deficiency.64 Without doubt, more abnormalities will be discovered with time. 

5.  POST-STIMULATORY NEM-INACTIVATION OF K-Cl COTRANSPORT  

During the first decade of clarifying details of the NEM-stimulated K-Cl cotransport, 
little attention was paid to the fact that higher NEM concentrations actually inhibited the 
 « NEM effect ». In a systematic study, we looked at this post-stimulatory inactivation by 
NEM in LK sheep RBCs65 and found that, independently of the mode through which K-
Cl cotransport was stimulated (NEM and other thiol reagents, swelling, Mg-depletion, 
and hydroxylamine), application of NEM concentrations higher than 0.5 mM at 37oC
caused subsequent complete inhibition of K-Cl cotransport. We explained this phenome-
non in terms of deocclusion of inhibitory thiols within the activated K-Cl cotransport 
complex, not reversible by mercaptoethanol.65 The affinity of these inhibitory thiols for 
NEM is lower (about 2 mM) as opposed to the stimulatory thiols (0.2 mM). However, 
important for studies on tissue culture expression of KCC cDNAs where the stimulatory 
effect of NEM can easily be missed due to excessively high concentrations of the 
chemical or to overexposure time, the nature of this effect, possibly at the level of the 
transporter, is still largely unexplored.

In this section, we shall present this secondary effect of NEM in a human embryonic 
kidney cell line (HEK293) before and after stable transfection with rbKCC1 cDNA58 and
in primary rat aortic vascular smooth muscle cells.66 Indication for occurrence of the 
effect in a third cell line, the C6 glioma cell, is presented as an abstract elsewhere in this 
symposium. For reference, Figure 10 shows the time dependence of the NEM effect on 
Na-independent ouabain-, bumetanide- and gadolinium-insensitive Rb uptake in HEK293 
cells stably transfected with full length (fl) rabbit (rb) KCC1 cDNA. With a distinct lag 
phase, Rb uptake in Cl was maximally stimulated after 10 min but was statistically un-
changed in sulfamate (SFM). Since, by definition, the Cl-dependent difference between 
Rb uptake in Cl and SFM is K-Cl cotransport, we conclude that 10 min exposure to 0.05 
mM NEM suffices for maximum stimulation. The transient nature of the NEM effect is 
shown in the right panel of Figure 10. First, there was no significant change in basal K-Cl
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cotransport with or without the reducing agent dithiothreitol (DTT). At zero time, i.e., 
immediately after NEM (0.05 mM) treatment for 10 min, Rb flux in Cl was stimulated 
three-fold over the basal flux. However, pre-flux incubation up to 50 min gradually 
abolished the NEM stimulation of K-Cl cotransport and this effect was not prevented by 
DTT, suggesting that the inhibitory NEM action was irreversible.
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Figure 10. Post-stimulatory inactivation of K-Cl cotransport in human embryonic kidney (HEK293) cells stably 
transfected with rbKCC1 cDNA (kindly provided by Dr. Chris Gillen, Kenyon College, OH). Cells  grown to 
80% confluence in 12-well plates were washed in a temperature-equilibrated balanced NaCl solution (BSS), pH 
7.4, then in BSS with bovine serum albumin and either Cl or sulfamate (SFM), and Na replaced by N-methyl-
D-glucamine. Left panel: Media were removed and replaced with 37oC equilibrated flux solutions with 0.05 
mM NEM in BSS-Cl or SFM and 10mM Rb in presence of (mM) 0.1 ouabain, 0.01 GdCl3 and 0.01 bumetanide 
to inhibit Na/K pump, stretch-activated ion channels and Na-K-2Cl cotransport. After 0,2,5,7,9 and 10 min, 
cells were washed in isotonic MgCl2, Tris/Cl buffered at 7.4. Protein was measured by Lowry method and Rb 
content by Atomic Absorption Spectrometry. Statistics on triplicate or quadruplicate wells of  individual plates 
with n  SD. K-Cl is the calculated difference of Rb influx in Cl and sulfamate (SFM). Right panel: Effect of 
pre-flux incubation on K-Cl cotransport in controls (squares) or with 0.05 mM NEM (rhomboids) in presence 
(filled symbols) or absence (open symbols) of 2 mM dithiothreitol (DTT, open symbols). 
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Figure 11. Transient nature of K-Cl cotransport stimulation in two different cell lines. Left: NEM-dose re-
sponse of K-Cl cotransport stimulation in rbKCC1 cDNA stable-transfected HEK293 cells either immediately 
(0 min, open squares) or 45 min (filled squares) after 10 min exposure to the thiol reagent. K-Cl cotransport was 
measured as in Figure 9. Data points for n=3 with bars for SD. Right: Loss of NEM stimulation of Rb influx in 
rat aortic vascular smooth muscle cells (primary cultures, passage 6). After treatment with 0.05 mM NEM, Rb 
uptake (5 min) in Cl (striped columns) and in sulfamate (open columns) in presence of 1 mM ouabain and 30 

M bumetanide commenced immediately (0.05 NEM) or 10 min later (NEM+10’). Black columns: calculated 
K-Cl cotransport. 
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 Figure 11 reveals the transient nature of NEM stimulation in two cell lines. The left 
panel shows K-Cl cotransport in HEK293 cells transfected with fl-rbKCC1 cDNA, either 
0 (open squares) or 45 min (filled squares) after exposure to 0-1 mM NEM. After 45 min, 
the maximum stimulation of K-Cl cotransport was significantly reduced at 0.05 and 0.1 
mM NEM and completely at 0.5 mM. In the right panel, post-stimulatory inhibition by 
NEM is shown for primary cultures of rat aortic smooth muscle cells. Whereas 0.05 mM 
NEM stimulated K-Cl cotransport three-fold above controls as calculated  from Rb influx 
in Cl and sulfamate right after exposure to the thiol reagent,67 the effect was lost after an 
additional 10 min incubation placed between treatment and flux periods.

Figure 12. Post-treatment incubation-induced loss of NEM stimulation of K-Cl cotransport in normal (left) and 
experimental HEK293 cells transfected with either fl-rbKCC1 (center) or its C-terminal domain-truncated ver-
sion, -CtdKCC1 (right). The basal K-Cl cotransport was highest in fl-rbKCC1 cDNA-transfected cells (compare 
striped columns in F10 and T10 with N10) and largely unaffected by length of post-treatment incubation 
(N,F,T10 vs N,F,T45, striped columns). NEM treatment 10 min prior to flux stimulated K-Cl cotransport in nor-
mals cells >3-fold and in flKCC1-transfected cells >4-fold (empty columns), an effect sharply reduced (center 
panel) or abolished (left or right panels) when the flux was measured 35 min later (NEM-specific components, 
N,F,T45, filled columns). Error bars for n=4 ± SD. 

Since RBCs inhibited by NEM primarily affected the stimulated K-Cl cotransporter, 
we compared K-Cl cotransport in HEK293 cells before (normal) and after transfection 
with fl- or Ctd- (C-terminal domain) truncated rbKCC1 cDNAs, respectively, under the 
experimental regimen shown in Figure 9. In Figure 12, control and transfected HEK293 
cells were exposed to 0.05 mM NEM for 10 min at 37oC followed by commencement of 
Rb uptake, immediately or 45 min later. The ordinate plots calculated K-Cl cotransport as
defined above. In the left panel, 0.05 mM NEM stimulated K-Cl cotransport by three-fold 
(white columns) right after NEM exposure (N10). Removing NEM and incubating the 
cells for another 45 min followed by Rb uptake reduced the basal flux and eliminated the 
NEM effect so that the NEM-stimulated flux component (black columns) dropped from 5 
to 0 nmol/(mg proteinxmin) (N45). In fl-rbKCC1 cDNA-transfected cells (center panel), 
the basal K-Cl cotransport was elevated as compared to controls, and NEM-stimulated 
flux measured immediately after treatment was five-fold above the value in normal cells 
(F10). Yet, measuring Rb influx 45 min later collapsed the NEM stimulation to values 
seen immediately after NEM-treatment (compare N10 with F45). Most likely, this is 
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residual transport activity through the transfection-expressed system, i.e., a kinetic effect, 
as borne out in cells transfected with the truncated mutant (-CTD KCC1, right panel). 
Here, NEM applied directly prior to Rb influx does not stimulate K-Cl cotransport signi-
ficantly above the control (T10 vs N10), consistent with earlier reports for requirement of 
the C-terminal domain in the signal transduction process.58, 68 When Rb influx com-
menced 45 min later, the residual NEM stimulation was completely obliterated (T45).

To counter the argument that when applied to the tissue culture, the decay rate of 
NEM, unstable at alkaline pH, was accelerated, we applied a second NEM treatment prior 
to the flux assay. Figure 13 compares normal (non-transfected, open columns) with fl-
rbKCC1-transfected HEK293 cells (filled columns). The impressive stimulation by NEM 
in both normal and trans-fected cells at the end of the preincubation period (45-/10+) over 
the control (55-/-) was lost when NEM treatment was followed by further incubation 
(10+/45) and remained so upon a second NEM treatment (10+/35/10+).

0

6

12

18

55-/- 10+/45 45-/10+ 10+/35/10+

Time and Sequence of Treatments -/+ 0.05 mM NEM

K
-C

l 
C

o
tr

a
n

s
p

o
rt

[n
m

 R
b

/(
m

g
 p

ro
te

in
 x

 m
in

)]

Normal

+flKCC1

Figure 13. Irreversible loss of NEM-stimulated K-Cl cotransport in normal (open columns) and flKCC1-
transfected (filled columns) HEK293 cells. Total incubation time was 55 min. In the absence of 0.5mM NEM (-
/-), K-Cl cotransport in flKCC1 transfected cells was 3-fold above normal cells. When cells were first NEM-
treated for 10 min and then kept for 45 min (10+/45), K-Cl cotransport in normal cells was obliterated and 
unchanged in flKCC1-transfected cells. An inverse procedure, i.e., first incubation for 45 min in the absence of 
NEM then 10 min prior to flux (54-/10+), led to the characteristic stimulation in both normal and flKCC1-
transfected cells. Finally, after expoure to NEM at the beginning and end of the incubation separated by an 
NEM-free period of 35 min, no further stimulation of K-Cl cotransport occurred in normal and flKCC1 
transfected cells (10+/35/10+).

 As discussed, for erythrocytes, K-Cl cotransport stimulation by NEM requires cellu-
lar ATP and is inversely correlated with cellular GSH levels.14-17, 33, 34 Figure 14 shows 
striking differences between ATP (left panel) and GSH (right panel) levels measured over 
50 min following 10 min treatment with buffered media (open symbols) or with 0.1 mM 
NEM (closed symbols) in normal HEK293 cells in Cl (circles) or sulfamate (SFM, 
triangles). ATP decreased approximately 15% in sulfamate as compared to Cl in both 
controls and NEM-treated cultures, whereas cellular GSH was reduced by about 90% in 
both Cl and sulfamate following NEM treatment.
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Figure 14. Effect of post-NEM (0.1 mM) treatment incubation on cellular ATP and GSH levels of non-
transfected HEK293 cells. ATP was assayed by luciferin-luciferase and GSH by reduction of 5,5’-dithiobis(2-
nitrobenzoic acid) at 412 nm. Left: ATP levels were resilient to NEM treatment (filled symbols) and slightly 
lower in cells incubated in sulfamate (SFM, triangles) than in chloride (Cl, circles). Right: GSH levels of con-
trols (open symbols) in Cl and SFM were not different, ranging between 40-70 nmol/mg protein. However, 
independent of post-NEM treatment time, the GSH levels were reduced to about 1/10 of the untreated control 
values in either anionic medium (filled symbols). N = 3 ± SD. 
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Figure 15. Redox control of phosphorylated and reduced K-Cl cotransporter (KCCred(-P)), its transition to the 
activated mechanism (KCCoxy/NEM (+P)) under mild oxidizing conditions and subsequent irreversible inactiva-
tion at low redox state (KCC-Soxy/NEM) at which “inhibitory” thiols have reacted. 

In erythrocytes, we ascribed the phenomenon of post-stimulatory inactivation of K-
Cl cotransport by NEM to the deocclusion of thiols by conformational changes brought 
about by various stimuli (NEM, staurosporine, hydroxylamine, Mg-depletion, and cell 
swelling)64 and proposed the RAI (Resting, Activated, Inhibited) model.46 Commensurate
with this earlier model, we envision (Figure 15) that during moderate thiol modifica-
tion/treatment, the normally high redox state is lowered and a kinase reversibly inhibited 
depending on the nature of the thiol modifying chemical (NEM versus diamide) causing 
the transition of the resting phosphorylated KCC (KCCred(-P)) to the activated dephos-
phorylated KCC plus released phosphate (KCCoxy/NEM + P).  Dephosphorylation then may 
expose/deocclude specific thiols within the K-Cl cotransporters through which NEM irre-
versibly inhibits K-Cl cotransporter function, perhaps by collapsing the putative trans-
membrane domains responsible for K binding and translocation (TMD 2). Possibly, the 
inhibitory thiols may constitute oxidized thiyls resulting from free radicals originating 
uncontrolled within the low redox state cell.69
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Recently, we cloned and expressed sheep KCC1cDNA (Gene bank AF515770)  
translating about 20 cysteine residues in its 1086 amino acids.70 Any of these cysteines 
may be targets for thiol modification, including four relatively unique cysteines (#160-
163) within TMD 2. Whatever their location, the “inhibitory” cysteines appear to have 
pKa values probably characteristic of ‘normal’ cysteine thiols since our earlier work  
established an alkaline pH optimum for NEM inhibition of K-Cl cotransport.31, 32

Does the model of the inhibitory action of NEM proposed for erythrocytes (c.f. 
Figure 15) explain the findings presented with HEK293 cells in this study? The answer is 
that a simple extrapolation from the erythrocyte to the nucleated cell is not feasible for 
the following reasons. First, a nucleated cell offers vast thiol-containing targets of func-
tionally interdependent signalling pathways. In contrast, an enucleate RBC possesses 
mainly the glycolytic pathway and signaling systems in rudimentary form, probably not 
required in its final journey to the spleen. If there are indeed functional equivalents in 
both RBCs and nucleated cells, their regulation could be different. Corroborating other 
reports,47 a case in point is staurosporine-stimulated K-Cl cotransport in RBCs44 but not 
in control and fl-rbKCC1 cDNA-transfected HEK293 cells,58 in C6 glia cells,61 or in 
human lens epithelial cells.62 Whereas calyculin A inhibition of K-Cl cotransport active-
tion by NEM, swelling, staurosporine and Mg depletion can easily be shown in RBCs, an 
effect by this protein phosphatase-1 inhibitor is more difficult to prove in C6 glia cells61

and human lens epithelial B3 cells.63 This fact may be due to different phosphorylation 
mechanisms prevailing in nucleated over enucleate cells, i.e., different kinases, absence 
of phosphatases, commensurate with a recent report that tumor virus-immortalized cell 
lines lack phosphatases.71 A clearer answer may be forthcoming as kinases phosphoryl-
ating the KCCs and NKCCs and their phosphorylated domains are defined.72 Second, 
KCCs may interact with the structural cytoskeletal components of the cell that, dynami-
cally different in enucleate and nucleated cells, may also exhibit different susceptibilities 
to thiol modification. At the NEM concentrations and exposure times used, the erythro-
cyte shows little morphological change, whereas the nucleated cell may undergo morpho-
logical alterations associated with loss of cellular material where thiol modification-
sensitive proteins could participate. Third, the absence of hemoglobin as a major buffer 
for thiol oxidation as well as interactive partner for membrane transport regulation (band 
373) may explain the relatively high sensitivity of HEK293, C6 glia and vascular smooth 
muscle cells to the inactivating NEM effects. Finally, there may be differences in tissues 
(vascular vs epithelial) and species (human vs rat or sheep).

6.  CONCLUSIONS  

In the discovery of the K-Cl cotransport system, N-ethylmaleimide, like cell 
swelling8,12, Mg depletion37,38 and staurosporine44,47, was instrumental in preparing the 
grounds for the molecular realization of the KCCs. In this process, activation of the K-Cl 
cotransporter by thiol modification enabled many investigators to approach kinetic, 
thermodynamic and regulatory aspects of the system, first and foremost in erythrocytes, 
and subsequently to demonstrate the expression of the various KCC isoforms before and 
after transfection in mammalian nucleated cells as well in Xenopus laevi oocytes. Two 
temporally sequential models were reviewed: a membrane and a regulatory model. 
Although the evidence for the regulatory model seems to be overwhelming, a membrane 
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model may explain the irreversible inactivation by NEM of K-Cl cotransport, once acti-
vated by sulfhydryl reagents, swelling, kinase inhibitors, and oxidants in erythrocytes and 
nucleated cells. The data published for the first time here on the irreversible loss of NEM-
activated K-Cl cotransport are relevant for any work involving approaches to demonstrate 
K-Cl cotransport with thiol reagents in nucleated cells. In considering the exact molecular 
mechanism by which this NEM “anti-effect” occurs in nucleated cells, we would like to 
draw attention to an early observation made in isolated hepatocytes.74 Alteration of the 
redox state of these cells by t-butyl hydroperoxide, interesting a stimulant of K-Cl co-
transport,75 lowered GSH and mitochondrial as well as extramitochondrial Ca, causing 
plasma membrane surface blebbing. This “old” finding suggests the possibility of 
activation of K-Cl cotransport in nucleated cells by membrane stretch due to blebbing 
and inactivation due to disconnection from the cell’s signaling cascade.
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MOLECULAR PHYSIOLOGY OF
MAMMALIAN K+-CL- COTRANSPORTERS 

Adriana Mercado, Gerardo Gamba, and David B. Mount*

1. INTRODUCTION 

Potassium-chloride (K+-Cl-) cotransport is a major pathway for the coupled, electro-
neutral exit of K+ and Cl- from perhaps all mammalian cells. This transport activity is 
mediated by KCC proteins encoded by four genes in the SLC12 family of electroneutral 
cation-chloride cotransporters.1 Almost a quarter of a century has passed since the initial 
papers describing K+-Cl- cotransport;2, 3 a symposium honoring one of the most prolific 
investigators in the field seems a fitting opportunity to review progress in the molecular 
physiology of these important transporters. This serves as an update to prior comprehen-
sive reviews on K+-Cl- cotransport in general4 and its role in specific tissues.5, 6

2. RED CELL K+-CL- COTRANSPORT 

The extensive literature on red cell K+-Cl- cotransport has provided an extremely 
important conceptual framework for the molecular physiology of the four KCCs and 
bears review in this context. The K+-Cl- cotransporters were first described as a K+ efflux 
pathway in red cells, activated by both cell swelling2 and the sulfhydryl-alkylating rea-
gent N-ethylmaleimide (NEM).3  Red cell K+-Cl- cotransport is strongly activated by cell 
swelling and functions in regulatory volume decrease (RVD).7, 8 In human erythrocytes, 
K+-Cl- cotransport is most robust in a reticulocyte-rich low-density fraction, and trans-
port activity decreases as the cells age and decrease in size.9,10 Excessive activity of both 
K+-Cl- cotransport and the Gardos Ca2+-activated K+ channel (SK4 or KCNN4) have 
been implicated in the pathogenesis of sickle cell anemia; however, their relative roles in 
the genesis of red cell dehydration are still not entirely clear.11, 12
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The cotransport of K+ and Cl- in red cells is interdependent, with a 1:1 stoichiometry and 
low affinity constants for both ions13. Ion substitution experiments indicate that Br- can 
substitute for Cl- in human and sheep red cells.2, 14, 15 In sheep red cells, an anion series of 
Br->Cl->>I->SCN->NO3- has thus been reported for K+-Cl- cotransport.14 In contrast, 
Na+-K+-2Cl- cotransport (NKCC1) is inhibited up to 50% by bromide substitution.16 Red 
cell K+-Cl- cotransport is sensitive to the loop diuretics bumetanide and furosemide, with 
much lower affinities than that of Na+-K+-2Cl- cotransport.7 There are few, if any, inhib-
itors that reliably discriminate between K+-Cl- cotransport, Na+-K+-2Cl- cotransport, 
and/or other anion transport pathways. For example, millimolar furosemide and bumeta-
nide also inhibit the anion exchangers SLC26A4 (pendrin)17 and SLC26A3 (DRA).18

However, the bumetanide derivative H7419 and the alkaloid DIOA20-24 have been report-
ed to inhibit K+-Cl- cotransport selectively. DIOA also inhibits cloned KCCs;25, 26

although, activity against other anion transporters has not been rigorously defined. Less-
specific transport inhibitors with reported activity include DIDS27 and the ion channel 
blockers quinine and quinidine.28

 The main physiological activators of red cell K+-Cl- cotransport appear to include 
cell swelling, low pH, high PO2, and urea.7, 29-31 Pharmacological activation of red cell 
K+-Cl- cotransport can also be achieved with the thiol-alkylating agent NEM (N-ethyl 
maleimide) and by oxidizing agents such as H202

32 and peroxynitrite.33 These reagents are 
considered to act on thiol groups present in upstream regulatory proteins (kinases, phos-
phatases, etc.);4 however, direct interaction with KCC proteins has not been ruled out. 
Indeed, careful studies by Lauf et al. yielded evidence for temperature-dependent 
inhibition of the KCCs by NEM and other thiol-reactive compounds,4 perhaps due to di-
rect interaction with transporter cysteine residues that are “deoccluded”34 after activation. 
Regardless, activation of K+-Cl- cotransport by cell swelling or NEM is blocked by pro-
tein phosphatase inhibitors, specifically calyculin-A and okadaic acid.4 More recent data 
suggest the involvement of membrane-bound protein phosphatase-1 (PP1) and PP2A red 
cells.35, 36 These serine-threonine phosphatases are under tonic negative control by up-
stream kinases in that the potent kinase inhibitor staurosporine is capable of activating 
K+-Cl- cotransport under isotonic conditions.37 Data from double knockout mice suggest 
the Src tyrosine kinases Fgr and Hck are the relevant staurosporine-sensitive kinases.38

It is likely there are further levels of complexity in the regulation of red cell K+-Cl-

cotransport,8, 39-41 e.g., tyrosine kinases inhibitors inhibit activation by staurosporine and 
NEM and also decrease resting K+-Cl- cotransport.40 Of note, all four of the cloned KCC 
proteins are predicted substrates for tyrosine kinases, and at least KCC2 appears to be 
phosphorylated on tyrosine in vivo42 with subsequent activation.43 Thus, tyrosine kinases 
may have two opposing roles in the regulation of K+-Cl- cotransport: activating via direct 
phosphorylation of the transporter protein and inhibiting by negative effects on PP-1.38

3. PHYSIOLOGICAL CHARACTERIZATION OF THE KCCS 

The functional characteristics of K+-Cl- cotransport are similar in many respects to 
Na+-K+-2Cl- cotransport: a mutual dependence on the presence of all the transported ions, 
shared sensitivity to loop diuretics, and reciprocal regulation by protein phosphorylation/ 
dephosphorylation (NKCC1 is activated by phosphatase inhibition and inhibited by 
staurosporine,44 i.e. the opposite of K+-Cl- cotransport). These similarities ultimately led 



PHYSIOLOGY OF  MAMMALIAN K+-CL- COTRANSPORTERS 31

to the molecular identification of the first KCCs in 1996 via their homology to the cation-
chloride cotransporters NKCC1, NKCC2, and NCC.45, 46 Progress since that time has 
been gratifying, with the subsequent cloning of KCC347, 48 and KCC4,48 functional com-
parison of the four KCCs, generation of several KCC-null mouse strains,49-52 and the 
demonstration that KCC3 is involved in a Mendelian disease.51

3.1. KCC1 

KCC1 was cloned by identification of expressed sequence tags (ESTs) homologous 
to the other cation-chloride cotransporters; full-length cDNAs have been reported for 
rat,45 rabbit,45 human,45 pig,53 mouse25 and dog.54 The 3'-UTR is less than 200 bp up-
stream of the gene for lecithin:cholesterol acyltransferase (LCAT) on chromosome 
16q22.1.55 KCC1 is ubiquitously expressed by Northern blot analysis, suggestive of a 
housekeeping role in cell volume regulation. Transcription of human KCC1 is driven off 
of a TATA-less promoter, with a downstream promoter element.56 Very little tissue local-
ization data has been published and in the absence of a knockout mouse, nothing is 
known about the global physiological role of this cotransporter. In adult rat brain, there is 
widespread, low-level expression of KCC1,57 with particularly abundant transcript in 
choroid plexus, olfactory bulb, and cerebellum.58 The available KCC1-specific antibodies 
are not ideal. However, it appears that KCC1 is unique among the three renal KCCs in 
targeting the apical membrane of the distal nephron (DBM et al., unpublished results). 
This is of particular significance in view of the evidence that luminal K+-Cl- cotransport 
plays a role in distal K+ secretion.59-61

 The predicted KCC1 protein is 1085 amino acids long, with 75% identity to KCC3. 
Although not formally evaluated, KCC1 and the other KCCs are thought to have a total 
of 12 hydrophobic transmembrane (TM) domains. A major departure is the prediction of 
a glycosylated extracellular loop between TM5 and TM6, versus TM7-8 in the Na+-
linked cotransporters. Expression of KCC1 in Xenopus oocytes25, 26, 48 and HEK293 
cells45, 53, 62 reveals the functional characteristics expected of a K+-Cl- cotransporter. Thus, 
transport is not detected under isotonic conditions and swelling-induced activation is 
blocked by phosphatase inhibition.25, 26, 62 Of interest, baseline Na+-K+-2Cl- cotransport 
activity is elevated and intracellular [Cl-] reduced in KCC1-HEK293 cells compared to 
the parental cell line.62 NKCC1 is thought to be activated by decreases in intracellular 
[Cl-] via phosphorylation by an as yet unidentified Cl--sensitive kinase,63 such that Cl-

efflux mediated by the KCCs may activate NKCC1. KCC1 and KCC3 share several 
otherwise divergent residues within TM2, a region implicated in cation affinity of Na+-
K+-2Cl- cotransport.64, 65 The functional correlate of this similarity is that the cation 
affinities of these two KCCs are lower than those of KCC2 and KCC4.26, 66-68 Thus, the 
Km’s of KCC1 for K+ and Cl- are 25.5 and 17.5 mM, respectively, with an anion 
preference of Cl->SCN-=Br->>PO4.

3-26 As discussed elsewhere,26 these characteristics dif-
fer from red cell K+-Cl- cotransport which has a much lower K+ affinity and seems to 
prefer Br- over Cl-.14  Therefore, although KCC1 is evidently expressed in red cells from 
several species,25,69 it seems unlikely this is the sole erythroid KCC. 

3.2 KCC2 

The KCC2 protein is expressed at the cell membrane of both neuronal stomata and 
dendrites85, 86 and is co-localized at inhibitory synapses with subunits of the GABAA



32 A. MERCADO, G. GAMBA, AND D.B. MOUNT 

receptors85 and associated proteins.49  Robust expression of KCC2 is already detectable at 
embryonic day 12.5 in the ventral horns of the developing spinal cord.49, 87 Spinal moto-
neurons at embryonic day E18.5 respond to GABA and glycine with a depolarizing and 
excitatory response absent in KCC2-null mice49.  The phenotypic correlates in KCC2-null 
mice include a spastic posture and immediate postnatal death from apnea, the latter 
attributed to a defect in the regulation of respiratory motoneurons.49

Figure 1. The role of chloride entry (NKCC1; SLC12A1) and exit (KCC2; SLC12A5) in the neuronal response 
to the neurotransmitter GABA ( -aminobutyric acid). Modified from126 with permission. The expression levels 
of NKCC1 and KCC2 are reciprocally regulated during the early postnatal development of most neurons, with a 
predominance of NKCC1 during early development and of KCC2 in adult neurons. Consequently, there is a 
decrease in neuronal [Cl-

i] during the first week of life and a switch in the neuronal response to GABA, from 
depolarizing and excitatory to hyperpolarizing and inhibitory. 

 The developmental pattern of KCC2 expression appears to correlate with neuronal 
maturation in several regions of the CNS.87, 88 GABA was recently shown to induce ex-
pression of the KCC2 protein, thus limiting its brief window of neurotrophic effect.77 Of 
note, however, two other studies directly89 and indirectly90 contradict this finding that 
KCC2 induction is GABA-dependent. Brain-derived neurotrophic factor (BDNF) and 
neurotrophin-4 dramatically decrease KCC2 expression, with the potential to significant-
ly amplify neuronal excitability after epileptic seizures which induce expression of these 
neurotrophic factors.91 BDNF appears to play a crucial role in a dramatic downregulation 
of KCC2 expression in hippocampal slices in which sustained neuronal hyperactivity is 
induced by low magnesium or by the proconvulsant drug AP4.92 Neuronal activity in this 
preparation releases endogenous BDNF which reduces membrane expression of KCC2 
via activation of the TrkB tyrosine kinase and downstream signaling pathways.92

Paradoxically, transgenic overexpression of BDNF early in neuronal development results 
in increased expression of KCC2, likely via the induction of GABAergic neurons.93 This 
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illustrates the difficulty in separating direct effects on KCC2 expression from more 
general effects on neuronal maturation.
 In keeping with its crucial role in neuronal function, the predicted KCC2 protein is 
the most highly conserved of the four KCCs, with >99% identity between the human, 
mouse and rat orthologs.46, 68  Unique to KCC2 is an expanded domain of ~100 amino 
acids near the end of the cytoplasmic C-terminus.46, 68 Rich in prolines, serines, and acidic 
residues, this expansion contains two predicted PEST motifs;94 none of the other KCCs 
contain PEST motifs in this region. PEST motifs are thought to serve as signals for rapid 
proteolytic degradation via the 26S proteasome or through calpain-mediated degrada-
tion.94 PEST-directed calpain cleavage of KCC2 may thus be an activating event given 
the effects of proteolysis of ion channels95 and signaling proteins.96 Functional expression 
in HEK293 cells and Xenopus oocytes reveals KCC2 is unique in mediating isotonic K+-
Cl- cotransport.67, 68, 97 KCC2-KCC4 chimeras have recently localized this characteristic 
to the C-terminal KCC2-unique expansion.98 Note that although the increase in activity 
induced by cell swelling is blocked by phosphatase inhibition, the isotonic activity of 
KCC2 and KCC4-KCC2 C-terminal chimeras is not affected, suggesting a distinct mech-
anism for the constitutive activity of KCC2.68, 98 Mutagenesis studies suggest a C-
terminal tyrosine predicted to be a substrate for tyrosine kinases is required for activity of 
rat KCC2 in Xenopus oocytes.97 Although tyrosine kinase inhibitors do not affect KCC2 
in oocytes, the same reagents inhibit K+-Cl- cotransport in primary neuronal culture,43

suggesting KCC2 is directly phosphorylated by tyrosine kinases in neurons. This was re-
cently confirmed with phosphotyrosine-specific antibodies;42 however, it is yet unknown 
whether the predicted C-terminal tyrosine (Y1097) is the relevant phosphotyrosine.

Kinetic characterization of rat and human KCC2 indicates a much higher cation 
affinity than the other three KCCs, with Kms of ~5.2 and 9.2 mM, respectively.67, 68 There 
is a significant discrepancy in the reported Cl- affinity of human KCC2 and rat KCC2, 
with Kms of >50 mM and 6.8 mM, respectively. The lower Km is closer to the intracellu-
lar [Cl-] activity of mature neurons that express KCC2.68 Physiological relevance 
assumes, however, that the intracellular affinity for Cl- efflux is similar to that of influx. 
The high ion affinities of KCC2 befit a buffer of external K+ and internal Cl- as first noted 
by Payne.67 As extracellular K+ increases to 10-12 mM during neuronal activity, the 
range wherein KCC2 is highly active, the driving force for net K+-Cl- cotransport will 
switch from efflux to influx. In this regard, reversibility of K+-Cl- cotransport mediated 
by neuronal KCCs has been verified experimentally.81-83 Bi-directional transport via neu-
ronal KCCs may explain activity-dependent disinhibition,67 whereby repetitive activation 
of GABA receptors results in increased extracellular [K+], an increase in neuronal [Cl-]
due to K+-Cl- influx and a reduction in the inhibitory GABA effect.99

The role of KCC2 in GABA-mediated neuronal inhibition and activity-dependent 
disinhibition suggests a role in human epilepsy. Indeed, KCC2 knockout mice with mod-
est residual KCC2 expression have a severe seizure disorder and exhibit early postnatal 
mortality.100 The human SLC12A5 gene on chromosome 20q13 is not linked to Mendeli-
an forms of human epilepsy.68 However, a complex and polymorphic dinucleotide repeat 
is found within the first intron of SLC12A5 near a conserved binding site for neuronal 
restrictive silencing factor68 which appears to silence activity of this gene in non-neuronal 
tissues.101 It is thus conceivable that genetic variation here and elsewhere in human 
SLC12A5 might affect epilepsy and the neuronal response to injury, particularly since 
GABA has been shown to have excitatory effects after neuronal trauma.102 In addition, 
genetic variation in the negative transcriptional response of KCC2 to neurotrophins may 
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have a role in sustained epileptic activity.91  Reduced expression of KCC2 has also been 
reported in a model of neuropathic pain.103 Thus, pharmacological activation of KCC2 is 
an attractive goal, since such drugs are likely to have significant impact on disorders in 
which reduced expression of KCC2 has been implicated.

3.3. KCC3 

KCC3 has an expression pattern intermediate between that of KCC1 (ubiquitous) and 
KCC2 (tissue-specific) with abundant transcript in muscle, brain, spinal cord, kidney, 
heart, pancreas, and placenta.47, 48, 104 KCC3 is unique in that the SLC12A6 gene encoding 
this transporter has two separate first coding exons.51 This results in the expression of two 
separate KCC3 isoforms with different N-terminal ends; we have denoted these isoforms 
KCC3a48 and KCC3b.47 KCC3a expression is more widespread than that of KCC3b 
which is particularly abundant in kidney.105 The predicted KCC3a protein is longer by 50 
amino acids48 and contains several potential phosphorylation sites for protein kinase C 
that are not present in the KCC3b-unique N-terminus.47The functional or regulatory 
consequences of this variation are as yet unclear. 
 Expression of KCC3 in the brain and spinal cord was of particular interest105 in light 
of the genetic linkage between the region encompassing the SLC12A6 gene on chromo-
some 15q14 and several neurological syndromes.48 Genomic characterization of 
SLC12A6 was pursued by this group, revealing a 26-exon gene spanning ~160 kb. 
Whereas patients with epilepsy syndromes linked to 15q14 were not found to carry 
coding sequence mutations,106 four loss-of-function mutations in SLC12A6 were recently 
characterized in kindreds with “peripheral neuropathy with or without agenesis of the 
corpus callosum” (ACCPN).51 This syndrome is particularly common in the Saguenay-St. 
Lawrence region of Quebec, Canada, due to a founder effect. The complete syndrome en-
compasses several peripheral neuropathy, agenesis of the corpus callosum, mental retar-
dation, psychosis and a progressive course suggestive of a neurodegenerative process. 
The Quebec founder effect mutation is a single base deletion at the end of coding exon 18 
resulting in a mRNA splicing error and a premature stop codon. The predicted protein is 
missing the C-terminal 338 residues and is non-functional when expressed in Xenopus

oocytes.51 Of note, in comparison to loss-of-function mutations in NCC107 and other 
transport proteins, deletion of the C-terminus of KCC3 does not affect glycosylation, 
homodimerization or expression at the surface of Xenopus oocytes.
 Despite clear genetic and functional evidence implicating KCC3 in ACCPN, the 
pathophysiology of this neurological deficit remains unclear. Although there is heavy oli-
godendrocytic expression of the KCC3 protein in CNS white matter tracts, including the 
corpus callosum,105 the two reported strains of KCC3 knockout mice have intact corpora 
callosa.51, 52  Interestingly, however, agenesis/dysgenesis of the corpus callosum is a par-
tially penetrant phenotype in ACCPN even within single affected families.108 Expression 
of KCC3 in large neurons105 and the human NT2-N neuronal cell line68 has also been 
reported, compatible perhaps with the neuropsychiatric manifestations of ACCPN. In one 
knockout mouse52 but not the other51, degeneration of neurons in the CNS has been 
reported. At the cellular level, KCC3 has been implicated in the cells’ response to both 
vascular endothelial growth factor47 and insulin-like growth factor-1;109 loss of KCC3 
may thus affect the proliferation and/or survival of neurons and oligodendrocytes. 
Regulatory volume decrease (RVD) is also impaired in hippocampal neurons of the 



PHYSIOLOGY OF  MAMMALIAN K+-CL- COTRANSPORTERS 35

KCC3-deficent mice described by Boettger et al.52 This loss of RVD may lead to 
progressive neurodegeneration in KCC3 deficiency. A major paradox is the severe 
peripheral neurop-athy associated with loss of KCC3 in mouse51,52 and man,51 despite the 
minimal expres-sion in peripheral nervous tissue.105 Future studies using neuronal-
specific deletion of KCC3 will hopefully resolve this issue. 

Unlike KCC4 expressed at the basolateral membrane of multiple renal tubular seg-
ments, KCC3 expression is unique to the proximal tubule (PT).52, 110, 111 Physiological 
and functional evidence also suggests the existence of basolateral K+-Cl- cotransport in 
the proximal tubule.5 Thus a 1 mM concentration of furosemide sufficient to inhibit the 
red cell K+-Cl- cotransporter does not inhibit this cotransport activity under baseline 
condi-tions.112 Earlier studies also failed to detect an effect of 1 mM furosemide on the 
trans-epithelial potential difference. Only 10% of baseline K+ efflux in the proximal 
tubule is through a furosemide-sensitive pathway113 which is likely quiescent in the 
absence of cell swelling. However, activation of apical Na+-glucose transport in PT cells 
strongly activates a Ba2+-resistant K+ efflux pathway that is 75% inhibited by 1 mM 
furose-mide,114 pharmacology consistent with a K+-Cl- cotransporter. Therefore, cell 
swelling in the proximal nephron in response to apical Na+ absorption was postulated to 
activate a volume-sensitive basolateral K+-Cl- cotransporter.5 Data from KCC3 knockout 
mice is consistent with this hypothesis in that proximal transepithelial fluid transport in 
these mice is reduced by ~50%. In addition, RVD in Ba2+-blocked proximal tubules 
swollen by hypotonic conditions is blocked by 1 mM furosemide.115 Recent data from 
other KCC3 knockout mice reveal a crucial role for basolateral K+-Cl- cotransport in 
proximal tubular RVD.52 Therefore, it is increasingly apparent that K+-Cl- cotransport 
plays a sig-nificant role in the physiology of this nephron segment.  Of note, it is 
conceivable that severe motor and sensory neuropathy in human ACCPN51 and KCC3-
deficient mice51,52 is accompanied by reduced renal innervation. It is well-documented 
that acute renal denervation reduces proximal reabsorption of both Na+-Cl- and 
bicarbonate116,117 such that the renal phenotype of KCC3 -/- mice may be a downstream 
effect of their severe peripheral neuropathy. Therefore, these studies will need to be 
confirmed in mice with KCC3 deletion limited to the renal proximal tubule. 

Finally, several lines of evidence suggest KCC3 and other KCCs play an important 
role in vascular physiology. First, KCC3b was initially cloned as a transcript upregulated 
by the vascular survival factor VEGF.47 Second, a series of studies by Adragna et al. has 
revealed K+-Cl- cotransport is activated by nitric oxide and related vasodilators in vascu-
lar smooth muscle cells;118 both KCC3 and KCC1 seem to be involved.119 A vascular 
mechanism may underlie the reported hypertension in KCC3-deficient mice,52, 120 par-
ticularly given the hypotension and reduced vascular tone in NKCC1-deficient mice.121

3.4 KCC4 

Much like KCC1, KCC4 is widely expressed; a differentiating feature is that KCC4 
expression within specific tissues is more discrete than that of KCC1. Although transcript 
is undetectable in human or mouse brain by Northern analysis, there is localized expres-
sion of KCC4 within specific CNS neurons.87, 122  KCC4 protein is localized at the apical 
membrane of choroids plexus122 versus the basolateral distribution of KCC3 in these 
cells.105 Expression is particularly robust in kidney, where the KCC4 protein has been 
localized at the basolateral membrane of proximal tubule, thick ascending limb, macula 
densa, distal convoluted tubule, and type A intercalated cells.50, 110, 111 Swelling-activated 
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Cl- exit mediated by KCC4 and KCC3 is thought to play a role in transepithelial transport 
of Na+-Cl- and other solutes by the proximal tubule.5 However, RVD in the proximal 
tubule is more impaired in KCC3-deficient mice than in KCC4-deficiency.52 Mice defi-
cient in KCC4 manifest a renal tubular acidosis attributed to defects in acid secretion by 
intercalated cells.50 Other possibilities include reduced countercurrent multiplication of 
NH4

+ due to reduced basolateral NH4
+-Cl- cotransport in the thick ascending limb.110, 111, 

123 Like some forms of human hereditary distal renal tubular acidosis, the KCC4 -/- mice 
are also profoundly deaf. Careful histological analysis reveals degeneration of outer hair 
cells, presumably due to impaired K+ uptake by supporting Deiter’s cells.50

 Functional characterization in Xenopus oocytes reveals Kms for K+ and Cl- of 17.5 
mM and 16.2 mM.26 However, unlike KCC2 which is ~75% identical, KCC4 does not 
mediate K+-Cl- cotransport under isotonic con-ditions in Xenopus oocytes and mediates 
higher swelling-activated cotransport.26, 68

4. PERSPECTIVE 

Thus far, progress on the molecular physiology of the KCCs has been largely de-
scriptive, outlining their expression patterns, basic physiological roles and functional 
characteristics. Clarification of several important mechanistic issues remains. First, what 
protein domains and/or phosphorylation sites confer volume sensitivity? Chimeric 
cDNAs have localized the protein domain responsible for isotonic transport in KCC2.98

Alternative approaches will be required to delineate the domain(s) responsible for 
swelling-activation, a feature common to all four KCCs. Second, does phosphorylation 
of KCCs vary in a volume-sensitive fashion? If so, what acceptor sites are phosphoryl-
ated and by which kinases? Third, what is the role of direct modification of cysteine 
residues in KCCs by NEM and related compounds as opposed to modulation of upstream 
signaling events?4 KCCs are rich in cysteine residues, e.g., KCC4 contains a total of 23. 
In contrast, the anion exchanger AE1 (SLC4A1) contains only six. Surprisingly, only a 
handful of the absolutely conserved cysteine residues found in the KCCs are singly 
required for K+-Cl- cotransport activity.124 Thus, identification of the NEM-activating 
and NEM-inhibiting cysteines will soon be forthcoming. Finally, there are clear thera-
peutic indications for both KCC3/KCC1-specific inhibitors in sickle cell anemia12 and 
KCC2-specific activators in epilepsy,91, 92, 100 neuronal injury,102 and neuropathic pain;103

at least one company is actively pursuing these goals. It is likely that understanding the 
mechanisms of such pharmacological agents, once they emerge, will yield important 
mechanistic insight.125, 126
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STE20 KINASES AND CATION-CHLORIDE 
COTRANSPORTERS

Eric Delpire and Kerstin Piechotta*

1.  INTRODUCTION 

In yeast, STE20p is a protein kinase that transmits pheromone signals from G 
proteins ,  to downstream components of the signaling pathway.1 Ste20p can be 
regarded as a MAP4K because it activates a signaling cascade by direct phosphorylation 
of a MAP3K. Over thirty Ste20-related protein kinases have been identified in 
mammalian cells. Most of these kinases serve as upstream activators of MAP kinase 
cascades.2 The group of Ste20 kinases was subdivided into 10 subfamilies in mammals, 
based on their phylogenetic relationships.2 Ste20-related kinases are characterized by a 
large regulatory domain fused to the kinase domain. In two subfamilies, in which the 
prototype member is PAK1, the regulatory domain is located upstream from the kinase 
domain (N-terminal regulatory domain). In contrast, the eight additional mammalian 
Ste20 kinase subfamilies have regulatory domains which are located downstream from 
the kinase domain (C-terminal regulatory domain). The prototype member of these eight 
subfamilies is the germinal center kinase, or GCK. SPAK3 (or PASK4) and OSR15 belong 
to the GCK subfamily VI, which also comprises Fray,6 a Drosophila homologue, and 
Y59A8B.23, a C. elegans homologue.2

2.  SPAK/OSR1 AND CATION-CHLORIDE COTRANSPORTERS 

Using a yeast two-hybrid screen, we identified the Ste20-related Proline Alanine-rich
Kinase (SPAK3) as a candidate protein interacting with the N-terminal tail of KCC3a.7

Interaction between KCC3 and mouse OSR1 (a related kinase that shares an overall 67% 
identity with mouse SPAK) was also demonstrated in yeast. The original cloning papers 
of SPAK and OSR1 were submitted independently for publication in 1998. As a 
consequence, OSR1 (oxidative stress response-1) was named based on 20% homology to 
SOK-1, a Ste20 kinase stimulated by oxidative stress.8 In contrast to the mouse EST 
(expressed sequence tags) database, which contains a large number of clones for both 
SPAK and OSR1, the amphibian EST database only contains sequences for OSR1. This 
observation suggests that Fray and the C. elegans clone are likely homologues of OSR1 
and that SPAK evolved from post-amphibian gene duplication.
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2.1. Interacting Sites 

Using deletion mutants, we determined that the binding of SPAK involved nine 
residues located in the N-terminal tail of KCC3a.7 Despite the overall low degree of 
conservation within the N-termini of cation-chloride cotransporters, we found some 
conservation within the SPAK binding domain: a phenylalanine residue that is often 
preceded by an arginine residue and followed by a valine residue two positions later. The 
motifs from all cation-chloride cotransporters were then tested by yeast two-hybrid. 
Functional  binding sites  for  SPAK  were  observed  in KCC3a,  KCC3b,  NKCC1 and 

Table 1. Mutation analysis of SPAK binding site 
KCC3a  NKCC2   
R  F  M  V  T  P  T  K  I w.t. + R  F  Q  V  H  V  I  N  E  w.t.  +  

A F  M  V  T  P  T  K  I mutant - E  N  I  V  H  V  Q  F  R reversed - 
R A M  V  T  P  T  K  I mutant - A F  Q  V  H  V  I  N  E mutant - 
R  F A V  T  P  T  K  I mutant + K F  Q  V  H  V  I  N  E mutant  +  
R  F  M A T  P  T  K  I mutant + H F  Q  V  H  V  I  N  E mutant -  
R  F  M  V A P T  K  I mutant + E F  Q   V  H  V  I  N  E mutant - 
R  F  M  V  T A T  K  I mutant +/- R A Q  V  H  V  I  N  E mutant - 
R  F  M  V  T  P A K  I mutant + R Y Q  V  H  V  I  N  E mutant - 
R  F  M  V  T  P  T A I mutant +/- R V Q  V  H  V  I  N  E mutant - 
R  F  M  V  T  P  T  K A mutant +/- R  F A V  H  V  I  N  E mutant  +  
R  F  M  V  T  P  T A  A mutant - R  F E V  H  V  I  N  E mutant  +  
R  F  M  V A  A  A K  I mutant - R  F  Q A H  V  I  N  E mutant - 

R  F  Q W H  V  I  N  E mutant +  
KCC4 R  F  Q L H  V  I  N  E mutant  - 
N  F  T  V  V  P  V  E  A w.t. - R  F  Q  V A V  I  N E mutant  +  
R F T V V P V E A mutant + R  F  Q  V  H A I  N  E mutant  +  

R  F  Q  V  H  V A N E mutant  +/- 
NKCC1 R  F  Q  V  H  V  I A E mutant  +  
R  F  Q  V  D  P  V  S  E w.t. (1) + R F  Q  V  H  V  I  N A mutant  +/- 
R  F  R  V  N  F  V  D  P w.t. (2) +

Sequences from several cation-chloride cotransporters were tested for interaction with SPAK using yeast two-
hybrid. The sequence is either wild-type or mutated. w.t.: wild-type sequence, mutant: one or several residues 
were mutated, positive signs indicate strong SPAK interaction, negative signs indicate absence of SPAK 
interaction, and plus/minus signs indicate weakened SPAK interaction. For NKCC1, two SPAK binding motifs 
were identified within the N-terminus.9 They are indicated by the number (1) and the number (2), respectively.

NKCC2, whereas corresponding motifs within KCC1, KCC4 and NCC lacked 
interaction. Mutation analysis of the SPAK binding site in KCC3, NKCC1 and NKCC2 
(Table I) allowed us to propose a consensus binding motif for the kinase with the 
conserved residues (R/K)FX(V/I), followed by five essential residues to which no 
consensus was found. As indicated in the table, we were able to render the sequence of 
KCC4 active in interacting with SPAK by replacing the asparagine residue at position 1 
by an arginine residue. A genome-wide search of proteins comprising the 4 letter motif 
(R/K)FX(V/I) revealed that apart from the cation-chloride cotransporters, mammalian 
kinases and cytoskeletal proteins showed the largest frequency of putative SPAK/OSR1 
binding sites. This observation is compatible with yeast two-hybrid data obtained with 
SPAK as a bait9 (see below).
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Using a set of SPAK deletion mutants, we determined that the last 97 residues of the 
SPAK protein constitute the domain of the kinase interacting with cation-chloride 
cotransporters. As shown in Figure 1, deletion of a few residues at the 5' or 3' end of the 
97 residue segment obliterated interaction. It is worth noting that the SPAK interacting 
domain starts precisely at a place in the carboxyl-terminus that resumes high homology 
with the related kinase OSR1 (See Figure 1).

SPAK

Figure 1. Schematic representation of SPAK and OSR1 kinases with the high homology upstream kinase 
domain (>80% identity) and the downstream regulatory domain. Alignment of the regulatory domains of SPAK 
and OSR1 identifies three regions: a 5' region of high homology (70% identity), a medial region of low 
homology, and a 3' region of very high homology (80% identity). Filled bars represent positive yeast two-
hybrid interaction (with KCC3a N-terminal bait), open bars represent negative interaction. Note that the 
segment interacting with the cotransporter starts where the homology in the regulatory domain between SPAK 
and OSR1 is the highest.

2.2.  SPAK/OSR1 as Regulators of Cotransporter Activity 

 In a recent study, Dowd and Forbush examined the effect of overexpressing wild-
type rat PASK (SPAK) and dominant-negative PASK in HEK-293 cells that expressed 
either human or shark NKCC1.10 The effect of the kinase on NKCC1 cotransport activity 
was measured under low Cl- conditions. In control cells, reducing internal Cl- from 150 
mM to 0 mM increased NKCC1 activity significantly with a [Cl]i giving half-maximal 
activation at 20 mM for human NKCC1 and 40 mM for shark NKCC1. Overexpression 
of the kinase shifted the Cl- effect from 20 to 30 mM for cells expressing human NKCC1 
and from 40 to 80 mM in cells expressing the shark cotransporter. They reported a 
complete absence of NKCC1 activation in cells overexpressing the inactive kinase. These 
data suggest that the kinase is involved in NKCC1 activation. However, a detailed time 
course analysis of NKCC1 activation under different stimuli, including low internal Cl-,
showed that only the kinetics of activation were affected by the kinase; the cotransporter 
was fully activated after 15 minutes of different treatments. Overexpression of the 
dominant negative kinase only reduced the rate of activation. Using an anti-phospho-
NKCC1 antibody that recognizes two threonines controlling NKCC1 activity,11 Dowd 
and Forbush showed a • 25% increase in NKCC1 phosphorylation in cells expressing 
wild-type SPAK, and a • 75% reduction in NKCC1 phosphorylation in cells 
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overexpressing the dominant negative kinase. Altogether, these data indicate that SPAK 
is involved in phosphorylating NKCC1 at residues Thr184/Thr189 (shark sequence) and in 
modulating the rate of NKCC1 activation. 

2.3.  SPAK Binding and Cotransporter Function 

Analysis of the NKCC1 amino acid sequence revealed the presence of two putative 
SPAK/OSR1 binding sites within the N-terminus of the cotransporter. Using yeast two-
hybrid, we demonstrated that these two sites are functional binding domains for the 
kinase. Indeed, mutation of both SPAK/OSR1 binding domains is required for complete 
abolishment of interaction.9 Interestingly, one of the SPAK/OSR1 binding sites overlaps 
with a binding motif for protein phosphatase-1 (PP1). Whether the kinase and the 
phosphatase can simultaneously bind to the cotransporter or the binding of one protein 
prevents interaction with the other protein remains to be determined. Existence of 
overlapping SPAK and PP1 binding motifs suggests reciprocal action between the kinase 
and the phosphatase. Of interest is the observation that SPAK/OSR1 binding domains are 
not located in the vicinity of the two threonine residues identified by Darman and 
Forbush.11 For the mouse NKCC1, the SPAK/OSR1 binding domains are respectively 
located 120-128 and 64-72 residues upstream of the first threonine residue (Thr206).
However, binding sites and phosphorylation sites may not necessarily coincide as 
proteins have complex quaternary structures.

Mutations of the two SPAK/OSR1 binding domains, resulting in the abolishment of 
kinase-cotransporter interaction, was shown to be without consequence on cotransporter 
function, as measured by baseline- or activated 86Rb uptakes in Xenopus laevis oocytes.9

Differences between our data and those of Forbush’s group might be explained by the 
time of the influx: our oocyte uptakes were measured over a one hour period and no 
kinetic analysis of NKCC1 activation was measured in the oocytes. Alternatively, SPAK-
dependent phosphorylation and activation of NKCC1 might be processes that are 
completely independent from SPAK binding. 

2.4. Is the Binding of SPAK Regulated?  

As previously demonstrated by Ushiro4 and Tsutsumi,12 and shown in Figure 2, 
SPAK is found in the cell in a soluble or cytosolic form as well as closely associated with 
membranes. A sizable fraction of the protein is resistant to Triton X-100 treatment, 
indicating a tight association with the membrane-bound cytoskeleton. We have 
previously shown that SPAK is in close association with NKCC1 on the apical membrane 
of choroid plexus and on the basolateral membrane of salivary gland epithelial cells.7 The 
kinase is highly expressed in dorsal root ganglion neurons,13 sensory cells that abundantly 
express NKCC1.14 More recently, we also reported co-localization of SPAK and NKCC1 
in sciatic nerve’s node of Ranvier.9 These results indicate that in subdomains of tissues 
where NKCC1 is highly expressed, the kinase is found associated with the cotransporter. 
This view is strengthened by the observation that in the NKCC1 knockout mouse, SPAK 
staining in choroid plexus is cytosolic rather than associated with the apical membrane.7

Taken together, these observations demonstrate that cation-chloride cotransporters are 
significant anchors of the kinase in tissues. This, however, does not exclude the kinase 
interaction with other membrane transport proteins, ion channels, or other proteins.



STRESS KINASES AND CATION-CHLORIDE COTRANSPORTERS 47

Figure 2. Western blot analysis of brain proteins with anti-SPAK antibody (30 µg/lane). The brain of one adult 
C57BL6 mouse was homogenized in 10 ml of a buffer containing 0.32M sucrose, 5 mM Tris-HCl, pH 7.5, 2 
mM EDTA. Homogenate was divided into two 5 ml aliquots. Triton X-100 was added to one aliquot to a final 
concentration of 1% and incubated on ice for 30 min prior to centrifugation at 1,000 g, 10,000 g, and 100,000 g. 
Lanes: 1, microsomal proteins with Triton X-100; 2, microsomal proteins; 3, soluble proteins with Triton X-
100; 4, soluble proteins.

To determine whether the binding of SPAK is regulated during cellular stress, we 
examined the apical surface expression of the kinase in choroid plexus using tissue 
exposed to several stimuli. Choroid plexi from lateral ventricles were dissected from 
adult mouse brains, placed in 6-well plates containing artificial cerebrospinal fluid 
(aCSF) equilibrated with 5%CO2/95%O2. The tissues were incubated for 30 min in aCSF, 
aCSF + 1 mM arsenite, aCSF + 100 mM sucrose, aCSF-low Na+ (½ NaCl concentration), 
aCSF + 0.1% DMSO (vehicle for bumetanide), aCSF + 100 µM bumetanide/0.1% 
DMSO. The aCSF contains in mM: NaCl, 150; KCl, 5; CaCl2, 0.5; MgCl2, 1; glucose, 10; 
sucrose, 17; HEPES, 10; pH 7.4. The tissue was then fixed for 2 hours in 4% 
paraformaldehyde, cryoprotected in 30% sucrose, frozen and sectioned. Sections (10 µm) 
were stained with anti-SPAK antibody. No differences in SPAK location and SPAK 
intensity were observed under the different treatments (data not shown). In all cases, the 
kinase was abundantly localized to the apical membrane of the epithelial cells, as shown 
in our previous publications.7, 9 Using Western blot analysis, Tsutsumi and colleagues 
observed, however, a significant translocation of SPAK from Triton X-100 soluble to 
insoluble fractions in NIH 3T3 and PC12 cells treated with hyperosmolarity, hydrogen 
peroxide and heat shock,12 The authors suggested translocation from the cytosol to the 
cytoskeleton in response to cellular stresses. Whether the Triton X-100 soluble fraction 
originates solely from the cytosol, as they indicate, or originates also from membrane-
bound proteins remains to be determined. In the latter case, translocation could occur 
from membrane transporters to membrane associated cytoskeleton with no observable 
change in immunofluorescence localization.

3.  INTERACTORS OF SPAK/OSR1 

As mentioned above, a systematic search of Genebank has identified a large number 
of proteins comprising (R/K)FX(V/I) motifs. Interestingly, these motifs are abundantly 
found in kinases, cytoskeletal proteins, and various membrane transporters and channels. 
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Whether or not these motifs constitute functional SPAK/OSR1 binding sites remains to 
be determined. Based on their locations within proteins, some of these motifs might 
likely be inaccessible for protein-protein interactions. Because SPAK/OSR1 interaction 
requires 9 residues, the nature of the five residues following the basic motif might also 
determine the faith of the interaction. In an attempt to identify novel SPAK interactors, 
we screened a mouse brain cDNA library with the binding domain of SPAK as a bait. 
Intriguingly, all proteins identified are involved in trafficking or response to cellular 
stress.9

3.1.  WNK4 

WNK4 belongs to a novel subfamily of protein kinases and can be distinguished 
from other kinases by the absence of a conserved lysine residue (with no K=lysine) in the 
catalytic domain. Four of these kinases have been described in the mammalian genome: 
WNK1-4.15 Of interest is the fact that the catalytic domain of WNK1 has closest 
homology to human PAK2, a Ste20 kinase. WNK4 was isolated twice from the brain 
yeast two-hybrid library while screening for interactions with SPAK. We identified one 
SPAK binding motif (RFQVTSSKE) in the C-terminal tail of WNK4. The kinase is 
involved in monogenic16 (pseudohypoaldosteronism type-2) as well as polygenic17

hypertension  through  a deficient regulation in the trafficking of the distal convoluted 
tubule thiazide-sensitive Na-Cl tubule

Figure 3. Drawing representing several proteins that were shown to interact with SPAK. With the exception of 
p38, in which interaction with SPAK was identified functionally3 and by co-immunoprecipitation;7 all other 
interactions were identified using yeast two-hybrid.

9

thiazide-sensitive Na-Cl cotransporter. Indeed, wild-type WNK4 acts as a negative 
regulator of Na-Cl cotransporter trafficking. Mutations in WNK4 results in a significant 
increase in the expression of functional Na-Cl cotransporters on the apical membrane of 
distal convoluted tubule cells, leading to an increased reabsorption of Na+. This increase 
in Na+ reabsorption is similar to the one observed in pseudohypoaldosteronism type-1, 
where mutations in the Nedd4 binding domains of the epithelial Na+ channel result in an 
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increase in cell surface expression of the channel.18

3.2.  Apoptosis Associated Tyrosine Kinase (AATYK) 

Two of the proteins isolated from mouse brain cDNA libraries while screening for 
SPAK interactors were tyrosine kinases. The first kinase, termed apoptosis-associated 
tyrosine kinase, or AATYK, is up-regulated during differentiation and apoptosis of 
myeloid precursor cells19 and neurons.20 In neurons from cerebrum and cerebellum, 
AATYK expression is up-regulated during postnatal development (from P2 to P21) and 
remains high through adulthood. When overexpressed in cultured cerebellar granular 
cells, AATYK induces neurite outgrowth. Whether or not these processes involve the 
Ste20 kinases SPAK and OSR1 is unknown. The second protein kinase identified as a 
SPAK interacting protein is novel and shares an overall 30% identity at the amino acid 
level with AATYK. The identity increases to 62% within the tyrosine kinase domain. As 
shown in Table 2, four sequences in the carboxyl-terminal regulatory tail of AATYK and 
one sequence in the novel protein (AATYK2) resembling the SPAK binding motifs were 
identified. The four sequences of AATYK were tested for interaction with SPAK. Only 
the sites located at the extreme C-terminus which were in agreement with our consensus 
sequence (R/K)FX(V/I) demonstrated interaction with SPAK.

Table 2. SPAK binding sites in AATYK 
AATYK    (1-1317)   AATYK2    (1-1307)   
R  F  E  W D  G D  F  P 1240 - 1248 - R F S V S P A L E 1234 - 1242 N.d. 
D F P  L  V  P  G  K A 1246 - 1254 -    
R  F T V S  P  T  P  A  1279 - 1287 +    
R  F  S I T  H  I  S  D 1289 - 1297 +    

Sequences of the putative SPAK binding motifs (9 residues) are given with their position within the protein. 
Underlined are those that conform with the SPAK consensus binding motif (R/K)FX(V/I). N.d. not determined.

3.3.  HSP105 

Heat shock protein-105 or HSP105 was originally cloned as a protein markedly up-
regulated in the renal medulla upon dehydration or hypertonicity.21 Follow-up studies 
showed that the heat shock protein is expressed at exceptionally high levels in the brain 
as compared with other tissues and is overexpressed in a variety of human tumors,22 in 
multiple sclerosis lesions,23 and in brains exposed to morphine.24 The protein plays an 
antiapoptotic role in mature cells but has pro-apoptotic properties in immature cells. 
Indeed, studies in embryonic cell lines indicate that HSP105  may play a role in 
organogenesis during embryonic development by enhancing apoptosis. Among other 
factors, this process involves the activation of p38 MAPK. A recent yeast two-hybrid 
study has shown that HSP105 also tightly associates with -tubulin.25

3.4  Otoferlin 

Otoferlin, a member of a mammalian gene family related to C. elegans fer-1, was 
identified in a search for genes involved in human deafness.26 Otoferlin transcripts are 
found in a variety of tissues including inner ear (sensory hair cells), heart, placenta, liver, 
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pancreas, skeletal muscle, kidney, and brain.27 Otoferlin contains six predicted C2 
domains which are known to interact with phospholipids as well as proteins. C2 domains 
have been shown to participate, in a calcium-dependent fashion, in the docking of 
synaptic vesicles to plasma membranes. Other proteins that contain C2 domains and are 
involved in vesicle-membrane fusion include synaptotagmins and rabphilin 3A.

3.5.  Gelsolin 

Gelsolin is a protein involved in dynamic changes in the actin cytoskeleton during a 
variety of cellular processes. Under appropriate conditions, gelsolin severs and caps 
assembled actin filaments. This actin binding protein plays an important role in cell 
motility, the regulation of ion channel function, lipid signaling, apoptosis, and in the 
cell’s response to stress (For review, see28).

3.6.  p38 MAPK 

In contrast to the other proteins, p38 MAPK was not identified in our yeast two-
hybrid screen designed to uncover novel binding partners of SPAK. Examining the 
stress-response pathways activated by the Ste20 kinase, Johnston and colleagues 
observed that p38 MAPK was activated by SPAK overexpression, whereas the ERK and 
JNK pathways were unaffected.3 We subsequently demonstrated that p38 MAPK can be 
co-immunoprecipitated with NKCC1,7 and this can be reversed by cell stress conditions.9

The p38 MAP kinase pathway is involved in cell proliferation, differentiation and 
apoptosis and is activated by a variety of factors including growth hormones, cytokines 
and cellular stresses. Hyperosmotic stress, for instance, significantly activates p38 MAPK 
in a variety of cells. The activation of the kinase is required for cell volume regulation, as 
regulatory volume increase (RVI) is impaired by p38 MAPK inhibitors. The stress kinase 
is thought to contribute to increased RVI efficacy by altering F-actin 
depolymerization/polymerization.29 There is accumulating evidence that p38 MAPK 
signaling pathways also modulate the activity of membrane transport processes.30-32 As
far as cation-chloride cotransporters are concerned, in skeletal muscle, the activation of 
p38 MAP kinase by insulin inhibits ERK-dependent NKCC1 activity.33 In the same cells, 
as well as others, p38 MAPK does not seem to be involved in the hypertonically induced 
activation of NKCC1. This absence of p38 MAPK involvement is slightly peculiar in 
light of the relationship between NKCC1 and F-actin.34

4.  MEMBRANE TRANSPORT AND SIGNALING 

From the extensive work of the last three decades, it is clear that membrane carriers 
(channels and transporters) are regulated by a variety of signaling events. The idea that 
membrane transporters themselves can initiate signaling cascades is, however, only an 
emerging concept. In cortical thick ascending limb of Henle (cTALH), lowering the 
external Cl- concentration or adding bumetanide results in a significant activation of p38 
MAPK.35 This activation leads to the up-regulation of cyclooxygenase-2 and, through 
transcriptional effects, to the increased production of renin. Because bumetanide 
specifically inhibits the absorptive Na-K-2Cl cotransporter in these cells, it can be 
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concluded that reducing the activity of NKCC2 or changing the conformation of the 
cotransporter leads to the activation of p38. A direct link between the activity of the Na+-
dependent glucose cotransporter, SGLT1, and p38 activity was also demonstrated in 
Caco-2 cells.36 The concept that plasma membrane transporters, through protein-protein 
interactions, can trigger signaling cascades was also proposed to occur in cardiac 
myocytes. In these cells, the addition of small amounts of ouabain results in activation of 
src kinase, a process that likely involves conformational change of the Na+/K+ pump and 
interaction with anchored proteins.37 Taken together, these studies indicate that changes 
in substrate binding, conformation, and/or activity of membrane transport proteins such 
as cotransporters and pumps might lead, through protein-protein interactions, to the 
initiation of signaling cascades. These signals may be important for cell proliferation, 
differentiation, and cell death or survival.

5.  CONCLUSIONS 

The conserved short C-terminal regions of SPAK and OSR1 are now known to bind 
to proteins containing (R/K)FX(V/I)XXXXX motifs.7, 9 Together with a variety of 
membrane transporters and channels, cation-chloride cotransporters constitute anchors 
for SPAK and OSR1. The functional significance of the interaction between SPAK/OSR1 
and the cotransporters is not fully understood. The two Ste-20 kinases seem to serve 
multiple roles: they may modulate the activity of the cotransporters, may recruit 
additional stress proteins in the vicinity of the cotransporters, and may transmit signals 
about the cotransporters’ activity or conformation to downstream signaling pathways.
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5

MOLECULAR PHYSIOLOGY OF THE
RENAL Na+-Cl- AND Na+-K+-2Cl-

COTRANSPORTERS

Gerardo Gamba and Norma A. Bobadilla

1.  INTRODUCTION 

In absorptive and secretory epithelia, ion transport depends on specific plasma 
membrane proteins for mediating ion entry and exit from the cell. Sodium exit occurs 
through Na+-K+-ATPase and chloride exit occurs predominantly through anion-selective 
channels, while Na+, K+ and Cl- entry is often mediated by an electroneutral process in 
which chloride movement is coupled to a cation that can be sodium and/or potassium. 
Transporters performing this coupling are known as electroneutral cation Cl- coupled 
cotransporters (CCC). 

In epithelial cells, CCCs are implicated in ion absorption and secretion. In non-
epithelial cells, they play a key role in maintenance and regulation of cell volume. In 
addition, electroneutral cotransporters regulate the intraneuronal Cl- concentration, thus 
modulating neurotransmission.1

Based on the cation that is coupled to chloride, the stoichiometry of transport process 
and the sensitivity to inhibitors, four groups of electroneutral cotransporter systems have 
been identified: 1) thiazide-sensitive Na+-Cl- cotransporters (TSC); 2) bumetanide-
sensitive Na+-K+-2Cl- cotransporters (BSC/NKCC); 3) bumetanide-sensitive Na+-Cl-

symporters, and 4) DIOA-sensitive K+-Cl- cotransporters (KCC). 
Major advances have been made in the past decade in the molecular identification of 

the CCCs which began with the isolation of cDNA from fish.2, 3 Then, homology-based 
approaches were used to isolate cDNA encoding CCCs from mammalian sources, 
forming the solute carrier family 12 (SLC12)1 from which nine genes have now been 
identified (Table 1): two encoding isoforms of the Na+-K+-2Cl- cotransporter (one of 
which is BSC1/NKCC2 that is exclusively expressed in thick ascending limb of Henle), 
one encoding the “renal” TSC, present only in the apical membrane of the distal 
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convoluted tubule (DCT), four encoding isoforms of the K+-Cl- cotransporter and two 
orphan genes.4-7 Molecular diversity of the family is increased by the existence of 
alternatively spliced isoforms within several members including at least TSC, BSC1/ 
NKCC2, BSC2/NKCC1, and KCC3.8

Table 1. Identified genes of the SLC12 family of solute carriers 

Gene  cDNA name  Tissue    Chromosome 

SLC12A1  BSC1/NKCC2  Kidney           15 
SLC12A2  BSC2/NKCC1  Ubiquitous           5 
SLC12A3  TSC   Kidney           16 
SLC12A4  KCC1   Ubiquitous          16 
SLC12A5  KCC2   Central Nervous System         20 
SLC12A6  KCC3   Several           15 
SLC12A7  KCC4   Several            5 
SLC12A8  CCC9   Several            7 
SLC12A9  CIP   Several            3 

Hydropathy analysis indicates that CCCs share a similar general structure. Most 
CCCs are proteins of around 1000-1200 amino acid residues with molecular masses 
between 110-130 kDa. Proposed topology features a central hydrophobic domain of 
about 500 amino acid residues that is flanked by a short hydrophilic amino-terminal 
domain (130-278 amino acid residues) and a long carboxyl terminal hydrophilic loop 
(~500 residues). The amino and carboxyl terminal domains are presumably located 
within the cell and contain several putative protein kinase A (PKA) and protein kinase C 
(PKC) phosphorylation sites. In the central hydrophobic domain, there are twelve 
putative transmembrane-spanning segments (TM 1-12) with a hydrophilic loop exhibiting 
at least two putative N-linked glycosylation sites. This loop resides between TMs 5 and 6 
in the KCCs and TMs 7 and 8 in the Na-coupled cotransporters (TSC and BSC/NKCC). 
This 12 TM topology scheme was experimentally confirmed for BSC2/NKCC1,9 and 
biochemical evidence indicates that BSC1/NKCC2 and TSC form homodimers.10, 11

In this chapter, we present a review of major advances during the last few years in 
molecular physiology of renal diuretic sensitive Na+-Cl- and Na+-K+-2Cl- cotransporters. 

2.  BSC1/NKCC2 AND TSC IN RENAL PHYSIOLOGY, PHARMACOLOGY 
 AND PATHOPHYSIOLOGY 

In the mammalian kidney, BSC1/NKCC2 is present only in the apical membrane of 
the TALH cells responsible for reabsorbing 10-20% of the salt filtrated at the glomerulus 
which are implicated in the generation and maintenance of renal medullary hypertonicity. 
TSC has been specifically localized at the apical membrane of the distal DCT, a nephron 
region that mediates the reabsorption of 5-10% of the glomerular filtrate. Thus, the 
combined function of BSC1/NKCC2 and TSC is responsible for 20-30% of the reab-
sorbed salt. These transporters are also involved in calcium, potassium and acid-base 
metabolism.5, 6 
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BSC1/NKCC2 and TSC play a key role in renal and cardiovascular pharmacology 
since they serve as the target for loop diuretics (BSC1/NKCC2) and thiazide-type 
diuretics (TSC). Loop diuretics such as furosemide and bumetanide are the most potent 
diuretics available in clinical medicine, and their major indications are the treatment of 
edematous states, e.g., chronic cardiac failure, chronic renal failure, chronic liver failure, 
nephrotic syndrome, as well as in severe derangements of calcium metabolism such as 
life threatening hypercalcemia. Thiazide-type diuretics such as hydrochlorothiazide and 
chlortalidone are considered as the first line therapy of arterial hypertension and are also 
indicated for the prevention of renal stone disease and osteoporosis. Therefore, the 
blockade of renal electroneutral cation-chloride cotransporters is often used in the 
management of clinical conditions that are among the greatest health care burden of the 
current century.

The fundamental role of BSC1/NKCC2 and TSC in salt balance, divalent cation and 
acid-base metabolism has been firmly established by demonstrating that inactivation of 
mutations in SLC12A1 and SLC12A3 is the cause of inherited hypokalemic metabolic 
alkalosis syndromes known as Bartter and Gitelman diseases, respectively.12 A 
phenotype resembling Bartter or Gitelman disease was obtained in mice by targeted 
disruption of BSC1/NKCC2 or TSC genes, respectively.13 TSC also seems to be impli-
cated in the development of a salt-dependent form of human arterial hypertension known 
as pseudohypoaldosteronism type II (PHAII), an autosomal-dominant hypertension with 
hyperkalemia that can be reversed by thiazides.14 PHAII is produced by mutations in the 
kinases WNK1 and WNK415 that are expressed in the DCT and collecting duct. It has 
been shown recently that WNK4 down-regulates TSC activity,16, 17 suggesting that loss 
of the WNK4-induced negative effect upon TSC function is associated with development 
of arterial hypertension. Therefore, participation of BSC1/NKCC2 and TSC in mono-
genic diseases featuring high or low blood pressure suggests these genes could be 
involved in complex polygenic diseases such as arterial hypertension. 

3.  FUNCTIONAL PROPERTIES OF THE RENAL APICAL TSC 

Having established an excellent method for expression of TSC from different species 
in X. laevis oocytes,4, 18-20 and in order to take advantage of structural differences between 
mammalian and fish TSC, we recently determined and compared the functional, pharma-
cological and regulatory properties of rat, mouse and flounder TSC19, 20 by assessing 
22Na+ uptake in X. laevis oocytes microinjected with cRNA in vitro transcribed from each 
of these orthologues. As shown in Table 2, a number of interesting differences were 
observed between species. The analysis of ion transport kinetic properties revealed that 
the apparent Km values for Na+ and Cl- in mammalian TSC proteins, either rTSC or 
mTSC, are significantly lower than those observed in flTSC teleost protein. Thus, the 
affinity for cotransported ions is higher in mammalian TSC. Interestingly, in rTSC or 
mTSC, the affinity for both ions was similar, whereas in flTSC, the affinity for 
extracellular Cl- was higher than for Na+.

The following was also observed regarding the affinity for thiazide-type diuretics. 
The inhibitory profile polythiazide > metolazone > bendroflumethiazide = trichloromethi-
azide > hydrochlorothiazide = chlorthalidone was similar between teleost and mammalian 
TSC. However, flTSC exhibited a lower affinity for every thiazide diuretic tested. The 
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case of polythiazide is shown in Table 2. In fact, at 10-4 M concentration, less potent 
thiazides such as trichloromethiazide and chlortalidone reduced the function of flTSC by 
only 68% and 46%, respectively,20 whereas in rTSC or mTSC, the same thiazide concen-
tration inhibited cotransporter function by more than 95%.19 Therefore, the higher affinity 
for ions in mammalian TSC goes together with the higher affinity for thiazides. In this 
regard, we also observed differences in the interactions between thiazide diuretics and 
cotransported ions. When the extracellular Na+ or Cl- concentration was reduced to a 
value below the apparent Km, the rTSC affinity for metolazone increased, i.e., the curve 
is shifted to the left in the presence of low Cl- [2 mM] or low Na+ [2 mM]. Whereas in 
flTSC, metolazone affinity was not affected, suggesting that mammalian and teleost TSC 
exhibit a different type of interaction between Na+ and Cl-, in presence of thiazide 
diuretics. As shown in Table 2, in addition to kinetic and pharmacological differences, 
mammalian and teleost TSC are regulated differently by cell volume. rTSC and mTSC 
are inhibited by cell swelling and are not affected by cell shrinkage, whereas flTSC 
activity is decreased by cell shrinkage and is not affected by cell swelling. Thus, there are 
significant physiological, pharmacological and regulatory differences between mammali-
an and teleost TSC. 

Table 2. Functional properties of rat (rTSC), mouse (mTSC), and flounder TSC (flTSC) 

rTSC  mTSC  flTSC 

Na+ Km (mM)   7.6 ± 1.6  7.2 ± 0.4  58.2 ± 7.1 
Cl- Km (mM)   6.3 ± 1.1  5.6 ± 0.6  22.1 ± 4.2 
Polythiazide IC50 ( M)  0.3 0.4 7.0
Effect of swelling   Inhibition  Inhibition  No effect 
Effect of shrinkage   No effect  No effect  Inhibition 

4.  STRUCTURE-FUNCTION RELATIONSHIPS IN TSC 

Little is currently known about the structure-function relationships in TSC since few 
studies addressing this issue have been reported. Hoover et al.21 analyzed the role of two 
N-glycosylation sites present in the long extracellular loop of rat TSC located between 
TM 7 and 8, following a site-directed mutagenesis strategy in which each or both sites 
were eliminated by changing asparagine residues 404 and 424 to glutamine, generating 
the single mutants N404Q and N424Q and the double mutant N404,424Q. Functional 
analysis revealed that elimination of either site alone or both sites together was associated 
with 50% and 95% reduction in TSC activity, respectively. Functional and confocal 
analysis of wild type and mutant TSC proteins previously tagged with the enhanced green 
fluorescent protein (EGFP-TSC) showed that a reduction in surface expression of TSC 
underlies the reduction in TSC activity. Interestingly, as shown in Figure 1, elimination 
of glycosylation sites was associated with an increased affinity for thiazides since the 
metolazone IC50 was shifted to the left in mutant cotransporters. The shift was greater in 
the double mutant; therefore, it is likely that TSC affinity for thiazide diuretics is related 
to the glycosylation extent of the cotransporter. It should be noted that flTSC exhibits 
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lower affinity for thiazides and contains 3 putative glycosylation sites in the extracellular 
loop.

More recently, an analysis of functional consequences of a single nucleotide poly-
morphism (SNP) in the human SLC12A3 gene revealed that a glycine at position 264, 
located within transmembrane domain 4 and conserved among all CCC members, affects 
the ion translocation rate of the cotransporter as well as the affinities for Cl- and thia-
zides.22 The G264A SNP results in a cotransporter that exhibits a 50-60% reduction in 
transport rate with an increase in affinity for extracellular Cl- and metolazone. The affini-
ty for extracellular sodium was not affected by the G264A polymorphism. Finally, 
functional analysis of some of Gitleman disease mutations has revealed that substitution 
of certain key amino acid residues results in TSC proteins that are not properly 
glycosylated and processed, whereas other mutations produce TSC proteins that can be 
glycosylated and processed but exhibit a reduced rate of TSC insertion into the plasma 
membrane.23-25
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Figure 1. Dose response to metolazone in wild type TSC and glycosylation mutants.21

5.  THE RENAL APICAL BSC1/NKCC2 SPLICED ISOFORMS 

5.1.  Functional Properties As Na+-Cl- or Na+-K+-2Cl- Cotransporter 

Three isoforms, due to alternative splicing of BSC1/NKCC2 have, been shown to be 
expressed in mammalian kidney. These isoforms are due to the existence of three mutual-
ly exclusive cassette exons of 96 bp that encode 31 amino acid residues that are part of 
TM2 and the interconnecting segment between TM2 and TM3.26 Studies with in situ

hybdridization27 and single nephron PCR28 revealed that these isoforms exhibit axial dis-
tribution along the thick ascending limb of Henle (TALH). Isoform A is present all along 
the TALH, whereas isoform F is only present in the inner stripe of the outer medulla, i.e., 
at the beginning of medullary TALH, and isoform B is only expressed in the cortical 
TALH, i.e., in the last portion of TALH. Recent studies have shown that these variants 
exhibit clear differences in functional properties. The affinity profile for the three co-
transported ions is B > A > F and transport capacity is A > B = F.29, 30 Thus, the lower 
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affinity transporter F is located at the beginning of the TALH where ions are highly 
concentrated, and the higher affinity isoform B is located in the cortical TALH where 
tubular fluid has been diluted. This splicing mechanism seems to be the reason for TALH 
dilution power.

In addition to the alternative splicing of the three mutually exclusive cassette exons 
A, B, and F, there is another splicing mechanism that occurs in murine BSC1/NKCC2 
which utilizes a poly-adenylation site in the intron between coding exons 16 and 17, 
predicting a protein with a shorter carboxyl-terminal domain.31 The longer isoform that 
we have named BSC1-L (long) exhibits a carboxyl-terminus of 457 amino acid residues 
from which the last 383 are not present in the shorter isoform, named as BSC1-S (short). 
In contrast, the truncated isoform exhibits a carboxyl-terminus of 129 residues from 
which the last 55 are not present in BSC1-L.31Immunohistochemical analysis demon-
strated that BSC1-L and BSC1-S are expressed toward the apical membrane of the 
TALH. Because the two splicing mechanisms can be combined, six isoforms are 
expressed in the mouse kidney: BSC1-L(A, B or F) and BSC1-S(A, B or F), respectively. 

As shown above, studies using X. laevis oocytes as a heterologous expression system 
have shown that the longer isoforms BSC1-L A, B and F encode the Na+-K+-2Cl-

cotransporter18, 32 with distinct kinetic properties.29  In contrast, the shorter isoform BSC1-
S encodes a furosemide and bumetanide-sensitive, K+-independent, Na+-Cl- cotransport-
er.33 This transport pathway is not functional in regular isotonic media but is activated 
when oocytes are exposed to hypotonicity. In addition, activity of BSC1-S is inhibited by 
cAMP. The existence in the mouse kidney of a long isoform encoding Na+-K+-2Cl- and a 
short isoform performing as a Na+-Cl- cotransporter is relevant since it has been shown 
that two distinct Na-coupled Cl- cotransporter systems are functional in the mouse 
TALH.34 In this place, vasopressin modulates the NaCl transport pathway. In the absence 
of this hormone, NaCl is transported through a K+-independent, furosemide-sensitive 
Na+-Cl- cotransporer, whereas its presence (increase in cAMP) switches the NaCl trans-
port mode to a fuorsemide-sensitive Na+-K+-2Cl- cotransporter.34 Supporting these obser-
vations, Haas et al.35 identified in mouse kidney two different bumetanide-binding sites 
corresponding to proteins of 75 and 150 kDa that could correspond to BSC1-S and 
BSC1-L, respectively. A similar regulatory mechanism that exhibits a furosemide-
sensitive Na+-Cl- cotransporter switched to a Na+-K+-2Cl- class by hypertonicity also 
occurs in rabbit TALH.36

Based on previous observations, we have suggested that, depending on the prevalent 
stimuli, there are two models of operation of the TALH.33 As shown in Figure 2, one 
model operates during water conservation, a situation in which renal medulla osmolarity 
is high and vasopressin is present (high cAMP). In these conditions, salt enters the TALH 
through the Na+-K+-2Cl- cotransporter encoded by BSC1-L. Since the apical membrane 
of the TALH is impermeable to water, intense reabsorption of salt dilutes the tubular 
fluid and concentrates the medullary interstitium. In contrast, during maximal water 
diuresis, wherein medullary tonicity washout provides a relatively hypotonic environment 
and the vasopressin secretion rate is low (low cAMP), the Na+ transport pathway of the 
apical membrane would be by the Na+-Cl- cotransporter encoded by BSC1-S. In this 
regard, cells take up water due to their high content of osmotically active substances 
when interstitial solute concentration decreases in renal medulla.37, 38 Thus, it is possible 
that under these circumstances, TALH cells swell and the salt transport pathway in the 
apical membranes operates as a Na+-Cl- rather than a Na+-K+-2Cl- cotransporter. This 
switching in the transport mode, together with the known activation of the K+-Cl-
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cotransporter and K+ or Cl- conductances in the basolateral membrane,39 allows regu-
lation of cell volume in TALH cells without completely halting salt reabsorption. 

Figure 2. Proposed model for murine TALH function.33

5.2.  Regulatory Properties of BSC1-S Isoform 

Increasing net NaCl reabsorption in the TALH by hormones that generate cAMP, 
e.g., cathecolamines, calcitonin, parathyroid hormone and vasopressin, is an essential 
mechanism that regulates salt transport in this nephron segment.40 Studies by Molony et 
al.41 suggested that vasopressin directly activates the apical Na+-K+-2Cl- cotransporter in 
mouse TALH. The mechanism, however, has not been elucidated. In this regard, an 
emerging field of regulation of several membrane transporters appears to involve the 
generation of alternative splicing variants possessing regulatory properties.8 These 
mechanisms seem to be implicated in the regulation of renal Na+-K+-2Cl- cotransporter 
by cAMP.

In our initial experiments about regulation of BSC1-L, we observed that activation of 
PKA with cAMP/IBMX had no effect upon the 22Na+ uptake in BSC1-L cRNA injected 
oocytes, suggesting other factors could be required to reconstitute the observed cAMP 
activation of apical Na+-K+-2Cl- cotransport in murine TALH.32 We observed that the 
truncated isoform BSC1-S exerts a clearly dominant-negative effect upon the BSC1-L 
Na+-K+-2Cl- cotransporter activity. Competition for translation in BSC1-L + BSC1-S co-
injected X. laevis oocytes did not account for reduced Na+-K+-2Cl- cotransporter activity, 
because co-injecting BSC1-L with unrelated cRNAs did not significantly reduce the 
uptake.32

 Interestingly, the negative effect of BSC1-S upon Na+-K+-2Cl- cotransporter 
activity can be abrogated by PKA activation with cAMP/IBMX.33 Thus, it is possible that 
BSC1-L and BSC1-S interaction is critical for activation of the Na+-K+-2Cl- cotransporter 
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by cAMP. For this reason, in order to understand the interaction between BSC1-S and 
BSC1-L of the murine SLC12A1 gene, we assessed the surface expression of BSC1-L in 
X. laevis oocytes alone or in the presence of BSC1-S, using a construct in which BSC1-L 
was tagged with EGFP into the amino-terminal domain.42 As shown in Figure 3, the 
fluorescence intensity on the EGFP-BSC1-L construct in the oocyte plasma membrane 
was assessed by using a laser scanning confocal microscope. Results revealed that sur-
face expression of the EGFP-BSC1-L isoform did not change in the presence of 
cAMP/IBMX. In contrast, when co-injected, the BSC1-S isoform induced a significant 
reduction in the surface expression of the BSC1-L cotransporter (EGFP-BSC1-L vs. 
EGFP-BSC1-L+BSC1-S in Figure 3). Reduction of EGFP-BSC1-L surface expression 
induced by co-injection with BSC1-S was abrogated after PKA activation by cAMP/ 
IBMX in the extracellular medium (EGFP-BSC1-L+BSC1-S+cAMP/IBMX in Figure 3) 
and was associated with an increased activity of the cotransporter.42 In addition, the 
cAMP/IBMX positive effect in surface and functional expression was prevented by the 
inhibitor of the exocytosis machinery, colchicine. Thus, it is likely that the presence of 
the BSC1-S isoform precludes the BSC1-L complex migration to the plasma membrane. 
This BSC1-S negative effect is inhibited by cAMP and because colchicine prevented the 
cAMP effect, a submembrane vesicle exocytosis is probably involved. Interestingly, 
expression of BSC1-S in TALH is axially distributed, because cortical TALH express 
less BSC1-S  than outer medullary segments.31   This heterogeneity in BSC1-S expression 
along the TALH may underlie the observation in mouse that vasopressin increased the 
salt reabsorption in medullary rather than cortical TALH.43

EGFP-BSC1-L

EGFP-BSC1-L +

BSC1-S

EGFP-BSC1-L + 

BSC1-S +

AMPc/IBMX

EGFP-BSC1-L

cAMP/IBMX

EGFP-BSC1-L

EGFP-BSC1-L +

BSC1-S

EGFP-BSC1-L + 

BSC1-S +

AMPc/IBMX

EGFP-BSC1-L

cAMP/IBMX

Figure 3. Confocal image analysis depicting plasma membrane fluorescence in X. laevis oocytes injected with 
EGFP-BSC1-L cRNA, alone or together with BSC1-S cRNA, and the effect of cAMP/IBMX (as stated).
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A recent study has addressed the mechanisms underling the vasopressin-induced 
activation of the BSC1/NKCC2 cotransporter in mouse kidney in vivo.44 After treatment 
of the animals with a single dose of the vasopressin analogue dAVP, renal proteins were 
studied with a panel of anti-BSC1/NKCC2 specific antibodies. Two monoclonal anti-
bodies (T9 and T4) were used that recognize BSC1/NKCC2 with or without phosphoryla-
tion and a phosphospecific antibody (R5) that recognizes BSC1/NKCC2 when phospho-
rylated in a particular region of the amino-terminal domain. The results revealed that 
dAVP in mouse stimulated BSC1/NKCC2 phosphorylation. Immunohistochemical and 
electron microscopy analysis showed that non-phosphorylated BSC1/NKCC2 protein 
(immunostained with T9 antibody) was abundant in the cytoplasm, while the phosphory-
lated cotransporter (immunostained with R5 antibody) mainly appeared as a sharp line in 
the apical membrane of TALH cells. These observations suggest that phosphorylation of 
Na+-K+-2Cl- via vasopressin-cAMP increases cotransporter traffic to the cell membrane 
and support our conclusions in EGFP-BSC1-L and BSC1-S co-injected oocytes. 

6.  ACKNOWLEDGMENTS 

We thank the support of the Mexican Council of Science and Technology 
(CONACYT) grants No.36124 and G34511M, the NIH grant No. DK36803 and The 
Wellcome Trust grant No. GR070159MA to GG.

7.  REFERENCES    

1.  S.C. Hebert, D.B. Mount, & G. Gamba, Molecular physiology of cation-coupled Cl(-) cotransport: the  
SLC12 family, Pflugers Arch. 447, 580-593 (2004). 

2.  G Gamba, S.N. Saltzberg, M Lombardi, A. Miyanoshita, J Lytton, M.A. Hediger, B.M. Brenner and  S.C. 
Hebert, Primary structure and functional expression of a cDNA encoding the thiazide-sensitive, 
electroneutral sodium-chloride cotransporter, Proc. Natl. Acad. Sci. USA 90, 2749-2753 (1993).

3.  J.C. Xu, C. Lytle, T.T. Zhu, J.A. Payne, Jr. E. Benz and B. Forbush, Molecular cloning and functional 
expression of the bumetanide-sensitive Na-K-Cl cotransporter, Proc. Natl. Acad. Sci. USA 91, 2201-2205 
(1994).

4.  P. K. Lauf, Thiol-dependent passive K/Cl transport in sheep red cells: IV. Furosemide inhibition as a 
function of external Rb+, Na+, and Cl-, J Membr. Biol. 77, 57-62 (1984). 

5.  Gamba, G, Electroneutral chloride-coupled co-transporters, Curr. Opin. Nephrol. Hypertens. 9, 535-540 
(2000).

6.  G. Gamba, Molecular biology of distal nephron sodium transport mechanisms, Kidney Int. 56, 1606-1622 
(1999).

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

8.  G. Gamba, Alternative splicing and diversity of renal transporters, Am J Physiol Renal Physiol 281, F781-
F794 (2001). 

9.  T. Gerelsaikhan and R.J. Turner, Transmembrane topology of the secretory Na+-K+-2Cl- cotransporter 
(NKCC1) studied by in vitro translation, J Biol. Chem. 275, 40471-40477 (2000). 

10.  P.G. Starremans, F.F. Kersten, L.P. van den Heuvel, N.V. Knoers, and R.J. Bindels, Dimeric architecture 
of the human bumetanide-sensitive Na-K-Cl Co-transporter, J. Am. Soc. Nephrol. 14, 3039-3046 (2003). 

11.  J.C. De Jong, P.H. Willems, F.J. Mooren, L.P. van den Heuvel, N.V. Knoers, and R.J. Bindels, The 
structural unit of the thiazide-sensitive NaCl cotransporter is a homodimer, J. Biol. Chem. 278, 24302-
24307 (2003). 

12.  I. Kurtz, Molecular pathogenesis of Bartter's and Gitelman's syndromes, Kidney Int. 54, 1396-1410 
(1998).



                                                                            G. GAMBA AND N.A. BOBADILLA 64

13.  E. Delpire, and D.B Mount Human and murine phenotypes associated with defects in cation-chloride 
cotransport, Annu. Rev. Physiol 64, 803-843 (2002). 

14.  H. Mayan, I. Vered, M. Mouallem, M. Tzadok-Witkon, R. Pauzner, and Z. Farfel, 
Pseudohypoaldosteronism type II: marked sensitivity to thiazides, hypercalciuria, normomagnesemia, and 
low bone mineral density, J. Clin. Endocrinol. Metab 87, 3248-3254 (2002). 

15.  F.H. Wilson, S. Disse-Nicodeme, K.A. Choate, K. Ishikawa, C. Nelson-Williams, I. Desitter, M. Gunel, 
D.V. Milford, G.W. Lipkin, J.M. Achard, Human hypertension caused by mutations in WNK kinases, 
Science 293, 1107-1112 (2001). 

16.  F.H. Wilson, K.T. Kahle,  E. Sabath, M.D. Lalioti, A.K. Rapson, R.S. Hoover, S.C. Hebert, G. Gamba, 
and R.P. Lifton, Molecular pathogenesis of inherited hypertension with hyperkalemia: The Na-Cl 
cotransporter is inhibited by wild-type but not mutant WNK4, Proc. Natl. Acad. Sci. U. S. A 100, 680-684 
(2003).

17.  C.L. Yang, J. Angell, R. Mitchell, and D.H. Ellison, WNK kinases regulate thiazide-sensitive Na-Cl 
cotransport, J. Clin. Invest 111, 1039-1045 (2003). 

18. G. Gamba, A. Miyanoshita, M. Lombardi, J. Lytton, W.S. Lee, M.A. Hediger and S.C. Hebert, Molecular 
cloning, primary structure and characterization of two members of the mammalian electroneutral sodium-
(potassium)-chloride cotransporter family expressed in kidney, J. Biol. Chem. 269, 17713-17722 (1994).

19.  A. Monroy, C. Plata, S.C. Hebert, and G. Gamba, Characterization of the thiazide-sensitive Na+-Cl-

cotransporter: a new model for ions and diuretics interaction, Am. J. Physiol. Renal Physiol. 279, F161-
F169 (2000). 

20.  N. Vazquez, A. Monroy, E. Dorantes, R.A. Munoz-Clares, and Gamba, G, Functional differences between 
flounder and rat thiazide-sensitive Na- Cl cotransporter, Am. J. Physiol. Renal Physiol. 282, F599-F607 
(2002).

21.  R.S. Hoover, E. Poch, A. Monroy, N. Vazquez, T. Nishio, G. Gamba and S.C. Hebert, N-Glycosylation at 
Two Sites Critically Alters Thiazide Binding and Activity of the Rat Thiazide-sensitive Na+-Cl-

Cotransporter, J. Am. Soc. Nephrol. 14, 271-282 (2003).
22.  E. Moreno, C. Tovar-Palacio, P. De los Heros, B. Guzman, N.A. Bobadilla, N. Vazquez, D. Riccardi, E.  

Poch and G. Gamba, A single nucleotide polymorphism alters the activity of the renal Na+-Cl-
cotransporter and reveals a role for transmembrane segment 4 in chloride and thiazide affinity, J. Biol. 

Chem. 279 16553-16560 (2004).
23.  S. Kunchaparty, M. Palcso, J. Berkman, H Vazquez, G.V. Desir, P. Bernstein, R.F. Reilly and D.H. 

Ellison, Defective processing and expression of thiazide-sensitive Na-Cl cotransporter as a cause of 
Gitelman's syndrome, Am. J. Physiol. 277, F643-F649 (1999). 

24.  J. C. De Jong, W. A. Van Der Vliet, L. P. van den Heuvel,  P. H. Willems, N. V. Knoers, and R.J. Bindels, 
Functional Expression of Mutations in the Human NaCl Cotransporter: Evidence for Impaired Routing 
Mechanisms in Gitelman's Syndrome, J Am Soc. Nephrol. 13, 1442-1448 (2002). 

25.  S. Sabath, P. Meade, J. Berkman, P. de los Heros, E. Moreno, N. A. Bobadilla, N. Vazquez, D.H. Ellison 
and G. Gamba, Pathophysiology of Functional Mutations of the Thiazide-sensitive Na-Cl Cotransporter in 
Gitelman Disease. Journal of the American Society of Nephrology. Characterization of functional 
mutations in Gitelman's disease, Am. J. Physiol. (Renal Physiol.) (April 6, 2004). 
10.1152/ajprenal.00044.2004.

26.  J.A. Payne and B. Forbush Alternatively spliced isoforms of the putative renal Na-K-Cl cotransporter are 
differentially distributed within the rabbit kidney, Proc. Natl. Acad. Sci. USA 91, 4544-4548 (1994). 

27.  P. Igarashi, G.B. Vanden Heuver, J.A. Payne and B. Forbush, Cloning, embryonic expression, and 
alternative splicing of a murine kidney-specific Na-K-Cl cotransporter, Am. J. Physiol. (Renal Fluid 

Electrolyte Physiol.) 269, F406-F418  (1995). 
28.  T. Yang, Y.G. Huang, I. Singh, J. Schnermann and J.P. Briggs, Localization of bumetanide- and thiazide-

sensitive Na-K-Cl cotransporters along the rat nephron, Am. J. Physiol. (Renal Fluid Electrolyte Physiol.)

271, F931-F939 (1996). 
29.  C. Plata, P. Meade, N. Vazquez, S.C. Hebert and G. Gamba, Functional properties of the apical Na+-K+-

2Cl- cotransporter isoforms, J Biol. Chem. 277, 11004-11012 (2002). 
30.  I. Gimenez, P. Isenring and B. Forbush, Spatially distributed alternative splice variants of the renal Na-K-

Cl cotransporter exhibit dramatically different affinities for the transported ions, J Biol. Chem. 277, 8767-
8770 (2002).



PHYSIOLOGY OF RENAL Na+-Cl- & Na+-K+-2Cl- COTRANSPORTERS

                                                             

65

31.  D.B. Mount A. Baekgard, A.E. Hall, C. Plata, J. Xu, D.R. Beier, G. Gamba and S.C. Hebert, Isoforms of 
the Na-K-2Cl transporter in murine TAL I. Molecular characterization and intrarenal localization, Am. J. 

Physiol. Renal Physiol. 276, F347-F358 (1999). 
32.  C. Plata, D.B. Mount, V. Rubio, S.C. Hebert and G. Gamba, Isoforms of the Na-K-2Cl cotransporter in 

murine TAL. II. Functional characterization and activation by cAMP, Am. J. Physiol.(Renal Physiol.) 276,
F359-F366 (1999). 

33.  C. Plata, P. Meade, A.E. Hall, R.C. Welch, N. Vazquez, S.C. Hebert, and Gamba, Alternatively spliced 
isoform of the apical Na-K-Cl cotransporter gene encodes a furosemide sensitive Na-Cl cotransporter, Am.

J. Physiol. (Renal Physiol.) 280, F574-F582 (2001). 
34.  A. Sun, E.B. Grossman, M. Lombardi and S.C. Hebert, Vasopressin alters the mechanism of apical Cl- entry 

from Na+-Cl- to Na+-K+-2Cl- cotransport in mouse medullary thick ascending limb, J. Membrane Biol. 120,
83-94 (1991). 

35.  M. Haas, P.B. Dunham and B. Forbush, [3H]Bumetanide binding to mouse kidney membranes: 
Identification of corresponding membrane proteins, Am. J. Physiol (Cell Physiol) 260, C791-C804 (1991). 

36.  J. Eveloff and J. Calamia, Effect of osmolarity on cation fluxes in medullary thick ascending limb cells, Am.

J. Physiol.(Renal Physiol.) 250, F176-F180 (1986). 
37.  F. Beck, A. Dörge , R. Rick and K Thurau, Osmoregulation of renal papillary cells, Pflugers Arch. 405,

S28-S32 (1985). 
38.  F.X. Beck, W.G. Guder and M. Schmolke, Cellular osmoregulation in kidney medulla, in Cell Volume 

Regulation, ed. Lang F (Karger, Basel), pp. 169-184 (1998). 
39.  A. Di Stefano, R. Greger, E. Desfleurs, C. de Rouffignac and M. Wittner, A Ba2+-insensitive K+

conductance in the basolateral membrane of rabbit cortical thick ascending limb cells, Cell Physiol. 

Biochem. 8, 89-105 (1998). 
40.  S.C. Hebert, R.M. Culpepper and T.E. Andreoli, NaCl transport in mouse medullary thick ascending limbs. 

II. ADH enhancement of transcellular NaCl cotrasport; origin of transepithelial volatge, Am. J. Physiol. 

(Renal Fluid Electrolyte Physiol.) 241, F432-F442 (1981). 
41.  D.A. Molony, W.B. Reeves, S.C. Hebert and T. Andreoli, ADH increases apical Na+,K+,2Cl- entry in mouse 

medullary thick ascending limbs of Henle, Am. J. Physiol. (Renal Physiol.) 252, F177-F187 (1987). 
42.  P. Meade, R. Hoover, C. Plata, N. Vazquez, N.A. Bobadilla, G. Gamba, and S.C. Hebert, cAMP-dependent 

activation of the renal-specific Na+-K+-2Cl- cotransporter is mediated by regulation of cotransporter 
trafficking, Am. J. Physiol (Renal Physiol.) 284, F1145-F1154 (2003). 

43.  S.C. Hebert, R.M. Culpepper and T.E. Andreoli, NaCl transport in mouse medullary thick ascending limbs. 
I. Functional nephron heterogeneity and ADH-stimulated NaCl cotransport, Am. J. Physiol. (Renal Physiol.)

241, F412-F431 (1981). 
44.  I. Gimenez and B Forbush, Short-term stimulation of the renal Na-K-Cl cotransporter (NKCC2) by 

vasopressin involves phosphorylation and membrane translocation of the protein, J. Biol. Chem. 278,
26946-26951 (2003). 



______________________________________
* M.E. O’Donnell, T.I. Lam, L. Tran and S.E. Anderson, Department of Physiology and Membrane Biology,   

University of California, One Shields Ave., Davis, CA 95616 
67

6

THE ROLE OF THE BLOOD-BRAIN BARRIER
Na-K-2Cl COTRANSPORTER IN STROKE 

Martha E. O’Donnell, Tina I. Lam, Lien Tran and Steven E. Anderson* 

1. INTRODUCTION 

 The blood-brain barrier (BBB), which is formed by endothelial cells of brain micro-
vessels, is highly restrictive to passage of solutes and water between the blood and brain 
interstitium.1 Electrolytes, nutrients and other solutes must cross the BBB via specific 
transporters. Among the many BBB functions critical to maintaining an appropriate 
neural environment is the regulation of brain interstitial fluid volume and composition. 
The BBB transports K from brain to blood when necessary to guard against elevation of 
brain extracellular [K]. The BBB is also known to secrete Na and Cl into the brain, 
producing up to 30% of brain interstitial fluid; the remainder is produced by the choroid 
plexus.2, 3 As yet unknown, the ion transport mechanisms responsible are thought to 
involve luminal Na and Cl transporters coupled with the abluminally located Na/K 
ATPase.1, 4 In ischemic stroke, this secretion of NaCl is significantly increased and 
associated with formation of cerebral edema, a major cause of brain damage in stroke.5, 6

It has been shown that the BBB does not break down until four to six hours after the 
onset of ischemic stroke. Thus, the ischemia-induced hypersecretion of NaCl and edema 
formation occurs in the presence of an intact BBB.5, 6 The BBB transporters that partici-
pate in this process have not yet been identified; although, previous studies suggest that a 
luminally located Na transporter is involved.5-8 We have hypothesized that a Na-K-2Cl 
cotransporter in the luminal BBB membrane participates in secretion of brain interstitial 
fluid by working in conjunction with the abluminal Na/K ATPase and an abluminal Cl 
efflux pathway, e.g., a Cl channel. We have further hypothesized that during stroke, 
increased activity of the Na-K-2Cl cotransporter contributes to edema formation. These 
scenarios are depicted in Figure 1. During cerebral ischemia, astrocytes swell as they take 
up Na, Cl and water (cytotoxic edema). At the same time, as the BBB increases secretion 
of NaCl and water into the brain, it essentially facilitates or becomes permissive to the 
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astrocyte swelling. In our model, factors present during cerebral ischemia, including 
hypoxia and vasopressin, stimulate activity of the BBB Na-K-2Cl cotransporter during 
early stages of stroke, promoting edema formation across the intact barrier. The 
following sections describe previous studies that led to this hypothesis and recent studies 
suggesting these events may indeed occur. 

Figure 1. Hypothesized role of Na-K-2Cl cotransport in blood-brain barrier endothelial cells. The blood-brain 
barrier (BBB) secretes up to 30% of brain interstitial fluid under normoxic conditions via luminal and 
abluminal Na and Cl transporters. Our experimental findings suggest that a luminal Na-K-2Cl cotransporter 
may contribute to this process. During the early hours of ischemic stroke, secretion of brain interstitial fluid 
across an intact BBB is greatly increased. We have hypothesized that conditions present during cerebral 
ischemia cause stimulation of luminal Na-K-2Cl cotransport to increase transport of Na, Cl and water into the 
brain, contributing to edema formation. 

2. Na-K-2Cl COTRANSPORT OF BLOOD-BRAIN BARRIER ENDOTHELIAL 
CELLS: STIMULATION BY FACTORS PRESENT DURING ISCHEMIA

 Using cultured bovine cerebral microvascular endothelial cells, early studies in this 
laboratory demonstrated the presence of prominent Na-K-2Cl cotransporter activity, 
assessed as a Na- and Cl-dependent bumetanide-sensitive K influx (using 86Rb as a tracer 
for K).9, 10 In these studies, we also found that both Na-K-2Cl cotransporter activity and 
cotransporter protein are increased by exposure of the endothelial cells to either astrocyte 
conditioned medium (CM), C6 glial cell CM or to co-culture with C6 glial cell CM,9-11 as 
shown in Table 1. This suggests that as in tight junctions, i.e., Na/K ATPase and other 
components upregulated by astrocytes, the Na-K-2Cl cotransporter is important in BBB 
function.
 Our studies also revealed that the cotransporter is sensitive to regulation by a num-
ber of peptides.9 Table 2 shows that vasopressin stimulates activity of the cotransporter, 
while atrial natriuretic peptide inhibits the cotransporter. The ionophore A23187 elevates 
intracellular [Ca] in these cells and also stimulates the cotransporter, while elevation of 
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cyclic AMP inhibits cotransport activity, consistent with vasopressin acting via a V1

rather than a V2 VP receptor. In addition, elevation of intracellular cyclic GMP inhibits 
the cotransporter, consistent with the known ANP-induced increase in cellular cyclic 
GMP.
 Previous studies have shown that VP receptors are present on cerebral microvessels 
and that an increased release of VP occurs in the vicinity of the microvessels during 
ischemic stroke.12-14 Ischemia-induced cerebral edema can be attenuated by VP antago-
nists in rats subjected to experimental ischemic stroke, while VP-deficient Brattelboro 
rats exhibit less cerebral edema during stroke.15-17 Together, these findings suggest that 
edema formation involves VP actions at the BBB. They also support our hypothesis that 
during ischemia, VP stimulates BBB Na-K-2Cl cotransporter activity, thereby promoting 
edema formation. We and others have found evidence that the BBB Na-K-2Cl cotrans-
porter is also stimulated by hypoxia which develops rapidly during cerebral ischemia. 
Oligomycin, which induces a form of chemical hypoxia and reduces cellular ATP levels, 
stimulates brain microvascular endothelial cell cotransporter activity within 30 minutes 
of exposure.18-20 In addition, exposure of these cells to true hypoxia in an O2-controlled
glove box also rapidly stimulates the cotransporter.21 These findings are consistent with 
previous reports that deoxygenation stimulates Na-K-2Cl cotransport activity of erythro-
cytes.22-24 Finally, in other studies, the peptide endothelin-1, which is also increased 
during hypoxia, has been found to stimulate activity of the brain microvascular Na-K-2Cl 
cotransporter.25 Collectively, these findings support our hypothesis that during ischemic 
stroke, hypoxia also acts to stimulate the BBB Na-K-2Cl cotransporter and promote cere-
bral edema formation.

Table 1. Astrocyte-induced increase in cerebral microvascular endothelial cell Na-K-
2Cl cotransporter activity and protein

Condition NKCC activity               
(% control K influx)a

NKCC protein 
(% control densitometry units)a

 Control  100  100 

 C6 glial cell CM  161.24 ± 8.93  149.24 ± 10.05 

 Astrocyte CM  143.87 ± 13.54  153.28 ± 11.87 

 C6 Co-culture  184.67± 23.99  154.55 ± 1.39 

a Values shown are means ± SE. NKCC, Na-K-2Cl cotransport. CM - conditioned medium. Cotrans-
port activity was assessed as bumetanide-sensitive K influx. Control K influx in these experiments 
was 10.19 ± 0.78 µmol/gm protein . min. Na-K-2Cl cotransport protein levels were determined by 
Western blot analysis.
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Table 2. Regulation of cerebral microvascular endothelial cell Na-K-2Cl cotransporter 
activity

Condition Bumetanide-sensitive K influxa

                       (% control  flux) 

 Control  100 

 Vasopressin (100 nM)  190.42 ± 13.66 

 ANP (100 nM)  82.45 ± 5.12 

 A23187 (1 µM)  152.86 ± 12.68 

 8-Br-cAMP (10 µM)  60.81 ± 7.21 

 8-Br-cGMP (10 µM)  62.05 ± 4.89 

a Values shown are means ± SE. Na-K-2Cl cotransport activity assessed as bumetanide-
sensitive K influx. Control  cotransport activity was 10.54 ± 0.32 µmol/gm protein . min.

3. CELLULAR LOCATION OF THE BLOOD-BRAIN BARRIER Na-K-2Cl 
COTRANSPORTER

 Previous studies from this laboratory examined brain microvascular endothelial cells 
cultured on permeable filters for specific binding of 3H-bumetanide, an index of the 
amount of cotransporter present. The studies revealed that approximately 90% of the 
binding was at the apical surface, suggesting that the BBB cotransporter may be asym-
metrically distributed,  residing predominantly at the luminal surface.10   In recent 
studies,

Figure 2. In situ distribution of blood-brain barrier (BBB) Na-K-2Cl cotransporter. Perfusion-fixed rat brains 
were thin-sectioned, then labeled with primary antibody that recognizes the Na-K-2Cl cotransporter protein (T4 
monoclonal shown in this image) followed by 15 nm gold-particle-conjugated secondary antibody. Immuno-
electron micrographs of the labeled images were then analyzed for distribution of gold particles between 
luminal and abluminal BBB endothelial membranes. In this micrograph, some gold particles can also be seen in 
astrocyte perivascular end feet lying below the basal lamina (gray homogenous band immediately below the 
BBB abluminal membrane).

Luminal

Abl uminal
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we have employed immunoelectron microscopy and perfusion-fixed rat brains to 
examine the in situ cellular location of the BBB Na-K-2Cl cotransporter.26 These studies 
used two different antibodies that specifically recognize the Na-K-2Cl cotransporter 
protein: T4, a monoclonal antibody, and T84, a polyclonal antibody, coupled with 
secondary antibodies conjugated to gold particles. A representative immunoelectron 
micrograph is shown in Figure 2. The majority of gold particles are seen at the luminal 
membrane of the BBB endothelial cells. In this image, the basal lamina appears as a 
homogenous band below the BBB and gold particles present in the astrocyte end feet cell 
membrane can also be seen. In these, we examined gold particle distribution between 
luminal and abluminal BBB membranes using a range of primary antibody dilutions as 
shown in Table 3. For both the T4 and the T84 antibodies, approximately 80% of the 
gold particles were found at the luminal membrane. Thus, the Na-K-2Cl cotransporter 
does indeed appear to reside predominantly in the luminal membrane of BBB endothelial 
cells.

Table 3.  Relative luminal versus abluminal distribution of  Na-K-2Cl cotransporter at 

the blood-brain barrier

Gold particle distribution
Luminal/(Luminal + Abluminal)  x 100a

T4 antibody T84 antibody 

Dilution  Dilution  

1:1000 82.63  ±  3.50 1:100 86.85  ±  6.67 

1:2500 76.85  ±  8.31 1:5000 83.27  ±  3.21 

1:7500 77.4   ±  5.73 1:7500 79.86  ±  8.08 

a Values shown are means ± SE and were obtained by analyzing gold particle distribution 
 between luminal and abluminal BBB membranes using micrographs from 6 or more 
 micro-vessels for each dilution. 

4. BUMETANIDE ATTENUATION OF ISCHEMIA-INDUCED CEREBRAL 
EDEMA AND BRAIN INFARCT 

 In recent studies, we have employed the rat middle cerebral artery occlusion 
(MCAO) model of stroke and magnetic resonance diffusion weighted imaging (DWI) to 
evaluate the effects of Na-K-2Cl cotransport inhibition on cerebral edema formation in
vivo.26 From these data, we calculated apparent diffusion coefficients (ADC). A drop in 
ADC values has been shown to provide a good index of edema formation in ischemic 
stroke. In these studies, we determined ADC values for different regions in both cortex 
and striatum and determined the ratios of ipsilateral (occluded) to contralateral (control 
non-occluded) ADC values for each animal. Figure 3 shows ADC ratios obtained for a 
region in the upper frontoparietal cortex of rats subjected to MCAO or Sham surgery. In 
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MCAO rats, the ipsilateral/contralateral ADC ratio falls below 1.0 indicating the presence 
of edema. However, in rats administered intravenous bumetanide (30 mg/kg) 20 minutes 
prior to MCAO, the drop in ADC ratio was significantly attenuated, indicating reduction 
of edema formation. This effect of bumetanide was sustained throughout the three-hour 
occlusion. At the end of these experiments, the rats were killed and the brains sectioned 
into 2-mm slices which were then evaluated for infarct by TTC staining (2,3,5-
triphenyltetrazolium chloride from Sigma Aldrich Corp., St. Louis, MO). Figure 4 shows 
that in rats subjected to MCAO, a large infarct (seen as the pale region in the left 
hemisphere) is present. However, in rats subjected to MCAO and also intravenous 
bumetanide, the infarct is substantially reduced. The brain slices shown in this figure are 
4, 6 and 8 mm from the frontal pole. In these studies, we quantitatively analyzed the total 
infarct volume in rats subjected to MCAO and either vehicle or three different doses of 
bumetanide. By our estimation, the lowest dose, 7.6 mg/kg, is equivalent to a blood 
concentration of 100 µM bumetanide. We found all three intravenous doses of 
bumetanide significantly reduced the total infarct volume induced by 180 minutes of 
MCAO. It should be noted that bumetanide and the chemically similar loop diuretics 
furosemide and torasemide distribute only in the extracellular fluid and do not readily 
cross plasma membranes.27, 28 Also, a study of chemical properties determining the ability 
of various drugs to cross the BBB demonstrated that furosemide does not cross the bar-
rier.29 Thus, in our experimental setting, although bumetanide should readily distribute in 
extracellular fluid outside the brain, it should not penetrate into the brain in the presence 
of an intact BBB. Together, these findings suggest that in rats subjected to up to three 
hours of permanent MCAO during which time the BBB remains intact, intravenous 
bumetanide inhibits the luminal BBB Na-K-2Cl cotransporter with a resulting decrease in 
ischemia-induced cerebral edema and infarct volume. 
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Figure 3. Bumetanide attenuation of cerebral edema formation in permanent middle cerebral artery occlusion 
(MCAO). ADC values were determined for the occluded (ipsilateral) and control, non-occluded (contralateral) 
cortex following induction of MCAO. Rats were given an intravenous injection of bumetanide (30 mg/kg) or 
vehicle 20 min prior to MCAO. Data shown are from the upper frontoparietal cortex and represent 4-9 animals 
for the three conditions.
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MCAO + Vehicle MCA O + Bumeta nide

Figure 4. Bumetanide reduction of MCAO-induced brain infarct. Rats were treated with intravenous bumeta-
nide (30 mg/kg) or vehicle for 20 minutes then subjected to 180 minutes of permanent middle cerebral artery 
occlusion. Brain slices (2 mm) were then stained with 2.3.5-triphenyltetrazolium chloride (TTC) to assess 
infarct size. Slices shown are 4, 6 and 8 mm from the frontal pole (bottom to top).

Table 4.  Bumetanide reduction of cerebral infarct volume in rats subjected to MCAO 

Bumetanide dose (mg/kg) Percent total infarcta

 0  39.36 ± 2.08 

 7.6  25.12 ± 2.21 

 15   20.35 ± 2.09 

 30   17.73 ± 1.36 

a Values shown are means ± SE. Infarct sizes of TTC-stained brain slices were de-
 termined following 180 minutes of middle cerebral artery occlusion in rats treated 
 intravenously with varying doses of bumetanide or vehicle. The total volume of 
 the infarct was then calculated for each brain. Infarct volume is expressed as 
 percent of total hemispheric volume.  
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5. SUMMARY 

 Studies from this and other laboratories have shown that the Na-K-2Cl cotransporter 
is present in BBB endothelial cells is stimulated by factors present during cerebral 
ischemia. Further, our in situ studies have shown that the cotransporter resides predomi-
nantly in the luminal BBB membrane. This is consistent with the hypothesis that a 
luminal cotransporter works with abluminal Na/K ATPase to secrete NaCl into the brain, 
and during stroke, BBB cotransporter activity is increased such that the barrier 
hypersecretes NaCl and water into the brain, facilitating cytotoxic edema formation. Our 
in vivo MCAO stroke studies provide further support for a role of the BBB cotransporter 
in cerebral ede-ma formation. Collectively, these findings suggest that the BBB Na-K-
2Cl cotransporter does indeed substantially contribute to cerebral edema formation in 
stroke.
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REGULATION OF Na-K-2Cl
COTRANSPORT IN RED CELLS 

Peter W Flatman

1.  INTRODUCTION 

Starting in the late 1950s, studies of K and Na transport in red cells were among the 
first to indicate that cell membranes contain the transporter we know today as the Na-K-
2Cl cotransporter.1 Since that time, red cells have been an important model system with 
which to study the properties and regulation of cotransport.2 In addition to providing 
general insight into cotransporter function, studies on red cells indicate that the cotrans-
porter can have very specific roles in these cells, enabling them to resolve particular 
physiological problems and challenges. Several excellent reviews2-6 discuss the disco-
very, properties and regulation of the cotransporter. In this chapter, I shall give a brief 
outline of the behavior of the transporter in red cells and then focus on recent analyses of 
how changes in cotransporter phosphorylation may affect transport. 

2.  PROPERTIES OF THE COTRANSPORTER  

The Na-K-2Cl cotransporter is member of the cation-chloride-cotransporter (CCC) 
superfamily.7 It moves one Na, one K, and two Cl ions in the same direction across the 
cell membrane in an electroneutral fashion. Operation of the transporter does not, 
therefore, generate a current nor do changes in transmembrane potential affect cotrans-
porter mediated fluxes.8,9 The cotransporter can operate in either direction, moving ions 
into or out of cells depending on the chemical gradients of the participating ions.10 When 
the transporter is at equilibrium, the quotient: 

2
iii

2
ooo ][Cl][K]/[Na][Cl][K][Na
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is equal to 1. If the quotient is >1, activation of the transporter results in ions entering the 
cell, whereas if it is <1, they leave. For epithelia, this quotient is normally >>1, so 
activation of the cotransporter leads to influx of ions followed by osmotically obliged 
water and possible cell swelling. As turnover of the transporter is high (>1000 s-1),6, 11 and 
four osmotically active particles move in each cycle, the transporter has the potential to 
rapidly alter cell volume without changing membrane potential. Therefore, it is not 
surprising that it plays an important part in the regulatory volume increase seen in several 
cell types following osmotic shrinkage. In red cells, however, the cotransporter is close to 
equilibrium (Cl is at electrochemical equilibrium across the red cell membrane), and the 
direction of net transport depends more on the extracellular K concentration.2

In many cells types, the cotransporter plays important roles in regulating cell K and 
Cl concentration but has little effect on cell Na concentration because of the regulatory 
power of the Na-pump.3 In red cells, the ability of the cotransporter to influence cell Cl 
content is also abrogated by the very high levels of the anion exchanger (AE1, Band 3). 
The red cell cotransporter appears mainly involved in K homeostasis. Experiments with 
human red cells show a negative correlation between the maximum rate of cotransport 
and cell K content, suggesting that the red cell transporter may be operating in efflux 
mode in vivo.12 Recent studies in the rat suggest that the direction of cotransporter 
operation may change during red cell maturation from inward in young reticulocytes to 
outward in mature cells.13 Thus, the transporter may help maintain the low volume of 
mature red cells. In ferret red cells which have a high rate of cotransport and a low K 
content, the cotransporter may also play a role in regulating plasma K concentration, the 
cells acting as a large source or sink for K depending on need. Such a role for the red cell 
cotransporter has, however, been ruled out in humans.14

The rate of cotransport varies widely in red cells from different species. 
Cotransporter-mediated fluxes are low in human red cells (<1 mmol (l cell h)-1), being 
much smaller than fluxes through the Na-pump, and show little dependence on cell 
volume.12, 15, 16 Meta-analysis of 20 studies of cotransport in humans shows that transport 
rates are lower in red cells from women and people with a family history of essential 
hypertension.16 At the other extreme, fluxes through the noradrenaline-stimulated 
transporter in avian red cells can reach levels greater than 100 mmol (l cell h)-1 and are 
activated by cell shrinkage.2 In duck red cells, the Na-K-2Cl cotransporter, together with 
the closely related K-Cl cotransporter, has been shown to play a key role in regulating 
cell volume.17 Cotransport rates in ferret red cells are also very high, about 16 mmol (l 
cell h)-1 in resting cells and reaching about 50 mmol (l cell h)-1 when maximally 
stimulated.18-20 Cotransport is activated by cell shrinkage.21 As these cells do not have 
operational Na-pumps, their K content is low (about 7 mM) so that unidirectional K 
uptake can be used as a measure of transport rate with little interference from K-K 
exchange that occurs in normal high K cells.10, 22 Thus, these cells are an excellent model 
in which to study the mammalian cotransporter. 

The cotransporter is characterized by its sensitivity to inhibition by loop diuretics 
with bumetanide being particularly potent (IC50 is about 50 – 100 nM in many red cells). 
Low doses (10 µM) of bumetanide can be used to selectively inhibit the transporter and 
define cotransporter-mediated fluxes.3
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3.  COTRANSPORTER REGULATION 

In addition to being regulated by the concentration of substrate ions, cotransporter 
activity is stimulated by hypoxia,23-25 growth factors,26 hormones such as noradrenaline27

and vasopressin,28, 29 cell shrinkage (a powerful stimulant in epithelial cells and avian, but 
not human, red cells) and a fall in intracellular Cl concentration. The latter was found in 
epithelial cells where Cl appears to be acting at a site distinct from the substrate site. The 
fall in Cl concentration may activate a kinase that phosphorylates the cotransporter and 
stimulates transport.30-32 This effect has not been demonstrated in red cells, where, if the 
pathway exists, it may need to be modified because of the high resting Cl level in these 
cells.

The ability of the cotransporter to respond to most of these signals is compromised 
when cells are treated with inhibitors of protein kinases or phosphatases. This suggests 
that changes in transport result from changes in protein phosphorylation (though the 
effects of some growth factors may be independent of changes in cotransporter phos-
phorylation26). As many of these signals have been shown to alter phosphorylation of the 
cotransporter itself, it has been suggested that cotransporter phosphorylation is a major 
common pathway in transporter regulation.33-37 However, under certain circumstances, 
inhibitory signals from the cytoskeleton can prevent cotransporter phosphorylation 
causing transport stimulation.4, 5, 38

4.  THE COTRANSPORTER IS PHOSPHORYLATED AT MULTIPLE SITES 

During activation by diverse stimuli, the cotransporter is phosphorylated on five or 
six threonine and serine (but not tyrosine) residues.33, 39 The phosphopeptide maps 
generated from the cotransporter stimulated by a variety of factors are very similar. 
Together with pharmacological data, this has been interpreted as showing the cotrans-
porter is phosphorylated at multiple sites by a single kinase and dephosphorylated by a 
single phosphatase. Thus, regulation of cotransporter activity would revolve around the 
regulation of these two enzymes – the cotransporter kinase (CT-kinase, CT-K) and 
phosphatase (CT-phosphatase, CT-PrP).4 Fitting in nicely with this idea is the finding that 
phosphorylation of three threonine residues close together in the N-terminus seems 
particularly important in regulating transport (Thr184, Thr189, Thr202 in the shark 
cotransporter).40 Close to these residues is a binding site for protein phosphatase 1 (PrP-
1) which appears ideally placed to dephosphorylate the transporter when circumstances 
demand.41 Inhibitors of PrP-1 (calyculin A and okadaic acid) are potent activators of 
transport in a wide variety of cells as expected.23, 39, 42 Evidence suggests that PrP-1 is a 
CT-phosphatase. However, the identity of the CT-kinase is uncertain. C-Jun kinase,43

PASK44, 45 (or SPAK, proline and alanine rich Ste20 related), and OSR144 (oxidative-
stress related) kinase have all been suggested; although, compelling proof for any of these 
is lacking. SGK (serum and glucocorticoid activated kinase) has also been suggested, but 
this may activate the cotransporter by facilitating its insertion into the membrane.46 A 
volume-sensitive kinase that autophosphorylates to enhance its activity may be 
involved.2,47 Myosin light chain kinase clearly plays a role in the activation of the 
cotransporter by hypertonicity38, 48 but is probably not a CT-kinase. 
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5.  COTRANSPORT AND PHOSPHORYLATION IN FERRET RED CELLS 

Our work aims to characterize and ultimately, identify the CT-kinase(s) and CT-
phosphatase(s) in ferret red cells. Starting with the premise that the single kinase/single 
phosphatase model is correct, we predicted it should be possible to maximally activate 
the transporter by inhibiting the CT-phosphatase and completely inhibit it by inhibiting 
the CT-kinase. 

As with other cells, 20-50 nM calyculin A rapidly and maximally activates the 
transporter in ferret red cells, consistent with the idea that PrP-1 plays an important role 
in dephosphorylating the cotransporter here.20

Next, it was necessary to establish that inhibition of the CT-kinase abolishes 
cotransport fluxes. As there are conflicting views on the identity of the CT-kinase, we 
decided to use a non-specific method for inhibiting kinases – the removal of intracellular 
Mg. This is based on the standard biochemical practice of adding excess EDTA to a 
biological extract to chelate Mg and inhibit all kinases therein. One of the benefits of 
using red cells is that we can achieve this with only a minor modification to the 
procedure. Intracellular Mg concentration can be reduced to sub-micromolar levels by 
incubating cells in a medium containing EDTA (usually 1-2 mM for cells suspended at 
10% haematocrit) and then adding 5-10 µM A23187, an ionophore that permeabilizes the 
cell membrane to Mg. Within 5 minutes, virtually all Mg has left the cells, as determined 
by atomic absorption spectroscopy.49 The presence of external EDTA alone has little 
effect on cotransport. However, following the addition of A23187, transport rate falls 
rapidly but by only about 40%, and this level is well maintained for the next hour.50 This 
finding was unexpected. Had there been any residual CT-phosphatase activity, inhibition 
of all kinases should result in the complete, though possibly slow, inhibition of transport. 
Unless of course, the phosphatase is also inhibited by Mg-removal. 

Then, ferret red cells were used to screen kinase inhibitors for their ability to inhibit 
transport, an approach limited by the membrane permeability of the inhibitors. Three 
substances were found to be particularly potent: staurosporine, PP1 (4-amino-5-(4-
methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine) and genistein.20 However, as with 
Mg-removal, they only inhibited 40% of resting transport. Interestingly, all three of these 
compounds inhibit tyrosine kinases, yet changes in tyrosine phosphorylation of the 
cotransporter have not been observed to correlate with changes in transport rate.33, 39, 51

PP1 is a very selective tyrosine kinase inhibitor (src kinases, c-kit and Bcr-Abl).52, 53

Genistein also inhibits tyrosine kinases,54 as does staurosporine which affects many 
threonine and serine kinases too.55 In addition, the use of these inhibitors in combination 
with each other or with Mg-removal was no more effective than any treatment alone. It 
appears that these compounds act indirectly, and if such an entity exists, a potent inhibitor 
of the CT-kinase is still to be discovered. 

The finding that Mg-removal and three different kinase inhibitors leave the same 
substantial amount of residual transport (about 60% resting level) suggests: 1) there are 
either two forms of the cotransporter, one in which transport is stimulated by 
phosphorylation and another which is constitutively active, or (2) Mg-removal and the 
different kinase inhibitors all trap the cotransporter in a partially phosphorylated, partially 
active state. To distinguish between these possibilities, we attempted to measure the 
extent of threonine phosphorylation of the transporter under different conditions. The 
cotransporter was immunoprecipitated from ferret red cells, treated with kinase or phos-
phatase inhibitors using the T4 monoclonal antibody developed to the C-terminus of the 
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human cotransporter.56 Proteins in the immunoprecipitate were then separated by gel 
electrophoresis and probed with antibodies to phosphothreonine.51

The ferret red cell cotransporter runs on polyacyrlamide gels as a smear with an 
apparent molecular weight of 140-160 kDa (sometimes this appears as a clear doublet 
with bands centred at 140 and 160 kDa), probably corresponding to monomeric forms of 
the cotransporter. However, a substantial amount of the cotransporter appears in high 
molecular weight forms (300-320 kDa).57 This may represent formation of dimers as 
found in studies of the cotransporter in parotid glands.58 Some sharp bands are seen at 
intermediate weights and some very high molecular weight complexes (>400 kDa) are 
also apparent. All of these high molecular weight forms were seen despite the samples 
having been heated with SDS and reducing agents. Phosphothreonine is detected in these 
immunoprecipitates with molecular weights centered at about 150 and 300 kDa.51 The 
proportion of cotransporter phosphorylated in the low molecular weight band is similar to 
the proportion in high molecular weight band for each condition tested, suggesting that 
phosphorylation of the cotransporter does not affect its propensity to form or dissociate 
from high molecular weight forms (Flatman & Matskevich, unpublished). It is clear from 
these experiments that the cotransporter is phosphorylated in both its low and high 
molecular weight forms in control cells and that treatment of cells with calyculin A 
almost doubles phosphothreonine in both bands. 1 mM Na arsenite, which stimulates 
transport to the same extent as calyculin,59 more than doubles the amount of 
phosphothreonine in T4 immunoprecipitates. On the other hand, treatment of cells with 
PP1, genistein or staurosporine, or removal of Mg, all reduce, but do not abolish, the 
level of phosphothreonine to the same extent. Phosphothreonine levels in the 
cotransporter under these conditions are about 60% of those seen in control cells, 
consistent with the observed reduction in transport rate under the same conditions.51 We 
did not find any conditions where the cotransporter was completely dephosphorylated. 
The findings are compatible with the idea that all these treatments trap the cotransporter 
in a partially phosphorylated, partially active form.

The appearance of the cotransporter in some western blots as a doublet (using the T4 
antibody) is intriguing. Initially, we speculated there are two isoforms of the 
cotransporter in ferret red cells, one band representing a form in which transport is 
sensitive to phosphorylation and another representing a constitutively active form. These 
could arise from truncation or alternative splicing60, 61 of the transporter that affects its 
ability to bind kinases and phosphatases, thus influencing its phosphorylation state. 
However, we have not been able to correlate the appearance of the doublet with transport 
rate or phosphorylation state.

We can learn much about the regulation of cotransport not only by examining the 
effects of kinase and phosphatase inhibitors on transport and phosphorylation when used 
alone but also by examining the effects of these agents when used in combination. We 
have shown that addition of PP1, genistein and staurosporine, or Mg-removal, before 
calyculin, prevent it from activating transport.20 On the other hand, when added after 
calyculin, they cause only a small reduction (30%) in transport. Thus, kinase inhibition 
whether highly specific (PP1) or non-specific (Mg-removal) prevents but does not 
reverse stimulation by calyculin. In similar experiments, these same kinase inhibitors 
prevented but also reversed stimulation caused by arsenite.59 Clearly, calyculin and 
arsenite affect different sites in the regulatory process. When used together, calyculin and 
arsenite give the most robust stimulation of transport, even in cells that have been stored 
for a few days, which greatly reduces the response to either of these agents alone.59 Only 
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Mg-removal completely prevents stimulation by this combination. PP1 is completely 
ineffective, whereas genistein and staurosporine partially prevent stimulation. Neither 
Mg-removal nor any of these kinase inhibitors reverse stimulation caused by a 
combination of calyculin and arsenite. 

Generally, transport rate and threonine phosphorylation of the cotransporter correlate 
well in controls and cells treated with calyculin, PP1, staurosporine, Mg-removal and 
combinations of these. However, under some conditions arsenite causes additional 
threonine phosphorylation of the cotransporter that does not correlate well with changes 
in transport rate.51 Thus, threonine phosphorylation of the cotransporter does not always 
imply transport stimulation. 

It is possible to explain these data by assuming that regulatory phosphorylation of the 
cotransporter is carried out by a single kinase and phosphatase.59 However, construction 
of such a model puts severe limits on where the inhibitors work. For instance, calyculin 
cannot inhibit the CT-phosphatase, and PP1, genistein and staurosporine cannot inhibit 
the CT-kinase. It is necessary to postulate that the CT-phosphatase itself is regulated 
(inhibited) by phosphorylation and that calyculin inhibits the phosphatase that regulates 
this process, whereas PP1, staurosporine and genistein inhibit, indirectly, the kinase. The 
CT-phosphatase needs to be Mg-sensitive. This model explains the results described so 
far, e.g., the partial inhibition of transport by kinase inhibitors and the effects of combina-
tions of calyculin, arsenite and kinase inhibitors. However, it does not account well for 
the observation that Mg-removal completely reverses stimulation caused by arsenite. 

Further problems for the one kinase/one phosphatase model arise from experiments 
examining the effects of deoxygenation. Reduction of the oxygen tension in equilibrium 
with ferret red cell suspensions to 1-3 mm Hg for 30 minutes stimulates cotransport to the 
same extent as treating them with calyculin or arsenite.25 The effect is quickly reversible 
on reoxygenation. Half maximal stimulation is seen with an oxygen tension of about 23 
mm Hg. Stimulation by deoxygenation is completely prevented and reversed by kinase 
inhibitors or Mg-removal. On the surface, the actions of arsenite and deoxygenation 
appear similar and an attractive explanation for arsenite’s effects is that it mimics deoxy-
genation. However, this is not the case. Stimulation by either arsenite or deoxygenation is 
reversed by PP1. It follows that if arsenite and deoxygenation affect the same processes, 
the combined effects of deoxygenation and arsenite should also be reversed by PP1. 
However, when this hypothesis was tested, it was found that PP1 had little, if any, effect 
on cotransport stimulated by this combination (Flatman, unpublished). 

6.  A MULTIPLE KINASE/PHOSPHATASE MODEL 

It is difficult to incorporate these findings into the one kinase/one phosphatase 
model. In order to encompass all these data, it is necessary to abandon this model in favor 
of one that assumes regulatory phosphorylation of the cotransporter is carried out by 
several kinases and phosphatases.36, 40, 62 Multiple kinase/phosphatase models can be 
complex, and there is a temptation to introduce new kinases and phosphatases to explain 
every quirk in the data. However, there is good evidence that the cotransporter is dephos-
phorylated by at least 3 phosphatases in ferret red cells: 



REGULATION OF NA-K-2CL COTRANSPORT IN RED CELLS 83

PrP-1 – inhibited by calyculin A (Once we abandon the one kinase/one phospha-
tase model, it is possible to propose that there is a site on the cotransporter that is 
dephosphorylated by PrP-1.), 
a phosphatase inhibited by Mg-removal, possibly PrP-2C (This would explain 
why Mg-removal does not inhibit all cotransport fluxes.), and 
a phosphatase that dephosphorylates the sites on the cotransporter that are phos-
phorylated when oxygen tension is reduced. 

There are probably at least three distinct conjugate kinases involved in phosphorylating 
these sites. 

A model that explains our data can be broken down into four sections that address 
the four major questions raised by our experiments. It proposes that phosphorylation of at 
least four sets of residues, not necessarily all threonine, is involved in regulating transport 
under the conditions described here. Phosphopeptide mapping using 32P suggests that five 
or six threonine and serine residues become phosphorylated when the transporter is fully 
active in shark rectal gland and avian red cells.33, 39 Also, our experiments with anti-
phosphothreonine antibodies suggest that up to four threonine residues may be involved, 
assuming a single threonine residue is phosphorylated under Mg-free conditions (Flatman 
& Matskevich, unpublished). We find no changes in tyrosine phosphorylation, as 
determined by a variety of anti-phosphotyrosine antibodies, corresponding to changes in 
transport rate.51

First, it is necessary to explain why Mg-removal, PP1, staurosporine and genistein 
only partially inhibit cotransport and why residual transport activity is the same under all 
these conditions. These observations can be explained if there is a threonine residue 
(COT1 in Figure 1) on the cotransporter that is phosphorylated by a kinase (CT-K1) not 
inhibited by PP1, staurosporine or genistein. Most importantly, it is dephosphorylated by 
a Mg-sensitive phosphatase (CT-PrP1). This is probably a member of the protein 
phosphatase 2C family, PrP-2C63 (PrP-7 is also Mg-dependent but has only been found in 
retina64) which is characterized by a requirement for millimolar Mg (or Mn) and its 
insensitivity to NaF, calyculin, okadaic acid and microcystin.63, 64 Under normal 
circumstances, COT1 will be fully phosphorylated, and this maintains transport rate at 
60% control. As we shall see later, none of the other regulatory sites should be phospho-
rylated in the presence of the kinase inhibitors or in the absence of Mg. In addition, as 
long as CT-PrP1 is more sensitive to Mg-removal than CT-K1 (generally PrP-2C requires 
much higher Mg levels for activity than kinases), COT1 should remain phosphorylated 
when cell Mg is reduced. 

Second, it is necessary to account for the rapid maximal stimulation of transport by 
calyculin. This can be explained if there is another threonine residue (possibly two or 
three) on the cotransporter (COT2 in Figure 1) that is phosphorylated by a kinase (CT-
K2) which is inhibited, indirectly by PP1, staurosporine and genistein. It is dephospho-
rylated by a calyculin-sensitive phosphatase (CT-PrP2), probably PrP-1. The very rapid 
activation of transport by calyculin suggests that the kinase is highly active in control 
cells and that this activity is revealed when the phosphatase is inhibited. Phosphorylation 
of COT2 maximally activates the transporter, about 2.5 fold. COT2 may correspond to 
Thr189 (and possibly the neighbouring threonine residues) in the shark cotransporter, the 
residue that plays a key role in regulating shark cotransporter activity.40

Phosphorylation of COT2 may also explain the stimulation of transport by arsenite. 
The simplest explanation is that arsenite stimulates kinase CT-K2 which would also 
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explain why the effects of arsenite are prevented and reversed by kinase inhibitors, and 
importantly, by Mg-removal.

Figure 1. Transport rate is affected by phosphorylation of at least four sets of residues on the cotransporter. In 
this multiple kinase/phosphatase model of regulatory phosphorylation panel A depicts phosphorylation of a 
threonine residue that maintains transport (20% maximum) in the absence of Mg, panel B depicts phosphoryl-
ation of threonine residues that accounts for the maximal stimulation of transport by calyculin or arsenite when 
used alone, and panel C represents the PP1-resistant phosphorylation of residues by the combination of calycu-
lin with arsenite that maximally stimulates transport. Panel D represents phosphorylation of residues caused by 
a fall in oxygen tension. This can also maximally stimulate transport. 

Third, it is necessary to explain why PP1 does not prevent stimulation of transport by 
the combined effects of calyculin and arsenite. It is proposed that at least one additional 
site (COT3 in Figure 1) exists that causes maximal activation of transport when 
phosphorylated. COT3 is dephosphorylated by a highly active, calyculin-sensitive phos-
phatase (CT-PrP3, also PrP-1?). Under normal conditions, the conjugate kinase (CT-K3) 
is either inactive or only slightly active. It is stimulated by arsenite but is not inhibited by 
PP1. It may be weakly inhibited by staurosporine and genistein.59 Thus, COT3 is not 
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normally phosphorylated. Addition of arsenite alone will activate the kinase but not 
enough to significantly increase phosphorylation because of the highly active phospha-
tase. Addition of calyculin alone will inhibit the phosphatase, but the very low kinase 
activity again produces little, if any, phosphorylation. Phosphorylation by this route may 
explain the small amount of transport stimulation seen when calyculin is added after 
PP1.20 However, when both arsenite and calyculin are added, COT3 is quickly 
phosphorylated and transport is maximally stimulated. 

Finally, it is necessary to explain the stimulation of transport by deoxygenation. In 
order to do this, we propose the existence of a site (COT4 in Figure 1) that is phosphoryl-
ated by a kinase (CT-K4) which is activated by deoxygenation. The kinase has a low 
activity when the oxygen tension is high and is inhibited by PP1, staurosporine and 
genistein. COT4 is dephosphorylated by a phosphatase (CT-PrP4) that does not require 
Mg and is not inhibited by calyculin. On the other hand, inhibition of this phosphatase by 
arsenite would explain why stimulation caused by a combination of arsenite and 
deoxygenation is not reversed by PP1. 

7.  CONCLUSION 

Different stimuli regulate phosphorylation of the cotransporter by activating or 
inhibiting distinct sets of cotransporter kinases and phosphatases, resulting in distinct 
patterns of phosphorylation. Phosphorylation of these sites may have a profound direct 
effect on transport rate, but this is not always the case. Phosphorylation may also 
determine how the transporter interacts with other regulatory proteins, perhaps helping 
the cell to integrate cotransporter activity in response to different, possibly conflicting, 
stimuli.
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A NOVEL NHE1 FROM RED BLOOD CELLS
OF THE WINTER FLOUNDER

Regulation by multiple signaling pathways

Stine Falsig Pedersen

1. PHYSIOLOGICAL ROLES OF NHE1 

The ubiquitously expressed plasma membrane Na+/H+ exchanger, NHE1, plays a 
major role in the regulatory volume increase (RVI) process after cell shrinkage. NHE1 is 
also activated by acidification, stimulation of receptors for a wide range of hormones and 
growth factors, and inhibition of Ser/Thr protein phosphatases by DNA tumor viruses or 
compounds such as okadaic acid and calyculin A.1-6 Consequently, NHE1 serves 
important physiological functions not just as a mechanism of pH- and cell volume 
homeostasis but also as a signal transducer which converts growth hormone signals into 
pH- and/or cell volume changes away from the steady state set point. In turn, these 
changes can modulate cell migration,7 cell cycle control,8 and programmed cell death.9 In 
teleost red blood cells (RBCs), a major physiological function of NHE1 is the modulation 
of hemoglobin (Hb) O2 affinity. Exposure of fish to hypoxia or exercise stress elicits 
release of catecholamines which act on -adrenergic receptors on the RBCs, resulting in 
increased cellular cAMP levels, and NHE1 activation. In trout, the receptor involved was 
recently identified as a novel, isoproterenol-sensitive 3 isoform.10 Both the ensuing 
intracellular alkalinization and cell swelling contribute to increase the O2 affinity of Hb, 
the former via the Bohr/Root effects, the latter as a result of the dilution of [Hb].11

Reflecting this special function, NHE1s from teleost RBCs tend to be robustly activated 
by cAMP but display little or no activity in response to osmotic shrinkage, especially at 
physiological PO2.

12, 13

Given the pleiotropic roles of NHE1, it is perhaps not surprising that excessive 
NHE1 activity has been found to play a major role in a number of important pathological 
states. One example is that of hypoxia/ischemia-induced cell damage. During ischemia/ 
reperfusion in the heart, activation of NHE1 increases [Na+]i, resulting in reversal of 
Na+/Ca2+ exchange and Ca2+ overload.14 NHE1 is also activated during brain hypoxia/ 
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ischemia, with apparently similar effect.15,16 Another example is that of many cancer cell 
types where the growth advantage and invasive properties are dependent on increased 
NHE1 activity and expression.17, 18

These clinically important implications of deranged NHE1 activity underscore the 
need to elucidate the signaling events controlling NHE1 activity. That protein phospho-
rylation, directly or indirectly, plays an important role in regulation of NHE1 is well 
established but exactly how is not fully understood.3 For instance, NHE1 is directly 
phosphor-ylated in response to growth factor activation, but there is no clear picture as to 
the extent this phosphorylation is necessary for the ensuing activation of NHE1.3 The 
mammalian NHE1 has been shown to bind directly to a wide range of proteins and other 
accessory factors which are themselves regulated by phosphorylation-dependent 
processes includ-ing calmodulin,19 the band 4/ezrin/radixin/moesin (FERM) proteins20

and via them, F-actin, the phospholipid phosphatidyl inositol 4,5 bisphosphate 
(PtdIns(4,5)P2),

21 and car-bonic anhydrase II.22 Thus, evidence is accumulating that 
NHE1 is part of a tightly regulated multi-protein complex and stimuli affecting NHE1 
activity could act either on NHE1 itself or on an associated protein.

In cells in which NHE1 is activated by osmotic shrinkage, its activity in parallel with 
the Cl-/HCO3

- exchanger (AE) results in RVI by net uptake of NaCl and osmotically 
obliged water with no or only modest change in pHi, depending on the coupling ratio 
between the two transporters. Evidence for this coupling of two electroneutral membrane 
transporters as a mechanism of RVI came from studies in RBCs of the giant salamander, 
Amphiuma tridactylum.23 Prior to this, studies in RBCs of the winter flounder, Pseudo-

pleuronectes amricanus, had demonstrated a robust RVI which, in the presence of the 
Na+,K+ ATPase inhibitor ouabain, was a consequence of net NaCl uptake with no change 
in K+ content.24 This indicated that the molecular mechanism of RVI in winter flounder 
RBCs differs, e.g., from that in duck RBCs, where K+ uptake via a Na+-K+-2Cl- cotrans-
porter (NKCC1) accounts for the majority of the cation gain.25, 26 The identity of the 
transporters mediating RVI in flounder RBCs was not established in early studies. The 
potent shrinkage-induced Na+ uptake was in contrast to the modest or absent shrinkage-
induced NHE activation at physiological O2 pressure in most teleost RBCs. When 
preliminary studies further suggested the RVI response was unaffected by NHE1 inhibi-
tors27 as well as the NKCC1 inhibitor bumetanide, we decided to revisit the flounder 
RBC system to solve this apparent conundrum (S.F. Pedersen, S.A. King, P.M. Cala, 
unpublished, postdoc experiments in collaboration with Dr. Cala and lab, including Ph.D. 
student R.R. Rigor, and postdoctoral fellows S. A. King, and Z. Zhuang). 

2. THE PANHE1 PROTEIN: SEQUENCE, TOPOLOGY AND LOCALIZATION   

We cloned the paNHE1 protein from RNA from winter flounder RBCs, starting with 
primers based on conserved regions in the human (h)NHE1, the Amphiuma tridactylum

RBC (at NHE1) and the trout NHE.28 The 3’- and 5’-untranslated regions (UTRs) were 
obtained by rapid amplification of cDNA-ends (RACE). The open reading frame (ORF) 
was found to span 2340 base pairs, corresponding to a 779 amino acid protein with a 
calculated molecular weight of 86.6 kDa. Hydropathy analyses predict a membrane 
topology similar to that recently suggested for hNHE1,29 with 12 transmembrane (TM) 
domains, a re-entrant loop between TM 9 and 10, and a C-terminal entry cytoplasmic 
tail.28 paNHE1 runs as a band of about 100 kDa in Western blots of crude membrane 
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fractions, suggesting that it is glycosylated in vivo, similar to other NHE1 homologues 
studied,3 and localizes primarily to the marginal band of intact flounder RBCs. Other 
NHE isoforms than paNHE1 were never detected in the flounder RBCs, neither by PCR 
using primers specific for NHE1-4 and NHE, respectively, nor by isoform-specific 
antibodies28 (S.F. Pedersen unpublished). Thus, similar to human RBCs,30 it appears that 
the flounder RBCs contain only a single NHE isoform. Interestingly, however, we 
detected the presence of several partially different 3’ UTRs, and the ORF exhibited three 
silent dimorphisms.28 This suggests the presence of multiple paNHE1 gene copies, a 
phenomenon recently found to be widespread in fish,31 although developmental 3’ UTR 
differences could also be involved.28

As seen in Table 1, the NHE cloned from winter flounder RBCs is clearly an NHE1 
homologue, with 65% identity at the amino acid level to hNHE1 and much lower homol-
ogy (  46% identity) to the other NHE isoforms, hence the name Pseudopleuronectes

americanus (pa)NHE1. Notably, although paNHE1 has high homology (74% identity) 
with the trout NHE, the homology to other teleost NHE1s is not consistently higher than 
that of the mammalian or amphibian NHE1s (Table 1). 
 The cytoplasmic tail of paNHE1 exhibits consensus sites for protein kinase A (PKA), 
C (PKC), and casein kinase II. The PKA consensus sites are identical to two of four such 
sites found in NHE, whereas hNHE1 lacks PKA consensus sites. In contrast, in the re-
gion (amino acids 636-656 in hNHE1, 624-644 in paNHE1) identified in hNHE1 as a 
high-affinity calmodulin-binding region,19 paNHE1 is more similar to hNHE1 despite its 
overall greater homology to NHE.28 Interestingly, the calmodulin-binding region has 
been implicated in shrinkage-mediated activation of hNHE1,19 pointing to the possibility 
that these sequence differences may underlie the markedly different shrinkage-sensitivity 
of paNHE1 and NHE.

Table 1. Amino acid sequence identity/similarity between paNHE1 and other NHE 
isforms and NHE1 homologs 

 Compared to paNHE1 

NHE isoform/homolog Identity (%)a,b Similarity (%)c

Human NHE1 65 71 

Human NHE2 46 54 

Human NHE3 41 51 

Amphiuma tridactylum (giant salamander)  NHE1 65 71 

Salmo gairdneri (trout) NHE 74 79 

Anguilla anguilla (European eel) NHE1 57 63 

a  All identity and similarity data were calculated in Genetics Computer Group (GCG) software, using the 

 BLOSUM62 matrix. Sequence information was obtained from the relevant GenBank entries. 

b  Identity denotes identical amino acids.  

c  Similarity denotes identical amino acids and amino acids with similar properties.
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3. PANHE1 IS A UNIQUE AMILORIDE-, EIPA-, AND HOE 694-INSENSITIVE 
NHE1

A hallmark of essentially all NHE1 homologues studied is their potent inhibition by 
amiloride and amiloride-derivatives, e.g., 5´N-ethylisopropylamiloride, EIPA, and by 
benzoylguanidine-type compounds, e.g., HOE 694, whereas, NHE3 is insensitive to these 
compounds.3 Exactly how NHE1 interacts with these inhibitors is controversial and in-
completely understood. Mutations of residues in TM4 and TM9 alter the drug sensitivity 
of rat NHE1.3, 32, 33 On the other hand, NHE1 from Amphiuma tridactylum RBCs (at 
NHE1) is amiloride- and EIPA-sensitive but HOE 694-insensitive, and analyses of the 
drug sensitivity of hNHE1-atNHE1 chimeras indicated that both the N-terminal, trans-
membrane region and the C-terminal tail are involved in determining inhibitor sensitivi-
ty.34 Remarkably, paNHE1 is insensitive to even very high doses of amiloride (up to 1 
mM), EIPA and HOE 694 (both up to 100 M).28 Analysis of the paNHE1 sequence 
revealed that in a highly conserved region in TM4, paNHE1 has a motif identical to that 
in NHE3 (FFFYLLP), which differs in two amino acids from that in all the other NHE1s 
(FFLFLLP in hNHE1 and atNHE1, FFLCLLP in NHE). Thus, specific motifs in TM4 
and TM9 as well as interactions between the N- and C-terminal domains of NHE1 appear 
to be involved in inhibitor binding. We are currently testing this hypothesis by a com-
parative approach, using electron spin resonance to assess conformational changes in the 
three wild-type proteins (hNHE1, atNHE1, and paNHE1) and relevant mutants upon 
inhibitor binding. 

4. RVI IN WINTER FLOUNDER RBCS IS MEDIATED BY PARALLEL 
ACTIVITY OF PANHE1 AND A CL-/HCO3

- EXCHANGER

Currently, there are no known inhibitors of paNHE1. To circumvent the problem, we 
took advantage of the fact that pharmacological inhibition of the Cl-/HCO3

- exchanger 
(AE) can be used to distinguish between the involvement of a NKCC and an NHE in 
RVI. If an NHE1 is operating, HCO3

- efflux through AE will buffer the NHE-mediated 
H+ efflux, i.e., AE will act as a H+ recycler, and pHo, measured in poorly buffered media, 
will be largely unaffected. Inhibition of AE by DIDS will prevent the shrinkage-induced 
increase in cellular Cl- content and cause pHo to decrease. Conversely, if an NKCC is 
operating, Cl- will recycle out through AE (AE will act as a Cl- recycler), and pHo will 
decrease in the absence of DIDS. In this case, the shrinkage-induced decrease in pHo is 
prevented by DIDS, but the increase in Cl- content is unaffected. 

In the winter flounder RBCs, DIDS treatment has no effect on the shrinkage-induced 
increase in Na+ content but blocks the increase in Cl- content. There is no change in pHo

in poorly buffered media during normal RVI, whereas, RVI in DIDS treated cells is 
associated with a robust decrease in pHo.

28 Moreover, the cellular content of both Na+ and 
Cl- is increased by about 100 mmol/kg dcs after 1 h of hypertonic shrinkage (twice 
isotonic osmolarity), while in the presence of ouabain, K+ content is unaffected or slightly 
decreased.24, 28 Finally, the Na+ uptake was a graded function of the degree of cell 
shrinkage.28 It is concluded that paNHE1 is a volume-sensitive, shrinkage-activated 
transporter and that shrinkage-induced NaCl uptake in winter flounder RBCs is mediated 
by the parallel operation of paNHE1 and AE. REGULATION OF PANHE1: 
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ACTIVATION BY DIFFERENT PATHWAYS AFTER EXPOSURE TO 
OSMOTIC SHRINKAGE, -ADRENERGIC AGONISTS, AND SER/THR 
PROTEIN PHOSPHATASE INHIBITORS

As noted, paNHE1 exhibits consensus sites for phosphorylation by PKA and other 
Ser/Thr protein kinases. Therefore, we pursued the question of its regulation by 
phosphorylation-dependent processes. The -adrenergic agonist isoproterenol rapidly 
activates paNHE1 (Figure 1A). Increasing the cellular cAMP level by direct activation of 
adenylate cyclase with forskolin has the same effect, indicating that the signal for 
paNHE1 activation is an increase in the cellular cAMP level.28 Calyculin A (CLA), an 
inhibitor of Ser/Thr protein phosphatases PP1 and PP2A, also potently activates paNHE1, 
indicating that PP1 and/or PP2A play an important role in maintaining NHE1 in a silent 
state in unstimulated cells (Figure 1A). The isotonic activation of paNHE1 by isopro-
terenol or CLA elicits substantial NaCl uptake and cell swelling, with no change in 
cellular K+ content.28 Concomitantly, pHi as calculated from the Cl- distribution ratio 
increases from about 7.2 in unstimulated cells to about 7.40-7.45 after 1 h of stimulation 
by shrinkage, isoproterenol or CLA.28 This intracellular alkalinization occurs in spite of 
the rapid Cl-/HCO3

- exchange through AE because extracellular HCO3
--CO2 conversion 

is uncatalyzed, therefore inefficient, in the inorganic medium as well as in plasma.11, 35

Osmotic shrinkage, isoproterenol, and CLA are only partially additive in their effect 
on paNHE1, suggesting the signaling pathways involved are not identical28 (Figure 1A). 
A quantitative estimate of this is shown in Figure 1B. The magnitudes of the three stimuli 
are chosen to elicit the maximal possible paNHE1 activation by that stimulus alone. The 
measured Na+ content at time 30 min (open bars) is compared to the calculated sum of 
the values for the corresponding individual stimuli minus one mean baseline value 
(hatched bars). As seen, activation by isoproterenol appears to be fully additive to activa-
tion by either CLA or RVI, suggesting the pathways are separate. On the other hand, 
CLA, RVI, and all three stimuli together, are only partly additive in their effect on 
paNHE1, suggesting the involvement of partially similar signaling pathways.

Analysis of the convergent and non-convergent signaling event involved in 
activation of paNHE1 by osmotic shrinkage, isoproterenol, and CLA is complex but is a 
potentially valuable tool with which to answer important general questions about the 
pathways of NHE1 regulation. -adrenergic receptor activation is known to elicit both 
cAMP-dependent and -independent effects.36 The cAMP-dependent effects are not 
limited to activation of PKA but include activation, e.g., of mitogen-activated protein 
kinases (MAPKs) p42/p44 (ERK1/2).37 PP1 and PP2A are relatively broad specificity 
Ser/Thr protein kinases and the kinases themselves,11 in many cases. Moreover, activity 
of PP1 and PP2A is highly regulated in vivo, often in a phosphorylation-dependent 
manner. For instance, PKA modulates the activity of PP1 by phosphorylation of 
inhibitor-1.38, 39 Relaxation kinetic analyses in RBCs from several species indicate that 
osmotic shrinkage activates, and conversely, osmotic swelling inhibits protein kinase(s) 
involved in the control of volume-regulatory membrane transport.40, 41 Also in some 
species, the protein phosphatase(s) are volume-sensitive, being inhibited by osmotic 
shrinkage and activated by osmotic swelling42 (A. Ortiz-Acevedo, H. Maldonado, R. 
Rigor, and P.M. Cala, unpublished). Thus, there are multiple possible interactions 
between the signaling events activated by shrinkage, isoproterenol and CLA. 
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Figure 1. Activation of paNHE1 by osmotic shrinkage, isoproterenol, and calyculin A. Winter flounder RBCs 
were washed three times in 8-10 volumes of isotonic medium (in mM: 148 NaCl, 3 KCl, 1 MgCl2, 0.75 CaCl2,
30 HEPES, pH 7.65, 360 mOsm), incubated at 10% hematocrit for 2 h, and pretreated with 1 mM ouabain to 
inhibit the Na+,K+ATPase. Cellular content of Na+, K+, Cl-, and water was determined by net flux measurements 
as previously described.24, 28 Hypertonic challenge (2.0 RVI) or treatment with isoproterenol (IP, 10 M) or 
calyculin A (CLA, 100 nM) were initiated at time zero. Hypo- (RVD) and hypertonic (RVI) media were, 
respectively, half and twice the osmolarity of the isotonic medium and were made by adjusting NaCl content.  
A. Cellular Na+ content over time after exposure to hypertonic shrinkage, IP, CLA, or combinations thereof. The 
magnitudes of the three stimuli are chosen to elicit the maximal possible paNHE1 activation by that stimulus 
alone. Cellular Cl- and water content increased in parallel with the increase in Na+, while K+ content was 
unchanged or slightly decreased (not shown). Data are mean  S.E.M. of 13 (IR), 10 (IP), 7 (CLA), or 3 (all 
others) experiments. B. A quantitative estimate of the additivity of paNHE1 activation by shrinkage, IP and 
CLA. The mean measured Na+ content at time 30 min (open bars) is compared to that calculated as the sum of 
the mean values for the corresponding individual stimuli, minus one mean baseline (isotonic unstimulated) 
value (hatched bars). The data are calculated from the experiments shown in A. C-D. Effect of osmotic shrink-
age on paNHE1 activation by CLA (C) or IP (D). Experimental conditions were as in A, data are mean 
S.E.M. of 13 (IR), 4 (RVD), 3 (RVD + IP), or 2 (RVD + CLA) experiments. These data were previously 
reported at the Experimental Biology meeting 2004.43

When cells are osmotically swollen, paNHE1 cannot be activated by CLA treat-
ment, while the isoproterenol-induced paNHE1 activation is not, or only slightly, affected 
(Figure 1C-D). Thus, the effect of CLA on paNHE1 is impaired by osmotic swelling and 
augmented by osmotic shrinkage, consistent with the interpretation that PP1 and/or PP2A 
counteract paNHE1 activation by dephosphorylating a substrate(s) of a kinase which is 
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essentially silent in osmotically swollen cells, moderately active under isotonic 
conditions, and highly active in osmotically shrunken cells. In contrast, -adrenergic
stimulation of paNHE1 appears insensitive to cell volume status (Figure 1D). -
adrenergic stimulation greatly increases the cAMP level in the winter flounder RBCs, 
while neither CLA nor osmotic shrinkage affect cellular cAMP.43 Accordingly, NHE1 
activation by isoproterenol is partially blocked by the PKA inhibitor H89 (10 M), while 
the shrinkage- and CLA-mediated activation is unaffected.43 Interestingly, osmotic 
shrinkage significantly delays the isoproterenol-induced increase in cAMP, while CLA 
has no effect.43 Inhibitors of PKC, myosin light chain kinase (MLCK), and protein kinase 
G (PKG) have no effect on activation of paNHE1 by shrinkage, isoproterenol, or CLA, 
arguing against a role for these Ser/Thr kinases in regulation of paNHE1.43 Finally, direct 
Ser phosphorylation of paNHE1 (in the context of positive or neutral amino acids, i.e., 
consistent with the consensus sequence for PKA and PKC but not MAPKs), was 
increased after stimulation with isoproterenol and CLA but appeared unaffected by 
osmotic shrinkage.43

6. CONCLUSION:  WORKING MODEL FOR REGULATION OF PANHE1 

Based on these data, the following working model for regulation of paNHE1 is 
proposed (Figure 2). Activation of -adrenergic receptors—physiologically by exposure 
of the fish to hypoxia or exercise stress, here experimentally by isoproterenol treatment—
elicits an increase in the cellular cAMP level resulting in activation of PKA. This 
activates paNHE1 and concomitantly increases direct paNHE1 phosphorylation, con-
sistent with the presence of two PKA consensus sites in the C-terminal tail of paNHE1. 
The fact that inhibition of PKA only partially blocks NHE1 activation indicates 
additional involvement of PKA-independent cAMP effectors. A likely candidate is 
ERK1/2 which are activated by elevated cAMP and which activate NHE1 in mammalian 
cells.3, 37

Inhibition of PP1 and PP2A by CLA appears to increase the direct NHE1 phospho-
rylation at yet unidentified Ser residues. Given the broad specificity of PP1 and PP2A, 
the effect of CLA could reflect reduced dephosphorylation of paNHE1 residues phos-
phorylated by PKA or by other Ser/Thr kinases, and could also involve reduced dephos-
phorylation at the regulator level, e.g., kinase. Physiologically, the potent effect of CLA 
is notable because inactivation of protein phosphatases is an integral part of signaling by 
hormones and growth factors and because many DNA tumor viruses and tumor promot-
ers specifically target PP1 and PP2A.38, 39 Thus, deranged regulation of PP1 and PP2A 
could underlie the excessive NHE1 activity in cancer development. In fact, activation of 
NHE1 by Simian virus 40 (SV40) small t antigen was recently demonstrated.2

Cell shrinkage stimulates a volume-sensitive kinase via mechanisms which are still 
fairly enigmatic in eukaryotic cells. Since activation of paNHE1 by CLA and osmotic 
shrinkage is only partially additive, it seems likely that shrinkage also inhibits the cor-
responding Ser/Thr phosphatase. In any event, the net effect of both CLA and shrinkage 
is an increased kinase/phosphatase activity ratio, resulting in activation of paNHE1 via an 
unknown mechanism. As the shrinkage-induced activation appears independent of direct 
paNHE1 phosphorylation, it seems reasonable to suggest that phosphorylation-dependent 
regulation of the interaction between paNHE1 and associated factor(s) is involved.
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Figure 2. Working model for activation of paNHE1 by osmotic shrinkage, -adrenergic stimuli, and inhibition 
of Ser/Thr protein phosphatases. See text for details. Abbreviations are: AC: adenylate cyclase, -AR: -
adrenergic receptor, CaM: calmodulin, CLA: calyculin A, E: epinephrine, FERM: band 4.1/ezrin/radixin/ 
moesin, IP: isoproterenol, NE: norepinephrine, PDE: phosphodiesterase, PIP2: phosphatidyl inositol(4,5) 
bisphosphate, PKA: protein kinase A, PP1/PP2A: Ser/Thr protein phosphatase 1 and -2A.

 The interaction of NHE1 with accessory proteins has been studied only in mam-
malian cells. However, the sequence homology between paNHE1 and the mammalian 
NHE1s is remarkably high in the proximal part of the C-terminal tail where most of these 
interactions occur, indicating that at least some of these interactions are also found in the 
flounder RBCs. Thus, the 56% identity between paNHE1 and hNHE1 for the C-terminal 
tail overall (290 and 315 amino acids in paNHE1 and hNHE1, respectively), reflects 78% 
identity between the two species in the proximal 156 amino acids, i.e., to the end of the 
high affinity calmodulin-binding region, and only 30% identity for the remainder of the 
C-terminal tail (calculated using Genetics Computer Group (GCG) software and 
BLOSUM62 scoring matrix). Notably, the fact that -adrenergic stimulation and inhibit-
tion of PP1/PP2A increases paNHE1 phosphorylation does not necessarily mean that this 
phosphorylation mediates its activation by these stimuli. As mentioned above, this is a 
point of controversy also in mammalian cells, and it is perhaps relevant in this regard that 
the distal part of the C-terminal tail, which contains the majority of the residues phos-
phorylated in vivo, is rather poorly conserved.

In conclusion, paNHE1 exhibits high sequence similarity to both human and teleost 
NHE1s and shares regulatory properties of both but is uniquely insensitive to commonly 
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used NHE1 inhibitors. These properties make paNHE1 a useful tool for comparative 
analyses of NHE1 sequence-function relationships and interaction with inhibitors.
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PROBING OF THE ICln CHANNEL
PORE BY CYSTEINE MUTAGENESIS

AND CADMIUM-BLOCK 

M. Jakab, M. L. Garavaglia, J. Fürst, S. Rodighiero, F. Guizzardi,
G. Meyer, M. Ritter, M. Paulmichl* 

1.  INTRODUCTION 

Reconstitution of purified ICln protein cloned from Madine Darby canine kidney
(MDCK) cells in artificial Diph-PC lipid bilayers induces an ion current with biophysical 
and pharmacological characteristics resembling those of the swelling-dependent 
regulatory volume decrease channels/currents (RVDC) described in native cells.1 ICln 
channels reconstituted in Diph-PC bilayers differ from RVDC insofar as the former are 
cation selective; whereas, the latter are anion selective.1-3 Addition of Ca2+ to the experi-
mental solution or acidification, however, shifts the permeability of reconstituted ICln 
toward Cl-1. Only recently, we demonstrated that incorporation of ICln in a ‘native’ lipid 
environment, i.e., membranes composed of heart lipid extract, yields a Cl--selective
current phenotype.3

ICln is a ubiquitous, highly conserved protein expressed in all species and cell types 
investigated so far.4,5 In Caenorhabditis elegans two splice variants of ICln are present 
which display different biophysical properties when reconstituted in artifical bilayers.4 In 
the nematode, the ICln gene is embedded in an operon together with two genes coding for 
proteins, one of which was shown to interact with ICln on a functional level, an approach 
that seems to be a general gene-finding tool for the identification of parter-proteins.6 In 
undifferentiated cells the majority of ICln is diffusely dispersed in the cytosol and only a 
minor fraction is localized in the membrane compartment. Upon hypotonicity, however, 
the amount of ICln in the membrane was found to increase7,8 and recently, Ritter et al.9

could link this cell swelling-induced translocation of ICln to an altered behavior of native 
RVDC.
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The crucial and probably multifunctional involvement of ICln in cellular 
homeostasis and cell volume regulation has been demonstrated in numerous studies.10-20

The role of the protein, whether forming an ion conduction pore itself or being part of it, 
or functioning as an ion channel regulator, is still a matter of debate.2,5,21,22

Analysis of the amino acid hydrophobicity pattern suggests a transmembranal 
topology of the N-terminal part of ICln consisting of a four-stranded membrane-spanning 

-sheet23 (Figures 2a and b) which is structurally similar to the pore-forming -hairpins
of the water-soluble bacterial toxins -haemolysin and leukocidin24. Recently, the ICln 
model was confirmed by NMR studies.25 An ICln homo-dimer can be envisioned as the 
minimal pore structure required for the passage of ions and osmolytes but also larger 
multimeres are likely to occur. In order to confirm and refine the model deduced from 
sequence analysis and NMR studies, site-directed mutagenesis studies were performed.1

Mutation of negatively charged amino acids in the outer vestibulum of the channel pore 
(E41C or D48A) abolishes the described Ca2+-sensitivity of reconstituted ICln and thus 
allowed us to identify E41 and D48 as Ca2+ binding sites. Reconstituted ICln channels 
can be blocked by the guanosine analog acyclovir.1 Mutation of G49 within the predicted 
nucleotide binding site at the entrance of the ICln channel pore causes acyclovir-
insensitivity. Application of Ni2+ shifts the relative permeability of reconstituted ICln 
toward anions, and mutation of the histidine at position 64 into a glutamate abolishes the 
Ni2+ effect.1 This confirms that H64 is, as predicted by the model, located within the ion 
conducting pore. 

In a -barrel, subsequent amino acids forming the ion conducting pore are expected 
to be alternately orientated toward the hydrophobic membrane phase or to the aqueous 
phase of the pore lumen. The introduction of cysteine mutations allows us to perform 
pore probing of ion channels by using cysteine reactive agents like the metal cations Cd2+

or Ag2+. Cd2+ forms coordinated complexes with the thiol groups of cysteine sidechains26-

28 which influences the gating behavior and/or the channel conductance. Therefore, the 
substitution of amino acids for cysteines makes possible the study of the functional 
modification of proteins by metal bridge formation upon addition of Cd2+, an approach 
used to characterize the gating behavior of inwardly rectifying (Kir)-, voltage-gated 
(Shaker Kv)- and I(Ks) potassium channels29-31 and to investigate ligand-receptor 
interactions.32 In the present study, we performed cysteine mutagenesis of single amino 
acids in the putative pore region of ICln and reconstituted protein in artificial bilayers. In 
order to test the accuracy of the ICln channel model obtained by structure analysis or to 
refine it, the effect of Cd2+ application on the current amplitude and single channel open 
probability was investigated to gain information about the position and accessibility of 
the mutated amino acids within the conducting pore.

The data presented here further characterize the molecular architecture and 
functional properties of the ICln protein in its ‘ion channel function’ when reconstituted 
in artificial lipid bilayers. 

2.  EXPERIMENTAL 
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Mutagenesis and cloning: Site-directed mutagenesis was done by two-stage PCR-
directed mutagenesis with megaprimers as described.33 The mutations were confirmed by 
restriction enzyme digestions and DNA sequencing. The open reading frames (ORF) of 
wild-type23 and mutated MDCK ICln were cloned in frame into the pET3-His vector 
(kindly provided by T. Hai, Ohio State University34) adding a histidine (H)-tag to the N-
terminus of the ICln protein for purification of ICln on a Ni-NTA column (Quiagen, 
Germany). A single protein band of the expected size can be obtained after the expression 
and purification in Escherichia coli [BL21 (DE3)]. The protein was stored at –80°C in 
the elution buffer (50 mM K2HPO4, 200 mM imidazole, pH 8.0) at a concentration of 
~0.4 µg/µl. 

Bilayer Experiments: (a) Macroscopic currents were recorded as described in Fürst, 
et al.24 The lipid bilayer [1% (w/v) 1,2-diphytanoyl-sn-glycero-3-phosphocholine (Diph-
PC, Avanti Polar Lipids, USA) in n-decane and butanol] was painted on an aperture of 1 
mm diameter in a Teflon diaphragm separating the cis and trans chamber, each holding 5 
ml of experimental solution (10 mM KCl cis/150 mM KCl trans, 5 mM HEPES, pH 8.0). 
The selectivity of reconstituted ICln channels was determined as previously described.1

The permeability ratio of PK
+/PCl

- was calculated according to the Goldman-Hodgkin-
Katz (GHK) equation; the actual Cl- gradient was measured after each experiment using 
Cl--selective electrodes and reversal potentials were determined graphically by 
interpolation of current-voltage plots. Currents were recorded by a pair of Ag+/AgCl
reference electrodes (Metrohm, Switzerland) connected in series with a voltage source 
(cis) and a current-to-voltage-converter (trans) which was made using a Burr Brown 
operational amplifier (9407/0541F). Signals were filtered at 330 Hz. Purified ICln protein 
(2-4 µg) was added to the cis and trans chamber. The signals were recorded with a strip 
chart recorder (BBC Inc.). All experiments were performed at room temperature (20-
25°C).

(b) For the recording of single-channel, currents the ‘tip-dip’ method was used.35

Planar lipid bilayers (1% Diph-PC in pentane) were established on patch pipettes. The 
pipette solution consisted of (mM): KCl 10 (asymmetric conditions) or 100 (symmetric 
conditions), HEPES 5, pH 8.0, and the bath solution was (mM): KCl 100, HEPES 5, pH 
8.0. The protein was added to the bath solution only. Currents were recorded using an 
EPC-7 patch–clamp amplifier (HEKA, Germany) and data were stored on tape or hard 
disk. For analysis signals were filtered at 0.2 kHz. 

Statistical analysis: All values are given as mean±SEM. Data were tested for 
differences in the means by Student’s t-test. Statistically significantly different values 
were assumed at p<0.05 and are marked in graphs as asterisks. 

3.  RESULTS AND DISCUSSION 

In agreement with our previous studies,1,3 the addition of purified wild-type MDCK 
ICln to the experimental solutions on the cis and trans side of the macroscopic bilayer 
membrane led to spontaneous incorporation of the protein into the membrane without 
prior incorporation into lipid vesicles. This induced a macroscopic ion current as shown 
in Figure 1. Under asymmetric KCl conditions (10 mM cis, 150 mM trans) and in the 
absence of Ca2+, the current reversed at 22.7±3.8 mV (n=14). Calculation of PK

+/PCl
- (see 
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Experimental) gave a value of 12.2±5.0 (n=14). The K+ selectivity is consistent with the 
results of our previous work1,3 and with the findings of Li et al.2 for rat ICln reconstituted 
in artificial bilayers.

In order to probe the pore region of ICln and to verify the -strand structure, we 
engineered a series of single cysteine mutations in the putative ion conducting pathway of 
the protein as depicted in Figure 2a. If the -strand model shown in Figure 2a is correct 
and a homo-dimeric structure is assumed as the minimal pore forming complex of ICln, 
the binding of Cd2+ to cysteine residues projecting into the pore lumen can be assumed to 
influence permeation of ions through the pore. 

Figure 1. Current-voltage relation of wild-type ICln reconstituted in artificial lipid bilayers composed of Diph-
PC before (control) and after addition of 100 or 500 µM Cd2+.

According to Figure 1, wild-type ICln, which possesses two naturally occurring 
cysteines (C128 and C130),23 was not responsive to Cd2+. Addition of 100 or 500 µM 
cadmium (Cd2+) to the cis and trans side of the bilayer membrane did not significantly 
change the current amplitude or ion selectivity of wild-type ICln channels. This implies 
that the cysteines at positions 128 and 130 are not part of the pore-forming region of the 
protein which is in accordance with the proposed channel model23 and further shows that 
in this concentration range, Cd2+ does not interfere with the Ca2+ binding site of ICln, i.e., 
E41 or D48 in the vestibulum of the ICln channel pore.1,3 Remarkably, ICl swell in native 
cells such as ventricular myocytes and T84 cells is also not Cd2+-sensitive in the same 
concentration range as used in this study.36-38

Figure 2b summarizes the results obtained from macroscopic current measurements 
of reconstituted ICln proteins in which single amino acids at the positions indicated in 
Figure 2a were exchanged for cysteines. In the case of ICln-G49C and ICln-S55C, the 
addition of 100 µM Cd2+ led to a significant reduction of the macroscopic current 
measured at –25 mV to 47.0±8.9 % and to 39.2±10.6 %, respectively, and 500 µM Cd2+

further reduced the ICln-S55C current to 12.0±4.3 % of control values (not shown). For 
ICln-S50C, ICln-G51C and ICln-L52C, the current was not significantly different from 
wild-type currents. Mutations ICln-G53C and ICln-F54C could not be tested due to the 
lack of expression of these proteins in the E. coli expression system. The results are 
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consistent with a reduction of the pore diameter upon Cd2+ binding and thus imply that 
G49 and S55 are indeed parts of the pore forming region of ICln. Further, the data 
confirm the projection of G49 and S55 into the aqueous phase and the orientation of L52 
toward the lipid phase, as indicated in Figure 2a. However, G51, which was supposed to 
face the pore lumen, obviously does not bind Cd2+ probably due to its orientation toward 
the membranous phase, thus its inaccessibility for Cd2+.

Figure 2. Cysteine mutagenesis in ICln. (a) Proposed transmembrane topology of an ICln homo-dimer. Two 
monomers comprised of four antiparallel -stands each, connected by extacellular loops, form a membrane 
spanning -barrel. Large spheres and small spheres indicate amino acids orientated toward the aqueous and 
lipid phase, respectively. The amino acids which were replaced by cysteines are depicted as dark gray spheres. 
The four negatively charged amino acids at the outer vestibulum of the channel pore, two of which we 
identified as Ca2+ binding sites (E41 and D48), and H64 within the ion conduction pathway are also shown.1 N- 
and C-termini are not shown proportionally. (b) Results of macroscopic current measurements given as % of 
control currents prior to the application of 100 µM CdCl2 at a holding potential of –25 mV.

The current-voltage relationships of ICln-G49C and ICln-S55C under control 
conditions and after application of 100 or 500 µM Cd2+ are shown in Figures 3a and 3b, 
respectively. In both cases, the currents were significantly reduced at negative voltages 
and the block was clearly concentration dependent as shown for ICln-S55C. It must be 
noted that the absoute current of ICln-S55C measured at –25 mV was significantly lower 
compared to wild-type ICln (wild-type: -4.0±0.7 pA, n=14; ICln-S55C: -1.1±0.2 pA, 
n=7; p<0.05). In contrast to wild-type ICln and the other mutations tested, the shift of the 
reversal potential toward more negative values upon application of 100 µM Cd2+ in the 
case of ICln-S55C results in a significant shift of the ion selectivity toward Cl- (control: 
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3.7±0.8, n=5; 100 µM Cd2+: 0.9±0.1, n=5; p<0.05), as shown in the inset of Figure 3b. 
This indicates a dual effect of Cd2+ : the reduction of pore diameter by Cd2+ binding leads 
to a reduced current amplitude, and the introduction of a positive charge in the pore shifts 
the ion selectivity toward Cl-.

Figure 3. Current-voltage relations of ICln-G49C (a) and ICln-S55C (b) reconstituted in artificial lipid bilayers 
before (control) and after addition of 100 µM CdCl2 (ICln-G49C), or 100 and 500 µM CdCl2 (ICln-S55C). The 
inset shows the selectivity-shift of ICln-S55C after application of 100 µM Cd2+. Note different scaling of y-axes 
in the Figures 1, 3a and 3b. 

Measurements using the ‘tip-dip’ recording technique confirmed the results obtained 
from macroscopic current experiments on the single-channel level. For tip-dip recordings, 
artificial lipid bilayer membranes are formed on the tip of patch clamp electrodes;1, 35 due 
to the restricted membrane area, this technique allows single channel measurement 
similar to cell-attached- or cell-free patch clamp recordings. As shown in Figure 4, 
incorporation of purified ICln-S55C in tip-dip bilayer membranes induced single channel 
currents which could be inhibited by 500 µM Cd2+. Under symmetric KCl conditions 
(100 mM in pipette- and bath solution) and prior to the application of Cd2+ (control 
conditions), the current-voltage relation was linear (Figure 5a). In the presence of Cd2+,
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the channel open probability (Po) was reduced; whereas, the current amplitude was 
unaffected (Figures 4 and 5). Figure 5b shows the time course of Po calculated from nine 
individual experiments. 2 and 3 min after the addition of 500 µM Cd2+, the Po was 
significantly reduced. In the same timeframe, the single channel current amplitude 
remains unchanged (Figure 5c). 

Figure 4. Tracings obtained by reconstitution of ICln-S55C in Diph-PC lipid bilayers prior to the application of 
CdCl2 (control, upper tracing), 1.5 min (middle trancing) and 2.5 min (lower tracing) after the addition of 500 
µM CdCl2 at a membrane potential of +75 mV. Four channels can be identified in this experiment (levels are 
indicated by dotted lines; 1-4=open states, 0=closed state). The tracings are timeframes of 10 sec taken from 30-
sec-recordings which were used for the calculation of the open probability and single-channel current shown in 
Figure 5. 

4.  CONCLUSIONS 

Purified, water-soluble ICln protein forms ion channels by spontaneously 
incorporating into artificial lipid bilayers. Site-directed mutation experiments revealed 
E41 and D49 as the amino acids responsible for the Ca2+-dependence of the channels’ ion 
selectivity and G49 to be part of the putative nucleotide binding site of the protein. H64 
could be pinpointed within the ion conducting pathway of ICln. In the present study, 
cysteine mutagenesis and Cd2+ block was used to further investigate the pore structure of 
the membrane spanning -barrel formed by ICln, as proposed by the computer model and 
NMR studies. The results confirm that the amino acids G49 and S55 have access to the 
pore lumen of reconstituted ICln channels, as predicted by the model, and that S50 and 
L52 are facing the hydrophobic membraneous phase. According to the lack of Cd2+-block
of ICln-G51C channels, the proposed ICln channel model has to be revised insofar as 
G51 seems not to face the pore lumen or is not accessible to Cd2+.
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Figure 5. Tip-dip recordings of ICln-S55C incorporated into Diph-PC lipid bilayers. (a) Current-voltage 
relation of ICln-S55C under symmetric (100 mM in pipette- and bath solution) KCl conditions. (b) The single-
channel open probability (Po) of ICln-S55C shows a time-dependent reduction upon addition of 500 µM CdCl2.
2 and 3 min after the application of Cd2+, the Po is significantly reduced; whereas, the single-channel current 
amplitude remains unchanged (c). Means±SEM of nine individual experiments were calculated from 30-sec-
recordings.
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VOLUME-DEPENDENT AND -INDEPENDENT 
ACTIVATED ANION CONDUCTANCES AND 

THEIR INTERACTION IN THE RENAL INNER 
MEDULLARY COLLECTING DUCT (IMCD) 

Stefan H. Boese, Mike A. Gray, and Nick L. Simmons

1.  INTRODUCTION 

Cells of the renal medullary collecting duct are normally exposed to large variations 
in external osmolality.1 To cope with these changes the cell can activate a variety of 
transport proteins in the plasma membrane.2 Swelling-activated anion/organic osmolyte 
channels or volume-regulated anion conductance (VRAC) play a major part in cell 
volume recovery after hyposmotic perturbation in the renal inner medullary collecting 
ducts (IMCD).3

Besides VRAC, inner medullary collecting duct cells possess other functionally 
active anion conductances,4 namely the Cystic Fibrosis Transmembrane conductance 
Regulator (CFTR5) and a Ca2+-activated Cl- conductance (CaCC4). Studies using primary 
cultures of rat IMCD cells6 established cell lines derived from the IMCD.5, 7-9 Most 
recently, fluid secretory studies from isolated native rat IMCD10 have provided strong 
evidence for these conductances’ seeming involvement in transepithelial Cl- secretion. 

In this short review, we give an overview about the operative properties of the anion 
conductances in the renal IMCD as well as their functional interaction. 

2. EXPERIMENTAL 

We used short circuit current measurements (Isc) and whole cell patch clamp 
measurements to investigate anion channels and their interactions in the mouse IMCD. In 
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addition, reverse-transcriptase-polymerase chain reaction (RT-PCR) molecular methods   
were used to search for expression of known members of molecular identified chloride-
channel families. 

3. THE RENAL INNER MEDULLARY COLLECTING DUCT 

The mammalian collecting duct consists of three major segments: the cortical 
collecting duct, the outer medullary collecting duct (OMCD) and the IMCD. The IMCD 
is a direct continuation of the OMCD and extends from the boundary between the outer 
and inner medulla to the tip of the papilla (for review about IMCD structure, see Madsen 
et al11.).

Functionally, the IMCD plays an important role in urinary concentration and 
dilution.12-14 The process of determination of final urinary salt composition is controlled 
through the regulatory action of natriuretic hormones and paracrines that act on this last 
segment of the nephron.14, 15

4. ANION CHANNELS IN THE IMCD 

As mentioned above the IMCD is capable of NaCl transport. Although the nature and 
regulation of Na+ transport is clearly established16, 17 information about the anion exit 
pathways, their regulation and interactions during net transepithelial Cl- secretion have 
only started to emerge during the last couple of years. 

During recent years, analysis of the mouse renal IMCD-K2 cell line and primary 
cultures from the mouse IMCD revealed the following anion conductances are present in 
this final part of the nephron. 

Figure 1. CFTR conductance in m IMCD-K2 cell. (A) representative traces of basal current; (B) representative 
traces of forskolin-activated (10 µM) current. Cells were held at 0 mV and pulsed between ±80 mV in 20 mV
steps. Cationic currents were blocked by NMDG. 
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4.1 The CFTR 

CFTR-like channel activity has been shown to be associated with the apical mem-
brane (and transepithelial Cl- secretion) in IMCD cell lines.18

Forskolin-stimulated whole cell currents were time independent (Figure 1) and the 
I/V relationship was linear. These results are typical for CFTR and substantiate the obser-
vations of Vandorpe et al.19 who examined 8-(4 chlorophenylthio)-adenosine 3',5' cyclic-
monophosphate (CPTcAMP) stimulation of whole cell currents using the fast whole cell 
patch configuration. The conductance showed an anion selectivity of Cl- = Br- > I-.19

4.2  The CaCC 

Since the renal deficit in cystic fibrosis is not profound compared with pancreas or 
small intestine (but see Simmons20 for a discussion of studies of renal deficit in cystic 
fibrosis patients), alternative mechanisms must exist to compensate for loss of CFTR 
function.21 Thus, it is likely that multiple Cl- channels are expressed in renal epithelial 
cells. The proposed candidate that could substitute for CFTR is CaCC (for review about 
function of CaCC in kidney, see Boese et al.22).

In IMCD epithelial layers, ATP, bradykinin and ionomycin stimulated an inward Isc

dependent upon basal medium Na+ and Cl-/HCO3
- but independent of the presence of api-

cal bathing medium Na+ and Cl-/HCO3
- .4, 23

Moreover, extracellular ATP stimulated a transient increase in both whole cell Cl-

conductance (selectivity: I- > Br- > Cl- 4) and intracellular free Ca2+ ([Ca2+]i). In contrast, 
ionomycin caused a sustained increase in whole cell Cl- conductance (Figure 2A). Pre-
loading cells with the Ca2+ buffer BAPTA abolished the ATP-dependent responses and 
delayed the onset of the increase observed with ionomycin.4 Removal of extracellular 
Ca2+ had no major effect on the peak Cl- conductance or the increase in [Ca2+]i induced 
by ATP, suggesting that Ca2+ released from intracellular stores directly activates CaCC. 

A rectifying, time and voltage-dependent current was observed when [Ca2+]i was 
fixed between 100-500 nM via patch pipette. Maximal activation occurred at around 1 

M [Ca2+]i with currents displaying a linear I/V relationship (Figure 2Bd and References 
4, 24). From Ca2+-dose response curves an EC50 value of around 650 nM at -80 mV was 
obtained suggesting that under physiological conditions, the CaCC would be almost fully 
activated by mucosal nucleotides.24

Our data indicates that CaCC in mIMCD-K2 cells is a Cl- channel whose activity is 
tightly coupled to changes in [Ca2+]i over the normal physiological range.24

4.3 Chloride Channels and Calcium-Activated Chloride Channels 

Besides CFTR, other identified anion channels have been found in the IMCD. They 
belong to the CLC (9 member, voltage-activated Cl- channels) and the CLCA (4 member, 
Ca2+-activated Cl- channels [Figure 2] families of ion channels) [For review, see Jentsch 
et al.25]. Surprisingly, RT-PCR showed expression of nearly all members of the CLC and 
the CLCA families in the IMCD (Mike Glanville, personal communication).

Why so many different anion channels are expressed in the IMCD is still unclear, but 
some members of the CLC family are thought to be endosomal anion channels.25
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CLC-3 is regarded by some investigators as the molecular identity of VRAC, (see 
4.4) but this assumption is still highly controversial, e.g., pro26 contra.27

Figure 2. Activation of the CaCC by ionomycin in mIMCD-K2 cells. (A) Example of a typical experiment 
showing the change in whole cell current measured at +80, 0 and -80 mV evoked by bath application of 200 nM 
ionomycin. At points labeled a-c, the pulse protocol was interrupted in order to obtain current profiles and I/V 
relationships (see B below). (Ba) Example of a family of basal (control) whole cell currents at voltages between 
-80 and +80 mV (20 mV increment steps) starting from a holding potential of 0 mV (Bb) 120 s after ionomycin 
application, (Bc) whole cell currents after bath chloride was reduced 10-fold, 240 s after ionomycin application. 
(Bd) voltage ramps (-80 mV to 80 mV, 1 s duration) performed under conditions (a) to (c)
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Members of the CLCA family are thought to be Ca2+-activated Cl- channels,28 but so 
far, only whole cell patch clamp measurements with non-physiological [Ca2+]i have been 
done (2 mM). Furthermore, at this point, it cannot be excluded that CLCA proteins 
activate endogenous Cl- channels rather than being channels themselves.25

Recently, yet another family of anion channels has started to emerge: the vitelliform 
macular dystrophy protein bestrophin.29 Some of the family members seem to be Ca2+ -
activated anion channels, e.g., hBest129 and xBest2.30 In contrast to the CLCA family, the 
Ca2+ dependence of the Best proteins lies within the physiological range (EC50 ~ 200-250 
nM).30

Further investigations are needed to identify the molecular correlates of VRAC and 
CaCC in the renal IMCD. 

4.4 The VRAC 

A reduction in extracellular osmolality at constant ionic strength increases whole 
cell conductance in IMCD cells which is reversed upon restoration of standard bath 
tonicity.31, 32 Responsible for this increase in whole cell current is a volume-regulated Cl-

conductance (VRAC). Currents activated by exposing the cells to hypotonicity exhibited 
characteristic outward rectification and time- and voltage-dependent inactivation at posi-
tive potentials (Figure 3) and showed an anion selectivity of I  > Br  > Cl  > Asp .
Furthermore, this conductance is permeable for organic osmolytes like taurine.32 5-nitro-
2-(3-phenylpropylamino) benzoic acid (NPPB) inhibited the current in a voltage inde-
pendent manner, as did exposure to tamoxifen and niflumic acid (NFA). In contrast, 4,4'-
diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) blocked the current with a character-
istic voltage dependency.31 Single channel conductances of 35 pS at negative holding 
potentials and 75 pS at positive holding potentials were found.33

These properties closely resemble those reported for other cell types, including, 
glial,34 intestinal,35 and primary cultured kidney cells.32 Variation in these basic properties 
occur mainly in the response to pharmacological agents and in the exact voltage depend-
ence of VRAC. 

These characteristics of VRAC in mIMCD-K2 cells are essentially identical to those 
of heterologously expressed cardiac CLC-3 (see 4.3). A defining feature of CLC-3 is that 
activation of protein kinase C (PKC) by phorbol 12,13-dibutyrate (PDBu) inhibits the 
conductance. In mIMCD-K2 cells, pre-incubation with PDBu prevented the activation of 
VRAC by hypotonicity. However, PDBu inhibition of VRAC was reversed after PDBu 
withdrawal, but this was refractory to subsequent PDBu inhibition.31

Thus, VRAC in the IMCD is a close relative to VRAC found in many other tissues, 
and its molecular identity is still in doubt. 

5.  INTERACTIONS 

5.1  CFTR & CaCC 

As shown above, the renal IMCD possesses a Ca2+- and a cAMP-dependent anion 
conductance (4.1 & 4.2). A pharmacological distinction between Ca2+-activated and 
forskolin-activated Cl- currents may only be made by using DIDS. Ionomycin-stimulated 
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whole cell currents were reduced to ~50% of control values, whereas forskolin- 
stimulated currents were unaffected in the presence of DIDS.4 All other commonly used 
anion channel blockers, e.g., NPPB and glibenclimide, inhibited both conductances to 
nearly the same extent.36

Figure 3. Voltage-dependence of VRAC whole-cell currents. The voltage protocol used was 80 to +120 mV in 
20 mV increments starting from a holding potential of 60 mV. (A) Isotonic control conditions, (B) 10 min after 
hypotonic shock. Cationic currents were blocked by NMDG. 

Furthermore, Isc measurements confirmed that DIDS is a potent drug to distinguish 
between CFTR- and CaCC-dependent Cl- secretion in the IMCD. Whereas Ca2+-activated
Cl- secretion was fully blocked after DIDS application, cAMP-dependent Cl- secretion 
was unaffected (Figure 4). 

Both conductances reside in the apical membrane. In contrast, a basolateral location 
of the Ca2+ activated Cl- conductance would short circuit secretion stimulated via apical 
CFTR18 by enhancing futile cycling across the basolateral membrane.37 Accordingly, the 
effect of ionomycin was tested alone and in combination with forskolin. After stimulation 
with forskolin, ionomycin addition provided a further (peak) stimulation of inward Isc.
This suggests that both Ca2+-activated and cAMP-activated Cl- channels are present at the 
apical membrane.4

Furthermore, a key observation from whole cell recordings was that both Ca2+-
activated and forskolin-activated Cl- conductances coexist in the same cells, since 
additive activation of whole cell currents are observed by maximal stimulation with 
forskolin plus ATP.4 Thus, mIMCD-K2 cells are similar to other secretory cells.38 In 
addition, this observation argues against the possibility that an intermediate, e.g., 
prostaglandin, is involved in the stimulation of CFTR Cl- currents by ATP. 

5.2 VRAC & CaCC 

Reducing the osmolality of the bath solution by dilution with distilled water or omis-
sion of uncharged sugars activated VRAC (Figure 4.4). However, changing both ionic 
composition concurrently with bath osmolality had additional effects on cellular conduc-
tance. The activation of VRAC was preceded by a brief and transient activation of an 
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additional Cl- conductance with characteristics that were distinct and resembled CaCC.31

Activation of CaCC has always been correlated with an increase in intracellular Ca2+]i.
During hypotonic challenge a global increase in [Ca2+]i could not be detected, suggesting 
that only a local change in [Ca2+]i close to the membrane occurs. 

Figure 4. DIDS discriminates between CaCC and CFTR. 100 nM ionomycin gives a progressive stimulation of 
Isc which is inhibited by 500 µM DIDS. Subsequent addition of 10 µM forskolin to the basal bathing solution 
results in prompt stimulation of inward Isc which is inhibited by apical NPPB (50 µM). Representative of 4 
experiment layers.

Taken together, these results indicate changes in [Ca2+]i are not required for VRAC 
activation,31 but even small changes in extracellular ionic conditions in concert with 
osmolality changes will activate more than one Cl- conductive pathway. 

5.3 CFTR, CaCC & VRAC 

CFTR and CaCC are involved in transepithelial Cl- secretion and are present at the 
apical plasma membrane (see 4.1, 4.2, & 5.1). VRAC activation in Isc experiments 
inhibited CFTR- and CaCC-mediated Cl- secretion.31 This can be explained by the local-
ization of VRAC to the basolateral membrane. Activation of VRAC will therefore control 
transepithelial anion secretion by decreasing the electrochemical driving force for Cl-

across the apical membrane. 
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Figure 5. Sequential experimental data where CFTR activation by forskolin (10 µM) abolishes the inhibitory 
effect of PDBu pre-incubation (100 nM) on the development of VRAC. Inactivation of VRAC occurs upon res-
toration of medium tonicity.

Figure 6. Summary of systems involved in Cl- transport in renal IMCD. Basolateral located transport systems 
can accumulate Cl- above its electrochemical equilibrium.39 Activated by diverse stimuli apical and basolateral-
positioned anion conductive passways can thereafter release Cl- from the cell. For further information see text. 

 As mentioned (4.4), VRAC activation could be blocked by PKC activation prior to a 
hypotonic challenge. On the other hand, PKC activation had no effect on CFTR or CaCC 
when applied before or after activation of these conductances.31 Activation of the CFTR 
or the Ca2+-activated Cl  conductance, which are coexpressed in mIMCD-K2 cells (5.1) 
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prior to PDBu treatment, abolished the PDBu inhibition of VRAC (Figure 5). Further 
effects of an active CaCC or CFTR conductance on VRAC could not be detected. 
 Control of VRAC by PKC therefore depends on the physiological status of the cell.31

6.  CONCLUSIONS 

In addition to being a major player in cellular volume regulation, VRAC, in concert 
with CFTR and CaCC, can tightly regulate chloride secretion and thereby, fluid move-
ment in the IMCD (Figure 6). 
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SECRETORY CONTROL OF BASOLATERAL 
MEMBRANE POTASSIUM AND CHLORIDE 

CHANNELS IN COLONIC CRYPT CELLS 

Dan R. Halm*

 Fluid secretion across epithelia generally is driven by the active secretion of ions and 
serves to lubricate surfaces and propel macromolecules such as mucus.1, 2 In the colonic 
epithelium, secretion of Cl  and K+ is activated to drive water movement into the lumen. 
Several types of signals act to initiate this secretion, including nerve activity and 
paracrine release from cells in the intestine. Two potent stimulators of this Cl  and K+

secretion are cholinergic nerves and prostaglandins released from cells in the intestinal 
mucosa and muscle. K+ secretion without concurrent Cl  secretion also is stimulated 
through these routes, specifically by epinephrine acting via -adrenergic receptors and by 
prostaglandin-E2 acting via prostanoid EP2 receptors.3, 4

 The cellular mechanism for primary K+ secretion3 is similar to the standard model 
for Cl  secretion,1 except that apical membrane Cl  channels need not open (Figure 1). 
Functional measures of K+ and Cl  secretion5-7 support the concept that the columnar 
cells of colonic crypts are capable of both modes of ion secretion, and simply respond to 
distinct classes of secretagogues by activating different sets of ion transporters. Thus, the 
dependence of K+ secretion on operation of Na+:K+:2Cl -cotransporters in the basolateral 
membrane requires that another transport protein coordinates Cl  exit back across the 
basolateral membrane. Together, the requirements for maintaining a stable intracellular 
Cl  concentration and membrane electrical potential difference could be satisfied by the 
presence of basolateral membrane Cl  channels. 
 Activation of either Cl  or K+ secretion obviously requires increased flow through 
each one of the transport proteins involved (Figure 1). For these ion secretions, the 
changes in driving forces are too small to be responsible for the increased flow. Both the 
ion concentration gradients5, 6 and membrane electrical potential7 are largely unchanged 
during sustained ion secretion in the colonic epithelium, so that the permeability of each 
transporter must increase either through greater numbers becoming present in the 
membrane or by higher activity. Apparently, maintaining a fairly constant cellular 

*
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environment is a prerequisite for any additional functions that might be performed by 
these cells. A consequence of operating cellular processes in this manner is that 
intracellular signaling pathways must coordinate the activity of all components in any 
particular functional system such that the overall cellular steady-state is maintained. 

Figure 1. The cellular model for electrogenic K+ secretion in distal colonic epithelium (A) would make the 
lumen positive with respect to the interstitium, in contrast to Cl  secretion. Transepithelial current (Isc ;B) and 
conductance (Gt ;C) were measured in guinea pig colonic mucosa. Forskolin added to the serosal bath [300 nM] 
stimulated a response consistent with K+ secretion; serosal DIDS [100 M] partially inhibited this response. 
From reference 8, with permission. 

 Secretion of Cl  is activated through cAMP-dependent as well as Ca++-dependent
signaling.1 In the intestinal mucosa, these signaling pathways correspond to initiation via 
specific receptors such as vasoactive intestine peptide and acetylcholine, respectively. 
However, other receptors that are thought to act via cAMP, in particular -adrenergic and 
prostanoid EP2, lead to electrogenic K+ secretion without any accompanying sustained 
Cl  secretion.3, 4 This conflict in the use of cAMP to activate two distinct modes of ion 
secretion is not resolved by separate cell types for each, since crypt columnar cells appear 
capable of both K+ and Cl  secretion.5, 6 The resolution of this problem likely involves 
other intracellular signaling pathways that add to the cAMP actions in order to coordinate 
all of the transporters. 
 The connection of K+ secretion with activation through cAMP-dependent signaling is 
supported by the action of forskolin, which activates adenylyl cyclase, to stimulate 
transepithelial current (Isc) and conductance (Gt) in guinea pig distal colon8 (Figure 1). At 
higher concentrations (>1 M), forskolin also stimulates Cl  secretion along with the K+

secretion.8 Seemingly, cAMP alone would be insufficient to sustain both of these 
secretory modes. Specifically, K+ channels in the apical and basolateral membrane guide 
the K+ flow and determine the rate of K+ secretion. Similarly, apical and basolateral Cl
channels govern the path of Cl  flow and how much will be secreted into the lumen. 
Thus, the opening of apical membrane Cl  channels and basolateral membrane K+

lumen 

Cl

Na+

Na+

K+

K+
K+
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channels that favors Cl  secretion must be repressed at low forskolin concentration in 
order to produce the observed primary K+ secretion. 
 Control of basolateral membrane K+ and Cl  channels becomes crucial to the 
determination of ion secretory rates because these conductive pathways not only help 
direct ion flow but also contribute to setting the membrane electrical potential such that 
both K+ and Cl  will exit through the channels that open. Although activating basolateral 
K+ channels hastens Cl  secretion by hyperpolarizing the membrane potential and thereby 
increasing the electrochemical gradient for Cl  exit, increased basolateral K+ conductance 
reduces K+ secretion by leading K+ back out across the basolateral membrane (Figure 1). 
Instead, during K+ secretion, basolateral K+ conductance needs to be moderated in order 
to redirect K+ exit into the lumen. Similarly, basolateral Cl  conductance aids K+

secretion by providing an exit path for Cl  entering via Na+:K+:2Cl -cotransporters, but 
this Cl  conductance needs to be minimized during Cl  secretion in order to favor Cl  exit 
into the lumen. 

1.   ACTIVATION OF BASOLATERAL K+ CHANNELS 

 Several types of K+ channels have been observed in the basolateral membranes of 
intestinal crypt cells.9-17 Specifically, large conductance K+ channels have been  
seen9, 10, 13, 15, 16, 18, 19 that may be the Ca++-activated BK channel [KCNMA]20 as well as 
smaller inwardly rectified and Ca++-activated channels10, 12, 15, 21 that resemble the IK 
channel [KCNN4].20 In addition, a cAMP-activated K+ conductance occurs in rat colonic 
crypts that is likely due to KvLQT channels [KCNQ].11, 22 Guinea pig colonic crypts 
exhibit an inwardly rectified K+ channel (Figure 2) that is unlikely to be IK because 
changes in Ca++ activity at the intracellular face of the channel do not alter open 
probability (Po).

16 An interesting feature of the rectified behavior of this K+ channel is 
that current flow is not rectified when extracellular K+ is at a low, physiologic, 
concentration of 5 mM. Apparently, the lower external K+ concentration reduces inward 
current flow in proportion to the degree of conductive rectification so that the current-
voltage relation of this particular K+ channel is linear under physiologic conditions, with 
a single channel conductance ( ) of 9 pS. 
 Activity of this inwardly rectified K+ channel in guinea pig crypts (gpKir) is altered by 
the secretagogues that produce Cl  and K+ secretion.16 Spontaneous activity of gpKir

occurs in two apparent modes with high and low Po (Figure 2). Stimulation of a Cl
secretory state with high concentration forskolin activates previously quiescent gpKir and 
increases the Po of those in the low activity mode. The similarity of the forskolin 
stimulated state with the spontaneous high activity mode suggests that this activity mode 
may result from basal cAMP activation. Interestingly, K+ secretagogues such as 
epinephrine or PGE2 activate gpKir with Po values intermediate to the two spontaneous 
modes. In addition, any gpKir activated by forskolin or spontaneously at high Po are 
inhibited by these K+ secretagogues to an intermediate Po level (Figure 2). Similarly, 
somatostatin inhibits the Po of a Kir in crypts from human colon.15 Activation of gpKir to 
the high activity mode would enhance Cl  secretion by increasing the driving force for 
apical Cl  exit, whereas the intermediate activity mode with K+ secretagogues would 
allow more K+ to exit into the lumen. 
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Figure 2. Single channel currents (A) of inwardly rectified K+ channels were detected during cell-attached 
recording on the basolateral membrane of colonic crypts from guinea pig distal colon.  Pipet solutions 
(extracellular face of channel) contained either 5 mM K+ or 140mM K+.  Open probability (B) of these K+

channels was calculated from the spontaneously observed condition (basal) or after stimulation of Cl  secretion 
by forskolin [10 M] or after stimulation of K+ secretion by PGE2 [100 nM].  Spontaneous activity occurred in 
two modes, either high activity or low activity.  From reference 16, with permission.

 The three distinct Po modes that gpKir exhibits lend support to the concept that 
multiple intracellular regulators likely act to determine channel open status. Even though 

-adrenergic and prostanoid EP2 receptors act to increase intracellular cAMP levels, the 
difference in response compared with forskolin suggests that another signal must be 
released by these receptors to produce the intermediate Po mode. The low Po mode may 
represent a transitional state not related to either the Cl  or K+ secretory states. Kinetic 
analysis of the single channel openings and closings further supports that gpKir activation 
occurs in several distinguishable modes (Figure 3). 

The Po of each activation mode can be characterized by the distribution of open and 
closed durations, such that an increased Po could be accomplished through increasing 
open durations, decreasing closed durations or a combination of changes to both open and 
closed durations. The distribution of closed duration indicates the presence of six 
apparent closed states, similar to the kinetics of other K+ channels.16, 23 Forskolin 
activation of gpKir occurs almost solely through a decrease in the number of long closed 
lifetimes, without any change in the distribution of open lifetimes (Figure 3). These long 
duration closed lifetimes likely represent repressed states of the channel when it is 
essentially inactivated, such that the key activation event initiated by cAMP would be to 
limit entry into these repressed states. 
 Interestingly, even though the spontaneous high Po mode and the forskolin mode 
have similar average Po, the high Po mode has a shorter mean open lifetime and fewer 
short duration closed events. These kinetic differences suggest that the high Po mode is 
not simply the result of cAMP stimulation. Furthermore, excision of patches with gpKir in 
the low Po or forskolin modes produced kinetics nearly identical to the high Po mode, 
suggesting that an easily detached regulator is responsible for keeping gpKir out of the 
spontaneous high Po mode. 
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Figure 3.  Kinetics of 
gpKir were analyzed to obtain the time constants of single channel openings (A) and 

closings (B), together with the proportion of events occurring with these mean lifetimes.  Lines connect the 
multiple time constants found for specific modes of stimulation.  The multiple closed time constants occurred in 
separable groups (Cn).  From reference 16, with permission.

 Conversion of gpKir kinetics into the K+ secretagogue mode away from either the 
spontaneous high Po mode or the forskolin mode occurs primarily through an increase in 
the proportion of closed duration events with an intermediate length mean lifetime (from 
C2 into C3). Thus, a relatively minor alteration in the distribution of closed lifetimes 
limits the Po of gpKir, reduces the basolateral membrane K+ conductance and thereby 
favors K+ secretion. 

2.   ACTIVATION OF BASOLATERAL Cl  CHANNELS 

 Outwardly rectified Cl  channels have been observed in the basolateral membranes 
of intestinal crypt cells, together with other types of Cl  channels.8, 13, 17, 24 These Cl
channels may contribute to volume regulation14, 25 as well as transepithelial transport. In 
particular, volume-activated Cl  currents have outwardly rectified current-voltage 
relations, but the single channel identity of this channel type has not been conclusively 
resolved.26 The outwardly rectified Cl  channel actually may be the splice variant of the 
CLC3 Cl  channel that allows that protein to be inserted into the plasma membrane.27

Guinea pig colonic crypts exhibit two types of Cl  currents based on current-voltage 
relations (Figure 4A), outwardly rectified (gpClor,  of 29 pS at Vhold=0 mV) and linear 
(gpClL,  subtypes of 21 pS, 13 pS, 8 pS).8 At negative holding potentials, gpClor has a 
conductance intermediate to gpClL21 and gpClL13. Whether these channel behaviors 
represent distinct proteins or are simply conductance and kinetic modes of a single 
channel protein cannot be resolved by comparison with known Cl  channel types, since 
relatively little single channel characterization has been accomplished. 
 Further support for the distinct nature of these Cl  currents is apparent from the 
voltage dependence of Po (Figure 4B). Three of the conductance forms, gpClor,

gpClL21 and 
gpClL13 have a voltage dependent Po that is highest at positive holding potentials, but each 
has a unique relation. All three are half-activated at voltages depolarized from the resting 
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cell potential; gpClL13 has the steepest voltage dependence and the lowest minimum Po

(Table 1). The smallest in conductance of the group (gpClL8) has voltage independent Po

that occurs in two modes, either low at ~0.2 or higher at ~0.5. Together, these 
conductance and kinetic features support the presence of 4 separable Cl  channel 
behaviors in the basolateral membrane of colonic crypt cells. 

Figure 4. Single channel currents (A) of Cl  channels were detected during cell-attached recording on the 
basolateral membrane of colonic crypts from guinea pig distal colon; four channel types were discernable. Open 
probability (B) of these Cl  channels were calculated from the records. The voltage dependent relations were fit 
to Boltzmann distributions (dashed lines).  From reference 8, with permission.

Table 1. Properties of gpClor and gpClL

 (pS) Po V1/2 (mV) zg action on N 

gpClor 29.0 0.40 (0.20) 18 (+23) 1.6 (1.0) increase 

gpClL21 21.4 0.55 34 1.6 increase 

gpClL13 13.2 0.35 (0.50) 31 2.5 increase 

gpClL8   8.3 0.19 or 0.54 - - increase 

Shown are the mean of single-channel conductance ( ) and open probability (Po) from figure 4 for gpClor and 
gpClL when cell-attached at spontaneous Vcell (Vhold = 0 mV).8 Voltages at half-activation for Po (V1/2) and 
equivalent gating charges (zg) are from fits to Boltzmann distributions in Figure 4. Values during K+

secretagogue activation are shown in parentheses. Actions of K+ secretagogues on channel number (N) are 
indicated.

 Stimulation with K+ secretagogues, such as epinephrine or low concentration PGE2

and forskolin, increases the number of active Cl  channels from each of the 4 groups 
(Table 1). This K+ secretory activation also decreases the voltage dependence of gpClL13

such that the Po is higher at the resting cell potential.8 gpClor channels activated by 
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epinephrine have a voltage dependence for Po shifted to more positive values than for 
those activated by forskolin,8 which occurs via several changes to the flickery kinetics of 
opening and closing (Figure 5). The predominant brief closures and longer open lifetimes 
of the spontaneous and forskolin modes are replaced by open and closed lifetimes of 
nearly the same length (~2ms). In addition, the intermediate length closed lifetime is 
voltage dependent during epinephrine stimulation, unlike the forskolin mode. This 
distinctive rapid kinetic mode of gpClor is not induced by epinephrine addition during 
forskolin stimulation, suggesting that high cAMP may bar entry into this buzz mode. In 
other studies of Clor, a similar buzzing kinetic mode is produced by addition of small 
steroid-like molecules,28 which suggests that the epinephrine induced mode may be 
produced through a signaling molecule with a similar chemical nature. Excision of 
patches containing gpClor leads to a high, voltage-independent Po. And, when epinephrine-
activated gpClor are excised, the buzzing kinetics revert to the flickery mode.8  Apparently, 
several easily dislodged control molecules are present that contribute to determining the 
kinetic modes of gpClor and thereby the activation status. 

Figure 5. Kinetics of gpClor were analyzed to obtain the time constants of single channel openings (A) and 
closings (B), together with the proportion of events occurring with these mean lifetimes. Lines connect the 
multiple time constants found for specific modes of activation. Voltage dependent time constants are indicated 
by an asterisk. The multiple closed time constants occurred in separable groups (Cn). From Reference 8, with 
permission.

 Comparison of these Cl  channels in the guinea pig distal colon with other recorded 
Cl  currents is hampered because most of those findings are whole-cell currents without 
any single channel information. Using the single channel conductance and Po, the time-
averaged currents for the four channel types can be calculated (Figure 6) to allow direct 
comparison with whole-cell currents recorded in other cell types. Three of the four have 
outwardly rectified current voltage relations, gpClor,

gpClL21 and gpClL13. The steep voltage 
dependence of gpClL13 produces a relation just as rectified as for gpClor, making these two 
Cl  channel forms difficult to distinguish. However, activation with epinephrine or PGE2

would lead to a nearly linear time-averaged current for gpClL13, such that activation status 
would aid in distinguishing gpClL13 from gpClor.
 The most studied outwardly rectified Cl  currents are those activated by cell 
swelling. However, several characteristics of these volume-activated Cl  currents suggest 
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that Clor is not the volume activated Cl  channel.26 A more likely candidate protein for 
Clor is CLC3B, a splice variant of CLC3 found in epithelia, that is outwardly rectified and 
has similar kinetics27. Both gpClL21 and gpClL13 resemble the Cl  channels of the CLC 
family.29, 30 particularly due to the voltage dependence of Po (Figure 4). The higher Po at 
positive holding potentials is consistent with kinetics dominated by the fast gate. 
Although CLC2 could be considered a possibility because of a generally wide tissue 
distribution,29 CLC2 is absent from crypt cells of guinea pig distal colon based on 
antibodies and in situ hybridization,31 which suggests that another CLC channel protein 
would have to be involved.  The small  and voltage independent Po of gpClL8 (Table 1) 
resembles the character of the CFTR Cl  channel,29 but this is scant information to 
support such an unusual placement and transport involvement for CFTR. Although 
definitive identification of the Cl  channel types in colonic crypt cells cannot be made at 
present, the observed functional behavior of these channels may result from the combined 
action of channel and regulatory subunits. 

Figure 6. Time averaged Cl  currents were calculated (iClPo) from the single channel current voltage relations 
and dependence of Po on voltage (Figure 4). From Reference 8, with permission.

3.   ELECTROGENIC K+ SECRETION 

 Colonic epithelial cells are capable of secreting both Cl  and K+ by a common 
cellular mechanism involving Cl  channels, K+ channels, Na+:K+:2Cl -cotransporters and 
Na+/K+-ATPase (Figure 1A). Although secretagogues initiate these ion secretions by 
opening apical membrane Cl  and K+ channels to provide a pathway for exit into the 
lumen, appropriate basolateral membrane ion conductance is equally important in order 
to set the electrochemical driving forces so that ion exit does occur at the apical 
membrane. During Cl  secretion, sufficient basolateral K+ conductance must be activated 
to ensure that the apical membrane potential is hyperpolarized from the value set by the 
apical Cl  concentration gradient.11, 12, 16 Similarly, sufficient basolateral Cl  conductance 
is needed during primary K+ secretion to assure a large driving force for K+ exit across 
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the apical membrane.8 In addition, during primary K+ secretion, basolateral K+

conductance is reduced to accentuate K+ secretion by redirecting flow to apical K+

channels.16 Another consequence of this lower basolateral K+ conductance is that the 
membrane electrical potential will be further from the K+ equilibrium potential, thereby 
increasing the driving force for K+ exit. Maximizing secretion thus becomes the role of 
intracellular signals to produce the balance of conductances that optimizes these driving 
forces for conductive K+ and Cl  exit at the apical and basolateral membranes. 
 The primary electrogenic K+ secretion of the colonic epithelium3,32 shares similarities 
with K+ secretion in the thick ascending limb of Henle’s loop of the kidney as well as the 
strial marginal cells in the stria vascularis and vestibular dark cells in the vestibular 
labyrinth of the inner ear.33, 34 Each uses a slightly different combination of K+ channels, 
Cl  channels, Na+:K+:2Cl -cotransporters and Na+/K+-ATPase to produce electrogenic K+

secretion. Whereas the colonic epithelial cells respond to K+ secretagogues by choosing 
K+ secretion over Cl  secretion, the thick ascending limb cells and inner ear cells appear 
set to perform one primary ion transport task. The thick ascending limb cells differ from 
the colonic epithelial cells and inner ear cells by having Na+:K+:2Cl -cotransporters in the 
apical membrane rather than the basolateral membrane; but, both the thick ascending 
limb and inner ear cells have basolateral membranes conductive primarily to Cl , with 
little if any K+ conductance. During activation with K+ secretagogues, the colonic 
epithelial cells mimic this situation by reducing basolateral K+ conductance. The variety 
of K+ and Cl  channels available in the genome20, 29 presumably allows each of these 
epithelia to choose the specific versions most suited to the particular requirements needed 
in that cell. For the colonic crypt cells, the basolateral channel types present may suit the 
demands of coordinating responses to secretagogues with distinct Cl  and K+ secretory 
responses.
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EFFECTS OF AMMONIUM ON ION
CHANNELS AND TRANSPORTERS
IN COLONIC SECRETORY CELLS 

Roger T. Worrell and Jeffrey B. Matthews*

1.  INTRODUCTION 

 Ammonia and ammonium ions exist in an equilibrium determined by the relation of 
Equation 1. Ammonia (NH3) is a weak base with a pKa=9.2 and, with some notable 
exceptions,1, 2 can diffuse across the plasma membrane. However, at physiological pH, 
approximately 98% of NH3 exists in the ionized form NH4

+ (ammonium) which is not 
freely permeable across the plasma membrane. This distinction is often blurred in the 
literature where both species have often been referred to as ammonia. As with other ions, 
cell permeability to ammonium requires channels, co-transporters, or pumps within the 
membrane. Ammonium is of similar molecular size to K+ and has been found to 
substitute for K+ on a number of ion channels, co-transporters, and pumps.

          NH3 + H+  NH4
+ (1)

 Ammonium is produced within the body through the deaminization of protein and 
amino compounds within the gut, metabolism of urea and glutamine by the colonocytes, 
and hydrolysis of glutamine in the kidneys. Ammonium ions (NH4

+) are toxic to most 
cells within the body; therefore, systemic levels must be kept low. The liver serves to 
detoxify NH4

+ by conversion to glutamine and urea. However, some cells within the kid-
ney and colon are exposed to high levels of ammonium on a continual basis. Ammonium 
concentrations of 9-23 mM in rat inner medulla have been reported.3, 4 Colonic lumen 
NH4

+ concentration can range from 15 to 100 mM in human5 with a normal range being 
3-44 mM in human fecal dialysates6 and 20-70 mM in rat colon.7 Normal arterial plasma 
levels of NH4

+ are relatively low at 45 µM.5, 8 Net absorption across the colonic epitheli-
um is indicated by the fact that portal vein NH4

+ levels are elevated (~350 µM) with 
respect to arterial plasma.5 Although the NH4

+ concentration at or near the base of the co-
lonic epithelium, e.g., basolateral membrane, is unknown, it is likely significantly higher 
(in the 3-10 mM range) than that in portal vein due to an approximate tenfold dilution of 
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the ‘colonic’ blood by the time it reaches the portal vein.9 This estimation also predicts 
that ammonium does not freely distribute across the colonic epithelium.

Excess in systemic NH4
+ levels can lead to hyperammonemia associated 

encephalopathy which can be life threatening. Although the kidney is attributed to carry 
out the bulk of body NH4

+ homeostasis, it is likely that some level of body NH4
+ control 

can be accomplished via changes in colonic function and/or in the level of ammonium 
production within the lumen of the colon. In particular, treatment regimes for hyperam-
monemia, principally caused by liver failure, have generally been directed at reducing 
ammonium production within the colon10 or in extreme cases removal of the colon. 
Despite this, relatively little is known regarding the way ammonium is handled by 
colonocytes and how these cells are affected by ammonium.

2. AMMONIA AND AMMONIUM EFFECTS ON INTRACELLULAR pH  

The NH3/NH4
+ pre-pulse method has been used extensively as a means of altering 

intracellular pH (pHi). Given Equation 1, by this method, NH3
+ entry into the cell on 

application of external ammonium will cause intracellular alkalization. Subsequent 
removal of external ammonium with NH3 exit will lead to intracellular acidification. If on
the other hand, NH4

+ entry occurs with external ammonium application, intracellular 
acidification will occur. Likewise, with external ammonium removal and NH4

+ exit 
intracellular alkalization will occur. Thus, not only can pHi be affected by ammonium, 
but by measuring changes in pHi, one can determine the net uptake or exit of NH3 and 
NH4

+. Although some reports have shown that the apical membrane of colonic crypts is 
relatively impermeable to NH3 and NH4

+,2, 11 this does not appear to be the case using 
cultured cells. In T84 cells, ammonium application on either the apical or basolateral side 
leads to intracellular alkalization consistent with net NH3 entry. However, with 
basolateral application, cell acidification quickly follows, indicative of subsequent net 
NH4

+ entry.12 1999). In HT29-Cl cells, apical or basolateral ammonium also produced an 
intracellular alkalization, although the subsequent acidification with basolateral 
ammonium application was not observed.13 As demonstrated by Ramirez, et al., rat 
colonic crypts display acidification with exposure to basolateral ammonium.14 These 
observations raise interesting questions regarding ammonium effects on the colon. If 
indeed, the apical or luminal membrane of crypt cells is impermeable to ammonia and 
ammonium, there should be no net uptake of ammonium in the colon unless that uptake 
occurs at the surface epithelia. Such an apical entry pathway for NH4

+ in surface cells of 
rat colon has been demonstrated by Lohrmann and Feldman15 and is supported by the 
observation that the acid load following urinary intestinal diversion is due to NH4

+, not
NH3 absorption.16 Secondly, an ammonium entry pathway appears to exist in the 
basolateral membrane of at least one crypt cell type, rat crypts, and most likely is present 
to varying degrees in all secretory cell types as discussed below. 

3. AMMONIUM EFFECT ON Cl- SECRETION

 Previous studies in rat and human colon demonstrated that luminal ammonium can 
inhibit both Na+ and Cl- absorption, an effect which involves ammonium interaction with 
an apical Na+/H+-exchanger.17, 18 Luminal ammonium inhibition of forsokolin-activated 
short circuit current has been reported in rat and human colon by Mayol, et al., but little 
effect was observed with basolateral ammonium.19 However, it was unclear in this study 
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to what extent K+ secretion may have contributed to the measured current. In contrast, 
Cermak, et al., found little effect of luminal ammonium on Cl- secretion in rat colon 
using Cl- flux measurements.17

 Using the T84 secretory colonic cell line, it was shown that NH4
+ can inhibit cAMP-

and cGMP-dependent Cl- secretion but not carbachol-induced (Ca++) secretion.20 Ammo-
nium was of mixed impact on Ca++-dependent Cl- secretion. Although ammonium did not 
inhibit the secretory response to carbachol or thapsigargin, pre-treatment with ammonium 
was found to blunt the secretory response of T84 cells to Ca++-ionophore mediated secre-
tion. Post-treatment with ammonium did not affect the Ca++-ionophore mediated 
secretion.20

 In T84 cells, K+ secretion is virtually absent, presumably due to the lack of an appro-
priate apical K+ channel. In these cells, stimulated secretion in the absence of bicarbonate 
can be attributed almost entirely to Cl- secretion. Under bicarbonate free conditions, there 
was a sidedness to the ammonium inhibition on cAMP-stimulated Cl- secretion in these 
cells, with application to the basolateral side having a Ki=5 mM and apical application a 
Ki=50 mM.21 This suggested the ammonium effect on Cl- secretory rate occurred by 
affecting the basolateral membrane transport processes. In addition, ammonium was 
found not to alter the apical Cl- conductance (CFTR) but did affect the basolateral K+

conductance.12 Comparision of pHi changes with half maximal inhibition of current with 
apical or basolateral ammonium determined that the changes in pHi did not correlate with 
those in Cl- secretion.12 Furthermore, it was demonstrated by Worrell, et al., (2003) that 
the basolateral ammonium inhibition of current in the absence of K+ was not as signifi-
cant as in the presence of K+, with maximal inhibition observed at a mole fraction ratio of 
0.25 K+/NH4

+.
The minimalist model for electrogenic Cl--secretion in T84 cells includes an apical 

Cl-conductance in series with basolateral Na+/K+-ATPase, Na+-K+-2Cl- cotransporter, 
and K+ conductance.22-24 Since NH4

+ is similar in size to K+, it is likely that NH4
+ inter-

acts with one or more of these basolateral components to inhibit Cl- secretion.

4. AMMONIUM EFFECT ON Na+-K+-ATPase

 Na+-K+-ATPase has been shown in a number of tissues to act as a Na+-NH4
+-

ATPase. Indeed, early studies of Na+-K+-ATPase activity demonstrated an enhanced 
activity with NH4

+.25, 26 NH4
+ substitution for K+ on Na+-K+-ATPase with equal affinity 

has been shown in crab gill membrane vesicles,27 rat,28 and rabbit29 proximal tubules. 
Furthermore, Wall, et.al., determined that NH4

+ uptake by Na+-K+-ATPase was necessary 
for acid secretion in the inner medullary collecting duct.30 In T84 cells, NH4

+ uptake also 
occurs via Na+-K+-ATPase with equal or slightly better affinity than K+ and shows no 
anomalous mole fraction behavior.9 As has been shown in the kidney, where [NH4

+]
approaches or exceeds that of [K+] at the basolateral membrane, it is reasonable that a 
significant amount of NH4

+ would be pumped into the crypt secretory cell by Na+-K+-
ATPase when basolateral NH4

+ levels are high relative to K+.

5. AMMONIUM EFFECT ON Na+-K+-2Cl- COTRANSPORTER 

  NH4
+ has been shown to be transported on the K+ site of NKCC-1 in kidney,31 in rat 

parotid acini32 and NKCC-2 in kidney.33 As previously stated, one means of accessing 
NH4

+ entry is to observe the pHi changes with the addition of NH4
+. The observation that 
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intracellular alkalization upon addition of NH4
+ is bumetanide sensitive in T84 cells 

suggested that NH4
+ can be transported by NKCC-1 in these cells.9  Experiments using 

86Rb-uptake in T84 cells indicated that K+ and NH4
+ acted in a similar manner to inhibit 

apparent NKCC activity, likely by competition with 86Rb, thereby reducing 86Rbuptake.9

This finding is supported by a study involving NKCC-2 from rabbit kidney TAL in which 
bumetanide-sensitive 86Rb uptake was inhibited by NH4

+, whereas 22Na uptake was not.33

Although no anomalous mole fraction behavior was observed for NH4
+ on bumetanide-

sensitve 86Rb uptake as measured by flux, NH4
+ did produce anomalous mole fraction 

behavior when bumetanide-sensitive 36Cl- uptake was used to assess NKCC activity.9

Interestingly, uptake in 10 mM NH4
+ was higher than in equal molar K+, thus, as with 

Na+-K+-ATPase, T84 cells are poised to take up NH4
+ when basolateral NH4

+ levels are 
elevated with respect to K+.
 The difference in 86Rb and 36Cl uptake is also somewhat interesting. NKCC-1 is 
known to exhibit K+/K+ exchange activity under which no Cl- flux occurs,34 thus one pos-
sibility is that NH4

+/K+ interaction might favor the exchange mode of NKCC-1. Alterna-
tively, the anomalous behavior may be a reflection of the anomalous behavior associated 
with NH4

+ inhibition of Cl- secretion, i.e., a change in intracellular Cl- and/or K+ at or 
near the cytoplasmic side of NKCC-1. Increases in intracellular Cl- or extracellular K+

will reduce NKCC-1 activity.35 In addition, Gillen and Forbush have shown a steep rela-
tion between [Cl-]i and NKCC-1 activity within the physiological range of [Cl-]i.

36

6.  AMMONIUM EFFECT ON K+ CHANNELS 

 A number of K+ channels have been shown to conduct NH4
+.37-40 Several basolateral 

K+ channels have been reported to occur in colonic crypts41-43 and in T84 cells.44-46 Al-
though the most widely accepted cAMP-activated channel is KNQ1(KvLQT1)/ KCNE3, 
the presence of other cAMP-responsive K+ channels may indicate a less simplistic model 
for basolateral K+ exit.
 Previous data have indicated that NH4

+ inhibition of Cl- secretion in T84 is due in 
part to NH4

+ block of the cAMP-stimulated basolateral K+ channel.12, 9 Indeed, Worrell, et
al., showed that the anomalous mole fraction behavior seen with transepithelial current 
measurements was mimicked by the anomalous mole fraction behavior seen with baso-
lateral K+ conductance measurements.9

 Anomalous mole fraction behavior has been demonstrated for a number of ion chan-
nel types and is most often attributed to an ion channel with multiple ion binding sites 
and single file flow.38 Yang and Sigworth have reported a permeability sequence for 
KCNQ147 but did not include NH4

+ or mole fraction experiments in their study. To our 
knowledge, possible anomalous mole fraction effects of NH4

+ and K+ in KCNQ1 or other 
K+ channels identified in the T84 secretory cells or colonocytes have not been reported.

7.  AMMONIUM EFFECT ON TRANSEPITHELIAL RESISTANCE 

 Longterm exposure of T84 cells to NH4
+ leads to an increase in transepithelial 

resistance.9 Interestingly, on removal of external ammonium, transepithelial resistance 
further increases. The increase in monolayer resistance is not associated with an increase 
in either the apical or basolateral membrane resistive elements, thus by default, must in-
volve an increase in the paracellular resistance. Interestingly, pHi acidifies with longterm 
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NH4
+ as well as on wash out of NH4

+. Thus, the increase in transepithelial resistance 
might involve pHi changes.9

Figure 1. Relative effects of ammonium on Cl- secretion and on each basolateral component of secretion. 
Adapted from Worrell, et.al.9

 This is supported by a number of observations. The increase in resistance does not 
show anomalous mole fraction behavior but rather follows the ammonium concentration. 
Other monovalent cations which inhibit current (Cs+, NMDG+, Tl+) do not significantly 
increase resistance. In addition, Turner, et al., using intestinal Caco-2 cells, have pro-
posed that cytoplasmic alkalization leads to a decreased transepithelial resistance.48 This 
implies that acidification could lead to an increased transepithelial resistance.

8.  IMPLICATIONS OF HIGH AMMONIUM ON COLONIC CRYPT CELLS 

 NH4
+ effects on both K+ conductance and NKCC-1 show anomalous mole fraction 

behavior, but no such behavior is observed on Na+/K+-ATPase activity. Figure 1 provides 
a qualitative summary of these effects relative to 10 mM basolateral K+ for comparison. 
NH4

+ inhibition of transepithelial current is most closely correlated with the effects of 
NH4

+ on the basolateral K+ conductance. In the mix of K+ with NH4
+, inhibition of 

NKCC-1 activity correlates well with the inhibition of Cl- secretion. However, under con-
ditions of pure NH4

+, NKCC-1 activity is elevated, whereas total transepithelial current is 
slightly inhibited. Na+/K+-ATPase activity is also elevated relative to that seen with 10 
mM basolateral K+. It is noteworthy that the maximal inhibition relative to 10 mM baso-
lateral K+ seen on any one component of Cl- secretion is 44%. Thus, Cl- secretion can be 
supported by basolateral NH4

+, i.e., NKCC-1 can function in a Na+-NH4
+-2Cl- mode and 

Na+/K+-ATPase in a Na+/NH4
+-ATPase mode in the T84 cells.  Indeed, data indicate that 

under conditions of nominally free basolateral K+ with NH4
+, both NKCC-1 and Na+/K+-

ATPase activities are elevated which would further support uptake of NH4
+. Additionally, 

under mixed K+/NH4
+ conditions, the K+/K+ exchange mode of NKCC-1 appears favored 

which would support K+/NH4
+ secretion over Cl- secretion. Given an apical exit pathway 
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for NH4
+, it is reasonable to hypothesize that NH4

+ secretion is likely to occur in colonic 
crypts (Figure 2). The notion that NH4

+ secretion can be driven by NKCC and Na+/K+-
ATPase with an opposing exit pathway is supported by work involving renal cells.33, 31 In 
fact, Kinne, et.al., estimated that it is energetically possible for NKCC and Na+/K+-
ATPase under physiogical conditions to generate a [NH4

+]i/[NH4
+]o ratio of approxi-

mately 2000.33

 Under conditions where cAMP is only slightly elevated, K+ secretion occurs and pre-
dominates in colonic crypts. This is due to the preferential activation of apical versus 
basolateral K+ channels42 and basolateral versus apical Cl- channels.49 Although the apical 
K+ channel(s) responsible for K+ secretion is not clearly defined, candidates include in-
ward rectifiers of the ROMK family. It is intriguing that both ROMK239 and Kir2.150, 40

conduct NH4
+ at physiological membrane potentials. In a preliminary report, Kir2.1 was 

identified by immunostaining in the apical membrane of T84 cells;51 although there is no 
evidence to date that this channel is functional in these cells. Regardless, most K+ chan-
nels studied to date do show NH4

+ conductivity. Partial inhibition of the basolateral K
+

conductance in T84 cells12, 9 by NH4
+ would tend to support K+ or NH4

+ secretion under 
conditions where an apical conductance to K+ or NH4

+ was functional.
 The fact that cellular pH acidifies (net NH3 exit) on removal of basolateral NH4

+

indicates NH4
+ exit across the basolateral membrane is limited. Interestingly, Singh, et al.

and Hasselblatt, et al., have reported that colonic crypts (not cAMP-stimulated) have a 
low permeability to apically applied NH3/NH4

+.2, 11 A low apical NH3 permeability would 
be an expected criteria to effectively secrete NH4

+ given the equilibrium between NH3

and NH4
+. The longterm effect of NH4

+ on TER could also contribute to crypt NH4
+ se-

cretion by limiting NH3/NH4
+ backflux. Thus, were NH4

+ present, limited basolateral 
NH4

+ exit with driven NH4
+ uptake in combination with limited apical NH3 entry would 

support NH4
+ secretion.

 This hypothesis raises the interesting point that the net NH4
+ absorption known to 

occur in the colon may derive from the same general phenomena of fluid balance, i.e., a 
balance between an absorptive process and a secretory process. In this case, one might 
assume that the bulk of NH4

+ absorption in the colon occurs at the level of the surface 
cells as is thought to be the case for NaCl absorption.
 The anomalous mole fraction effect in a K+, NH4

+ mix suggests a relevance of phys-
iologic importance not merely a biophysical phenomena, since a K+/NH4

+ mixture is 
invariably present in vivo. Thus, the colon may be self-regulating in regard to net NH4

+

absorption based on the [K+]o to [NH4
+]o ratio at the basolateral membrane of the crypt 

cells. These findings support the hypothesis that cells of the colonic crypt are sensitive 
not only to the basolateral level NH4

+ but also to the ratio of NH4
+ to K+.
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Figure 2. Proposed model for crypt colocyte ammonium secretion.

9. SUMMARY 

 Basolateral ammonium produces an inhibition of Cl- secretion the magnitude of 
which is dependent on the NH4

+ to K+ concentration ratio. Inhibition is maximal at a mole 
fraction ratio of 0.25 K+ to NH4

+. This anomalous mole fraction effect is due to effects on 
the basolateral K+ channel as well as Na+-K+-2Cl- cotransporter. However, only Cl-

loading, not K+ loading, appears affected in an anomalous mole fraction manner. Trans-
epithelial current is only slightly inhibited relative to equilmolar K+ by NH4

+. As in other 
systems, both Na+-K+-ATPase and Na+-K+-2Cl- can act in Na+-NH4

+-ATPase and Na+-
NH4

+-2Cl- transport modes. NH4
+ conducts through most K+ channels and thus likely 

through the apical K+ channel present in native crypt cells. This suggests that, similar to 
the kidney, colonic secretory cells have the capacity to secrete NH4

+ when in a K+-
secreting mode with elevated basolateral NH4

+ levels.
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THE VOLUME-ACTIVATED CHLORIDE CURRENT 
DEPENDS ON PHOSPHOLIPASE C ACTIVATION AND 

INTRACELLULAR CALCIUM MOBILIZATION 

D. Varela, F. Simon, A. Riveros, F. Jørgensen and A. Stutzin

1.  INTRODUCTION 

Mammalian cells are constantly exposed to changes in cell volume and recovery of 
cell volume after cell swelling requires the activation of K+ and Cl- channels and organic 
osmolyte permeability pathways with subsequent water efflux. This process, termed 
regulatory volume decrease (RVD),1-3 prevents against irreversible swelling which leads 
to cell death.4, 5 Despite the vast amount of experimental data gathered so far, the mech-
anisms that couple cell swelling and volume-dependent gating of Cl- channels remain 
largely undefined. 

Here, we discuss some of our recent findings on the activation of the volume-
activated Cl- current (ICl,vol) in HTC cells. It has been previously reported that in HTC 
cells exposed to hypotonicity, PLC  becomes activated with consequent intracellular Ca2+

mobilization,6 indicating this signaling pathway could be playing a significant role in cell 
volume recovery. Thus, we explored the possibility that intracellular Ca2+ mobilization 
evoked by cell-swelling activates ICl,vol.

2. EXPERIMENTAL 

HTC cells were cultured as previously described7 and currents were recorded using 
the nystatin-perforated whole-cell patch-clamp technique.8 Briefly, cells were mounted 
on a microchamber installed on an inverted microscope. Solution changes were effected 
by a local perfusion system. The bath solution contained (mM): 100 NaCl, 2 CaCl2, 1 
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MgCl2, 100 sorbitol, and 10 Hepes, pH 7.4 adjusted with Tris (300 ± 5 mosmol l-1). The 
pipette solution contained (mM): 5 NaCl, 133 CsCl, 1 MgCl2, and 10 Hepes, pH 7.2 
adjusted with Tris (295 ± 5 mosmol l-1). Hypotonic solution (200 ± 5 mosmol l-1) was 
obtained by omitting sorbitol. To allow the formation of the giga-seal, the pipette tip was 
filled with nystatin-free solution, whereas the pipette bulk was backfilled with the 
nystatin-containing solution. Usually after ~10 min from seal formation, a stable access 
was achieved (Ra ~15 M All reagents were of analytical grade. Asterisks in the figures 
indicate significance (p < 0.01). 

3. RESULTS AND DISCUSSION 

 Upon exposure to hypotonicity, HTC cells activate an outwardly rectifying Cl-

current, as depicted in Figure 1.

Figure 1. A representative family of hypotonicity (30%) induced outwardly-rectifying Cl- currents in HTC 
cells. Right panel shows the current in isotonicity; left panel depicts the currents after 5 min in hypotonicity. 
Holding potential was -10 mV; voltages ranged from -100 to 100 mV in steps of 20 mV. 

This current displays deactivation at high positive potentials which has been correlated to 
the permeant anion.9,10 Figure 2 shows the time course of this current in HTC cells in 
response to hypotonicity and after changing to an isotonic extracellular solution.
 Swelling-mediated Ca2+ mobilization has been reported in many different cell 
types,11,12 and in HTC cells, PLC  has been shown to be responsible for this process.6

Figure 3 shows the effect of the generic PLC inhibitor U73122 on the activation of ICl,vol.
It can be seen that PLC blockade completely prevents activation of ICl, vol, whereas the 
inactive analogue has no effect. This result clearly indicates that ICl,vol activation is criti-
cally dependent on PLC activity. 
 The results shown in Figure 3 suggest that intracellular Ca2+ mobilization upon cell 
swelling may be dependent on the activation of IP3 receptors.6 To test this, HTC cells 
were exposed to the IP3 receptor blocker 2-APB (2-aminoethoxydiphenyl borate). As 
shown in Figure 4, 2-APB inhibited ICl,vol by almost 70%, indicating IP3-mediated Ca2+

release is necessary for activation of the current. In order to study further the role of Ca2+,
we tested the effect of extracellular Ca2+ removal. 
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Figure 2. Time course of ICl, vol activation by hypotonicity (Hypo 30%) and deactivation by isotonicity (Iso). 
Each current point was obtained at 80 mV. 

Figure 3. Effect of PLC inhibition on the development of ICl,vol. The time course of ICl,vol development in the 
presence of the PLC inhibitor (U73122, 10 M) and its inactive analogue (U73343, 10 M) is depicted on the 
left panel. The right panel shows the percentage of current inhibition. 



144 D.VARELA, F.SIMON, A.RIVEROS, F.JØRGENSEN AND A.STUTZIN

Figure 4. Effect of IP3 receptor inhibition on the development of ICl,vol. The time course of ICl,vol development in 
the presence of 2-APB (50 M). The right panel shows the percentage of current inhibition 

 As shown in Figure 5, removal of extracellular Ca2+ significantly delayed the onset 
of the current, indicating that extracellular Ca2+ has a potentiating effect on ICl,vol active-
tion. This finding is in agreement with other studies in different cells types, suggesting 
that extracellular Ca2+ is not critical for ICl,vol activation13,14 but is necessary for modu-
lating this conductance. 

Figure 5. ICl,vol activation in the presence ( ) or absence ( ) of extracellular Ca2+ is depicted on the left panel. 
The right panel shows the half-maximal time constant for current onset and the maximal current achieved at 
steady-state in both conditions. 
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4.  CONCLUSIONS 

We have shown that in HTC cells, ICl,vol is critically dependent on PLC activation. 
Moreover, mobilization of Ca2+ from IP3-sensitive intracellular stores plays a fundamen-
tal role in the development of this current. On the other hand, extracellular Ca2+ removal 
slowed the half-maximal activation time constant without affecting the maximal current 
achieved at steady-state, indicating that intracellular Ca2+ mobilization is sufficient to 
trigger ICl,vol activation and that extracellular Ca2+ potentiates current activation. 
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NITRIC OXIDE (NO) MODULATION OF
CL-DEPENDENT TRANSPORTERS

IN THE KIDNEY 

Pablo A. Ortiz and Jeffrey L. Garvin* 

1.  INTRODUCTION 

The free radical nitric oxide (NO) was originally described as an endothelium-
derived relaxing factor produced in the mammalian cardiovascular system. It is now 
known to play an important role in various physiological processes such as ion transport 
regulation,1 cell growth and differentiation2 cardiac contractility3 and neuronal synapses.4

In the kidney, NO regulates water and electrolyte excretion by modulating the activity of 
transporters along the nephron. In the proximal tubule, NO decreases the activity of the 
apical Na/H exchanger which likely inhibits sodium and water absorption. In the thick 
ascending limb of the loop of Henle, NO inhibits apical Na/K/2Cl cotransport and apical 
and basolateral Na/H exchange, thereby decreasing net NaCl and bicarbonate absorption. 
In the macula densa, NO inhibits apical Na/K/2Cl cotransport, while in the collecting 
duct, NO inhibits sodium and water absorption. Overall, the effect of NO on individual 
transporters is in agreement with the diuretic and natriuretic role of NO observed in vivo.
In this review, we will focus on the role of NO in regulating Cl-dependent and Cl-
independent sodium transporters in the kidney.

2.  NO PRODUCTION IN THE KIDNEY 

In mammalian cells NO is produced by conversion of the amino acid L-arginine to 
L-citrulline. This reaction is catalyzed by an enzyme called NO synthase (NOS).5 There 
are three NOS isoforms: neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial 
NOS (eNOS), all of which are expressed in renal tubules with a distinct pattern of 
localization along the cells comprising the nephron.
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 nNOS was originally cloned from brain tissue and is strongly expressed in most 
neuronal cell types. In the kidney, nNOS is expressed in cells of the macula densa and in 
the collecting ducts.6, 7 Little is known about the signaling mechanisms that regulate 
nNOS activity and expression in these cells. 
 In most cell types, iNOS is not expressed constitutively, rather its expression is 
rapidly induced by various inflammatory stimuli such as lipopolysaccharides (LPS), cyto-
kines and other mediators of inflammation. However, in the kidney,l constitutive iNOS 
expression has been reported in the proximal tubule, thick ascending limbs and inner 
medullary collecting duct.8, 9 Induction of iNOS in cultured proximal tubule cells resulted 
in increased NO production and inhibition of Na/K ATPase activity,10 suggesting that 
iNOS regulates transport at least in this nephron segment. However, the role of iNOS in 
the regulation of other nephron transporters is less clear. 
 eNOS was originally cloned from vascular endothelial cells where its function has 
been studied in depth. However, it has also been found in epithelial cells from most 
tissues such as lung, testis, brain and kidney where it regulates ion transport by different 
mechanisms.11 In the kidney, eNOS is present in proximal tubules, thick ascending limbs, 
and collecting ducts.1 While its function in proximal tubules and collecting duct is still 
unknown, we have recently shown that eNOS is essential to regulation of ion transport in 
the thick ascending limb12 which will be discussed in depth.
 Overall, the three NOS isoforms are present in epithelial cells along the nephron 
where they regulate ion transport. In this review, we will focus on data regarding the 
effect of NO on Cl-dependent and Cl-independent transporters along the nephron. 

3.  REGULATION OF Na/K/2Cl COTRANSPORT BY NO 

3.1.  Thick Ascending Limb 

 The thick ascending limb reabsorbs 25 to 30 % of the filtered NaCl load while being 
water impermeable. The apical Na/K/2Cl cotransporter accounts for most of the NaCl 
reabsorbed in this segment.13 The Na/K/2Cl cotransporter present in the thick ascending limb 
has been cloned and named NKCC2 or BSC-1 (bumetanide-sensitive cotransporter-1).14,.15

NKCC2 differs from the other Na/K/2Cl cotransporter (NKCC1) in its amino acid sequence (60-
70% homology) and its pattern of tissue expression, being expressed only in the thick ascending 
limb and cells of the macula densa.16-19 As in most epithelial cells, the driving force for NaCl 
entry is generated by Na/K-ATPase.20 The apical membrane of the thick ascending limb 
has two types of K channels.21 K recycling across the apical membrane is important for 
Na/K/2Cl cotransport and generates a positive luminal potential that provides the driving 
force for paracellular transport of cations such as Ca2+ and Mg2+. 22

In isolated, perfused rat thick ascending limbs, NO produced exogenously by the 
donor spermine NONOate decreased net Cl absorption (JCl).

23 Because all Cl in these 
cells is absorbed via Na/K/2Cl cotransport, the data suggested NO may directly inhibit 
Na/K/2Cl cotransport. Adding L-arginine, the substrate for NOS, to the bath stimulated 
endogenous NO production and also reversibly decreased thick ascending limb JCl.

24 The 
effect of L-arginine was prevented by blocking NOS with L-NAME, indicating that 
endogenously-produced NO mediates the effect of L-arginine. Although these data show 
NO inhibits JCl, they do not address which transporter is affected by NO.
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The inhibitory effect of NO on net NaCl transport could be mediated by blockade of 
apical transporters or basolateral Na/K ATPase. We measured intracellular ion concentra-
tion by fluorescence microscopy and found that NO decreased both intracellular Na and 
Cl levels by approximately 30%, suggesting that NO decreases NaCl entry via the 
Na/K/2Cl cotransporter. Using the initial rate of increase in intracellular Na when NaCl is 
added to the luminal perfusate as a measure of Na/K/2Cl cotransporter activity, we 
observed that NO decreased Na/K/2Cl cotransport. NO did not appear to decrease 
luminal K permeability, as determined by changes in membrane potential when the lumi-
nal K concentration was increased from 1 to 25 mM.25 Moreover, Lu, et al., found that 
NO did not decrease but rather stimulated activity of the luminal 70-pS K channel in the 
rat thick ascending limb, as measured in cell-attached patch-clamp experiments.26 The 
data showing that NO decreases Na/K/2Cl activity do not rule out the possibility that this 
effect is secondary to inhibition of basolateral Na/K ATPase activity. The effects of NO 
on pump activity were investigated using measurement of oxygen consumption in the 
presence of a Na ionophore and varying concentrations of extracellular Na. NO did not 
affect maximal turnover or the affinity of Na/K ATPase for intracellular Na.25 Taken 
together, these data suggest that NO suppresses net NaCl absorption primarily by directly 
inhibiting the Na/K/2Cl cotransporter, NKCC2.

Despite the importance of NKCC2 in NaCl absorption by the thick ascending limb, 
little is known about the molecular mechanisms that regulate its activity. In most cells, 
NO exerts its effects by activating soluble guanylate cyclase (sGC) which in turn 
increases intracellular cGMP levels. In other cells, cGMP has been shown to directly 
inhibit Na/K/2Cl cotransport,27 and in the thick ascending limb, cGMP was shown to 
inhibit net Cl absorption.28 We hypothesized that NO could inhibit Na/K/2Cl cotransport 
via a cGMP-dependent mechanism. To determine whether endogenous NO inhibits thick 
ascending limb chloride absorption by stimulating sGC, we tested whether LY-83583, a 
sGC inhibitor, could block the effects of L-arginine on thick ascending limb Cl 
absorption. We found that in the presence of LY-83583, L-arginine did not decrease Cl 
absorption. We also studied whether the effects of L-arginine and cGMP were additive 
and found that in the presence of 50 µmol/L db-cGMP, increasing NO production did not 
further decrease Cl absorption.29 Taken together, these data suggest that cGMP mediates 
all of the effects of NO on thick ascending limb Cl absorption.

cGMP may activate either protein kinase G (PKG) or the cGMP-dependent phos-
phodiesterases, PDE II or PDE III. Stimulation of PDE II decreases intracellular levels of 
cAMP which is known to stimulate thick ascending limb Cl transport. To test whether 
inhibition of PDE II activity could block the effect of NO, we used the PDE II inhibitor 
EHNA. In the presence of EHNA (50 µmol/L), NO only decreased Cl absorption by 13% 
instead of the 35% inhibition observed in control tubules. Because activation of PDE II 
mediates the effects of NO, we next tested whether we could block its effects by treating 
tubules with a cAMP analogue not hydrolyzed by PDE II (23). We found that in the 
presence of db-cAMP (10-5 M), increasing endogenous NO did not decrease chloride 
absorption.29 These results show that preventing the fall in intracellular cAMP blocks 
NO-induced inhibition of chloride absorption. 

Because activation of PKG decreases cAMP in the cortical collecting duct, we 
questioned whether PKG activation is a necessary step in the NO second messenger cas-
cade. For this purpose we tested the effect of NO in the presence of KT-5823, a PKG 
inhibitor. We found that KT-5823 (2 µM) did not block the inhibitory effect of NO on Cl 
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absorption,29 indicating that PKG does not play a major role in NO-induced inhibition of 
Na/K/2Cl cotransport.

Together, these results suggest that NO decreases Na/K/2Cl cotransport by 
increasing cGMP which in turn decreases basal cAMP levels by activating PDE II. 
However, it is still not clear how a decrease in cAMP could inhibit Na/K/2Cl cotransport. 
Recent data suggest that stimulation of NKCC2 is likely due to an increase in NKCC2 at 
the apical membrane of thick ascending limbs.30 Thus it is possible that NO decreases 
NKCC2 activity either by inhibiting exocytic insertion of newly formed cotransporters or 
by inducing its endocytosis and thus decreasing the number of functional units at the 
membrane. While this is a plausible hypothesis, it has not yet been tested experimentally. 

The thick ascending limb expresses all three isoforms of NOS. To determine the con-
tribution of NO produced by the different isoforms on Na/K/2Cl cotransport regulation in 
the thick ascending limb, we studied the effect of L-arginine on Cl absorption by thick as-
cending limbs isolated from nNOS, iNOS and eNOS knock-out mice. L-arginine de-
creased Cl absorption in thick ascending limbs isolated from nNOS and iNOS knock-out 
mice but failed to inhibit Cl fluxes in eNOS knock-out mice.31 To make sure eNOS is the 
NOS isoform that regulates thick ascending limb transport, an in vivo gene transfer tech-
nique was used to selectively transduce thick ascending limbs from eNOS knock-out 
mice with eNOS. In thick ascending limbs transduced with eNOS, L-arginine inhibited Cl 
absorption as it did in wild-type animals; whereas in eNOS knock-out mice transduced 
with a reporter construct, L-arginine failed to inhibit Cl absorption.12 These data indicated 
that NO produced by eNOS is responsible for inhibition of the thick ascending limb 
Na/K/2Cl cotransporter.

Figure 1.  Mechanism by which NO inhibits NKCC2 activity in the thick ascending limb. 
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3.2.  Macula Densa Cells 

 The Na/K/2Cl cotransporter NKCC2 is also present at the apical membrane of macu-
la densa cells.18 In these cells, NKCC2 is important not only for transepithelial NaCl ab-
sorption, but acts also as a sensor of luminal NaCl concentration, producing the initial 
signal for the tubulo-glomerular feedback (TGF) response. The TGF response is initiated 
by a change in luminal NaCl concentration at the lumen of the macula densa which 
results in a decrease in the diameter of the afferent arteriole.32 Although the signaling of 
the TGF response is known to be very complex, it was first shown that apical Na/K/2Cl 
cotransport was essential for TGF, since the addition of furosemide to the macula densa 
lumen completely abolished TGF. Thus, regulation of Na/K/2Cl cotransport in the macu-
la densa is important for regulation of afferent arteriolar tone.
 The NOS isoform nNOS is expressed in the macula densa and its expression in these 
cells is higher than in tubular cells, suggesting an important role for this isoform in 
modulating the function of the macula densa and juxtaglomerular apparatus.33 In fact, 
studies using pharmacological inhibitors of NOS have shown that nNOS-derived NO pro-
duced in the macula densa blunts TGF responses in rats, rabbits, and mice.34 However, 
the precise mechanism by which nNOS-derived NO attenuated the TGF response was 
unknown. Because it was found that NO decreases the activity of the apical Na/K/2Cl 
cotransporter in the thick ascending limb,25 it could be hypothesized that NO acts in an 
autocrine manner in the macula densa, blunting TGF by tonically inhibiting NaCl entry 
via the Na/K/2Cl cotransporter. He, et al.,28 studied the effect of NO on Na/K/2Cl co-
transport activity in cultured renal epithelial cells having the properties of macula densa 
cells (MMDD1). They found that the NO donors sodium nitroprusside (SNP) and S-
nitroso-N-acetylpenicillamine (SNAP) inhibited Na/K/2Cl cotransport activity in a dose-
dependent manner as measured by a decrease in ouabain-insensitive bumetanide-sensitive 
Rb uptake. To study if endogenously produced NO inhibits Na/K/2Cl cotransport in these 
macula densa cells, they studied the effect of 7-NI, a selective nNOS inhibitor, and found 
that nNOS inhibition stimulated bumetanide-sensitive Rb uptake. Kovacs, et al.,35 studied 
the effect of endogenous NO on Na/K/2Cl cotransport in intact macula densa cells from 
microdissected juxtaglomerular apparatus. In agreement with the results obtained in 
cultured cells, these investigators observed that inhibition of nNOS with 7-NI stimulated 
Na/K/2Cl cotransport activity, indicating that endogenous NO tonically inhibits NKCC2 
activity in these cells. Thus, most data support the conclusion that NO also inhibits Na/K/ 
2Cl cotransport in macula densa cells. 
 In contrast to the mechanism observed in the thick ascending limb, He, et al.,28 found 
that NO did not stimulate cGMP production or alter cAMP levels in cultured macula 
densa cells nor did it increase intracellular Ca2+ levels or stimulate ERK kinase activity in 
these cells. However, pre-treatment of macula densa cells with inhibitors of the cyto-
chrome P-450 enzyme abolished the inhibitory effect of NO on Na/K/2Cl cotransporter 
activity. These data indicate that the mechanisms by which NO inhibits Na/K/2Cl co-
transport is cell-type specific. However, it is still not clear how cytochrome P-450 stimu-
lation by NO inhibits Na/K/2Cl cotransporter activity in the macula densa or the thick 
ascending limb as shown by others. 
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4.  REGULATION OF OTHER Cl-DEPENDENT TRANSPORTERS BY NO 

Other Cl-dependent transporters are expressed along the nephron. The thiazide-
sensitive Na/Cl cotransporter (TSC) is present in the apical membrane of distal tubule 
cells. This Cl-dependent transporter belongs to the electroneutral cation-chloride-coupled 
cotransporter gene family (SLC12) which also includes the Na/K/2Cl and K-Cl cotrans-
porters.36 While TSC is essential for transepithelial NaCl absorption in the distal con-
voluted tubule, very little is known about its regulation or whether its activity may be 
affected by NO. 
 The K-Cl cotransporters are also present in various nephron segments such as the 
proximal tubule, thick ascending limb and distal convoluted tubule where they play an 
important role in NaCl absorption. Despite their importance, it is not known whether NO 
regulates K-Cl cotransport in the kidney. However data from other cell types37, 38 suggest 
that NO itself or other NO metabolites may be important regulators of K-Cl cotransport. 

5.  REGULATION OF Na/H EXCHANGER BY NO 

 5.1. Proximal Tubule 

 The proximal tubule reabsorbs 50-60% of the total filtered load of inorganic solutes 
and water, while organic solutes such as sugars, amino acids and other metabolites are 
essentially completely reabsorbed by this segment. Solutes are transported into the cell 
via apical Na-coupled cotransporters including Na/glucose, Na/PO4 and Na/amino acid 
cotransporters or exchangers like the Na/H exchanger.39 Similar to the thick ascending 
limb, the energy required for Na-coupled transport is provided by the electrochemical 
gradient generated by basolateral Na/K ATPase. 

The Na/H exchanger NHE3 is present in the apical membrane of the proximal tubule 
and is one of the primary transporters that mediates Na and bicarbonate absorption in this 
nephron segment. Roczniak and Burns40 studied the effect of NO on Na/H exchanger 
activity in primary cultures of proximal tubule cells. They found that the NO donors 
nitroprusside (1 mM) and S-nitroso-N-acetylpenicillamine (1 mM) decreased amiloride-
sensitive, ouabain-insensitive Na uptake, indicative of decreased Na/H exchanger 
activity. These NO donors also stimulated cGMP production in these cells and the cGMP 
analogue 8-Br-cGMP likewise inhibited Na/H exchange activity. Moreover, these investi-
gators found that the inhibitory effect of NO on the Na/H exchanger were partially 
prevented by pre-treatment with a guanylate cyclase inhibitor, suggesting that cGMP 
mediates the effects of NO. However, the mechanism by which NO inhibits Na/H 
exchange in the proximal tubule beyond cGMP is still not clear.

5.2.  Thick Ascending Limb 

 The thick ascending limb is an important site for reabsorption of bicarbonate that es-
capes absorption by the proximal tubule. Bicarbonate absorption in this nephron segment 
is mediated primarily by Na/H exchanger (NHE) proteins.41 At least two NHE isoforms 
are expressed in the thick ascending limb, including NHE3 in the apical membrane and 
NHE1 in the basolateral membrane. Because NO inhibited apical Na/H exchange activity 
in the proximal tubule, we studied its effect on the Na/H exchanger in the thick ascending 
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Figure 2. Effect of NO on Cl-dependent and Cl-independent transporters along the nephron. 

limb. By measuring the initial rate of intracellular pH recovery (pHi) after base loading, it 
was observed that pHi recovery was slower after thick ascending limbs were treated with 
the NO donor spermine NONOate or nitroglycerin, suggesting that NO decreased total 
NHE activity.42 When dimethyl amiloride (DMA), an NHE inhibitor, was added to the 
solution bathing the basolateral membrane, NO still inhibited pHi recovery. Similarly, 
when DMA was present at the apical side, NO also inhibited pHi recovery. Together, 
these data indicate that NO inhibits both apical and basolateral NHE activity, although 
the inhibitory effect was greater on apical NHE.
 Because apical NHE mediates bicarbonate absorption in the thick ascending limb, 
we tested whether NO could also inhibit bicarbonate absorption. It was observed that en-
dogenous NO, produced from L-arginine, reversibly decreased net bicarbonate absorption 
by 35%, consistent with inhibition of apical NHE.43 We next studied whether the cascade 
mediating the effect of NO on NHE was similar to the mechanism by which NO inhibits 
Na/K/2Cl cotransport in the thick ascending limb. Pre-treatment of thick ascending limbs 
with a sGC inhibitor completely blocked the effect of NO on bicarbonate transport, 
whereas the cGMP analogues 8-Br-cGMP and dibutyryl-cGMP decreased bicarbonate 
absorption. In the presence of cGMP analogues, inducing NO synthesis did not further 
inhibit bicarbonate absorption. Together, these data indicated that NO inhibits NHE and 
bicarbonate absorption by stimulating sGC and inducing cGMP production. Finally, we 
studied whether blockade of PKG could prevent the effect of NO and found that the PKG 
inhibitor KT-5823 completely abolished the inhibitory effect of NO on bicarbonate 
absorption.43 In agreement with the role of cGMP and PKG in the inhibition of NHE3, it 

NO
(-)

nNOS

Na
K
Cl

Macula densa

eNOS

Na

K

Cl NO

(-)

Thick Ascending Limb

iNOS

eNOS

NOS I

NO

Na

H
(-)

Proximal tubule

NOS

NO

Na

H2O

(-)

Collecting duct

Na

H

(-)

K

(+)

NO
(-)

nNOSnNOS

Na
K
Cl

Macula densa

eNOSeNOS

Na

K

Cl NO

(-)

Thick Ascending Limb

iNOSiNOS

eNOSeNOS

NOS INOS I

NO

Na

H
(-)

Proximal tubule

NOS

NO

Na

H2O

(-)

Collecting duct

Na

H

(-)

K

(+)



154 P. A. ORTIZ AND J. L. GARVIN 

has recently been reported that this signaling cascade also mediates the inhibitory effect 
of NO on NHE3 activity in cultured intestinal epithelial cells.44

Overall, our data suggest that the effect of endogenous NO on NHE and Na/K/2Cl 
cotransport activity in the thick ascending limb is mediated by cGMP but the final mech-
anism by which cGMP inhibits these transporters is different, involving PKG in the case 
of the NHE and PDE II in the case of the Na/K/2Cl cotransporter.

6.  CONCLUSIONS 

 During the past years, NO has been shown to be an important regulator of ion trans-
port in most epithelial cells. While it is evident that NO regulates Cl-dependent Na trans-
porters such as the Na/K/2Cl cotransporter in the kidney, its role in the regulation of other 
Cl-dependent transporters such as Na/Cl and K/Cl cotransport has not yet been studied. In 
this review, we have focused on the regulation of a Cl-independent Na transporter by NO, 
the Na/H exchanger, because of its importance in NaCl, water, and bicarbonate reabsorp-
tion along the nephron. Again, not only in kidney epithelial cells but also in other tissues, 
NO has been shown to be an important regulator of this transporter. However, the precise 
mechanism by which NO modulates these transport systems is not fully understood and 
further work is needed in this area. 
 In addition to its role in modulating Na/K/2Cl cotransport and Na/H exchanger, NO 
has also been shown to modulate the activity of K channels in the thick ascending limb as 
well as Na and K channels in the collecting duct.1 A regulatory role for NO in Na/K 
ATPase has been reported in the proximal tubule, and regulation of paracellular perme-
ability of this nephron segment by NO has also been suggested by other investigators.45

Due to space constraints, we have been unable to focus on the effects of NO in modu-
lating these transporters and channels along the nephron which have been discussed in 
other reviews. 
 Overall, the inhibitory effect of NO on the activity of individual transporters along the 
nephron is in agreement with its natriuretic and diuretic effect in the whole animal, em-
phasizing the importance of NO in the regulation of sodium and water balance. 

7. REFERENCES

1.  P.A. Ortiz and J.L. Garvin, Role of nitric oxide in the regulation of nephron transport, Am J Physiol 

(Renal Physiol) 282, F777-F784 (2002). 
2.  S.M. Gibbs, Regulation of neuronal proliferation and differentiation by nitric oxide, Mol Neurobiol, 27,

107-120 (2003). 
3.  J.M. Hare and W.S. Colucci, Role of nitric oxide in the regulation of myocardial function, Prog

Cardiovasc Dis, 38, 155-166 (1995). 
4.  G.P. Ahern, V.A. Klyachko and M.B. Jackson, cGMP and S-nitrosylation: two routes for modulation of 

neuronal excitability by NO, Trends Neurosci, 25, 510-517 (2002). 
5.  O.W. Griffith and D.J. Stuehr, Nitric oxide synthases: properties and catalytic mechanism, Ann Rev 

Physiol, 57, 707-736 (1995). 
6.  A. Roczniak, J. Zimpelmann, K.D. Burns, Effect of dietary salt on neuronal nitric oxide synthase in the 

inner medullary collecting duct, Am J Physiol, 275:F46-F54 (1998). 
7.  A. Tojo, S.S. Gross, L. Zhang, C.C. Tisher, H.H. Schmidt, C.S. Wilcox,and K.M. Madsen,  

Immunocytochemical localization of distinct isoforms of nitric oxide synthase in the juxtaglomerular 
apparatus of normal rat kidney, J Am Soc Nephrol, 4,1438-1447 (1994). 



NO MODULATION OF CL-DEPENDENT TRANSPORTERS 155 

8.  K.Y. Ahn, M.G. Mohaupt, K.M. Madsen and B.C. Kone BC, In situ hybridization localization of mRNA 
encoding inducible nitric oxide synthase in rat kidney, Am J Physio, 267, F748-F757 (1994). 

9.  B.C. Kone and C. Baylis, Biosynthesis and homeostatic roles of nitric oxide in the normal kidney, Am J 

Physiol, 272, F561-F578 (1997). 
10.  N.J. Guzman, M.Z. Fang, S.S. Tang, J.R. Ingelfinger and L.C. Garg, Autocrine inhibition of Na+/K(+)-

ATPase by nitric oxide in mouse proximal tubule epithelial cells, J Clin Invest, 95, 2083-2088 (1995). 
11.  P.A. Ortiz and J.L. Garvin, Trafficking and activation of eNOS in epithelial cells, Acta Physiol Scand,

179, 107-114 (2003). 
12.  P.A. Ortiz, N.J. Hong, D. Wang and J.L. Garvin, Gene transfer of eNOS to the thick ascending limb of 

eNOS-KO mice restores the effects of L-arginine on NaCl absorption, Hypertension, 42, 674-679 (2003). 
13.  D.A. Molony, W.B. Reeves, T.E. Andreoli, Na+:K+:2Cl- cotransport and the thick ascending limb, 

[Review] Kidney Int, 36, 418-426 (1989). 
14.  G. Gamba, A. Miyanoshita, M. Lombardi, J. Lytton, W.S. Lee, M.A. Hediger, and S.C. Hebert, Molecular 

cloning, primary structure, and characterization of two members of the mammalian electroneutral sodium-
(potassium)-chloride cotransporter family expressed in kidney, J Biol Chem, 269, 17713-17722 (1994). 

15.  P. Igarashi, G.B. Vanden Heuvel, J.A. Payne and B. Forbush III, Cloning, embryonic expression, and 
alternative splicing of a murine kidney-specific Na-K-Cl cotransporter, Am J Physiol (Renal Fluid 

Electrol Physiol) 269, F405-F418 (1995). 
16.  M.R. Kaplan, M.D. Plotkin, W.S. Lee, Z.C. Xu, J. Lytton and S.C. Hebert,  Apical localization of the Na-

K-Cl cotransporter, rBSC1, on rat thick ascending limbs, Kidney Int, 49:40-47 (1996). 
17.  D.B. Mount, A. Baekgaard, A.E. Hall, C. Plata, J. Xu, D.R. Beier, G. Gamba and S.C. Hebert, Isoforms of 

the Na-K-2Cl cotransporter in murine TAL I. Molecular characterization and intrarenal localization, Am J 

Physiol, 276, F347-F358 (1999). 
18.  N. Obermuller, S. Kunchaparty, D.H. Ellison and S. Bachmann, Expression of the Na-K-2Cl cotransporter 

by macula densa and thick ascending limb cells of rat and rabbit nephron, J Clin Invest, 98, 635-640 
(1996).

19.  S. Nielsen, A.B. Maunsbach, C.A. Ecelbarger and M.A. Knepper, Ultrastructural localization of Na-K-2Cl 
cotransporter in thick ascending limb and macula densa of rat kidney, Am J Physiol, 275, F885-F893 
(1998).

20.  S.C. Hebert and T.E. Andreoli, Control of NaCl transport in the thick ascending limb, Am J Physiol, 246,
F745-F756 (1984). 

21.  W.H. Wang,  Two types of K+ channel in thick ascending limb of rat kidney,  Am J Physiol, 267, F599-
F605 (1994). 

22.  R. Greger, Ion transport mechanisms in thick ascending limb of Henle's loop of mammalian nephron, 
Physiol Rev, 65, 760-797 (1985). 

23.  C.F. Plato, B.A. Stoos, D. Wang and J.L. Garvin, Endogenous nitric oxide inhibits chloride transport in 
the thick ascending limb, Am J Physiol, 276, F159-F163 (1999). 

24.  C.F. Plato, B.A Stoos, D. Wang and J.L. Garvin, Endogenous nitric oxide inhibits chloride transport in the 
thick ascending limb, Am J Physiol, 276, F159-F163 (1999). 

25.  P.A. Ortiz, N.J. Hong and J.L. Garvin, NO decreases thick ascending limb chloride absorption by reducing 
Na(+)-K(+)-2Cl(-) cotransporter activity, Am J Physiol (Renal Physiol) 281, F819-F825 (2001). 

26.  M. Lu, X. Wang and W. Wang, Nitric oxide increases the activity of the apical 70-pS K+ channel in TAL 
of rat kidney, Am J Physiol, 274, F946-F950 (1998). 

27.  F. Akar, E. Skinner, J.D. Klein, M. Jena, R.J. Paul, W.C. O'Neill, Vasoconstrictors and nitrovasodilators 
reciprocally regulate the Na+-K+-2Cl- cotransporter in rat aorta, Am J Physiol, 276, C1383-C1390 (1999). 

28.  H. He, T. Podymow, J. Zimpelmann and K. D. Burns, NO inhibits Na+-K+-2Cl- cotransport via a 
cytochrome P-450-dependent pathway in renal epithelial cells (MMDD1), Am J Physiol (Renal Physiol)
284, F1235-F1244 (2003). 

29.  P.A. Ortiz and J.L. Garvin, NO inhibits NaCl absorption by rat thick ascending limb through activation of 
cGMP-stimulated phosphodiesterase, Hypertension, 37, 467-471 (2001). 

30.  P.A. Ortiz, VAMP-2/3 mediates cAMP-induced translocation of NKCC2 to the apical membrane of the 
thick ascending limb, J Am Soc Nephrol, 14, 9A. (2003).

31.  C.F. Plato, E.G. Shesely and J.L. Garvin, eNOS mediates L-arginine-induced inhibition of thick ascending 
limb chloride flux, Hypertension, 35, 319-323 (2000). 

32.  J. Schnermann and D.Z. Levine, Paracrine Factors in Tubuloglomerular Feedback: Adenosine, ATP, and 
Nitric Oxide, Ann Rev Physiol, 65, 501-29 (2003). 

33.  C.S. Wilcox and W.J. Welch, Macula densa nitric oxide synthase: expression, regulation, and function, 
Kidney International – Supplement, 67, S53-S57 (1998). 

34.  Y.L. Ren, J.L. Garvin, S. Ito and O.A. Carretero, Role of neuronal nitric oxide synthase in the macula 
densa, Kidney Int, 60, 1676-1683 (2001). 



156 P. A. ORTIZ AND J. L. GARVIN 

35.  G. Kovacs, P. Komlosi, A. Fuson, J. Peti-Peterdi, L. Rosivall and P.D. Bell, Neuronal nitric oxide 
synthase: its role and regulation in macula densa cells, J Am Soc Nephrol, 14, 2475-2483 (2003). 

36.  S.C. Hebert, D.B. Mount and G. Gamba, Molecular physiology of cation-coupled Cl(-) cotransport: the 
SLC12 family, Pflugers Arch, Feb 447(5), 580-93 (2004). 

37.  P.K. Lauf and N.C. Adragna, K-Cl cotransport: properties and molecular mechanism, Cell Physiol 

Biochem, 10, 341-354 (2000). 
38.  N.C. Adragna and P.K. Lauf, Role of nitrite, a nitric oxide derivative, in K-Cl cotransport activation of 

low-potassium sheep red blood cells, J Membr Biol, 166, 157-167 (1998). 
39.  C.A. Berry and F.C. Rector, Jr, Electroneutral NaCl absorption in the proximal tubule: mechanisms of 

apical Na-coupled transport, Kidney Int, 36, 403-411 (1989). 
40.  A. Roczniak and K.D. Burns, Nitric oxide stimulates guanylate cyclase and regulates sodium transport in 

rabbit proximal tubule, Am J Physiol, 270, F106-F115 (1996). 
41.  D.W. Good, The thick ascending limb as a site of renal bicarbonate reabsorption, Semin Nephrol, 13, 225-

235 (1993). 
42.  F. Tajima, S. Sagawa, J. Iwamoto, K. Miki, J.R. Claybaugh and K. Shiraki, Renal and endocrine responses 

in the elderly during head-out water immersion, Am J Physiol, 254, R977-R983 (1988). 
43.  P.A. Ortiz and J.L. Garvin, Autocrine effects of nitric oxide on HCO(3)(-) transport by rat thick ascending 

limb, Kidney Int, 58, 2069-2074 (2000). 
44.  R.K. Gill, S. Saksena, I.A. Syed, S. Tyagi, W.A. Alrefai, J. Malakooti, K. Ramaswamy, and P.K. Dudeja, 

Regulation of NHE3 by nitric oxide in Caco-2 cells, Am J Physiol (Gastrointest Liver Physiol), 283,
G747-G756 (2002). 

45.  M. Liang and F.G. Knox, Production and functional roles of nitric oxide in the proximal tubule, Am J 

Physiol (Regul Integr Comp Physiol), 278, R1117-R1124 (2000). 



______________________________________
*  Harold K. Kimelberg, Neural and Vascular Biology Theme, Ordway Research Institute, 150 New Scotland 
 Avenue., Albany, NY 12208,USA. 

157

15

VOLUME ACTIVATED ANION CHANNEL
AND ASTROCYTIC CELLULAR EDEMA IN 

TRAUMATIC BRAIN INJURY AND STROKE 

Harold K. Kimelberg*

1. INTRODUCTION 

A number of pathological states are associated with inappropriate channel activities, 
e.g., dysfunction of chloride channels in kidney diseases, cystic fibrosis and myotonias,1

and the Gardos potassium channel in sickle cell anemia.2 Also a number of other CNS 
diseases such as epilepsy and cerebral ischemia are thought to be associated with ion 
channel dysfunction.3 However, there has been no evidence as yet for the dysfunction of 
the volume regulated anion (VRAC) channel, also known as volume sensitive organic 
osmolyte anion channels (VSOAC) and, when monitored electrophysiologically, as 
ICl,swell. Other acronyms are VSOR (volume sensing outwardly rectifying Cl- channel) and 
VRClC (volume regulated chloride channel).4 These channels are currently known only 
by their electrophysiological and transport activities, and in spite of several claims, their 
molecular basis or bases are not known with any certainty. However, their physiology is 
definitive and there have been no pathological states clearly associated with that.5, 6 Their 
molecular identification would, of course, make association of VRACs with pathologies 
easier, as it would allow manipulation of its expression and the identification of more 
specific inhibitors than are available to date. 

The main functions of VRACs are thought to be volume regulation, ion secretion and 
cell proliferation. In volume regulation, they are activated when cells are swollen rapidly, 
as when experimentally exposed to a rapid decrease in medium osmolarity.5, 7 They are 
also activated when the media osmolarity is gradually reduced as measured by release of 
taurine and D-aspartate but with no detectable change in relative cell volume, a process 
termed isovolumetric regulation.8 Presumably, this results in activation of VRACs with a 
time course coincident with the rate of the osmolarity change, and the sensitivity to the 
volume increase is such that the amount of swelling minimally required to activate is 
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below detection by the methods employed. The original physiological role of volume 
regulation was presumably for adaptation of unicellular or simple organisms to varying 
salinity in estuarine areas.9 Later, they became adapted for the progressive changes in 
osmolarity seen in the cortical to medullary regions of the kidney and solute uptake and 
secretion required for water homeostasis in more complex animals. All these processes 
have the characteristic of relatively slow adaptation. The roles of VRACs in proliferation 
have been shown in many cell types, and several other functions have been proposed.4-6

In this chapter, I will review older experiments in experimental traumatic brain 
injury (TBI) and newer studies performed in my laboratory in experimental stroke where 
astrocytic swelling is an early event known to occur within an hour or less after initiation 
of the insult. The data shows that anion transport blockers prevent astrocytic swelling in 
TBI or inhibition of release of excitatory amino acids in rat ischemia models, resulting in 
marked neuroprotection in all cases.

2.  RESULTS AND DISCUSSION

Some time ago, we developed a cat closed TBI model10 that reproduced some char-
acteristics of human head injury such as delayed mortality and early astrocytic swell-
ling.11, 12 It involved an imposed hypoxia which more recently, together with secondary 
ischemia, has been considered a clinically relevant sequelae of TBI.13 The 60 minute hy-
poxia was imposed forty minutes after cessation of the 67 second acceleration-
deceleration injury and was required to achieve significant delayed mortality. When 
drugs were given, they were administered i.v. twenty minutes after the acceleration-
deceleration injury (see Figure1). 

Based on studies on high K+-induced bicarbonate-dependent swelling of brain slices, 
we developed very effective non-diuretic inhibitors of this swelling.14-17 One of the most 
effective of these, L644,711 or (R(+) [5,6-Dichloro9a-propyl-2,3,9,9a-tetrahydro 3-oxo-
1H fluoren -7-yl)oxy]acetic acid) was tested in the cat TBI model. 
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Figure 1. Time line of closed head rapid acceleration-deceleration in the cat.17, 18

Quantitative electron microscopy showed that L644,711 completely inhibited astro-
cytic swelling that normally peaked in the model at forty minutes after cessation of the 
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injury (Figure 2 and Ref.12). This was also associated with a remarkable decrease in mor-
tality (Figure 3) and was found at a dose of 5-10 mg/kg when given i.v. However, 
because the compound is negatively charged at physiological pH, it does not readily enter 
the brain14. Therefore, we also undertook a series of experiments in which the compound 
was given by intra-cerebroventricular injection. Here, protection equally effective to the 
i.v dose of 5 mg/kg was found at a dose one hundredfold less (Figure 3 and Ref.18).
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Figure 2. Inhibition of perivascular astrocytic swelling in cat TBI. Electron micrographs (EM) illustrate 
inhibition of such swelling when animals were treated with L641,711 twenty minutes after TBI. A. Sham 
animal. B. 40 min after TBI. Areas of astrocytic swelling are denoted as A.  C. as in B except animals were 
treated i.v with 10 mg/kg L644,711. Table summarizes all the EM data from the number of animals shown. 
Total area refers to area outside basement membrane circumscribed by a circle of radius twice that of capillaries 
measured from the center of the capillary to the basement membrane.12

In both TBI and ischemia, marked perivascular astrocytic swelling is seen within 1 
hour after initiation of ischemia or TBI in cat models.12, 19 Indeed, if the decreased 
apparent diffusion coefficient (ADC) of water after ischemia, as measured by MRI, is pri-
marily due to water movements from a less hindered extracellular to a more hindered in-
tracellular environment, then cellular swelling occurs within minutes and persists for 
several hours after the onset of ischemia.20 However, this interpretation of the ADC 
changes has been questioned and others have found that the ADC values of the intra- and 
extracellular spaces are essentially the same, with the intracellular signal representing 
about 80% of the total signal.21 Based on the similar ADCs for extracellular markers and 
comparable intracellular compounds, it was suggested that the decrease in ADC seen 
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after ischemia is due to an increased viscosity of the intracellular space due to ischemia-
induced changes such as proteolysis.22  It remains to be resolved if such viscosity changes 
are consistent with the rapid onset of decreased ADC in ischemia. Such an effect is con-
sistent with movement of more water from the extra- to intracellular spaces, as shown by 
EM studies,12, 19 but does not necessarily indicate it. We have not yet measured effects on 
astrocytic swelling by anion transport inhibitors by morphometry in ischemia models, nor 
do we currently have access to small animal MRI facilities. However, we have shown 
that several of these inhibitors reduce the increase in extracellular EAAs and taurine, as 
measured by microdialysis, in the striatum after global ischemia, as will now be 
described.
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Figure 3. Effect of L-644,711 on the mortality of cats subjected to an acceleration–deceleration plus hypoxia 
head injury. Bar graph of decreased mortality seen after intravenous or intracisternal injection of the drug 20 
min after TBI in cat model. Treated vs. control level of significance, ** p<0.025.18

As shown in Figure 4A, approximately 40% of the glutamate increase is inhibited 
when the VRAC inhibitor DNDS23 is perfused through the microdialysis probe or, as 
shown in Figure 4B, when the lipid soluble VRAC inhibitor tamoxifen.4, 5 known to 
accumulate in the CNS.24 when given i.v., is given systemically. The remaining approxi-
mately 60% of total release is reduced to around 20% when the astrocyte-specific EAA 
transport blocker dihydrokainate (DHK) is administered through the probe.25 This impli-
cates reversal of the astrocyte-specific GLT-1 transporter as a source of nearly half of the 
EAAs released during ischemia.26 In more recent studies, we have shown that in a 
penumbral cortical region, DHK actually increases EAA levels while tamoxifen has a 
more complete and extended inhibitory effect.27
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Figure 4.  Decrease in glutamate levels measured by microdialysis in the striatum with tamoxifen given i.v 25 
min prior to the initiation of rMCAo at a dose of 5 mg/kg  min. (upper figure), and 10 µM DNDS perfused 
through the probe for the period shown (lower figure). 

The action of L644,711 can be interpreted on the basis that its ability to reduce 
astrocytic swelling will thereby inhibit VRAC activation and release of EAAs via this 
route.This may be because L644,711 inhibits other chloride channels needed for Donnan-
induced uptake of K+ and Cl-, considered a major reason for the early astrocytic edema 
seen after TBI and ischemia where it is known that extracellular [K+] can  reach levels as 
high as 80 mM.26 Although we have not determined whether tamoxifen inhibits astrocytic 
swelling in an ischemia model, we have done so in primary astrocytic monolayer cul-
tures. We found that, unlike L644,711, tamoxifen did not inhibit high K+-induced cell 
swelling in primary astrocyte cultures as measured by extracellular impedance increases 
(Figure 5A). However, it did inhibit high K+-induced and hypotonic-induced EAA 
release.28 The most parsimonious explanation for these data is shown in Figure 5B.

To show if the inhibition of EAA release correlates with neuroprotection, we asked 
the question whether treatment with tamoxifen conferred protection against ischemic cer-
ebral damage. To do this, we used focal ischemia where protection can be readily meas-
ured as a decrease in the infarct volume as measured by staining with triphenyltetra-
zolium chloride (TTC). Tamoxifen was given systemically at a dose of 5 mg/kg which, 
from the data shown in Figure 3, we know decreases EAA levels.  However, the decrease 
is only ~50%, and we need to know if there is a threshold effect.  However, in more 
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recent studies, we have shown that the decrease in EAA levels caused by tamoxifen is 
around 80% in the penumbra.27

Figure 5 Kimelberg
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Figure 5A. L677,411 inhibits high K+-induced swelling in primary astrocyte cultures as measured by changes 
in extracellular impedance, whereas tamoxifen and extracellularly-added ATP (an inhibitor of VRACs at high 
extracellular concentrations) do not. Also shown is the marked inhibition of the impedance increase by 
reduction of temperature to room temperature.28 B. Proposed sites of interaction of L644,711 and tamoxifen to 
explain the data shown in A and the ability of both to inhibit high K+ -induced release of EAAs from astrocytes. 
DNDS (4,4’-dinitrostilbene-2,2’-disulphonic acid), SITS (4,4’diisothiocyano-2,2’-disulfonic acid), NPPB (5-
nitro-2-(3-phenylpropylamine)benzoic acid) and L644,711 are proposed to inhibit a Cl- channel required for Cl-

entry with K+ to produce Donnan swelling and inhibit VRACs. Tamoxifen and high [ATP]o are proposed to 
block only VRAC type anion channels. 

In 2 hour reversible focal ischemia, (MCAo) treatment i.v. with tamoxifen up to 3 
hours after initiation (1 hour post reperfusion) caused a uniform ~80 % reduction in in-
farct size.29 There was an abrupt loss of protection when tamoxifen was given 4 hours 
after initiation of ischemia (Figure 6). Similarly, an 80% reduction in infarct size was 
seen up to 3 hours after initiation of permanent MCAo with tamoxifen given at a dose of 
20 mg/kg plus sustaining doses every 12 hours.30 Varying the dose showed the same 
effect at 5 mg/kg. Protection was also seen at 1 mg/kg but was statistically insignificant.
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Figure 6. Neuroprotection conferred by tamoxifen given at 5 mg/kg prior to and at varying times after initiation 
of two hours reversible MCAo induced by the thread model. Data redrawn from.29 Insert shows typical reduced 
infarct in coronal sections of the brain with tamoxifen as measured with TTC.

Our data implicate VRACs in the release of EAA in cerebral ischemia and suggest 
that the marked neuroprotection noted with tamoxifen could be ascribed to this effect.  
The involvement of increased EAAs as a very early initiating event of the damaging 
ischemic cascade has been codified into the excitotoxicity hypothesis.31 Perhaps the 
strongest evidence for this has been that protection with specific inhibitors of EAA 
receptors administered within a few hours after initiation of ischemia has always been 
shown to be neuroprotective with experimental ischemia32-34 rather than the observation 
that a large increase in released EAAs, measured using microdialysis, is always seen in 
ischemia, as this could be an epiphenomenon. One of the characteristics of the release 
that has not been satisfactorily explained as a cause of ischemia-induced damage is that 
the EAA increase is transient and subsides following reperfusion while clear damage is 
seen only 12-24 hours later.34 The rationalization for this is that the activation of EAA 
receptors does not lead immediately to damage but initiates a time-delayed cascade of 
events. However, without specifying and thus being able to precisely test this concept, 
one is simply redescribing the phenomena in seemingly more mechanistic terms. The 
existence of secondary and delayed release of EAAs, exacerbated by processes such as 
spreading depression, spreading out from the core to convert penumbra to core has been 
one such process.35

In the clinic, the EAA receptor blockers so successful in ischemia models have com-
pletely failed.36, 37 There are numerous possible reasons: not measuring protection in 
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animal studies for extended periods up to months post ischemia; not checking effects on 
behavior; and not using older animals as most strokes occur in the elderly.36 Also, it is 
important to adhere to the therapeutic windows indicated by the animal work. Experi-
mentally, neuroprotective drugs are usually effective at one-three hours after initiation of 
the ischemia.34 Clinically, such a narrow therapeutic window is not easily achieved and 
often, delays of 6-10 hours after apparent initiation of stroke symptoms were allowed.37

3.  CONCLUSIONS, VRACS AND NEUROPROTECTION 

The interpretation that part of the EAA efflux in experimental ischemia is via 
VRACs depends on tamoxifen’s specificity as a VRAC inhibitor. With perhaps the 
exception of a compound DCPIB (4-(2-Butyl-6,7-dichlor-2-cyclopental-indan-1-obn-5yl) 
oxybutyric acid, there are still no truly specific inhibitors of VRACS.38 The specificity of 
this compound was tested for its effect on ICl,Swell in dissociated guinea pig myocytes, 
cultured calf pulmonary artery endothelial cells and several heteroexpression systems. It 
inhibited only ICl,Swell and did not inhibit a variety of other channel currents. DCPIB is 
actually one of a group of indane (aryloxy) alkanoic acids derivatives synthesized by E.J. 
Cragoe, based on ethacrynic acid, and related to [(1H-fluoren-7-yl)oxy] alkanoic acids 
typified by L644,711.14-16 These proprietary drugs were and are currently unavailable and 
their efficacy in inhibiting high K+-induced, HCO3

- dependent swelling of cat brain slices 
was tested by our group to find non-diuretic drugs for preventing brain cellular edema in 
a former Merck-sponsored project. The most effective were also tested in our animal TBI 
model14-18, 39 and against astrocytic swelling in cat cortex superfused with adenosine.40

Thus, the effectiveness of L644,711 in inhibiting astrocytic swelling and leading to 
increased protection adds extra data to support the protectiveness of inhibition of release 
from swollen astrocytes of EAAs via VRACs. However, the question arises why both 
L644,711 and DCPIB similarly inhibited high K+-induced, HCO3

- dependent swelling of 
cat brain slices if their only action is to inhibit VRACs.  Decher, et al., obviously could 
not test all Cl- channels,38 and it might well be that these compounds also inhibit a 
depolarization activated Cl- channel responsible for Cl- uptake with K+ to effect swelling 
(Figure 5). Further, it is not known how long the VRACs remain open and sufficient 
EAAs remain inside astrocytes so they can efflux. Things are clearly more complex with 
both known and unknown Cl- channels that may be involved.

Tamoxifen is more widely non-specific.  It is known as a specific estrogen modulator 
or SERM41 which means it not only acts as an antagonist at the estrogen receptor (ER) 
but also can act as an agonist,42 depending on the tissue. Because estrogens are known to 
be neuroprotective, this would appear to add to the mechanisms whereby tamoxifen can 
be neuroprotective. However, it seems unlikely that tamoxifen mimics the effects of 
estrogens on estrogen receptors (ER), as the protection is usually only seen with several 
days pre-treatment in ovarectomized females and is likely mediated by estrogen 
activating synthesis of endogenous neuroprotective protein compounds via its action on 
transcription factors.43 Estrogens are added at low doses consistent with their action via 
ERs.44 The concentrations at which we find tamoxifen neuroprotective29, 30 is higher than 
the concentrations needed for its action at ERs, either as an antagonist or agonist.42 To 
further complicate matters, tamoxifen is known to scavenge free radicals and also inhibits 
nNOS and peroxynitrite formation in the brain.45,46 Finally, not as a complication but to 
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increase the likelihood that tamoxifen acts directly on brain processes, tamoxifen readily 
crosses the BBB and accumulates in the CNS.24

Thus, the hypothesis that release of damaging EAAs via VRACs contributes to the 
excitotoxic damage in the CNS awaits more conclusive tests. Like further knowledge of 
the physiology of what are operationally referred to as VRACs, VSOACs, etc., real 
knowledge of their pathological roles will require molecular identification. Then, the 
molecular engineering techniques such as complete or conditional knockouts or different 
transgenic animals as well as the development of specific inhibitors will allow more 
definitive studies. If the interpretation of the experiments described in this article are 
correct, the administration of a specific inhibitor or knockout of VRACs should decrease 
the damage caused by ischemia. At present, we have only suggestive evidence that this 
occurs from the L644,711 and tamoxifen data, but pursuit of this hypothesis uncovered a 
possibly clinically useful neuroprotective compound in tamoxifen, in the serendipitous, 
empirical, scientific tradition.
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EFFECTORS AND SIGNALING EVENTS
ACTIVATED BY CELL SHRINKAGE

IN EHRLICH ASCITES TUMOR CELLS

Implications for cell proliferation
and programmed cell death

Else K. Hoffmann and Stine Falsig Pedersen* 

1. INTRODUCTION: CELL VOLUME CHANGES AS SIGNALING EVENTS 

 Ample evidence testifies to the pivotal importance of cell volume regulation for cell 
function.1, 2 In addition to the maintenance of a stable steady-state volume, this includes 
the ability to recover cell volume after perturbations resulting either from variations in 
the tonicity of the environment or from cellular events such as secretion, uptake, or meta-
bolic processes.1, 2 Moreover, it is now well recognized that cell volume control is closely 
connected to the control of, on one hand, cell growth and proliferation, and on the other, 
cell death by either programmed cell death (PCD) or necrosis.2, 3 Cell proliferation is 
augmented by cell swelling and inhibited by cell shrinkage.4, 5 Consistent with this 
notion, increased activity of the shrinkage-activated membrane transport protein NHE16, 7

and NKCC18 is associated with cancer cell phenotypes and increased proliferation. Con-
versely, cell shrinkage is an integral part of the events leading to PCD,3, 9, 10 and osmotic 
shrinkage per se can also elicit PCD.5, 11-13 In the mammary cancer cell line Ehrlich 
ascites tumor cells (EATC) and the adherent Ehrlich Lettré tumor cells, the volume-
activated signaling events and effector proteins have been studied in detail. Thus, this cell 
line makes an attractive model system for furthering the understanding of the pathophys-
iological implications of cell shrinkage. In the present review, we summarize the current 
knowledge regarding the signaling events and membrane transport proteins activated by 
cell shrinkage in EATC.
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2. EFFECTORS IN REGULATORY VOLUME INCREASE IN EHRLICH 
CELLS

Three shrinkage-activated membrane transport proteins contribute to Regulatory 
Volume Increase (RVI) in EATC: a Na+-K+-2Cl- cotransporter (NKCC1), a Na+/H+

exchanger (NHE1) and a non-selective cation channel. As discussed by Cala and 
Maldonado,14 the contribution of a Na+/H+ exchanger to RVI is positively correlated with 
the magnitude of the cellular H+ buffering capacity ( i) and the activity of the Cl-/HCO3

-

exchanger. Under nominally HCO3
-free conditions, RVI in EATC is mediated by 

NKCC1,15 while in the presence of  HCO3
-, NHE1 operating in parallel with the Cl-/

HCO3
- exchanger contributes significantly (about 35%) to RVI.16 The quantitative contri-

bution of the non-selective cation channel to RVI has not been established in EATC, but 
a significant contribution has been demonstrated in other cell types.17

2.1 Na+-K+-2Cl- Cotransport 

 In the late 70’s, it was demonstrated in EATC that Cl- transport was completely 
dominated by exchange diffusion processes18 rather than simple diffusion as previously 
thought. The rate constant for Cl- flux was shown to be increased both after cell swelling 
and cell shrinkage, the former reflecting increased Cl- conductance and the latter 
electroneutral anion-cation cotransport.19, 20 It was subsequently demonstrated that upon 
osmotic shrinkage using the “RVI after RVD” protocol, bumetanide-sensitive Cl-  and K+

influx, which is essentially zero in isotonically incubated cells, increased substantially; 
however, a distinction between Na+-K+-2Cl- cotransport with a recycling of K+ or Na+ Cl-

cotransport could not be made at the time.21 If the cells were shrunken by adding sucrose 
to increase extracellular osmolarity, RVI was not observed. It was suggested that this 
difference reflected that the lower [Cl-]i in the “RVI after RVD” situation was re-quired 
for cotransporter activation.21, 22 The relationship between shrinkage and [Cl-]i has been 
discussed in numerous publications and is still incompletely understood.23 In 1993, a non-
steady-state flux ratio analysis of the bumetanide-sensitive Cl- and K+ fluxes in the 
presence of Ba2+ to block K+ recycling and ouabain to block the Na+/K+ ATPase demon-
strated unequivocally that the fluxes reflected Na+,K+,2Cl- cotransport.15 The Na+-K+-2Cl-

cotransport in EATC was later shown to be at least 90% homologous with the NKCC1 
isoform cloned from mouse kidney24 (B.S. Jensen, unpublished). In addition to being 
activated by osmotic cell shrinkage, NKCC1 in EATC has been shown to be activated by 
bradykinin,15 thrombin, histamine,25 and by the Ser/Thr protein phosphatase inhibitor, 
Calyculin A.26 Inhibition of cell shrinkage prevented activation of NKCC1 as measured 
1-2 min after stimulation by bradykinin, indicating that activation was secondary to Ca2+-
induced cell shrinkage.27 Similar results were obtained with thrombin.28 The “first on- 
first off” model for Na+-K+-2Cl- cotransport,29 was confirmed in EATC, in which K+

occlusion during the transport cycle was furthermore demonstrated using 86Rb+ as a 
tracer.73 Using [3H] bumetanide, the density of NKCC1 molecules in the EATC plasma 
membrane was estimated at 1,446 bumetanide sites per m,30 under isotonic as well as 
hypertonic conditions.31 Long-term hypertonic exposure elicits a marked upregulation of 
NKCC1 expression.32
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2.2 Na+/H+ Exchange 

 The presence of a Na+/H+ exchange system in EATC was established in the mid-
80’s.33 The expression of three NHE isoforms: NHE1, NHE2, and NHE3, has been found 
in EATC.34 Osmotic cell shrinkage elicits robust Na+/H+ exchange activity in EATC,16, 35

and pharmacological evidence indicates that NHE1 is the primary isoform activated by 
osmotic cell shrinkage.34 In addition to its activation by osmotic cell shrinkage, Na+/H+

exchange in EATC is also activated by intracellular acidification36 and by stimulation 
with Ca2+-mobilizing agents such as ATP,33, 37 LPA,38 thrombin, and bradykinin.39 At 
least in EATC, activation of Na+/H+ exchange by Ca2+-mobilizing agents is secondary to 
cell shrinkage resulting from Ca2+-induced activation of Cl- and K+ channels.33, 37-39

Similar to findings in other cell types, shrinkage-induced Na+/H+ exchange in EATC is 
ATP-dependent, but the mechanism(s) underlying the requirement for ATP remains 
elusive.40

2.3 Non-Selective Cation Channels 

 A shrinkage-activated Na+ conductance was demonstrated in EATC in 1978.19 The 
presence of a 14 pS non-selective cation channel was subsequently demonstrated.41 This 
channel has a selectivity ratio PNa:PLi:PK;PCholine:PNMDG of 1.00:0.97:0.88:0.03:0.01 and is 
inhibited by gadolinium, benzamil, amiloride, and EIPA and is possibly related to the 
epithelial Na+ channels (ENaCs).41

3. SIGNALING EVENTS ACTIVATED BY CELL SHRINKAGE IN EHRLICH 
CELLS

A wide range of signaling events are activated by osmotic cell shrinkage in EATC. 
In the following, we summarize current knowledge of these events. Effects of various 
signaling events on shrinkage-induced NHE1 and NKCC1 activity are seen in Table 1. 

3.1 Ca2+ and Calmodulin 

Osmotic cell shrinkage does not elicit a detectable increase in [Ca2+]i in EATC.39

Shrinkage-induced NKCC1 activation is dependent on a basal level of [Ca2+]i
26 and is 

inhibited by the calmodulin antagonist pimozide15 suggesting the involvement of Ca2+-
calmodulin, in agreement with findings by others.42

Shrinkage-induced NHE1 activation is unaffected by depletion of intracellular Ca2+

or removal of Ca2+ from the incubation medium16 but is partially inhibited by pimozide.16

This lack of requirement for Ca2+, but dependence on calmodulin, is similar to what has 
been shown in other cell types43, 44 and is likely to reflect the direct binding of calmodulin 
to NHE1.43

3.2 Protein Kinases and Phosphatases 

In EATC, osmotic cell shrinkage has been directly shown to elicit rapid activation of 
protein kinase C (PKC)45 and a biphasic activation of p38 kinase with a rapid minor 
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activation phase, followed by a second robust activation between 10 and 30 min after 
hypertonic exposure34 (Figures 1A and 1C).

Table 1. Signaling events involved in control of NKCC1 and NHE1 in EATC by osmotic 
cell shrinkage. The studies reported are based on the effect of inhibitors, and thus should 
be interpreted with caution. 

 NKCC1 NHE1 
Signaling Event 
Protein kinases   
 PKC (Yes) a45  Yes16, 34

 MLCK Yes26 No34

 P38 ND Yes34

 ERK1/2 ND  No34

 CaMKII No26 ND 
 PKA (Yes)b26 (No)c72

 ROK ND No55

 Tyrosin kinases ND (No)d49

Protein phosphatases   
 PP1/PP2A Yes26 Yes16

 PP2B No26 ND 
[Ca2+]i  Basal level required26 No16

Calmodulin Yes15 Yes16

F-actin Yes59, 62, 64 ND  

Abbreviations: PKC: Protein kinase C; MLCK: myosin light chain kinase; p38: p38 mitogen activated protein 
kinase; ERK1/2: extracellular signal regulated kinase 1/2; CaMKII: Calmodulin-dependent protein kinase II; 
PKA: protein kinase A; ROK: Rho kinase; PP: protein phosphatase; ND: not determined
a The PKC inhibitor chelerythrine inhibited shrinkage-induced NKCC activity by only 20%.45

b PKA appears to be required for NKCC1 activity, but not for the shrinkage-induced activition per se.26

c A slight inhibitory effect of 8-Br-cAMP was noted.72

d No effect of the tyrosine kinase inhibitor Lavendustin A.49

The shrinkage-induced activation of NKCC1 is potently inhibited by the myosin 
light chain kinase (MLCK) inhibitor ML-7 (IC50 = 0.4 M).26 The ML-7 sensitive frac-
tion of NKCC1 activity was increased two-fold during RVI,26 suggesting that MLCK is 
also shrinkage-activated in EATC, in agreement with findings in other cell types.46-48 The 
protein kinase A (PKA) inhibitor H89 partially inhibited shrinkage-induced NKCC1 
activation, but the PKA-sensitive fraction of NKCC1 activity was not increased upon cell 
shrinkage.26 Arguing against a major role for PKC in shrinkage-activation of NKCC1, the 
PKC inhibitor chelerythrine inhibited shrinkage-induced NKCC activity by only 20%.45

Finally, the Ca2+-calmodulin-dependent kinase II (CaMKII) inhibitor KN-62 had no 
effect on shrinkage-induced NKCC1 activity.26

Shrinkage-induced NHE1 activation is inhibited by several inhibitors of PKC (chele-
rythrine, Gö6976, and Gö6850)26 and by the p38 kinase inhibitor SB20358063 but not by 
ML-7 or PD98059 (PD98059 inhibits MEKK1 and consequently, the MEKK1 effectors, 
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ERK1/234). NHE1 is also not inhibited by the Rho kinase (ROK) inhibitor Y-2763255 or 
the tyrosine kinase inhibitor lavendustin A.49

Ser/Thr protein phosphatases play a major role in the control of both NKCC1 and 
NHE1 in EATC,26, 34 similar to findings in other cell types.50-53 Calyculin A, an inhibitor 
of Ser/Thr protein phosphatases PP1 and PP2A potently activates NKCC1 and NHE1 in 
EATC under isotonic conditions and potentiates and prolongs their activation by osmotic 
shrinkage.26, 34 Calyculin A-induced NKCC1 activation is highly transient, possibly 
reflecting that the substantial [Cl-]i and water uptake mediated by NKCC1 inhibits the 
activity of the cotransporter.26

Figure 1. Signaling events activated by osmotic cell shrinkage in Ehrlich Ascites Tumor cells. A. Protein kinase 
C activity as a function of time after transfer to hypertonic medium (600 mOsm). Data from45. B. Level of p38 
kinase phosphorylation as a function of time after transfer to hypertonic medium. Data from34. C. PtdIns (4,5)P2

content in isotonic medium and mean value 3-5 min after transfer to hypertonic (450 mOsm) medium. Data 
from L.O. Simonsen, personal communication, and 54. D. F-actin (red) and non-muscle myosin II (green) in 
isotonic medium and 1 min after transfer to hypertonic (600 mOsm) medium. Data from 55.

3.3 Lipid Mediators 

Osmotic shrinkage of EATC increases the cellular concentration of phosphatidyl-
inositol(4,5) bisphosphate (PtdIns[4,5]P2) (Fig. 1B;54 L.O. Simonsen, personal communi-
cation). The mechanism(s) underlying this effect is unknown. Based on findings from 
other cell types, one possibility could be that shrinkage-induced activation of Rho56 could 
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elicit activation of phosphatidylinositol 4-phosphate 5 kinase.57 In agreement with this, 
the cellular PtdIns(4) P level is conversely decreased by cell shrinkage (L.O. Simonsen, 
personal comment). The possible role of PtdIns(4,5)P2 in shrinkage-induced transporter 
activation is not known; however, it is intriguing to note that acidification-induced NHE1 
activity was shown to be dependent on PtdIns(4,5)P2.

30

3.4 Cytoskeleton 

Using confocal laser scanning microscopy in combination with a quantitative F-actin 
assay, we demonstrated that osmotic shrinkage of EATC elicits a rapid (within 1 min) 
increase in cortical F-actin and a net cellular F-actin polymerization.58 Moreover, myosin 
II was translocated from the cytosol to the cortical region55 (Figure 1D). The shrinkage-
induced myosin II reorganization appeared to be dependent on p38 kinase and Rho-
dependent kinase, while the shrinkage-induced increase in F-actin was independent of 
p38 kinase, Rho kinase, MLCK, and PKC.55 In contrast, recovery of F-actin appeared to 
be dependent on MLCK and PKC, consistent with their role in activation of NKCC1 and 
NHE1, respectively.55 The mechanism of shrinkage-induced F-actin polymerization in 
EATC is thus currently unknown but a likely candidate is the increase in PtdIns(4,5)P2

(See 3.3), an event well known to elicit F-actin polymerization.58

In EATC as well as in other cell types, the possible role of the cytoskeleton in RVI is 
not fully understood, at least in part due to methodological problems with the use of 
cytochalasins (for discussion, see Reference 59). The RVI process in EATC is inhibited 
by the F-actin-disrupting fungal metabolite cytochalasin B but not by cytochalasin D 
which is more specific for F-actin.74

The role of F-actin in regulation of NKCC1 has been studied in a number of cell 
types including EATC.59, 60 Based on a series of studies in EATC, a three-state model for 
NKCC1 was proposed:59, 61 (I) silent state - NKCC1 inactive; (II) contact with the 
cytoskeleton disrupted - NKCC1 partially active; and (III) activated state, initiated by cell 
shrinkage in an F-actin dependent manner – NKCC1 fully active. This model was based 
on the following observations: cytochalasin B increases NKCC1 activity under isotonic 
conditions62 in isolated plasma membrane vesicles shown to be devoid of F-actin and 
myosin II;63 NKCC1 is constitutively in a partially active state;64 in these vesicles, 
NKCC1 cannot be further activated by cell shrinkage and is ML-7-insensitive.59

4. PERSPECTIVES: PHYSIOLOGY AND PATHOPHYSIOLOGY OF 
SHRINKAGE-ACTIVATED TRANSPORTERS 

Altered function of shrinkage-activated membrane transport proteins is associated 
with several important pathophysiological states. In recent years, evidence has accumu-
lated that inhibition of shrinkage-activated transport proteins contributes to cell shrinkage 
associated with programmed cell death (PCD), and conversely, that proliferation is 
augmented by increased activity of these transporters. Thus, cell shrinkage is an early 
event in PCD,3, 9, 10 and osmotic shrinkage per se can also elicit PCD.5, 11-13 The signaling 
events leading from cell shrinkage to PCD are still incompletely understood, although 
some players have been described in recent years.5, 12 PCD is facilitated in cells incapable 
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of RVI,11 and consistent with this, inhibition of NHE1 has been found to augment or 
elicit PCD in several cell types.65, 66

 Cell proliferation is dependent on cell volume, being augmented by cell swelling and 
inhibited by cell shrinkage.4, 5 Inhibition of the shrinkage-activated transporters, NHE1 
and NKCC1, inhibits proliferation in many cell types.67, 68 Moreover, many cancer cells 
exhibit increased NHE1 activity and/or expression, and NHE1 has been shown to play an 
important role in cancer cell proliferation, migration and invasion.6, 7, 69 Similarly, 
overexpression of NKCC1 has been shown to elicit cell proliferation and transformation.8

On the other hand, the picture is more complex than simply that inhibition and acti-
vation of the shrinkage-activated transport proteins is always associated with PCD and 
proliferation, respectively. For instance, the NKCC1 inhibitor bumetanide inhibited 
amphotericin B-induced apoptosis in human mesothelioma cells70 and activation of 
NKCC1 was found to induce apoptosis in human hepatoblastoma cells, possibly via 
reverse-mode stimulation of the Na+/Ca2+ exchanger, leading to increased [Ca2+]I.

71

Moreover, increases in both cell volume and pHi could contribute to the effects of in-
creased NHE1 activity in proliferation. Finally, the roles of changes in ion content versus 
changes in cell volume in the effect of transporter activation require further clarification.
 Together with many other examples of pathological conditions associated with 
altered function of NHE1 and NKCC1,2, 64 the above examples underscore the importance 
of obtaining a detailed understanding of the cellular events activated by cell shrinkage 
and changes in ion content, and of the similarities and differences between these events 
and those involved in PCD and proliferation.
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WATER MOVEMENT DURING APOPTOSIS

A role for aquaporins in the
apoptotic volume decrease (AVD) 

Elizabeth Jablonski, Ashley Webb and Francis M. Hughes, Jr.* 

1.  INTRODUCTION 

Recently, the field of volume regulation has turned its attention in a new direction to 
the study of volume changes during cell death.  It is well known that cells can die by one 
of two mechanisms: necrosis or apoptosis. These processes can be differentiated by many 
characteristics including a change in cell volume. During necrosis, the plasma membrane 
is compromised, water enters and the cells experience an increase in volume termed the 
Necrotic Volume Increase (NVI). In contrast, one of the first morphological changes seen 
during apoptosis is the Apoptotic Volume Decrease (AVD) (for review of AVD/NVI, see 
1.). This morphological change is highly conserved across almost all models of cell death.  
Recent studies concerning AVD have focused on the movement of ions during this 
process (for reviews, see2-5). Early in apoptosis, K+ is extruded from the cell, creating an 
osmotic gradient that is favorable for water efflux. The subsequent loss of water is 
responsible for the decrease in cell size. K+ efflux and apoptosis were originally linked in 
studies which showed that a K+ ionophore could induce DNA fragmentation and apopto-
sis.6, 7 Other studies confirmed these findings and showed that blockage of K+ channels
inhibited the AVD in eosinophils8 and HL-60 cells.9  Subsequent research has shown that 
inhibiting K+ loss using a high K+ medium could block downstream biochemical events 
including caspase and nuclease activation, ultimately leading to inhibition of cell death.10-

13 Many labs have focused on the role of K+ channels in the AVD, most likely because 
this is the major ion inside the cell.  However, recent studies have also begun to examine 
the roles of Cl- channels14, 15 and Na+ channels in this process.16-18  Clearly, there are 
numerous studies which focus on the ionic changes during the AVD; however, little 
attention has been given to the role of water movement during this process. 

___________________________________
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The primary barrier to water movement is the plasma membrane, and water can cross 

this barrier in two ways. The first is by simple diffusion through the predominantly 
hydrophobic interior of the bilayer, a process generally regarded as slow and unable to be 
regulated. In contrast, water can also move through channels termed aquaporins (AQPs). 
Water movement through these proteins is comparatively fast and has been shown to be 
regulated in many cell types including the kidney and lung.19, 20 Currently, there are 11 
known AQP family members denoted AQPs 0-10. Structurally, all members of the AQP 
family contain six transmembrane segments and two "hemi-channels" that fold together 
into an hourglass conformation to mediate water movement (For review of AQP struc-
ture, see21). While each AQP monomer appears to be fully capable of functioning as an 
individual unit to transport water, these proteins typically are found as a homotetrameric 
complex in the plasma membrane. With the exception of AQPs 3 and 7, most AQPs pos-
sess a cysteine residue on the extracellular side of the membrane between the fifth trans-
membrane segment and the second hemi-channel. This cysteine residue binds HgCl2

which sterically blocks the flow of water through the channel. Thus, HgCl2 acts as an 
effective and general inhibitor of most AQPs.22-24

Since the discovery of AQPs in 1988 and the characterization of AQP-1 in 1992,25

these water channels have been found to be regulated in a plethora of tissues by a 
multitude of mechanisms ranging from simple transcriptional regulation to post-
translational modification (For review, see19). For example, extensive research has 
investigated the expression of AQPs in the kidney and the regulation of AQP-2 by 
vasopressin in this tissue. In this model, vasopressin activates PKA which phosphorylates 
AQP-2 found in vesicles underneath the apical membrane of renal collecting duct cells.  
In response to this phosphorylation, AQP-2 is inserted into the apical plasma membrane 
via membrane fusion (For review of AQP-2 in the kidney, see20).

Intuitively during apoptosis, one would predict that as K+ leaves the cell the water 
would continue to follow in balance with the amount of extruded K+. This balanced 
efflux would consequently retain an intracellular K+ concentration ([K+]i) of ~ 140 mM in 
the cell. However, studies have shown that in the shrunken apoptotic cell, the [K+]i can be 
as low as 35 mM10, 26 which is significantly decreased from that of the non-apoptotic cell.  
It has also been shown that this reduction in the [K+]i is required for the activation of 
various downstream apoptotic enzymes such as effector caspases and endonucleases.10-13

Previous data from our lab have explored the importance of the water movement 
during the AVD to apoptosis and suggested that the water loss occurs through AQPs.27 In 
support of this, we have shown that AQP inhibition suppresses the appearance of 
apoptotic characteristics while overexpression of AQPs enhances the rate of cell death. 
Together, these data suggest a novel role for AQPs in mediating water movement during 
the AVD and provide evidence that the plasma membrane water permeability, dictated by 
the expression level of AQPs, may be a rate-limiting step in this process. In the present 
study, we investigate the activity of these water channels following the AVD. As stated 
above and illustrated in Figure 1, one might predict that K+ loss was equally balanced by 
water loss resulting in no net change in the [K+]i. However, there is a dramatic and well 
characterized decrease in intracellular K+ levels in the shrunken cells. Thus, we 
hypothesize that following the AVD, AQPs are inactivated. This inactivation, coupled 
with the continued efflux of ions, would then reduce the ionic strength of the cytoplasm 
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to levels conducive to the activation of apoptotic enzymes. Accordingly, we have 
examined the water permeability characteristics of apoptotic cells to determine if these 
water channels are inhibited following the AVD.

Figure 1. Schematic representation of the hypothesis that AQPs are inactivated following the AVD.  At the 
induction of apoptosis, intracellular K+ is extruded from the cell with the concomitant exit of water through 
AQPs. Following the AVD, water loss is inhibited while K+ efflux continues, bringing about the decrease in 
[K+]i needed to facilitate activation of apoptotic enzymes.

2.  EXPERIMENTAL METHODS 

2.1  Animals 

All experimental protocols were approved by the Institutional Animal Care and Use 
Committee at the University of North Carolina at Charlotte and were performed in 
accordance with the guidelines set forth in the “NIH Guide for the Care and Use of 
Laboratory Animals” published by the Public Health Service. Immature 21-day old 
Sprague-Dawley female rats were utilized for all experiments. The animals were raised 
in-house and allowed food and water ad libitum. The rats were sacrificed by CO2 asphyx-
iation, and the thymus was removed and cleaned. Thymocytes were isolated from the 
thymus with a pestle and screen, centrifuged at 750 x g for 5 min. Viable cells were 
counted by trypan blue exclusion and cells were resuspended at 107 cells/ml of serum-
free McCoy’s 5a media (Fischer Scientific, Pittsburg, PA).

2.2.  Cell Culture and Treatment 

Thymocytes were harvested as stated above. For freshly isolated cells, samples were 
pre-incubated in the presence or absence of 50 M HgCl2, 50 mM - mercaptoethanol 
(Sigma Chemical Co., St. Louis, MO) or both, at room temperature while rocking for 20 
minutes. Cells were washed twice and then resuspended at 106 cells/ml of an isotonic 
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buffer, Isoflow (Becman Coulter, Miami, FL). For induction of apoptosis, cells were 
resuspended at 107 cells/ml in serum-free McCoys 5a medium and cultured in 500 l in 5 
ml polystyrene round bottom tubes. Two tubes were prepared for each time point (0 h, 2 
h, 4 h, 8 h, and 24 h) using either 2 M thapsigargin (Sigma Chemical Company, St. 
Louis, MO) or 20 ng/ml fas ligand (fasL; Alexis Biochemicals, San Diego, Ca). The cells 
were then incubated in 95% air, 5% CO2 at 37  C for the indicated time. For the experi-
ments with latex beads, Coulter CC Size Standard L10: nominal 10 m3 latex beads 
(Beckman Coulter, Miami, Fl) were brought to room temperature and then vortexed 
vigorously. 0.5 ml (106 beads) of the size standard solution was pre-incubated ± 50 M
HgCl2 for 20 min at room temperature. The beads were washed twice and then 
resuspended in 14.5 ml of Isoflow.

2.3  Cell Swelling Assay 

To explore the plasma membrane permeabilities of both normal and apoptotic cells, 
100 l (106 cells) from each time point was added to a 30 ml cuvette containing 14.9 ml 
Isoflow. An initial measurement of cell volume was taken by the Z2 coulter counter 
(Beckman Coulter, Miami, Fl). 1.5 ml of deionized water was added to the cuvette and 
the cells were gently rocked by hand for 30 s. A final measurement of cell volume was 
taken by the coulter counter, and the mean cell volume for the thymocyte population at 0 
and 30 s was determined through Accucomp software provided by the manufacturer. The 
change in mean cell volume was then used to calculate Pf by the following equation: 

Pf = [V0d(V/V0) / dt] / A0Vw(osmout – osmin) (1)

V0 is the initial volume of the cell, V is the final volume of the cell, A0 is the initial area 
of the cell (calculated from the initial volume), Vw is the partial molar volume of water 
(18 cm3/ mol), and (osmout – osmin) represents the osmotic gradient (with osmin = 280 
mOsM).28.

2.4  Propidium Iodide (PI) analysis 

In order to analyze DNA content, 100 l (106 cells) were removed from each culture 
and placed in a separate 5 ml polystyrene round bottom tube. The cells were fixed by 
dripping ice-cold 70% ethanol while vortexing the cells vigorously. All fixed cells were 
stored at 4  C up to 24 h so that all time points could be analyzed simultaneously. The 
cells were washed twice in ice cold PBS and then resuspended in PBS containing 20 
µg/ml propidium iodide (Sigma Chemical Co., St. Louis, MO) and 1 mg/ml DNAse-free, 
RNAse-A (Sigma Chemical Co., St. Louis, MO).  Cell cycle analysis was performed by 
flow cytometry on a Becton Dickenson FACSCalibur Flow Cytometer (San Jose, CA).

 2.5  Statistical Analysis  

Statistics for all experiments in this manuscript were performed using Sigma Stat 
software.  For the Pf of thymocytes stimulated by thapsigargin or FasL, a two-way 
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ANOVA was performed. For the increases in percent of apoptosis over 24 hours with 
both apoptotic inducers, a one-way ANOVA was used. Statistical significance is 
indicated by P < 0.05. 

                                  
Figure 2.  Primary data obtained from the Z2 coulter counter during the cell swelling assay. Curves are the cell 
size distribution of a freshly isolated population of thymocytes before (normal) and 30 seconds after (hypotonic) 
hypotonic media is added.

3.  RESULTS AND DISCUSSION 

3.1  Characterization of the Coulter Counter Assay for Thymocytes 

We have focused our attention on the rat thymocyte as our model system for a 
variety of reasons. First, these cells are immature immune cells, of which 98% undergo 
the process of apoptosis in the thymus. Thus, these cells are primed to die. Furthermore, 
it is relatively easy to obtain large numbers of a pure population of thymocytes very 
quickly. Finally, this cell type has been regarded as the gold standard of apoptotic re-
search because they possess most of the intrinsic and extrinsic apoptotic pathways studied 
in different models. In order to evaluate the role of AQPs and the plasma membrane 
water permeability of thymocytes during the apoptotic process, it was necessary to begin 
by evaluating the water permeability characteristics of normal thymocytes and the contri-
bution of AQPs to this parameter. The mean size of the cells before and after exposure to 
a hypotonic medium was measured using the Z2 Coulter Counter Assay. Primary data 
obtained directly from the Coulter Counter can be seen in Figure 2. Freshly isolated 
thymocytes clearly swell 30 seconds after exposure to a hypotonic medium. From this 
data, a mean cell volume is obtained and these results were used to calculate the 
permeability coefficient (Pf) as described above. As seen in Figure 3, the mean Pf of this 
population was 37.26±2.58 µm/sec. We optimized this cell swelling assay and found that 
the largest change in cell volume occurred between 0 and 30 seconds of exposure. 
Furthermore, cells have a similar Pf, regardless of the osmotic strength used in the assay 
(data not shown). This further validates our assay because the Pf calculation is designed 
to be independent of osmotic stress. In all subsequent experiments, a time point of 30 

Normal

Hypotonic
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seconds and a hypotonic environment of 250 mOsM were used. In order to assess the 
contribution of AQPs to the permeability of the cells, cells were pre-treated with HgCl2, a 
general inhibitor of AQPs. HgCl2 treatment significantly reduced the Pf value to 
5.85±1.45 µm/sec. Hg2+ binds to a free sulfhydral group; therefore, the effects should be 
freely reversible with reducing agents such as -mercaptoethanol ( -ME). Indeed, cells 
treated with both HgCl2 and -ME displayed a Pf value not significantly different from 
freshly isolated cells. Likewise, treatment with -ME alone did not affect the Pf value, 
suggesting that the presence of -ME did not have any non-specific effects on the water 
permeability other than to break the mercury-cysteine sulfide bond.    

Figure 3.  Evaluation of the Pf of freshly isolated thymocytes. Thymocytes were evaluated in the absence or 
presence of a pre-incubation with 50 µM HgCl2, 50 mM - mercaptoethanol, or both. In the right graph, the 
swelling characteristics and effect of HgCl2 was evaluated for 10 um3 latex beads.

The Z2 coulter counter analyzes electrical impulses created by the displacement of a 
conducting fluid and relates change in voltage to cell volume. Since HgCl2 is a charged 
molecule, it is possible that it could interfere with data collected by the equipment by 
altering the electrical pulse measured. To show there was no effect of HgCl2 on the elec-
tronics involved, the Pf values of 10 µm3 nominal latex beads (coulter counter size L10) 
were examined in the presence or absence of HgCl2. The water permeability of these 
beads and their swelling capacity was confirmed by this assay and the beads displayed a 
Pf of 18.97 ± 0.92 µm/sec which is significantly higher than thymocytes treated with 
HgCl2. Importantly, pre-treatment with HgCl2 did not significantly affect the swelling of 
these beads, suggesting that the effects of HgCl2 in these experiments were limited to 
inhibition of AQP function only and not to changes in the electronics of the system. 

3.2  Mean Pf of Normal and Apoptotic Thymocytes 

As described above, the first morphological change of a dying cell is a marked de-
crease in cell size known as the AVD. We have shown that AQPs are a major contributor 
to water transport across the thymocyte cell membrane. Moreover, we have hypothesized 
that their inactivation following the AVD leads to a decrease in water permeability of the 
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apoptotic cell. Coupled with a continued loss of K+, AQP inactivation would result in a 
decrease in the [K+]i to levels conducive to activation of key downstream apoptotic 
enzymes. Thus, one could predict that a population of dying cells would have a 
significant decrease in the mean Pf value compared to a freshly isolated population.

To explore water permeability of thymocytes after the induction of apoptosis, cells 
were treated with either thapsigargin or FasL. Thapsigarin induces the intrinsic apoptotic 
pathway by causing a sustained increase in intracellular Ca2+ levels in the cytoplasm, 
while FasL activates the extrinsic death receptor mediated by Fas. We used two inducers 
of the apoptotic pathway, both intrinsic and extrinsic, to determine if results from our cell 
swelling assay were a general characteristic or were specific to a given pathway.

Figure 4. The mean Pf of thymocytes decreases as apoptosis increases. Cells were induced to undergo apoptosis 
by treatment with 2 µM thapsigargin for 0, 2, 4, 8 or 24 hours and Pf values were then measured using the 
coulter counter assay. As apoptosis increases in the population, mean water permeability decreases and the 
permeability above simple diffusion can be inhibited by HgCl2.

 For all time points, thapsigargin-induced apoptosis within the cell population was 
measured using flow cytometry and propidium iodide staining to detect cells with 
hypodiploid amounts of DNA, a characteristic of cells undergoing apoptosis. As seen in 
Figure 4A, there was a significant time-dependent increase in apoptosis beginning at 2 
hours after  induction of apoptosis by thapsigargin compared to the untreated  population 
of cells. No significant difference was seen between 8 and 24 hours of treatment, 
indicating the induction of cell death was maximal after 8 hours.

 The plasma membrane water permeability over a 24 hour period following the 
induction of apoptosis by thapsigargin was analyzed and the contribution of AQPs to this 
permeability was assessed by pre-incubation with 50 µM HgCl2. During incubation with 
thapsigarin, water permeability of the thymocytes gradually decreases over 24 hours. As 
seen in Figure 4B, freshly isolated cells (T = 0) retained a Pf of 40.39 ± 4.79 µm/sec.
Two hours after apoptosis was induced, the mean Pf of the population decreased, 
although, it did not prove to be significantly different from the Pf of T = 0 cells.  
However, from 4 to 24 hours after apoptosis, there was a significant time-dependent 
decrease in the water permeability of the population. 
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Figure 5. The mean Pf of thymocytes decreases as apoptosis increases. Cells were induced to undergo apoptosis 
by treatment with 20 ng/ml FasL for 0, 2, 4, 8 or 24 hours and Pf values were then measured using the coulter 
counter assay. As apoptosis increases in the population, mean water permeability decreases and the permeability 
above simple diffusion can be inhibited by HgCl2.

In order to assess the contribution of AQPs to this permeability, cells were pre-
treated with 50 µM of HgCl2. HgCl2 suppressed the Pf at each time point to essentially 
equivalent levels, i.e., levels equal to simple diffusion across the lipid bilayer. However, 
at higher time points of 8 and 24 hours where apoptosis was maximum, Pf values were so 
suppressed HgCl2 no longer had an effect. Thus, water movement across the thymocyte 
membrane after 8 hours of thapsigargin treatment is strictly through simple diffusion.

These results were repeated in cells stimulated to undergo apoptosis by FasL which 
acts through the extrinsic, i.e., receptor-mediated pathway. As seen in Figure 5, apoptosis 
in the population is increased in a time-dependent manner from 2 to 24 hours. As seen 
with thapsigargin-treated cells, the mean water permeability (Pf) of the cell population is 
inversely correlated with the appearance of apoptosis. This water permeability is 
decreased to equivalent levels at all time points with the AQP inhibitor HgCl2. This data 
confirms our previous data with thapsigargin (Figure 4) and suggests the decrease in 
water permeability in apoptotic cells following the AVD is not a signal-specific phe-
nomenon but occurs in both intrinsically and extrinsically-stimulated pathways.

The time-dependent decrease in mean Pf of the population seen in Figures 4 and 5 
can be interpreted in two ways. One possibility is this decrease represents an equivalent 
decrease of water permeability in all cells. For example, a 50% decrease in permeability 
could indicate that all cells have lost 50% of their permeability, i.e., 50% of their AQP 
function. However, previous studies have shown that as a population undergoes apop-
tosis, only normal and shrunken cells are detected with few cells in between.10, 11 More-
over, apoptotic enzyme activity is restricted to the shrunken cells.10, 11 Thus, increases in 
apoptotic parameters appear to represent increases in the percentage of cells that have 
died and undergone AVD, while the remaining cells are still alive. Therefore, a more 
likely explanation of the suppression of mean water permeability is its all or none phe-
nomenon. Specifically, a 50% reduction in mean Pf actually represents 50% of the thy-
mocyte population with water permeability equal to that of simple diffusion, while 50% 
retain normal Pf. This should be detectable in the primary data from the Coulter Counter 
Assay as a subpopulation of cells, i.e., shrunken cells resistant to hypotonic swelling. As 
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seen in Figure 6, after induction of apoptosis by thapsigargin for 4 hours, two peaks of 
cell size are apparent. The larger peak, which is equivalent to the cell size seen in a fresh-
ly isolated population, shows a shift in mean cell size after exposure to a hypotonic insult. 
In contrast, the smaller peak, representing the shrunken population of cells, showed 
essentially no change in size compared to the initial size measurement. This indicates that 
the shrunken cells possess a significantly suppressed water permeability. We have, there-
fore, concluded that the decrease in mean Pf of the population following induction of 
apoptosis is due to the decreased water permeability of the shrunken population.

Figure 6. Cell size distribution, before (normal) and after (hypotonic) exposure to a hypotonic buffer, of a 
population of thymocytes induced to undergo apoptosis by treatment with 2 µM thapsigargin for 4 hr. Normal- 
sized cells exhibit swelling 30 sec after a hypotonic insult while shrunken cells retain the same size.

4.  CONCLUSIONS

Ongoing experiments in our lab are exploring the importance and regulation of 
AQPs during the apoptotic process, specifically the role of these water channels prior to 
and after the AVD. Previous studies in our lab have shown that AQPs are the primary 
route of water movement across a cell’s membrane as the cell undergoes the AVD and 
that the plasma membrane water permeability of a cell can control the rate of induced 
apoptosis.27 Furthermore, in the present study, we have shown that these water channels 
are inhibited following the AVD, which we propose is necessary for the decrease in the 
intracellular K+ concentration to levels conducive for the activation of apoptotic enzymes.  
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APOPTOSIS AND CELL VOLUME REGULATION 

 The importance of ions and ion channels 

Gerd Heimlich, Carl D. Bortner and John A. Cidlowski* 

1. INTRODUCTION 

 The shrinkage of cells is one of the earliest recognized morphological characteristics 
of apoptosis or programmed cell death. Even though the mechanisms underlying volume 
regulation of cells as a response to anisotonic conditions have been intensively studied 
for decades, the mechanisms, ion channels and transporters involved in cell shrinkage 
during apoptosis are far less understood. However, it is clear that the movement of ions 
and the resulting change in the ionic intracellular environment are important components 
of programmed cell death. They are ultimately involved in both the activation of the 
biochemical signaling cascades and the volume changes that occur during apoptosis. In 
this article, we review the general mechanisms of volume regulation and the distinct 
differences to the cell volume decrease associated with apoptosis. We also address the 
role of certain ions and how they are involved in the regulation of the signaling cascades. 

2. APOPTOSIS – PROGRAMMED CELL DEATH 

2.1 Types of Cell Death 

The number of cells in multicellular organisms often remains constant throughout 
life and is dictated by a tightly regulated balance between cellular differentiation, cell 
proliferation and also cell death. The ability to remove unwanted cells from tissue and 
organs is crucial for the normal homeostatic function of an organism. Based on their 
different morphological and biochemical characteristics, two types of cell death can be 
readily distinguished. 

Necrosis is considered to be a pathological or accidental form of cell death. It is 
characterized by massive cell swelling, destruction of intracellular organelles and finally 
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a rupture of the plasma membrane.1 Subsequently, the cellular content is liberated into 
the surrounding tissue resulting in an inflammatory response from adjacent cells. The 
observed increase in cell volume occurs in both the cytoplasm and cellular organelles, 
while the volume of the nucleus is largely unchanged. Cellular DNA, RNA and proteins 
are randomly degraded and DNA appears as a smear when examined by agarose gel 
electrophoresis. Necrosis is usually caused by severe forms of damage or by the loss of a 
positive energy balance of a cell.2 Under this condition, impaired ATP dependent ion 
pumps are unable to preserve the intracellular ion balance, resulting in an influx of water 
into the cell causing massive cellular swelling and finally rupture of the cell membrane. 

In contrast, apoptosis is characterized by cell shrinkage, selective degradation of 
proteins, condensation of the nuclear chromatin and a characteristic fragmentation of the 
DNA.1 Cellular shrinkage can be observed in both the cytoplasm and the nucleus of 
apoptotic cells and is a universal characteristic of the programmed cell death process. 
During apoptosis, the DNA is specifically cleaved at the linker region between adjacent 
nucleosomes by endogenous endonucleases. The resulting 180-200 bp DNA fragments 
appear as a characteristic ladder-like pattern when visualized by agarose gel electro-
phoresis. Often, plasma membrane surrounded particles, so-called apoptotic bodies, 
appear which are engulfed by neighboring cells or macrophages.3 The morphological 
changes characteristic of apoptosis are based on a highly regulated, conserved 
endogenous cell death program that effectively removes unwanted cells from the 
organism in a non-inflammatory manner.4 Apoptosis is a metabolically active energy-
demanding process which maintains plasma membrane integrity and cellular energy 
levels until late in the cell death process. 

Functionally, apoptosis plays a significant role during the embryonic development of 
an organism. Furthermore, auto-responsive immune cells or infected cells are removed by 
programmed cell death. Considering the growing number of diseases that are linked to 
abnormal rates of apoptosis, the importance in understanding the biochemical processes 
defining programmed cell death becomes obvious. “Excessive” apoptosis can lead to 
neurodegenerative diseases,5 rheumatoid arthritis,6 and AIDS,7 whereas “insufficient” 
programmed cell death can lead to inflammation,8 autoimmunity,9 tumorigenic growth 
and cancer.10

2.2 The Apoptotic Signaling Cascades 

In contrast to the blunt trauma resulting in necrosis, the selective removal of cells by 
apoptosis is induced by either specific extracellular (extrinsic) or intracellular (intrinsic) 
stimuli. These stimuli trigger endogenous signaling cascades that activate apoptosis 
resulting in specific morphological and biochemical cellular changes (Figure 1). 

Extrinsically, apoptosis is induced by activating receptors of the tumor necrosis 
factor family (TNFR-family) by binding of a specific ligand (e.g., FasL) to its 
corresponding receptor (e.g., FasR) on the extracellular surface of a cell. The resulting 
aggregation of the receptor leads to the formation of an intracellular complex called 
death-inducing-signaling-complex (DISC).11 This complex recruits various adaptor mole-
cules and a zymogene of a special class of proteases known as caspases. Caspases are a 
family of cysteine-proteases that stand in the center of the apoptotic signaling cascade. 
Their activation by either dimerization (initiator caspases) or cleavage of the inactive pro-
enzyme (effector caspases) is of considerable importance for the apoptotic progression. 
For example, after the initiator caspase-8 has been activated in the DISC, it further 
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activates downstream effector caspases like caspase-3, -6 and -7. These effector caspases 
are responsible for the cleavage of various cellular substrates. Death substrates include 
endonucleases which once proteolytically activated are responsible for the specific 
degradation of the DNA as well as kinases, cytoskeletal structures, ion pumps, and 
regulatory proteins, all of which coordinate the morphological and biochemical changes 
observed during programmed cell death. 

Figure 1. Cell shrinkage and apoptotic body formation occurs during Fas ligand- and UV-induced apoptosis in 
Jurkat T-cells. Jurkat cells treated in the presence and absence of 50 ng/ml Fas Ligand or 60 mJ/cm2 UV-C for 4 
hours were initially examined for changes in cell size by flow cytometry. Cells were analyzed on a forward-
scatter (FSC; cell size) versus side-scatter (SSC; cell granularity) 3D plot. A decrease in FSC indicates a loss in 
cell size. Morphological examination of Jurkat cells treated with either Fas ligand or UV-C using Differential 
Interference Contrast (DIC) microscopy showed the classical apoptotic morphology for the Fas ligand and UV-
C treated cells.
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Apoptosis can also be induced intrinsically by a variety of stimuli including UV-
irradiation, various pharmacological stimuli like staurosporine or actinomycin D, removal 
of growth factors and survival signals as well as intracellular generation of reactive 
oxygen species (ROS). The hallmarks of the intrinsic, apoptotic, signaling pathway are 
centered on alterations in the mitochondria. These include changes in the mitochondrial 
morphology, the mitochondrial membrane potential and other bioenergetic changes 
depending on the respiratory chain. The mitochondria sequester in the intermembrane 
space a variety of apoptogenic factors like cytochrome c, apoptosis inducing factor (AIF) 
and Smac/DIABLO that are released into the cytosol during programmed cell death. 
However, release of these proteins is often, but not exclusively, regulated by a protein 
family called the Bcl-2 family. Once the apoptogenic factors are released into the cytosol, 
they participate in the progression of the apoptotic-signaling cascade. Best characterized 
is the formation of a high molecular weight complex called the apoptosome consisting of 
the apoptosis-protease-activating-factor-1 (APAF-1), cytochrome c, ATP and pro-
caspase-9. In the apoptosome, the initiator caspase-9 becomes activated which in turn
activates effector caspases by proteolytic cleavage, resulting in further degrada-
tion/activation of the death substrates. 

It should be noted that many of the morphological changes involving proteins and 
other characteristics of programmed cell death often depend on the apoptotic stimulus
and the cell type undergoing cell death. Furthermore, during programmed cell death, not 
all the characteristics of apoptosis are necessarily observed in every situation. Variation 
of the actual outcome of certain apoptotic hallmarks can be observed in different cell 
lines or after triggering programmed cell death with different stimuli suggesting that not 
all the features of apoptosis are necessary for cell death. 

3. VOLUME REGULATION AND APOPTOSIS 

In general, mammalian cells maintain a constant shape and cellular volume in the 
environment of a tissue. However, during cell division, differentiation, migration, and 
apoptosis, tremendous volume changes can occur in cells as the result of ion movement. 
The plasma membrane of all cells contains various ion channels and transporters that 
allow the cell to maintain a homeostatic plasma membrane potential and counteract 
osmotic imbalances. Additionally, during their life span, cells get exposed to anisotonic 
conditions in accordance to their tissue location. Therefore, the ability to regulate their 
cellular volume is crucial for their survival and function. 

3.1 Regulatory Volume Increase (RVI) 

The plasma membrane of cells is highly permeable to water due to the presence of 
water permeable channels called aquaporins. By exposing cells to a hyperosmotic 
condition, an immediate and rapid cell shrinkage occurs.12 This shrinkage is the result of 
an efflux of intracellular water brought about by the higher extracellular osmolarity. This 
“stress-induced shrinkage” activates a cellular response known as regulatory volume 
increase (RVI). By activating an influx of Na+ and Cl-, cells recover their original 
volume. The net uptake of NaCl takes place through a coupled activation of the Na+/H+

antiporter, the Na+/K+/2Cl- cotransporter, and the Cl-/HCO3- exchanger. Their activation 
is probably achieved by reversible changes in phosphorylation.13 The uptake of organic 
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osmolytes like amino acids and sugars also contributes to the increase of the intracellular 
osmolarity during RVI.14 The co-uptake of these non-perturbing or inert small organic 
solutes protects the cell from the harmful effects of an elevated electrolyte concentration 
which may provoke irreversible changes in cellular physiology.15, 16 The Na+/K+-ATPase
exchanges this excess of intracellular Na+ for K+ and restores normal, homeostatic ionic 
balance in an energy-dependent manner. 

3.2 Regulatory Volume Decrease (RVD) 

On the other hand, placing cells into a hypotonic environment results in rapid cell 
swelling due to an influx of water that triggers a regulatory volume decrease (RVD). The 
loss of intracellular water is mainly achieved by a massive extrusion of intracellular K+,
Cl- and to a lesser extent Na+ ions.17 K+ channels, K+/Cl- cotransporters, K+/H+ and Cl-

/HCO3
- exchangers and some amino acid transporters participate in this ion efflux. A high 

external K+ concentration abolishes the RVD response, providing evidence for the 
importance of the K+ loss. The Cl- conductance activated by cell swelling appears to 
occur to a lesser degree as a result of the loss of K+ and contributes to depolarization of 
the plasma membrane. Both RVI and RVD clearly involve short-term and long-term 
changes of ion fluxes, osmolyte transport, and changes in gene expression.

Mechanical changes in the plasma membrane, the integrin network, and macro-
molecular crowding have been postulated to represent potential cellular osmosensors 
responsible for triggering the volume regulatory mechanisms.18 Osmosensing and the 
resulting changes in the cellular volume induce a profound reorganization of the 
cytoskeleton which in turn might immediately affect the transduction of extracellular 
signals.19 In general, cell swelling and cell shrinkage affect the cytoskeletal architecture. 
Swollen cells are known to contain depolymerized actin filaments, possibly due to Ca2+

binding to gelsolin.20 However, an intact actin filament network is required for Na+

channel activity, insertion of volume regulatory channels into membranes, regulation of 
channels by kinases and phospholipids, activation of mechanosensitive anion channels by 
membrane stretch, and activation of the Na+/H+ exchanger as well as the Na+/K+/2Cl-

cotransporter.20

3.3. Apoptotic Volume Decrease (AVD) 

The loss of cell volume or cell shrinkage, termed apoptotic volume decrease (AVD) 
is a general morphological event associated with apoptosis that clearly differentiates 
programmed cell death from necrosis. The reason for the loss of cellular volume is still 
unknown; although, one could hypothesize that engulfment of a dying cell is favored by a 
decreased cell volume. However, as described in detail below, the changes in ions 
involved in AVD also play a key role in the actual activation of the programmed cell 
death signaling cascade. The time frame in which apoptotic cell shrinkage can be 
detected appears to be cell type-, apoptotic stimulus-dependent and is often stochastic in 
cultured cells. The loss of cell volume is the result of the combined action of ion channel 
fluxes, plasma membrane transporter activity, and cytoskeletal reorganization, all leading 
to a massive extrusion of intracellular water. It is noteworthy that cellular shrinkage 
during AVD is not counteracted by a regulatory volume increase response (RVI). In fact, 
cells undergoing AVD after induction of apoptosis appear to react with a facilitated RVD 
response to application of hypotonic stress.21 This has lead to the assumption that the 
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volume-regulatory K+ and Cl- channels that participate in AVD are most likely, in part, 
the same channels activated during RVD response. Furthermore, it is now well- 
established that the loss of intracellular ions, specifically potassium and sodium are 
important for AVD.22 To maintain electroneutrality, the loss of anions like chloride 
should accompany the loss of sodium and potassium. Additionally, as previously 
described, a potential involvement of cytoskeleton should not be ruled out as important 
for sensing and mediating volume changes. It has been shown that the cytoskeleton-
associated protein fodrin was cleaved by a caspase-dependent mechanism during 
apoptosis.23 Fodrin is also important in anchoring a variety of proteins to the plasma 
membrane, including ion channels and transporters.24 This suggests a potential role for 
fodrin in a late (post-caspase) stage of apoptotic cell shrinkage. 

Figure 2. A loss of cell volume occurs during both AVD and RVD; however, AVD occurs in an isotonic 
environment while RVD occurs as a response to a decrease in extracellular osmolality. Both responses may 
utilize similar channels and ionic transporters to achieve the overall goal of a reduction in cell size.

It is noteworthy that while sharing similar characteristics, the apoptotic volume 
decrease (AVD) response is different from a regulatory volume decrease (RVD) response 
(Figure 2). In both cases, the loss of intracellular water by extrusion of ions and organic 
osmolytes might involve the same ion channels, exchangers and transporters. However, 
differences in the activation and signaling processes must exist because RVD appears to 
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occur exclusively as a response to hypotonic stress, whereas AVD is triggered by 
multiple and unique stimuli and occurs in an isotonic environment. Additionally, 
differences in the movement of water may also exist between RVD and AVD. In a study 
examining water movement during apoptosis, inhibition of aquaporin activity or 
overexpression of aquaporins was shown to prevent or enhance AVD, respectively.25

Interestingly, swelling assays showed that the shrunken, apoptotic population of cells had 
a very low permeability to water compared with the normal non-apoptotic cells, 
suggesting that aquaporins become inactive after the AVD process. Thus, aquaporin 
inhibition after AVD may facilitate the occurrence of a low intracellular ionic 
environment shown to be essential for optimal activation of apoptotic enzymes (see 
below). It will be a challenging future task to characterize the osmosensors involved in 
RVD and the key regulators activated during programmed cell death that make use of the 
same mechanisms to reach the ultimate goal of cellular volume decrease. 

4. THE ROLE OF IONS FOR THE ACTIVATION OF APOPTOSIS 

The loss of ions and other organic osmolytes appears to be a driving force for the 
AVD response during the progression of apoptosis. The resulting decrease in ionic 
strength is not only necessary for the AVD response, but it also plays a pivotal role in the 
activation of the apoptotic-signaling cascade. In many cases, caspase and nuclease 
activity could not be detected prior to apoptotic cell shrinkage, suggesting that these 
classes of enzymes are in some way regulated by changes in cell volume and ionic fluxes. 

Using FACS analysis to physically sort cells, it was shown that in Jurkat cells after 
induction of apoptosis with an anti-Fas antibody only the shrunken cell population 
contained significantly reduced levels of intracellular K+ and Na+.22 Furthermore, active 
caspase-3, one of the most important executioner caspases, as well as significant DNA 
degradation were restricted to the cell population with decreased cellular volume. 
Culturing Jurkat cells in medium composed of high K+, thus preventing the loss of K+,
resulted in inhibition of the apoptotic signaling cascade and cell shrinkage.22 It was also 
shown that apoptosis was enhanced after decreasing the intracellular K+ concentration by 
application of a prior RVD response. Jurkat cells cultured under hypotonic conditions 
showed an 85% faster apoptotic progression after stimulation with anti-Fas antibody. 
Interestingly, the decreased K+ concentration only potentiated the cell death process, 
because hypotonic conditions alone did not induce programmed cell death. Altogether, 
this provided the first evidence for a direct link between the apoptotic machinery and 
changes in the intracellular ionic composition and suggested that the loss of intracellular 
K+ is required for the activation of the programmed cell death-signaling cascade. 

In vitro studies have also shown that the dATP/cytochrome c-dependent activation of 
caspase-3 is highly dependent on the K+ concentration. A physiological K+ concentration 
actually inhibited caspase-3 activation, whereas a decrease of the K+ concentration 
resulted in dose dependent caspase-3 activation.26 Furthermore, formation of the apopto-
some, a high molecular weight protein complex in which caspase-9 is processed to its 
active form, is inhibited in vitro by increasing K+ concentrations.27 Similarly, the 
activation of interleukin-1ß-converting enzyme (ICE, a synomym for caspase-1) is also 
directly influenced by K+ flux and local K+ concentration.28 Together, these data suggest 
that the efficient activation of caspases depends on changes in the intracellular K+

concentration.
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In vitro studies have also shown that nucleases are inhibited by physiological K+

concentrations.26 Additionally, substituting the K+ ions in the buffer for other monovalent 
ions like Na+, Cs+ or Li+ led to a similar dose-dependent repression of the nuclease 
activity. This data suggested that the ionic strength and not necessarily K+ itself is 
responsible for impairment of nuclease activity. Using isolated nuclei from HeLa cells 
exposed to buffers with increasing K+ concentrations, it was directly shown that 
increasing concentrations of K+ prevented internucleosomal DNA cleavage, characteristic 
for apoptosis, in a dose-dependent manner.29 Furthermore, DNA fragmentation was 
blocked by physiological K+ concentrations, indicating that the ionic strength and/or the 
ionic composition might act as a safeguard against accidental DNA degradation. In the 
case of caspase activated DNase (CAD), an important nuclease in the execution of 
apoptosis, the dependence on ionic strength was directly shown with naked DNA in

vitro.30

Together these data on the activation of caspases and the activity of nucleases, both 
of which share a central role in the progression and execution of apoptosis, provide 
evidence for the critical prerequisite of a decrease in intracellular ionic strength. Since K+

is the most prominent intracellular ion, a decrease in the K+ concentration is pivotal and 
may act as a regulator of apoptosis triggered by various stimuli. Furthermore, it is also 
possible homeostatic levels of potassium act as a safeguard against the accidental 
activation of the enzymes usually engaged to execute the cell death program. 

5. THE ROLE OF ION CHANNELS DURING APOPTOSIS 

As indicated above, the loss of K+ appears to be an important ion-related regulator 
for the activation of at least two different classes of enzymes required for apoptosis as 
well as the apoptotic volume decrease. However, the involved ion channels, exchangers 
or transporters as well as the exact communication between the apoptotic trigger and ion 
channel activation are not well characterized. Because of the obvious analogy between K+

extrusion during a RVD response and an AVD response, the importance of K+ channels 
during apoptosis has been extensively studied. Using K+ channel blockers like 4-
aminopyridine (4-AP), sparteine or quinine, the shrinkage of human eosinophils was 
abrogated after induction of apoptosis by cytokine withdrawal.31 Furthermore, 4-
aminopyridine prevented UV-C evoked K+ current as measured by patch-clamp 
techniques and prevented the loss of viability after UV-C treatment of myeloblastic 
leukemia cells (ML-1). The UV-C stimulated K+ channel activity appears upstream of the 
JNK signaling pathway, and Ca2+ influx does not play a significant role in the JNK 
signaling of UV-C induced apoptosis. Interestingly, 4-AP did not prevent cell death 
induced by etoposide in the same cell line.32 Additionally, in a rat liver cell line (HTC), 
activation of an outwardly rectifying K+ channel after apoptotic stimulation with TNF-
was shown to be sensitive to Ba2+ and quinine (a K+ channel blocker). In this study, the 
channel opening was Ca2+, ATP and PKC, but not calmodulin kinase II, dependent.33

However, in other cell types such as astrocytes, TNF-  has been shown to be a potent 
inhibitor of inwardly rectifying K+ currents.34 In monocytic cells (U937), cell shrinkage 
was prevented by Ba2+ and quinine and various Cl- channel blockers (NPPB, DIDS and 
SITS).21 Altogether, these examples demonstrate the variation in the activation pathway 



APOPTOSIS AND CELL VOLUME REGULATION 197 

of apoptosis depending on the stimulus and cell type, thus distinguishing the 
characteristic ion fluxes of AVD from RVD. 

The n-type K+ channels are an important target for tyrosine phosphorylation. 
Stimulation of apoptosis in Jurkat T-cells with anti-Fas antibody resulted in a fast 
inhibition of the voltage-dependent n-type K+ channel (KV1.3). The current inhibition 
correlated with tyrosine phosphorylation of the channel protein, indicating a link between 
induction of apoptosis, tyrosine kinases and n-type K+ channels.35 Interestingly, in a 
second study, acute treatment of human Jurkat T-lymphocytes (E6.1) with anti-Fas 
antibody resulted in activation of a K+ current within 30 minutes. This current was 
blocked by nanomolar concentrations of margatoxin or ShK-Dap selective blockers of 
KV1.3 channels.36 The activation of KV1.3 channel mediated K+ current was caspase-8 
dependent and independent of de novo protein synthesis. This current appeared before 
detectable cellular shrinkage, suggesting an early role in the apoptotic signaling cascade 
upstream of caspase-3. Furthermore, activation of PKC activity known to decrease Fas-
induced apoptosis also decreased KV1.3 channel mediated K+ currents. However, it is 
noteworthy that blocking the KV1.3 channel mediated K+ currents with ShK-Dap still 
resulted in cellular shrinkage after triggering apoptosis by Fas ligation.36 This implicates 
other ion channels in the loss of K+ during apoptosis and highlights the complex nature of 
ion movement during the cell death process. 

Subsequently, it was shown that CTLL-2 T-lymphocytes deficient in KV1.3 are 
resistant to apoptosis induction by actinomycin D. Transfecting the KV1.3 channel back 
into these cells restored sensitivity to this apoptotic stimulus.37 Actinomycin D triggers 
the release of ROS and induces intracellular acidification. Furthermore, actinomycin D 
might sensitize cells to Fas ligation by downregulation of FLIP, an inhibitor of caspase-8. 
Cells deficient in KV1.3 showed no release of cytochrome c from the mitochondria, no 
loss of the mitochondrial membrane potential, and no DNA fragmentation, indicating an 
early requirement of this ion channel in the activation phase of apoptosis. However, the 
activation of KV1.3 mediated K+ currents appeared late after application of actinomycin 
D, suggesting a secondary role of KV1.3, independent of its ion channel function.37 In this 
scenario, KV1.3 might function as a platform required for assembling of pro-apoptotic 
proteins.

Interestingly, in thymocytes from KV1.3-deficient mice, no voltage-dependent K+

current was detected; however, transcripts for other voltage-dependent K+ channel 
proteins such as KV1.4 were upregulated. To compensate for this loss of KV1.3, a 50-fold 
increased Cl- current was observed in the KV1.3-/- thymocytes compared to the wild-type 
cells which could be blocked by NPPB.38 This data indicates that impaired ion flux 
through a specific ion channel influences the protein expression and activity of similar or
compensatory ion channels. The appearance of a compensatory anion current, in this case 
of Cl-, provides an interconnection and importance of ion movement and suggests the 
movement of more than one ion during programmed cell death. A compensatory ion 
movement also indicates that once initiated, programmed cell death seals the fate of a cell 
and dooms it to death. This is important for immune cells which are critical for the 
overall well-being of a multicellular organism. 

It appears that the K+ channels involved and the signaling pathways that lead to their 
activation depend on the apoptotic stimulus and the cell type. Furthermore, these studies 
prove the importance of ion channel inhibitors as modulators for the progression of 
apoptosis. However, simply inhibiting ion flux in vivo is of lesser value in the prevention 
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of apoptotic cell death due to the diversity of cell types and the multiple stimuli that can 
induce cell death through numerous pathways in any given organism. 

Knowing the importance of K+ and Cl- efflux during a RVD response, the possible 
involvement of Cl- channels has also been evaluated during apoptosis. It was shown that 
induction of apoptosis by Fas ligation triggers the activation of an outwardly rectifying 
chloride channel (ORCC) in Jurkat T-lymphocytes. The activation is mediated by Src-
like tyrosine kinase dependent phosphorylation.39 Furthermore, inhibition of ORCC with 
glibenclamide or indoleacetic acid (IAA) resulted in decreased intracellular acidification 
and also decreased apoptotic cell death, indicating that Cl- efflux is required for apoptotic 
progression. The occurrence of a separate Cl- efflux through ORCC during the AVD 
response suggests that the efflux of K+ and Cl- may occur in parallel, similar to a RVD 
response, through two separate efflux pathways. However their activation must somehow 
be coordinated during the progression of programmed cell death. 

Apoptotic cell death in HeLa, U937, NG108-15 and PC12 cells induced by either 
staurosporine or TNF/CHX was significantly reduced by a variety of volume-regulatory 
chloride channel inhibitors including NPPB, SITS, DIDS, niflumic acid, glibenclamide 
and phloretin.21 Interestingly, in all cases, application of the volume-regulatory chloride 
channel inhibitors prevented cell shrinkage, release of cytochrome c from mitochondria, 
effector caspase activation and DNA laddering. In contrast, blockers of cAMP-activated 
(CFTR) Cl- channels and epithelial Ca2+-activated Cl- channels were found to be ineffec-
tive in preventing apoptosis.21 These results clearly underline the importance of Cl-

extrusion most likely through a volume-regulated chloride channel during the early phase 
of apoptosis upstream of the mitochondria. 

In hematopoietic cells after induction of apoptosis by hyperosmotic shock, 
staurosporine or Fas ligation, oligonucleosomal (DNA laddering) but not high molecular 
weight (50-150 kbp) DNA degradation was abolished by preventing Cl- efflux.40 The 
efflux was prevented by a raise in extracellular Cl- or by application of Cl- channel 
blockers (NPPB, ddFSK). However, other apoptotic parameters such as PARP cleavage, 
chromatin condensation and nuclear envelope disruption were still observed. These data 
suggest that a reduction of intracellular Cl- through ORCC is required for caspase- 
activated DNAse (CAD) activation but not for execution of programmed cell death. 
Additionally, in a rat liver cell line (HTC), apoptosis triggered with TNF-  elicited a 5-
fold increase in Cl- current that was sensitive to NPPB and DPC (Cl- channel blockers). 
Furthermore, substitution of Cl- in the medium also abolished the TNF-  induced Cl-

current. Interestingly, a TNF-induced K+ current was also inhibited by Cl- removal but 
not by Cl- channel blockers, suggesting that the K+ channel opening does not depend on 
Cl- movement. However, Cl- binding might affect K+ channel kinetics. The channel 
opening was also Ca2+, ATP and PKC, but not calmodulin kinase II, dependent.33

In conclusion, these data in concert indicate that a loss of intracellular chloride is 
important for the apoptotic signaling cascade either directly by enabling activation of 
caspases and nucleases or indirectly by affecting plasma membrane potential and/or 
intracellular pH. The efflux of Cl- possibly occurs through a volume-regulated chloride 
channel in the early phase of apoptosis upstream of mitochondria. 
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6. SODIUM MOVEMENT DURING THE APOPTOTIC RESPONSE 

 As described above, potassium and chloride have been the primary focus in most 
studies examining the role and movement of intracellular ions during apoptosis. The 
significance of these ions during apoptosis is due mainly to the high concentration of 
intracellular potassium that occurs in most mammalian cells and chloride’s ability to act 
as a counter ion during the cell death process. In contrast, the normally low concentration 
of intracellular sodium has not afforded this ion the same attention as those for potassium 
in relation to cell shrinkage or AVD. Thus, studies examining a role for sodium during 
apoptosis have lagged behind. Recently, however, a defining role for changes in 
intracellular sodium during apoptosis has been reported specifically in regard to cell 
shrinkage and the AVD process. 

Early studies on ions and apoptosis have suggested a change in intracellular sodium 
as part of the programmed cell death process. Treatment of peripheral-blood human T-
lymphocytes with nanomolar concentrations of Staphylococcus aureus alpha-toxin gave 
rise to small membrane pores that permitted movement of monovalent, but not divalent, 
ions.41 This permeabilization and subsequent ion movement resulted in characteristics of 
apoptosis including internucleosomal DNA degradation. Interestingly, treatment of 
human T-lymphocytes with low concentrations of alpha-toxin in the absence of 
extracellular sodium did not permit the occurrence of internucleosomal DNA cleavage, 
suggesting a role for Na+ ions in precipitating the programmed cell death process. 
Additionally, in a study of dopamine-induced apoptosis in mouse thymocytes, an increase 
in intracellular sodium using X-ray microanalysis of cellular elements was observed.42

Furthermore, in studies involving oxidized low-density lipoprotein (LDL) treatment of 
human monocytes and UV-irradiated human monoblastoid cells (U937), X-ray 
microanalysis of total element content suggested a higher sodium content in cells 
undergoing apoptosis which occurred prior to the loss of membrane integrity.43, 44 Thus, 
these early studies on ion movement during apoptosis have implied a critical role for 
sodium flux during the programmed cell death process. 

Our work has shown that multiple apoptotic stimuli induce an increase in 
intracellular sodium that occurs prior to the loss of membrane integrity.45 In this study, 
Jurkat T-cells treated with an anti-Fas antibody, the calcium ionophore A23187, or 
thapsigargin showed a time-dependent increase in intracellular sodium that occurred not 
only prior to the loss of membrane integrity but also preceded the loss of cell volume. 
Additionally, this sodium influx was reflected in depolarization of the plasma membrane 
that again occurred prior to cell shrinkage. Using flow cytometry to examine cells that 
had not shrunk at the single-cell level, a direct correlation between cells with increased 
intracellular sodium and a depolarized plasma membrane was observed.45 In primary rat 
thymocytes, dexamethasone was shown to induce plasma membrane depolarization both 
in vivo and in vitro, in a time- and dose-dependent manner.46 The cellular depolarization 
of thymocytes was shown to be a direct effect of glucocorticoid-induced apoptosis since 
HeLa cells, which contain a functional glucocorticoid receptor but do not die in response 
to hormone, did not alter their plasma membrane potential in response to steroid 
treatment.

Once the apoptotic stimulated cells depolarize, this change in plasma membrane 
potential was sustained throughout the cell death process, suggesting an inability of dying 
cells to repolarize to a normal membrane potential. Further study into anti-Fas treated 
Jurkat cells showed that the ability of these cells to maintain cellular depolarization was 
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due in part to an early inhibition/degradation of the Na+/K+-ATPase.45, 47 Inhibition of the 
Na+/K+-ATPase would not only facilitate an increase in intracellular sodium and 
membrane depolarization, but also promote a loss of intracellular potassium through loss 
of the cells primary K+ uptake mechanism. Furthermore, the addition of the cardiac 
glycoside ouabain that inhibits the Na+/K+-ATPase was shown to enhance anti-Fas 
induced apoptosis in Jurkat cells.45, 48 Treatment of cultured cortical neurons or human 
prostatic smooth muscle cells with ouabain alone results in both necrotic and apoptotic 
components depending not only on the cell type, but also on the concentration of ouabain 
employed.49, 50 Additionally, cardiac glycosides, including ouabain, were shown to induce 
apoptosis in androgen-independent human prostate cancer cell lines.51

A critical role for the Na+/K+-ATPase in its efforts to maintain ionic homeostasis 
during apoptosis has also been described in several other studies [reviewed by Yu52]. In 
early studies, the onset of apoptosis in freshly isolated proximal tubule cells was 
accompanied by a decline in Na+/K+-ATPase activity.53 Treatment of mouse cortical 
neurons with low concentrations of ouabain resulted in a slight loss of Na+/K+-ATPase
activity but did not affect potassium homeostasis or cell viability.54 However, in combi-
nation with non-lethal doses of various apoptotic stimuli such as C2-ceramide or -
amyloid, low concentrations of ouabain induced apoptosis, suggesting that slight 
impairment of the Na+/K+-ATPase and disruption of potassium homeostasis can lead to 
the apoptotic cascade. In a different study involving cultured cortical neurons, Na+/K+-
ATPase activity was directly suppressed by apoptotic insults including serum depriva-
tion, staurosporine, and C2-ceramide.55 Additionally, these authors suggested preserving 
pump activity might provide a neuroprotective effect in certain pathological conditions. 
In contrast, studies in porcine renal proximal tubular cells, cultured rat cerebellar granule 
cells, and vascular smooth muscle cells suggest that inhibition of the Na+/K+-ATPase
protects cells from apoptosis,56-58 implying the role of the Na+/K+-ATPase during 
programmed cell death may be cell-type specific. 

We have recently defined an important role for sodium flux in controlling AVD 
during apoptosis.59 Treatment of Jurkat cells with anti-Fas in the presence of sodium-
substituted media abolished the increase in intracellular sodium and resulted in cellular 
swelling which is characteristic of necrosis. However, further characterization of these 
swollen, anti-Fas treated cells revealed numerous traits associated with apoptosis 
including chromatin condensation, externalization of the phosphatidylserine, caspase 
activation and activity, along with internucleosomal DNA degradation. Interestingly, a 
loss of intracellular potassium was observed in the swollen cells that accompanied the 
apoptotic events. The addition of sodium back into the extracellular environment led to 
the loss of cell volume and the typical apoptotic morphology associated with apoptosis. 
Therefore, apoptotic cell shrinkage can be uncoupled from other programmed cell death 
characteristics, thus defining specific roles for both sodium and potassium; sodium 
controlling cell size while potassium controls the apoptotic machinery.

7. CONCLUSION AND PERSPECTIVES 

 The understanding of programmed cell death or apoptosis has become one of the 
most studied and fastest growing fields in the life science area. The implication of 
volume regulatory mechanisms, ion channels as well as ion movements, are recognized 
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as playing an important role during the activation of programmed cell death and for the 
regulation of the cell shrinkage characteristic of apoptosis. The knowledge gained 
through decades of studying cellular volume regulation and the mechanisms 
counterbalancing osmo-changes provide a great resource in the current application to 
identify and characterize apoptosis related ion fluxes and regulated ion channels. 
Although many similarities between RVD and AVD are known, obvious differences exist 
between these two responses. Understanding the mechanisms regulating apoptosis related 
volume changes and the ion movements resulting in the activation of the cell death 
program may lead to the development of drugs that target ion channels or transporters 
and tip the balance between cell life and death. 
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ANION CHANNEL INVOLVED IN INDUCTION  
OF APOPTOSIS AND NECROSIS 

Yasunobu Okada, Emi Maeno, and Shin-ichiro Mori* 

1. INTRODUCTION 

Even under anisotonic conditions, most animal cells can show volume regulation by 
responding to osmotic swelling and shrinkage with the regulatory volume decrease 
(RVD) and the regulatory volume increase (RVI), respectively.1, 2 However, it appears 
that volume-regulatory mechanisms are impaired during cell death processes, since 
persistent cell shrinkage and swelling are major hallmarks of the early phases of 
apoptosis and necrosis, respectively.3-5

Apoptotic cell shrinkage is divided into two phases: the early-phase whole-cell 
shrinkage, termed the apoptotic volume decrease (AVD),6 and the late-phase cell 
fragmentation into apoptotic bodies that are to be rapidly cleaned up by phagocytes 
(Figure 1). 

Necrotic cells exhibit persistent swelling, termed the necrotic volume increase 
(NVI),7 until cell membrane rupture which gives rise to cytolytic release of harmful 
substances, especially proteins associated with nuclear materials,8 resulting in tissue 
injury and inflammation (Figure 1). 
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Figure 1. Cell volume changes in association with cell death processes. 

2.  ANION CHANNEL ACTIVATION INVOLVED IN AVD 

Prior to apoptotic body formation which starts 2-3 h after stimulation, epithelial 
HeLa, lymphoid U937 and neuronal PC12 and NG108-15 cells rapidly (within 1-2 h) 
respond with AVD to stimulation of the intrinsic apoptotic pathway by a mitochondrion-
mediated apoptosis inducer, staurosporine (STS) as well as of the extrinsic apoptotic 
pathway by a death receptor-mediated apoptosis inducer, TNF 6 or Fas ligand.7 The AVD 
induction was found to be coupled to facilitation of the RVD observed after osmotic 
swelling in response to a hypotonic challenge.6, 7 Since the RVD is attained by water 
outflow driven by KCl efflux due to activation of volume-regulatory K  and Cl  channels 
in most cell types,2, 9 it is suggested that the AVD induction also results from activation of 
these K  and Cl  channels. In fact, the AVD induction was abolished by broad-spectrum 
blockers of K  channels (quinine and Ba2+) and of Cl  channels (NPPB, DIDS and SITS) 
as well as by phloretin which is a blocker relatively selective to volume-sensitive 
outwardly rectifying (VSOR) Cl  channels10 in all four cell types.6 Furthermore, STS, a 
Fas ligand, and TNF  have recently been found to rapidly (within 10 min) activate 
outwardly rectifying Cl  currents in HeLa cells.11

During apoptosis, activated caspases are known to induce cleavage of a number of 
proteins including cytoskeletons.12, 13 The activity of the VSOR Cl  channel has been 
shown to be dependent on cytoskeletal components.9, 14 Thus, it is natural to assume that 
anion channels involved in the AVD are activated by proteolytic cleavage of the 
cytoskeletal proteins or of channel protein per se. However, the onset of the AVD was 
found to precede caspase-3 activation in HeLa, U937, PC12 and NG108-15 cells 
stimulated with STS or TNF .6 In addition, we found that pancaspase blockers (zVAD-
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fmk and zD-dcb) failed to abolish the AVD induction in U937 cells stimulated with STS, 
although, these broad-spectrum caspase blockers abolished caspase-3 activation.6 Also, it 
was found that the AVD onset preceded release of cytochrome c from mitochondria in 
HeLa, U937 and PC12 cells stimulated with STS.6 Thus, it is concluded that activation of 
AVD-inducing channel is an early event upstream of caspase activation and cytochrome c
release (Figure 2).  

Figure 2. Activation of AVD-inducing channels upstream to caspase activation and mitochondrial cytochrome c
release in both mitochondrion-mediated intrinsic and death receptor-mediated extrinsic pathways leading to 
apoptotic cell death. 

3.  ANION CHANNEL INHIBITION INVOLVED IN NVI

Prior to cell rupture, necrotic cells exhibit persistent cell swelling, NVI, due to 
uptake of osmolytes, especially NaCl. Accidental cell damage or injury should result in 
Na+ inflow via membrane leakage and eventually in ATP depletion due to constrained 
overwork of the Na+ pump and to ATP leak-out. ATP depletion should also be brought 
about by ischemic and hypoxic insults. Under ATP-deficient conditions, cell swelling 
would be induced by an impairment of Na+ pump-mediated steady-state cell volume 
regulation working against oncotic osmotic pressure due to intracellular localization of 
macromolecular polyvalent anion.15, 16 Furthermore, such cell swelling must persist, 
because activity of VSOR anion channels which are involved in the RVD process is 
inhibited not only by subsequent reduction of cellular ATP but also by elevation of 
cytosolic free Mg2+.9, 17 Such persistent cell swelling may eventually result in cell 
membrane rupture, thus the NVI.7

Cell acidosis may induce NVI due to NaCl accumulation within cells, because 
acidosis-mediated production of H2CO3 results in NaCl uptake by stimulation of Na+-H+

antiporter (NHE) and Cl -HCO3  antiporter (AE) (Figure 3). Acidosis with lactate 
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accumulation due to augmented glycolysis-fermentation reactions is frequently associated 
with cerebral ischemia or trauma and results in necrosis of glial and neuronal cells. Under 
such conditions called lactacidosis, cell swelling must further be strengthened by entry of 
lactate and proton via monocarboxylate transporters (MCT)18 (Figure 3). Our recent in

vitro studies using cultured neuronal and glial cells showed persistent swelling was in fact 
induced by lactacidosis but neither by acidosis in the absence of lactate nor by application 
of lactate at normal pH.19, 20 Furthermore, the succeeding RVD was impaired under 
lactacidosis conditions due to inhibition of VSOR Cl  channels by protons over-
accumulated within the cells (Figure 3). When lactacidosis-resistant anion channels were 
exogenously introduced by applying an anion channel-forming toxin protein purified 
from Helicobacter pylori, VacA, glial cells restored the RVD ability after demonstrating 
transient swelling under lactacidosis conditions20 (Figure 3). Thus, we conclude that 
inhibition of volume-regulatory VSOR Cl  channels is involved in the NVI in glial cells. 

Figure 3. Induction of NVI under lactacidosis conditions and recovery therefrom by introduction of exogenous 
anion channels. 
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ABSTRACT

 Erythrocytes lack mitochondria and nuclei, key organelles in the regulation of apoptosis. 
Until recently, erythrocytes were thus not considered subject to this type of cell death. 
However, exposure of erythrocytes to the Ca2+ ionophore ionomycin was shown to induce 
cell shrinkage, cell membrane blebbing and breakdown of phosphatidylserine asymmetry 
with subsequent phosphatidylserine exposure at the cell surface, all typical features of 
apoptosis. Further studies revealed the participation of ion channels in the regulation of 
erythrocyte "apoptosis." Osmotic shock, oxidative stress and energy depletion all activate a 
Ca2+-permeable non-selective cation channel in the erythrocyte cell membrane. The subse-
quent increase of Ca2+ concentration stimulates a scramblase leading to breakdown of cell 
membrane phosphatidylserine asymmetry and activates Ca2+ sensitive K+ (Gardos) channels 
leading to KCl loss and (further) cell shrinkage. Phosphatidylserine exposure and cell 
shrinkage are blunted in the nominal absence of extracellular Ca2+, in the presence of the 
cation channel inhibitors amiloride or ethylisopropylamiloride, at increased extracellular K+

or in the presence of the Gardos channel inhibitors clotrimazole or charybdotoxin. Thus, 
increase of cytosolic Ca2+ and cellular loss of K+ participate in the triggering of erythrocyte 
scramblase. Nevertheless, phosphatidylserine exposure is not completely abrogated in the 
nominal absence of Ca2+,  pointing to additional Ca2+-independent pathways.  One of those is 
activation of sphingomyelinase with subsequent formation of ceramide which in turn leads to 
stimulation of erythrocyte scramblase. The exposure of phosphatidylserine at the extracel-
lular face of the cell membrane stimulates phagocytes to engulf the apoptotic erythrocytes. 
Thus, sustained activation of the cation channels eventually leads to clearance of affected 
erythrocytes from peripheral blood. Erythropoietin inhibits the non-selective cation channel 
and thus interferes with erythrocyte "apoptosis." Susceptibility to scramblase activation is 
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enhanced in thalassemia, sickle cell disease and glucose-6-phosphate dehydrogenase defi-
ciency. Infection with Plasmodium falciparum leads to activation of the cation channel 
eventually triggering erythrocyte "apoptosis.” 

1.  INTRODUCTION 

 Apoptosis, a physiological mechanism eliminating abundant and potentially harmful 
cells, is characterised by nuclear condensation, DNA fragmentation, mitochondrial 
depolarization, cell shrinkage and breakdown of phosphatidylserine asymmetry of the 
plasma membrane.1, 2 The exposure of phosphatidylserine at the cell surface triggers and the 
decrease of cell volume facilitates the engulfment of the dying cells by phagocytes.3, 4 Thus, 
apoptosis allows the elimination of the cells without release of intracellular proteins which 
would otherwise cause inflammation.2

 Erythrocytes lack mitochondria and nuclei, intracellular organelles involved in the apop-
tosis of nucleated cells. However, erythrocytes exposed to the Ca2+ ionophore ionomycin 
undergo shrinkage, membrane blebbing and breakdown of cell membrane phosphatidyl-
serine asymmetry, all typical features of apoptosis in nucleated cells.5-7 In the following, the 
role of ion channels in the regulation of erythrocyte apoptosis will be discussed.

Figure 1. Activation of non-selective cation channels by osmotic shock in the absence of Cl-. A. Original 
whole-cell current tracings recorded in a human erythrocyte with isotonic NaCl (outer left) and Na-gluconate 
bath solution (inner left) and upon increasing the osmolarity of the Na-gluconate bath solution by adding 250 
mM sucrose (inner right; Na-gluconate pipette solution). The cell shrinkage-induced conductance was further 
recorded upon replacement of Na+ in the bath solution by the impermeant cation N-methyl-D-glucamine+

(NMDG-gluconate; outer right). B. Mean whole cell conductance (± SE) recorded as in (A) with isotonic NaCl 
and Na-gluconate bath solution (open bars) or upon cell shrinkage in Na-gluconate bath solution (closed bar). 
C. Scheme summarizing the regulation of the human erythrocyte cation channels by cell volume and Cl- ions. 
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2.  ACTIVATION OF NON-SELECTIVE CATION CHANNELS

 Osmotic shock8 and oxidative stress9 open non-selective cation channels in the 
erythrocyte cell membrane. The same channels can be activated by removal of 
intracellular and extracellular Cl-8, 9 (Fig. 1). This property is reminiscent of the Na+ and 
K+ permeability activated by incubating human erythrocytes in low ionic strength (LIS) 
medium.10-12 Similar to what has been shown for the LIS permeability,11, 13 activation of 
the volume and oxidant sensitive cation channel by removal of extracellular Cl- is 
inhibited by the anion channel/transport inhibitor 4,4'-diisothiocyanostilbene-2,2'-
disulfonic acid (DIDS).9 Moreover, the cation channels are inhibited by amiloride and 
ethylisopropylamiloride (EIPA).14 Cation channels are permeable to calcium ions.9, 15, 16

Accordingly, exposure to osmotic shock or oxidative stress triggers erythrocyte Ca2+

uptake.16

3. ROLE OF NON-SELECTIVE CATION CHANNELS IN ERYTHROCYTE 
 APOPTOSIS 

 Compelling evidence points to a role of the volume sensitive cation channels in the 
induction of erythrocyte apoptosis. An increase of cytosolic Ca2+ concentration stimulates 
a scramblase thus leading to the breakdown of phosphatidylserine asymmetry.5-7, 16

Exposure of phosphatidylserine is detected by determination of annexin binding, together 
with cell shrinkage, a typical feature of apoptosis in nucleated cells.2 The erythrocyte 
annexin binding is triggered by osmotic shock and oxidative stress,16 both maneuvers 
activating the cation channel.8, 9 Furthermore, energy depletion leads to enhanced annexin 
binding.16 Presumably, energy depletion impairs the replenishment of GSH and thus 
weakens the antioxidative defence of the erythrocytes.17, 18 The annexin binding following 
osmotic shock and oxidative stress is blunted following chelation of extracellular calcium 
ions.16 Moreover, the annexin binding is blunted by amiloride16 and ethylisopropylamiloride 
(EIPA),19 both putative inhibitors of the cation channel.14, 16, 19

4. ROLE OF THE CA2+ SENSITIVE GARDOS K+ CHANNEL 

 The entry of Ca2+ further activates Ca2+ sensitive K+ (Gardos) channels20-24 (Fig. 2) 
leading to KCl loss and (further) cell shrinkage.25 Phosphatidylserine exposure and cell 
shrinkage are blunted at increased extracellular K+ or in the presence of the Gardos channel 
inhibitors clotrimazole or charybdotoxin.26-32 Thus, cellular loss of K+ participates in the 
triggering of erythrocyte scramblase. Cellular loss of  K+ has been shown to be critical for 
apoptosis of nucleated cells.26-32

5.  PHYSIOLOGICAL AND PATHOPHYSIOLOGICAL IMPLICATIONS  

 The non-selective cation channel and thus erythrocyte apoptosis is inhibited by 
erythropoietin.33 The hormone is known to increase the number of circulating 
erythrocytes by inhibition of apoptosis of erythroid precursor cells.34 The influence of 
erythropoietin on the cation channel suggests that the hormone is, in addition, effective 
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by preventing apoptosis of mature erythrocytes. Erythropoietin has indeed been shown to 
prolong the life span of circulating erythrocytes.35

 As phosphatidylserine exposure at the cell surface triggers the phagocytosis of affected 
erythrocytes,3, 4 erythrocyte apoptosis may well participate in the clearance of aged, 
defective, energy depleted, leaky or infected erythrocytes from the blood stream. Aged 
erythrocytes expose more phosphatidylserine which contributes to the elimination of the 
senescent cells3. The capacity for oxidative defence decreases with erythrocyte age,36, 37 a 
phenomenon paralleled by increase of passive cation permeability38 and cytosolic free Ca2+

concentration.39-44 Therefore, it is tempting to propose that the cation channels sense cell age. 
 Energy depletion and oxidative stress activate the cation channels, presumably 
increasing cytosolic Ca2+ and triggering erythrocyte apoptosis. Energy depletion impairs the 
function of the Na+/K+ATPase, thus jeopardizing maintenance of ionic gradients across the 
cell membrane which are required for cell volume regulation (For review, see Reference 45).
Thus, energy depletion would eventually lead to cell swelling and hemolysis. The triggering 
of apoptosis leads to elimination of the cells prior to hemolysis. The parallel activation of the 
Ca2+ sensitive K+ channels delays cell swelling and provides extra time for the clearance of 
the defective erythrocytes.
 Infection with Plasmodium falciparum similarly imposes oxidative stress on the host 
cell.8, 9 The oxidation of the host cell membrane opens the so-called “new permeability 
pathway”46 which is essential for nutrient uptake and waste disposal. On the other hand, the 
activation of the cation channel triggers erythrocyte apoptosis and limits the intraerythrocyte 
lifetime of the pathogen.
 Erythrocytes from patients with thalassemia, sickle cell anemia and glucose-6-phosphate 
dehydrogenase deficiency are more sensitive to apoptotic stimuli.47 Similarly, increased 
scramblase activity and phosphatidylserine exposure have been demonstrated for 
erythrocytes in sickle cell and thalassemia mouse models.48 At least in desoxygenized 
sickle cells, deranged regulation of the Ca2+ sensitive K+ channels20-24 could contribute to 
the enhanced sensitivity to osmotic shock and oxidative stress. It is tempting to speculate 
that enhanced susceptibility to apoptosis provides some protection against severe malaria 
following infection with Plasmodium falciparum.

Figure 2. Activation of Gardos K+ channels in human erythrocytes by increase of the cytosolic Ca2+ activity. 
Original current tracings recorded in cell-attached mode with Na-gluconate (A) and K-gluconate (B) pipette- 
and NaCl Ringer bath solution before (control) and after bath application of the Ca2+ ionophore ionomycin (1 
µM). Records were obtained at 100 mV and -100 mV voltage, as indicated. 
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6. ADDITIONAL MECHANISMS  

Erythrocyte apoptosis does not result only from channel activation with subsequent 
increase of cytosolic Ca2+ and decrease of cytosolic K+ but involves further mechanisms. 
One of those mechanisms is activation of erythrocyte sphingomyelinase with subsequent 
release of ceramide49 which triggers phosphatidylserine exposure without increasing 
cytosolic Ca2+.49 Ceramide added to extracellular fluid similarly stimulates 
phosphatidylserine exposure and enhances the sensitivity of the erythrocytes to increases of 
cytosolic Ca2+.  Moreover, a decrease of cytosolic ATP concentration may foster erythrocyte 
apoptosis not only by impairment of oxidant defence and break down of cation gradients. 
Thus, additional studies are required to fully understand the complex machinery leading to 
erythrocyte apoptosis.
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APOPTOSIS VS. ONCOSIS: ROLE OF CELL
VOLUME AND INTRACELLULAR

MONOVALENT CATIONS 

Sergei N. Orlov and Pavel Hamet*

SUMMARY

Several research teams have proposed that shrinkage and swelling in cells 
undergoing apoptosis and oncosis are not only the earliest morphological markers of the 
two modes of cell death but are also obligatory steps in the development of the death 
machinery. We examined this hypothesis as well as the role of monovalent cations as 
major intracellular osmolytes using vascular smooth muscle cells (VSMC) from the rat 
aorta and C7-MDCK cells derived from the Madin-Darby canine kidney. 48-hr inhibition 
of the Na+-K+ pump with ouabain did not affect VSMC survival and delayed serum 
deprivation-induced apoptosis at a step upstream of caspase-3 via elevation of the 
[Na+]i/[K

+]i ratio and the expression of Na+
i-sensitive antiapoptotic genes including 

mortalin. Transient and modest (15-20%) shrinkage observed in serum-deprived VSMC 
did not contribute to triggering of the apoptotic machinery. In contrast to VSMC, ouabain 
led to oncosis of C7-MDCK cells, indicated by swelling and resistance to the pan-caspase 
inhibitor z-VAD.fmk. In these cells, the death signal was mediated by interaction of 
ouabain with the Na+-K+-ATPase -subunit but was independent of the inhibition of Na+-
K+ pump-mediated ion fluxes and elevation of the [Na+]i/[K

+]i ratio.

1. INTRODUCTION 

The maintenance of protein concentration in the range of ~300 mg per ml of 
intracellular water is a ubiquitous feature of all cell types studied thus far. In nucleated 
cells with PK>PCl>>PNa, such extensive macromolecular crowding is under control of the 
Na+-K+ pump as well as membrane transporters whose activities are sensitive to cell 
volume modulation such as inwardly-directed Na+/H+ exchange, Na+-K+-Cl- cotransport 
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and Na+-coupled symport of organic osmolytes providing regulatory volume increase 
(RVI), and outwardly-directed K+,Cl- cotransport, K+ and anion channels providing 
regulatory volume decrease (RVD).1-3

 The first description of the death of clustering neighboring cells in injured tissues, 
indicated by their swelling and known as necrosis, came from Virchow’s classic 
pathomorphological studies. More recently, the death of single cells without formation of 
an injury area and characterized by initial shrinkage was observed during embryogenesis, 
metamorphosis, aging, endocrine- and neuronal-dependent tissue atrophy and was called 
apoptosis.4-8 The different pattern of cell volume modulation in these two modes of cell 
death is so impressive that the term “shrinkage-mediated necrosis” was adopted for the 
initial description of apoptosis in immune system cells.9 To underline the striking 
difference of cell volume behaviour, a revised terminology has been proposed claiming 
that necrosis was originally offered as a concept to characterize any postmortem changes 
in cell morphology. In accordance with this nomenclature, the label oncosis, derived from 
the Greek word for swelling, describes cell death that is distinct from apoptotic 
shrinkage.10

Several researchers including our team have suggested that the distinct patterns of 
volume modulation in cells undergoing apoptosis and oncosis are not solely the earliest 
morphological markers of the two modes of cell death but are also obligatory steps in 
development of the death machinery.11-15 We examined this attractive hypothesis in 
vascular smooth muscle cells (VSMC) from rat aorta and Madin-Darby canine kidney C7 
cells (C7-MDCK) resembling principal cells from collecting ducts. The data obtained in 
these studies are reviewed below. 

2. INVERSION OF THE [Na+]i/[K
+]i RATIO INHIBITS APOPTOSIS IN VSMC 

 AT A STEP UPSTREAM OF CASPASE 3 

Similar to fibroblasts,16 transfection of VSMC with the functional analogue of c-Myc 
E1A adenoviral protein sharply accelerates apoptosis triggered by serum deprivation. 
Video tape recording indicated exposure of phosphatidyl serine on the outer surface of 
plasma membranes, caspase-3 activation, accumulation of intracellular chromatin 
fragments, internucleosomal DNA degradation, and suppression by the pan-caspase 
inhibitor z-VAD.fmk.17-21 Similar to other cells undergoing apoptosis, the death of serum-
deprived VSMC-E1A is respectively suppressed and potentiated by transfection with bcl-
2 and p53.17, 18, 22 With this well-established cell culture model of apoptosis, we noted that 
pretreatment with ouabain, a highly selective Na+-K+ pump inhibitor, delayed VSMC 
death triggered by distinct apoptotic stimuli such as serum deprivation, inhibition of 
serine-threonine phosphatases, cytochrome c release, and DNA damage triggered by 
extensive labeling with [3H]-thymidine at a step upstream of caspase-3.21, 23 Later, 
protection against apoptosis by Na+-K+ pump inhibitors was documented in neuronal 
cells,24 and renal epithelial cells.25

The antiapoptotic action of ouabain might be caused by rapid membrane 
depolarization due to electrogenicity of the Na+-K+ pump, elevation of [Na+]i or loss of 
intracellular K+. In addition, the interaction of ouabain with targets distinct from the Na+-
K+ pump cannot be excluded. To further examine this issue, we compared the effect of 
ouabain on the intracellular content of monovalent ions and apoptosis in K+-free and 
high-K+/low-Na+ media. These experiments allowed us to conclude that protection 
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against apoptosis in VSMC-E1A is caused by elevation of the [Na+]i/[K
+]i ratio21

However, this approach was unable to dissect the relative role of [Na+]i vs. [K+]i.

3. ANTIAPOPTOTIC ACTION OF THE INVERTED [Na+]i/[K
+]i RATIO IS 

 MEDIATED BY GENE EXPRESSION 

This statement is supported by three initial observations. First, inhibitors of 
macromolecular synthesis, such as actinomycin D and cycloheximide,26 abolished the 
antiapoptotic action of ouabain in VSMC-E1A. Second, 6-hr exposure of VSMC to 
ouabain led to ~6-fold elevation of RNA synthesis.27 Third, analysis of 35S-labeled
proteins by 2D electrophoresis revealed more than 50 new protein spots after 3-hr 
preincubation with ouabain (Fig. 1A). 

Figure 1. Effect of ouabain on gene expression in VSMC. A. 2D electrophoresis of VSMC proteins. Serum-
deprived cells were treated for 3 hr with Trans 35S cocktail in the absence or presence of 1 mM ouabain. Map 
shows data obtained in 3 independent experiments. Asterisks flag proteins whose expression was triggered by 
ouabain. B. Autoradiogram utilizing the Multi-Probe template set (rAPO-1 #45601P, PharMingen) with mRNA 
obtained after 24-hr incubation of serum-deprived cells in the absence or presence of 1 mM ouabain. 

Deploying the rAPO-1 Multi-probe template set, we failed to detect, in ouabain-
treated VSMC, sustained elevation of expression of the major pro- and antiapoptotic 
genes Bcl-2, Bcl-xL, Bcl-xS, Bax, and caspase 1-3 (Fig. 1B). Keeping in mind these 
negative data, we took a proteomics approach to identify genes whose expression is 
triggered by ouabain.28 To increase the resolution of this approach, we separated soluble, 
membrane-bound and cytoskeleton proteins. Twelve soluble proteins whose expression is 
triggered by ouabain have been identified by mass spectrometry including mortalin. 
Previous studies have demonstrated the pancytosolic and mitochondrial/juxtanuclear 
localization of mortalin in mortal and immortal cells, respectively.7, 29-31 Northern and 
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Western blotting confirmed the induction of mortalin expression in ouabain-treated 
VSMC and documented its mitochondrial localization. We also established that, similar 
to ouabain, transfection with mortalin delayed the development of apoptosis in serum-
deprived VSMC-E1A, probably via its interaction with p53.28

4. EVIDENCE FOR Na+
i-MEDIATED Ca2+

i-INDEPENDENT EXCITATION-
 TRANSCRIPTION COUPLING  

In the last decade, it was found that Na+-K+ pump inhibition in cardiomyocytes, 
hepatocytes and renal epithelial cells triggers the expression of the 1- and 1-subunits
of the Na+-K+ pump, myosin light chain, skeletal muscle actin, atrial natriuretic factor and 
tumour growth factor  (for recent review, see32, 33). These data as well as the induced 
expression of numerous genes detected in ouabain-treated VSMC (Fig. 1A) suggest that 
this effect is at least partially mediated by expression of early response genes (ERG) such 
as c-Fos, c-Jun, and c-Myc. Indeed, Na+-K+ pump inhibition led to activation of c-Fos 
mRNA expression in leukemia and melanoma cells,34-36 renal epithelial cells,37

fibroblasts, HeLa cells,35 and cardiomyocytes.38, 39 We observed that accumulation of c-
Fos mRNA in ouabain-treated cells was correlated with elevation of [Na+]i and preceded 
the loss of intracellular K+.40 c-Fos expression, seen under elevated [Na+]i, can be 
mediated by activation of the Na+/Ca2+ exchanger. The latter hypothesis is consistent with 
the presence of (Ca2++cAMP) response element (CRE) within the c-Fos promoter (Fig. 
2). Indeed, we have demonstrated that K+

o-induced depolarization leads to c-Fos  

Figure 2. Structure of the c-Fos promoter and effect of 10% serum and 1 mM ouabain on the activity of c-Fos 
transcriptional elements, measured as luciferase luminescence in trans- and cis-reporter systems. The activity 
of transcriptional factors in the absence of serum and ouabain was taken as 100%. For more details, see40.

expression that is completely abolished by the selective L-type Ca2+ channel blocker 
nicardipine.40 However, the data listed below strongly indicate that c-Fos expression in 
ouabain-treated VSMC is not mediated by [Ca2+]i elevation. First, c-Fos expression in 
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ouabain-treated cells is not sensitive to nicardipine. Second, neither [Ca2+]i nor total 
exchangeable Ca content in VSMC is affected by ouabain. Third, neither omission of 
Ca2+

o nor addition of extracellular (EGTA) and intracellular (BAPTA-AM) Ca2+ chelators
abolishes ouabain-induced c-Fos expression.40 Fourth, in contrast to serum, ouabain does 
not affect expression of the three major elements detected in the c-Fos promoter, 
including CRE (Fig. 2). Viewed collectively, these data allow us to  
hypothesize that inhibition of apoptosis in ouabain-treated VSMC is mediated by a novel 
Na+

i-dependent, Ca2+
i-insensitive mechanism of excitation-transcription coupling.

5. ONCOSIS IN OUABAIN-TREATED C7-MDCK CELLS: EVIDENCE FOR A 
 NOVEL Na+-K+ PUMP FUNCTION

In contrast to VSMC,27 ouabain leads to massive oncosis in C7-MDCK cells 
indicated by 1.5-fold elevation of cell volume after 6 hr incubation41 and followed by the 
appearance of swollen, floating cells (Fig. 3). We have also revealed that unlike the 
apoptosis of serum-deprived VSMC-E1A, the death of ouabain-treated C7-MDCK cells 
is resistant to the pan-caspase inhibitor z-VAD.fmk and inhibitors of macromolecular 
synthesis.41

Figure 3. Phase-contrast microscopy of control (a,c) and ouabain-treated (b,d) VSMC (a,b) and C7-MDCK 
cells (c,d). The cells were treated with 1 mM (VSMC) or 10 M (C7-MDCK cells) ouabain for 24 hr.

In accordance with the hypothesis postulated more than two decades ago, cell 
swelling caused by dissipation of the Gibbs-Donnan equilibrium under inhibition of the 
Na+-K+ pump is per se sufficient to disrupt plasma membrane integrity.42 Indeed, we 
failed to detect any significant modulation of cell volume in ouabain-treated VSMC.19 To 
further examine the chemiosmotic mechanism of oncosis, we subjected C7-MDCK cells 
to incubation in media with different contents of monovalent cations. Surprisingly, we 
observed that more than 500-fold inhibition of the Na+-K+ pump in K+-free medium does 
not affect the survival of these cells.41 As predicted, 6-hr incubation of C7-MDCK cells 
in K+-free medium led to a sharp [Na+]i elevation and addition of ouabain only slightly 
altered this parameter, whereas incubation in high-K+/low-Na+ medium did not impact 
the baseline values of [Na+]i and [K+]i but completely abolished K+

i loss triggered by 
ouabain. However, similar to control medium, ouabain killed cells to the same extent in 
K+-free and high-K+/low-Na+ media.41



224 SERGEI N. ORLOV AND PAVEL HAMET 

Two alternative hypotheses could be generated by analysis of these intriguing results. 
First, ouabain leads to oncosis of C7-MDCK cells via its interaction with targets distinct 
from the Na+-K+-ATPase -subunit. Second, ouabain-triggered oncosis is caused by its 
interaction with Na+-K+-ATPase independently of the inhibition of ion fluxes and 
inversion of the [Na+]i/[K

+]i ratio controlled by this enzyme. The first hypothesis should 
probably be ruled out. Indeed, keeping in mind well-documented data on the modulation 
of Na+/K+ pump affinity for ouabain by extracellular K+,43-45 we compared the effect of 
ouabain on the rate of 86Rb influx and cell survival in control and K+-free medium. Table 
1 shows that preincubation in K+-free medium increases the sensitivity of 86Rb influx to 
ouabain by one order of magnitude. The same leftward shift of dose-dependencies is 
observed by analysis of the ouabain effect on cell survival.

Table 1. Effect of ouabain on the Na+K+ pump activity and survival of C7-MDCK cells 
in control and K-free medium 

K+ and Na+

concentration in the 
incubation medium, 

mM

Cell survival under 
baseline conditions, 

%

Cell survival in the 
presence of 3 M

ouabain, % 

Concentration of 
ouabain causing 

half-maximal
inhibition of 86Rb

uptake, nM 

Concentration of 
ouabain causing 

half-maximal
attenuation of cell 

survival, nM 

K+ 5;
Na+ - 140 

100+6 25+3 800+72 265+45

K+ 0;
Na+ - 145 

102+7 24+4 50+8 23+6

The survival of C7-MDCK cells after 6-hr incubation in K+-containing medium in the absence of ouabain was 
taken as 100%. Means + S.E. obtained in experiments performed in quadruplicate are shown. For 
methodological details, see41.

It should be underlined that these data do not obligatorily mean the lack of 
involvement of cell swelling in the triggering of oncosis in ouabain-treated epithelial 
cells. Indeed, similar to cell survival, incubation in K+-free medium did not significantly 
affect the volume of C7-MDCK cells, whereas ouabain led to about the same cell 
swelling in this as well as in high-K+/low-Na+ medium (unpublished data). The 
mechanism of [Na+]i/[K

+]i-independent volume increase should be examined further.

6. APOPTOSIS IN HYPEROSMOTICALLY-SHRUNKEN CELLS  

Initially, the hypothesis of the involvement of cell shrinkage in triggering apoptosis 
was based on data showing that hyperosmotic shrinkage with 250 mM mannitol evokes 
apoptosis of cultured lymphocytes.12 Apoptosis activation was also detected in 
hyperosmotically-shrunken Jurkat cells,21 vascular endothelial cells,46 the mIMCD3 renal 
epithelial cell line,47 and HeLa cells.48 Unlike the above-listed cell types, the addition of 
300 mM mannitol slightly affected apoptosis in SH-SY5Y neuroblastoma cells49 and had 
no effect in VSMC, MDCK,15 Cos-7, GH3 and HeLa cells.12

Recently, we observed that in contrast to immune system cells undergoing massive 
apoptosis in the presence of 200 mM mannitol, 400 and 500 mM of mannitol should be 



MONOVALENT CATIONS IN APOPTOSIS AND ONCOSIS 225 

added to induce apoptosis in C7-MDCK and VSMC (Fig. 4). Similar to serum-deprived 
medium, VSMC apoptosis triggered by hyperosmotic medium was sharply potentiated by 
transfection with E1A-adenoviral protein (Fig. 5B). Importantly, the volume of mannitol-
treated VSMC and VSMC-E1A was about the same (Fig. 5A), suggesting that distinct 
sensitivity to hyperosmotic medium rather than a cell type-specific pattern of cell volume 
modulation determines the distinct susceptibility of cells to apoptosis. 

Figure 4. Dose-dependency of the effect of mannitol on chromatin cleavage in VSMC (1), C7-MDCK (2) and 
Jurkat cells (3). The cells were incubated for 24 hr in DMEM containing 5% (Jurkat cells) or 10% serum 
(VSMC and C7-MDCK) and mannitol at concentrations indicated in the X axis. Means + S.E. obtained from 
experiments performed in quadruplicate are given. For more details, see19.

A                                                             B

Figure 5. Effect of mannitol on cell volume (A) and chromatin cleavage (B) in VSMC and VSMC-E1A. 
Mannitol was added at a concentration of 375 mM in DMEM containing 10% serum for 2 (A) or 24 (B) hr. 
Means + S.E. obtained from experiments performed in quadruplicate are given. For more details, see19.
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In contrast to rapid shrinkage of VSMC-E1A in hyperosmotic medium, we failed to 
detect any accumulation of intracellular chromatin fragments with 3 hr of mannitol 
addition. Moreover, in contrast to “classic” apoptotic stimuli, apoptosis in 
hyperosmotically-shrunken VSMC-E1A was potentiated rather than inhibited by 
ouabain.19 These data allowed us to speculate that the mechanisms of apoptosis triggered 
by hyperosmotic shrinkage and physiological stimuli might be different. To further 
examine this issue, we compared cell volume modulation in hyperosmotically-shrunken 
and serum-deprived VSMC-E1A.

Electronic sizing, cell density measurement by isopyknic centrifugation and flow 
cytometry have been employed to quantify apoptotic volume decrease (AVD) in the 
range from 20 to 50% of the initial size (for review, see13). In human T cells treated with 
ionomycin and phytohemaglutinin50 as well as in HeLa, U973 and NG108-15 cells,51

shrinkage preceded the appearance of apoptotic nuclei and membrane blebbing. In 
contrast, in X-irradiated rat thymocytes52 and Fas-L-treated Jurkat cells,12, 53, 54 the 
kinetics of cell volume modulation and accumulation of dead cells were identical, 
suggesting that cell shrinkage is at least partially a consequence of apoptosis rather than 
its primary event. The secondary mechanism of AVD is also supported by observations 
on the inhibition of cell volume decrease under suppression of apoptosis with the pan-
caspase inhibitor z-VAD.fmk.55

To escape the impact of the degradation phase of apoptosis on cell volume 
estimation, we measured [14C]-urea available space, a common marker of intracellular 
water volume.56 This approach allowed us to avoid volume measurement in the portion of 
floating apoptotic cells. We observed that 1-hr incubation of VSMC-E1A in serum-
deprived medium resulted in attenuation of [14C]-urea available space by 10-15%.19

These results are consistent with modest (from 10 to 25%) volume reduction in non-
transfected VSMC, HeLa, U973, NG108-15, lymphoblastoid cells and cultured cortical 
neurons measured before the appearance of apoptotic markers.15, 51, 57, 58 They also show 
that AVD in serum-deprived VSMC is less than threshold for the induction of apoptosis 
in hyperosmotic medium. 

7. THE SEARCH FOR TRANSPORTERS INVOLVED IN AVD 

Isosmotic AVD can be triggered by efflux of major intracellular osmolytes via 
activated K+ channels, electroneutral K+-Cl- cotransport or anion channels permeable to 
organic osmolytes. In thymocytes undergoing apoptosis, intracellular K+ content 
measured by inductively-coupled plasma/mass spectrometry or as 86Rb content was 
decreased by two to threefold.59, 60 It should be noted, however, that the kinetics of K+

i

decline and DNA fragmentation in dexamethasone-treated thymocytes are similar,60

indicating a secondary rather than a primary mechanism of K+ loss. Indeed, a negligible 
decrease in total K+

i content was observed in dexamethasone-treated CEM-C7A before 
the development of morphologically-defined apoptosis, whereas the sharp increment in 
the apoptotic cell number was accompanied by the loss of ~40% of intracellular K+.57

About the same reduction of K+ was noted in mouse L cells with complete apoptosis in 
the presence of inhibitors of cell cycle progression.61 Because attenuation of K+

i content 
in immune system cells undergoing apoptosis was accompanied by two to threefold 
elevation of Na+

i content,61 a secondary rather than a primary mechanism of perturbation 
of intracellular ion homeostasis is suspected. Indeed, in dexamethasone-treated 
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thymocytes and Fas-L-treated Jurkat cells, fluorescence of the K+ chelator PBFI was 
attenuated by more than 10-fold compared to control cells,54, 60 whereas in cell-free 
system, the decrease of KCl from 135 to 5 mM reduced PBFI fluorescence by twofold 
only.61, 62 These data strongly suggest that the sharp decrease of PBFI fluorescence in 
dexamethasone-treated thymocytes was mainly caused by loss of PBFI rather than K+.
This conclusion is consistent with a 15-fold decreased fluorescence of the Na+ chelator 
SBFI observed in shrunken Fas-L-treated Jurkat cells.54

Several laboratories have reported that the development of apoptosis is accompanied 
by activation of voltage- (KV) and Ca2+-gated (KCa) K

+ channels.63-67 In contrast, in rat 
cortical neurons, long-term treatment with TNF triggered KV expression involved in cell 
survival rather than death.68 Lang with co-workers documented decreased activity of N-
type voltage-gated K+ channels (KV1.3) in Jurkat cells undergoing apoptosis in the pres-
ence of Fas-L69 or ceramides.70 In protonophore-treated VSMC, freshly-isolated neurons 
and leukemia cells, inhibitors of K+ channels partially suppressed the development of 
apoptosis.51, 66, 71, 72 In contrast, Nobel et al.55 did not observe any protection against 
apoptosis in Fas-L-treated Jurkat cells in the presence of KCa and KV blockers, such as 
charibdotoxin, dendrotoxin, apamin, TEA, glibenclamide and quinidine. We failed to find 
any protection by the above-listed compounds against apoptosis in serum-deprived 
VSMC-E1A.19 These negative results are consistent with the thermodynamic model of 
cell volume regulation. Indeed, activation of K+ channels leads to extensive shrinkage in 
a limited number of cells, such as mammalian erythrocytes, where Em is much lower than 
EK and is close to ECl values of ~-10 mV. In these cells, a sharp elevation of PK caused by 
activation of charibdotoxin-sensitive KCa elicits shrinkage and full-scale apoptosis indi-
cated by the loss of lipid asymmetry and membrane blebbing.73 In contrast, in the majori-
ty of nucleated cells, EK and ECl are close to Em, and activation of K+ or Cl- channels 
exerts an opposite effect on Cl- and K+ fluxes, minimizing their impact on cell volume. 

Less is known about the role of anion channels in AVD. Maeno with co-workers51

reported that in HeLa, U937, PC12 and NG108-15 cells, inhibitors of anion channels 
such as NPBB and DIDS, completely blocked AVD triggered by two distinct inducers of 
apoptosis and restored cell survival, whereas other inhibitors of anion channels 
(anthracene-9-carboxylate) and Na+-K+-Cl- and K+,Cl- cotransporters (furosemide) were 
ineffective. Activation of NPPB-sensitive Cl- channels was observed in rat hepatoma 
cells undergoing apoptosis in the presence of TNF 65 In contrast, Gottlieb and Dosanjh71

reported that transfection with mutationally-inactivated cystic fibrosis transmembrane 
regulator anion channels suppresses apoptosis in epithelial cells. Taurine is known to be a 
major organic osmolyte in the overwhelming number of cell types studied so far.74

Massive [3H]-taurine release occurs from Jurkat cells after 1 hr of their stimulation with 
Fas-ligand.75 Taurine release has also been observed in apoptotic cerebellar granule neu-
rons.76 The relative contribution of organic osmolyte efflux in AVD remains unknown.

8. CELL SHRINKAGE DOES NOT CONTRIBUTE TO APOPTOSIS IN 
 SERUM-DEPRIVED VSMC

Keeping in mind that apoptosis in VSMC treated with 375 mM mannitol was accom-
panied by ~40% cell volume decrease (Fig. 5), we undertook additional experiments to 
characterize the role of modest shrinkage seen in serum-deprived VSMC-E1A before 
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their detachment. We observed that similar to other cell types studied so far,2 VSMC-
E1A transferred from hyposmotic to isosmotic medium undergo transient shrinkage with 
maximal amplitude ~2-fold higher than in serum-deprived cells. However, this isosmotic 
shrinkage does not affect baseline apoptosis and apoptosis triggered by serum 
deprivation.19

Isosmotic shrinkage is caused by loss of intracellular osmolytes and should be abol-
ished under dissipation of their transmembrane gradient. It has been shown that extracel-
lular taurine prevents high glucose-induced apoptosis in endothelial cells.77 In HeLa,48

Jurkat54 and neuronal cells,63 apoptosis is partially suppressed under dissipation of the K+

transmembrane gradient. Modest inhibition of caspase-3 activity by high-K+ medium is 
also observed in dexamethasone-, thapsigargin- and staurosporine-treated thymocytes60

as well as in VSMC treated with protonophore.64 In HeLa cells, addition of 200 mM KCl 
completely blocks apoptosis triggered by 400 mM sorbitol.78 However, the same protect-
tion is observed under equimolar substitution of KCl with NaCl. These results strongly 
suggest that the antiapoptotic effect of high-salt medium is not related to K+

o-dependent
cell volume modulation and is caused by elevation of ionic strength of the medium.

Table 2. Effect of high-K+ and organic osmolytes on apoptosis in serum-deprived 
VSMC-E1A

Medium Chromatin Fragments % 

10% serum Serum-free 

Low-K+ medium (control) 7.0+1.2 40.4+3.0

High-K+ medium- 6.3+1.0 34.3+3.8

DMEM (control) 5.3+1.6 33.4+4.1

DMEM + betaine, myo-inositol, alanine, taurine 5.6+0.9 28.3+2.4

DMEM + mannitol, 100 mM 5.4+0.6 27.7+3.0

Cells were incubated for 6 hr in low- or high-K+ media or in DMEM in the presence or absence of serum and 
with organic osmolytes at concentrations of 25 mM each. To control the effect of medium osmolality, mannitol 
was added at a concentration of 100 mM. Low-K+ medium contained 121 mM NaCl, 5 mM KCl, 1.8 mM 
CaCl2, 0.8 mM MgSO4, 5 mM glucose, 12 mM NaHCO3, 4.2 mM HEPES (pH 7.3) and amino acids at 
concentrations indicated for DMEM. In high-K+ medium, NaCl was equimolarly substituted by KCl. Means +
S.E. from experiments performed in quadruplicate are given. 

Neither extracellular K+ nor organic osmolytes protect serum-deprived VSMC-E1A 
from apoptosis (Table 2). These data strongly suggest that the modest cell shrinkage seen 
in serum-deprived VSMC is a parallel phenomenon rather than an obligatory 
intermediate of the apoptotic machinery. The role of shrinkage in the apoptosis of 
immune system and hematopoietic cells possessing higher sensitivity to hyperosmotic 
medium,12, 13 the massive loss of intracellular K+53, 60 and protection from apoptosis by K+

channel blockers66, 72, 79, 80 should be examined further.

9. UNRESOLVED ISSUES AND FUTURE DIRECTIONS 

Data obtained in our recent studies and summarized in Figure 6 raise several 
questions. Which protein(s) interact(s) with the Na+-K+-ATPase -subunit in the presence 
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of ouabain to transform the death signal triggering oncosis in epithelial cells? Which 
intermediate(s) of this signaling cascade is missing/suppressed in VSMC and other cells 
resistant to ouabain? What is the origin of the intracellular Na+ sensor triggering 
antiapoptotic signals? Does enhanced production of endogenous ouabain-like factors 
documented in hypertension81 and several other chronic diseases82 contribute to renal 
damage and vascular remodeling? We will address these questions in forthcoming 
studies.

Figure 6. Mechanisms underlying the dual role of Na+/K+-ATPase in apoptosis and oncosis. Ouabain and K+

depletion lead to inactivation of Na+/K+-ATPase, fixing its -subunit in two distinct conformations. In the 
presence of ouabain, Na+/K+-ATPase interacts with an unknown protein (Pr) that triggers signal evoking 
oncosis. In contrast, elevation of [Na+]i activates an unidentified intracellular Na+ sensor (S) and expression of 
ERG and late response antiapoptotic genes including mortalin. NaRE – sodium response element within the 
promoter; ? – unknown intermediates of intracellular signaling. For more details, see text. 
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POLYCYSTIN-2 AS A SIGNAL TRANSDUCER 

H. F. Cantiello, N. Montalbetti, G. A. Timpanaro,
and S. González-Perrett

*

1.  INTRODUCTION 

The human syncytiotrophoblast (hST) is a differentiated syncytial epithelium that 
covers the villous tree of the maternal-facing surface of the human placenta.1-3 The hST is 
covered by apical microvilli which are bathed by the maternal blood. This brush border 
epithelial membrane displays a number of transport properties including the ability to 
selectively transfer ions.4 Ion channels in hST allow the permeation of cations such as 
K+5-7 and Ca2+,6 and anions such as Cl-.8, 9 We recently identified the Ca2+-permeable,
non-selective cation channel of hST as being a functional polycystin-2, the gene product 
of one of the ADPKD-causing genes, PKD2.6 Little is known, however, about the 
mechanisms that control and regulate ion channel activity, in particular polycystin-2, in 
this syncytial epithelium. The chorionic villous tree presents an intricate structure which 
is continuously growing by branching during gestation.3 This process requires a dynamic 
cytoskeleton. The hST apical membrane is supported by an intricate network of 
cytoskeletal structures. The apical cytoskeleton in hST encompasses a supramolecular 
structure known as the "syncytioskeletal layer" of a potentially supporting nature.10 Major 
cytoskeletal components11 including microtubules,12, 13 intermediate filaments,14-16 and 
actin-based networks17, 18 have been identified which may have distinct and interactive 
roles in the developing placenta. Apical hST microvilli have highly organized actin fila-
ments,10 and apical hST membrane vesicles retain prominent microfilamental structures 
associated with the presence of structured actin.12 Thus, the microvillous actin cytoskele-
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ton may play important, yet unknown, regulatory functions in the hST. The apical hST, 
for example, contains the actin-bundling protein -actinin19 which is excluded from the 
basal membrane cytoskeleton.20 The actin cytoskeleton anchoring protein EBP50 co-
localizes with ezrin and actin only in the apical microvilli of epithelial ST21, 22 and the 
cytoskeletally-related annexins are developmentally expressed in the placenta.23 Both -
actinin24 and EBP50-related proteins25 regulate ion channels. Thus, distinct organizational 
aspects of actin networks may be functional effectors of ion channel regulation in the 
apical aspect of hST. This is supported by the fact that actin filamental dynamics is an 
important regulator of ion channel function in a variety of tissues and cell types.26, 27 A 
number of epithelial channels are controlled by the actin cytoskeleton including Na+-28, 29

K+-30 and Cl--31, 32 permeable channels. Thus, the possibility exists for cytoskeletal struc-
tures to also enable channel regulation in the human placenta.
 Here, we report new findings and discuss the implications of cytoskeletal and 
osmotic/hydrostatic regulation of the Ca2+-permeable, non-selective cation channels in 
the hST. This channel activity represents the functional expression of polycystin-2 (PC2), 
the gene product of PKD2 in hST.6 Addition of actin filament disrupting agents such as 
cytochalasin D activates channel function which, interestingly, was mimicked by addition 
of the actin bundling protein -actinin and physical changes mediated by hydrostatic 
gradients. These data suggest that channel regulation in hST is effected by a functional 
interface linking changes in actin filamental dynamics and changes in membrane struc-
ture. This functional interface may regulate the hydroelectrolytic homeostasis in term 
human placenta.

2.  EXPERIMENTAL 

Human placenta syncytiotrophoblast apical membrane vesicles were reconstituted in 
a lipid bilayer system as recently reported.6 Briefly, term human placenta were obtained 
within 20 min of normal vaginal delivery and immediately processed. Villous tissue was 
fragmented, washed with unbuffered NaCl saline (150 mM), and minced into small 
pieces. The fragmented tissue was stirred in a solution containing 10 mM HEPES, pH 
7.4, and 0.1 mM EGTA. The solution also contained 0.2 mM PMSF, 1 g pepstatin A, 1 
g/ml aprotinin, 1-5 g/ml leupeptin, 1-5 g p-aminobenzamidine, and 250 mM sucrose. 

The tissue preparation was filtered and centrifuged for 10 min at 3,100 rpm. The 
supernatant was again centrifuged for 10 min at 11,000 rpm and for 90 min at 14,000 
rpm, in an ultracentrifuge. The final pellet was resuspended in a buffer solution 
containing HEPES-KOH, 10 mM, pH 7.4, sucrose, 250 mM, and KCl, 20 mM. The 
membrane suspension was aliquoted and stored at -20oC until the time of the experiment. 
The apical membrane enrichment (~26:1 initial homogenate) and total protein were 
determined as recently described.6

Lipid bilayers were formed with a mixture of synthetic phospholipids (Avanti Polar 
Lipids, Birmingham, AL) in n-decane as reported.6 The lipid mixture was made of 1-
palmitoyl-2-oleoyl phosphatydil-choline and phosphatydil-ethanolamine in a 7:3 ratio. 
The lipid solution (~20-25 mg/ml) was used to form lipid membranes in a polystyrene 
cuvette (CP13-150) of a bilayer chamber (model BCH-13, Warner Instruments Corp.). 
Both sides of the lipid bilayer were bathed with a solution containing MOPS-KOH, 10 
mM, and MES-KOH, 10 mM, pH 7.40, and 10-15 M Ca2+. The final K+ concentration in 
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the trans solution was approximately 15 mM and 150 mM the cis compartment. Electrical 
signals were obtained with a PC501A patch-clamp amplifier (Warner Instruments, 
Hamden, CT) with a 10 Gohm feedback resistor. Signals were low-pass filtered at 700 Hz 
(-3 dB) with an eight pole, Bessel type filter (Frequency Devices, Haverhill, MA). 
Signals were displayed on an oscilloscope and processed with pCLAMP Version 5.5.1 
(Axon Instruments, Foster City, CA). Sigmaplot Version 2.0 (Jandel Scientific, Corte 
Madera, CA) was used for statistical analysis and graphic design. 

2.1  Cytoskeleton-Related Compounds 

 Cytochalasin D (CD, Sigma) was dissolved in DMSO and used at concentrations 
ranging from 1 to 50 M. Actin was obtained from original vendors (Sigma-Aldrich, 
Milwaukee WI). G-actin (monomeric, 5-10 mg/ml) and stored at -80°C in a 
depolymerizing buffer containing, in mM: Tris-HCl, 2.0; ATP, 0.5; CaCl2, 0.2; and -
mercaptoethanol, 0.5; pH 8.0. The actin bundling protein -actinin33, 34 was obtained from 
Sigma (2.5 mg/ml) and used at a final concentration of 25 g/ml.

3. RESULTS AND DISCUSSION 

Figure 1. Effect of cytochalasin D on hST cation channels. Addition of cytochalasin D (5 g/ml) to the cis

(cytoplasmic) side of the reconstituted hST apical vesicles induced a transient channel activation. Membranes 
were reconstituted in the presence of a KCl chemical gradient. Holding potential was 60 mV. Time is indicated 
in seconds. Data are representative of 17 experiments.
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3.1 Effect of Cytochalasin D on Channel Activity in hST 

 To assess a regulatory role of the actin cytoskeleton in channel function in hST, api-
cal membranes were reconstituted in a lipid bilayer system. Experiments were conducted 
in the presence of a K+ chemical gradient, with 150 mM in the cis chamber and 15 mM 
KCl in the trans chamber, respectively. Experiments where no or little spontaneous 
activity was originally observed at the beginning of the experiment were chosen. 
Addition of cytochalasin D (CD, 5 g/ml) to the cis side of the reconstitution chamber 
induced a transient activation of K+-permeable ion currents (Figure 1) which peaked at 
approximately seven min after addition of the drug.
 The CD-activated channels (Figure 1) were highly cation-selective, had a mean 
single channel conductance of 135 pS, presented substates, and were further 
characterized as those previously observed as mediated by polycystin-2.6 The 
pharmacological profile, including inhibition by La3+ and 50 M amiloride was also 
similar to that of the spontaneously active channels (data not shown). To further test the 
role of endogenous actin networks on cation channel activity, hST plasma membranes 
were also incubated for 1-3 days at 4 oC in the presence of cytochalasin D (5 g/ml), to 
completely collapse the actin networks. Under these conditions channel activity was 
spontaneously absent but was re-activated by addition of actin to the cis chamber (1 
mg/ml, data not shown). 

Figure 2. Effect of -actinin on hST cation channel activity. Representative single-channel tracings of hST 
apical membranes in asymmetrical KCl. Addition of the F-actin bundling protein -actinin to the cis chamber 
induced cation channel activity. Data suggest that cytoskeletal dynamics plays a regulatory role in channel 
function in human placenta. Data are representative of 7 experiments. 
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3.2 Effect of -actinin on Cation Channels in hST 

 To assess whether the stimulatory effect of CD on K+ channel activity in hST was 
affected by changes in cortical actin network organization in the proximity of the 
channels, the effect of the actin-bundling protein -actinin was also tested. This actin-
binding protein arranges tightly packed actin filaments.35

 Alpha-actinin also shares functionally similar domains with a number of other actin 
binding proteins including the actin-severing protein gelsolin36 and the actin-anchoring 
protein dystrophin,37 entailing a high plasticity in cytoskeletal re-modeling. Interestingly, 

-actinin is preferentially localized to the apical domain of the hST.20 Addition of -
actinin (25 g/ml) to the cis chamber induced and/or increased hST cation channel active-
ty previously inactivated by voltage (Figure 2), suggesting cytoskeletal configurations do 
control basal channel activity in hST. Interestingly, the actin-binding domains of -
actinin also share homology with the actin-crosslinking proteins filamins35 which are 
known to regulate epithelial channel function.38 Thus, the encompassed evidence sug-
gests that changes in gel configuration of the actin networks may be an important con-
tributor to channel regulation in hST.
 The above data forward a regulatory role of endogenous actin networks and likely 
actin associated proteins in the control of K+ channel activity in hST. However, the 
spontaneous and cytoskeletally-induced channel activity observed herein occurs in the 
presence of an osmotic gradient ( ) constantly imposed by the KCl chemical gradient to 
the plasma membrane.6, 39 This indicates that changes in the properties of the membrane, 
including its capacitance,40, 41 tonically control channel activity in the hST. 

Figure 3. Effect of hydrostatic pressure on hST cation channel activity. Cation channel activity was first 
observed and allowed to spontaneously inactivate (data not shown). Hydrostatic pressure was imposed by 
reducing volume in cis and addition of isosmotic saline in the trans chambers, respectively. Data are 
representative of 3 experiments.
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3.3 Effect of Hydrostatic Pressure on hST Channel Regulation 

 To assess a regulatory role of the physical membrane parameters on the cation 
channel function of hST, osmotically challenged ( ) membranes were subjected to a 
compensatory hydrostatic gradient ( P) which normally counters osmotic interactions.40

A decrease in cis volume and increase in volume to the trans chamber (total P = 15 mm 
water, Figure 3) was sufficient to elicit a stimulatory response on cation channel function 
in the hST reconstituted membrane. Thus, physical challenge indeed exerts a functional 
control on hST channel activity. Whether this phenomenon is directly linked to elastic 
changes in the reconstituted membrane, as opposed to cytoskeletal reorganization 
observed above, is currently under investigation. Recent studies from our laboratory 
determined that the K+ channel activity is largely mediated by the gene product of the 
ADPKD causing gene PKD2, the Trp-type channel polycystin-2.6 Little evidence is yet 
available for cytoskeletal interactions with PC2. However, recent studies suggest that 
various cytoskeletal proteins including Hax-1, a cytoskeletal protein that interacts with 
the F-actin-binding protein cortactin,42 troponin-I43 and tropomyosin-144 all bind to PC2. 
Interestingly, PC2 has been co-localized with tubulin, in cilia of renal epithelial cells.45

This location in a sensory organelle suggests an important role by transducing environ-
mental signals such as volume flow to the stimulation of Ca2+ signals.46 Thus, PC2 chan-
nels may be part of a novel mechano-transduction signaling mechanism regulated or at 
least interacting with cytoskeletal structures. Conversely, physical forces imposed onto 
the membrane may also affect the osmotic behavior of lipid bilayers and cell mem-
branes.47 The elastic pressure from bilayer osmotic deformation should be compensated 
by both inter-bilayer pressure and the difference in hydrostatic pressure across the mem-
brane. In turn, hydrostatic pressure differences which counteract the osmotic stress pro-
duce a mechanical imbalance on the membrane which is compensated by changes in the 
surface pressure of the membrane. This surface pressure modifies the membrane surface 
area,48, 49 a phenomenon manifested by changes in membrane capacitance.41 Thus, our 
data support two not mutually exclusive and likely cooperative, regulatory mechanisms in 
hST channel regulation. Namely, elastic compliance of the membrane and cytoskeletal 
reorganization may act in concert to gate channel function. 

The human syncytiotrophoblast is a highly dynamic structure whose function 
depends on the growth and branching of the invading trophoblast into the uterine muco-
sa.10, 50 The membrane-cytoskeleton interface may play a critical role in cation-dependent 
signaling pathway(s) associated with placental function (Figure 4), in particular the 
control of osmo-electrolytic homeostasis in placental metabolism. Changes in hydrostatic 
pressure may be important contributors to water and solute transport in the placental 
environment.51, 52 Further, regulatory mechanisms linking the cytoskeleton to cation 
transport may also be essential for fetal development, as water and solute transfer across 
the human placenta are directly and positively correlated to fetal growth.4 The actin 
bundling protein -actinin, for example, is released from the actin cytoskeleton in hST in 
a Ca2+-dependent fashion.20 This is particularly interesting in the context of the present 
study as -actinin plays a role in the regulation of epithelial cation channels24 and Ca2+ is 
transported by the channel complexes described in this study.6
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Figure 4. Schematics of actin cytoskeleton-pressure regulation of cation channels in hST. In term human pla-
centa, the hST apical membrane contains an organized actin cytoskeleton comprised of actin and actin-binding 
proteins. Actin de-polymerization by toxins such as cytochalasin D, or changes in cytoskeletal dynamics elicited 
by either addition of actin bundling proteins such as -actinin, or changes in physical parameters as changes in 
hydrostatic pressure activate channel function. 

4. CONCLUSION 

In summary, the present study demonstrates that dynamic changes in the endogenous 
actin cytoskeleton regulate K+-permeable cation channels in term hST. This effect was 
mimicked by either early cytoskeletal disruption with such drugs as CD or addition of the 
actin-bundling protein -actinin. The encompassed data suggest a regulatory role of actin 
filaments on channel function by either direct interaction with actin and/or the control of 
tightly associated proteins such that changes in the actin conformations may modify 
channel function. Our data also provide the first demonstration for environmental signals 
such as changes in hydrostatic pressure playing an important role in cation transport in 
hST. Our studies suggest that hST channel regulation may be controlled by cortical actin 
cytoskeletal structures and physical changes in membrane properties. At present, little is 
known about the potential regulatory role of cytoskeletal structures in PC2 function. 
Nevertheless, actin-associated proteins including tropomyosin-144 and troponin-I43 have 
recently been reported to bind to polycystin-2 and thus, may have a regulatory role in 
channel function which remains to be determined. Interestingly, recent evidence also 
indicates that the PC2-related PCL channel which shares a number of functional proper-
ties with PC2 is controlled by troponin-I.53 Further studies will be required to determine 
whether osmo-electrolytic changes themselves may convey changes in membrane 
properties expected to play a role in placental metabolism. Both direct actin interactions 
and cytoskeletal coupling through scaffolding proteins may control channel activity in 
hST. Conversely, other channel functions may also be targeted by the actin cytoskeleton. 
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Cl- channels, for example, are regulated by cytoskeletal structures.32, 54 Thus, it is possible 
and rather likely that the actin cytoskeleton may help concert various channel functions in 
this syncytial epithelium. 
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FURTHER CHARACTERIZATION
OF THE NEMATODE IClnN2 PROTEIN 

RECONSTITUTED IN LIPID BILAYERS

M. Ritter, C. Bertocchi, M. Jakab, J. Fürst, M. Paulmichl

1. INTRODUCTION 

ICln is a highly conserved and ubiquitously expressed, multifunctional protein which 
is indispensable for cell viability and essential for cell volume regulation. In addition to 
its role in the RNA splicing process,1-4 ICln is involved in the generation of the anion 
currents activated during regulatory volume decrease after cell swelling (RVDC). In 
Xenopus laevis oocytes overexpression of ICln results in the occurence of ion currents 
with properties closely resembling RVDC.5 ICln knock down with specific antibodies6 or 
antisense oligodeoxynucleotides reduces, and overexpression of ICln increases RVDC in 
native cells.7-9

ICln can primarily be found in the cytosol as a water-soluble protein but some 
fraction can also be detected within or in close association with the cell membrane. 
Recently we have shown that cell swelling leads to a cellular redistribution of ICln and 
that the portion of membrane associated ICln increases during RVD.10

If reconstituted in artificial bilayers, ICln can form ion channels with biophysical 
properties related to RVDC.11-13 The proposed ion channel model of ICln is described in 
the contribution of Jakab et al. in this issue.14

In the nematode Caenorhabditis elegans we recently identified two splice variants of 
the ICln protein termed IClnN1 and IClnN2. While IClnN1 is highly homologous to all 
ICln proteins identified so far, IClnN2 is characterized by an additional string of 20 
amino acids, which carries clusters of positively and negatively charged amino acids and 
which is encoded by the exon 2a.5 Figure 1A schematically shows the alternative splicing 
of the polycistronic ICln mRNA and Figure 1B displays the sequence alignment of 
human ICln, canine ICln and the two nematode ICln splice variants. According to the 
proposed ion channel model of ICln, these 20 amino acids are located on the cytosolic 
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side immediately after the predicted second transmembrane -sheet, i.e., adjacent to the 
inner mouth of the putative channel pore (figure 1C). 

Figure 1. A: Operon organization of ICln, Nx and Ny in Caenorhabditis elegans. Alternative splicing of the 
polycistronic mRNA leads to the expression of IClnN1 and IClnN2. IClnN1 is lacking the amino acids encoded 
by exon 2a. The operon is housing two additional proteins termed Nx and Ny. B: Sequence alignment of ICln 
from Homo sapiens (hICln), Canis familiaris (dogICln) and Caenorhabditis elegans (IClnN1 and IClnN2). 
Identical and similar amino acids are indicated by dark and light gray shading, respectively. The string of 20 
amino acids encoded by exon 2a of the IClnN2 splice variant is underlined and charged amino acids within this 
sequence are indicated. The putative transmembrane domains formed by -sheets are indicated by the boxes 
marked I-IV. C: Putative transmembrane organisation of IClnN1 and IClnN2. The model suggests a 
transmembrane domain that is composed of a four-stranded -sheet. To form a functional channel the formation 
of an ICln dimer is required. The string of amino acids encoded by exon 2a is supposed to be located in close 
vicinity to the inner mouth of the channel pore. Figures are modified from Fürst et al.15
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In a previous study we demonstrated that both nematode ICln variants exhibit 
identical single channel conductances of 3 pS if reconstituted in planar lipid bilayers. 
The open probabilities (Po) of both variants are identical at negative (pipette vs. bath) 
holding potentials (0.3-0.4). However, at positive potentials the Po of IClnN2 rapidly 
drops to a value close to zero, whereas the Po of IClnN1 remains unaffected, indicating 
voltage-dependent inactivation of IClnN2. By reconstitution of IClnN1, the splice variant 
lacking the exon 2a derived amino acid sequence, in the presence of synthetic peptides 
comprising the entire sequence from exon 2a or fragments thereof, we could show that 
inactivation can be conferred to this channel. From these experiments it was concluded 
that the voltage-dependent inactivation of IClnN2 is mainly due to a cluster of positively 
charged amino acids, i.e, five consecutive arginines.15

In addition to the presence of the unique splice variant, the ICln gene in 
Caenorhabditis elegans is organized in an operon and ICln is transcribed along with two 
other proteins which have been termed Nx and Ny (figure 1A). Coreconstitution of 
IClnN2 and protein Nx revealed, that this protein is able to suppress the voltage-
dependent inactivation of IClnN2. This indicates a functional interaction between IClnN2 
and Nx.15

The present study was performed to further investigate the inactivation behavior of 
reconstituted IClnN2 by use of antibodies directed against the amino acid sequence 
comprised by exon 2a. 

2.  EXPERIMENTAL 

Salts, chemicals, drugs: All salts, chemicals and drugs were of pro analysis grade 
and purchased from Sigma, Germany, unless otherwise stated. 

Nematodes: The nematode strain (N2) used was provided by the Caenorhabditis 
Genetics Center funded by the NIH National Center for Research Resources (NCRR). 

Purification of the ICln proteins: The open reading frame (ORF) of IClnN1 and 
IClnN2 were cloned in frame into the pET3-His vector, which adds a histidine tag (H-
tag) to the N-terminus of the protein. The H-tag allows for purification of the protein on a 
Ni-NTA agarose column (Qiagen, Germany). As shown earlier, overexpression of the 
ICln proteins in Escherichia coli (strain BL21 (DE3)) and the subsequent purification 
leads to single protein bands of the expected sizes.11 The purified proteins were stored at 
–74°C in elution buffer (50 mM K2HPO4 and 200 mM imidazole, pH 7.40–8.00) at a 
concentration of 0.4 µg/µl. 

Antibodies: Polyclonal rabbit antibodies were raised against a synthetic peptide with 
the sequence SVRRRRRAPVLRTIQEDDEQ, which comprises the amino acid sequence 
encoded by exon 2a, employing standard methods (Davids Biotechnologie, Germany). 
For experiments, the immunoserum (IS) was used at a dilution of 1:1000. Control 
experiments were performed using the corresponding preimmunoserum (PIS) at the same 
dilution. The specificity of the affinity purified antibody was verified by Western blot 
analysis of preparations from whole worms as well as from purified IClnN1 and IClnN2 
proteins.

SDS-PAGE and Western blotting: Purified proteins and homogenized worms were 
heated to 100 °C for 5 min, separated on a 12% SDS-PAGE and electroblotted onto a 
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nitrocellulose membrane (Amersham).16, 17 Membranes were blocked in TBST containing 
0.5% blocking substrate (Roche) for 1 h at room temperature, incubated with affinity 
purified polyclonal antibody (1:3000) for 1 h, washed and incubated with secondary 
antibody (1:7000) in TBST. Antibody-detection was performed by enhanced 
chemiluminescence (Roche) (Figure 2). 

Figure 2. Western blot of lysates of whole Caenorhabditis elegans worms (lane 1) and purified IClnN2 (lanes 2 
and 3) and IClnN1 (lane 4) proteins using an antibody raised against the amino acid sequence encoded by exon 
2a (SVRRRRRAPVLRTIQEDDEQ). The antibody specifically recognizes purified IClnN2 protein, whereas no 
signal can be detected with IClnN1 protein. 

Single-channel current recordings: Single-channel currents of reconstituted IClnN2 
proteins were measured using the "tip-dip" method as described previously.15 The planar 
lipid bilayer was established on patch pipettes using 1% (w/v) of 1,2-diphytanoyl-sn-
glycero-3-phosphocholine (Diph-PC; Avanti Polar Lipids, USA). Diph-PC was dissolved 
in n-decane for membrane formation. All measurements were made in symmetrical KCl 
solutions (pipette and bath: 300 mM KCl, 10 mM HEPES, pH 7.40) using an EPC-8 
patch-clamp amplifier (HEKA, Germany) and the data were stored on a hard disk. 
Membranes were voltage-clamped at a holding potential of -120 mV (pipette versus

bath). The protein was added to the bath solution at a final concentration of 1 µg/ml, 
which was usually followed by the appearance of single channel currents. Where 
indicated, PIS or IS was added to the bath solution (1:1000). Voltage steps were 
performed from -120 mV to +120 mV at intervals of five seconds and the single channel 
open propability (Po) was determined at the two potentials at intervals of 2.5 seconds 
before and immediately after the voltage step using the TAC/TACfit (Bruxton) and MS-
Excel software. For the analysis, the data were filtered at 0.2 kHz. All experiments were 
conducted at room temperature.

Statistical analysis: All values are given as mean±SEM. Data were tested for 
differences in the means by Student’s t-test. A statistically significant difference was 
assumed at p<0.05. 

3.  RESULTS AND DISCUSSION 

Reconstitution of IClnN2 in planar Diph-PC bilayers led to the appearance of single 
channel currents like those shown in Figure 3A. Under these control conditions, the open 
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probability (Po) was 0.45±0.06 (n=14). In agreement with our previous study,15 the Po of 
the observed currents rapidly dropped to a value of 0.20±0.06 (n=14) upon a step increase 
of the holding potential to +120 mV, indicating voltage-dependent inactivation of 
IClnN2.

Subsequently, 5µl of either preimmunoserum (PIS) or immunoserum (IS) were 
added to the bath solution (Figure 3A and B). The single channel conductance in the 
presence of PIS was 2.1±02 pS at -120 mV (n=29) and 2.3±0.3 pS (n=28) at +120 mV, 
respectively. Addition of IS did not significantly alter these values (2.2±0.3 pS, n=28 and 
2.0±0.3 pS, n=28 at -120 mV and +120 mV, respectively). Addition of PIS did not alter 
the inactivation behavior of reconstituted IClnN2. The Po at -120 mV was 0.38±0.05 
(n=10) and dropped significantly to 0.19±0.03 (n=10) at +120 mV. In the presence of IS, 
however, the inactivation of IClnN2 was annihilated. The Po was 0.31±0.07 (n=10) at -
120 mV and 0.35±0.05 (n=10) at +120 mV. Thus, in contrast to control conditions or to 
the presence of PIS, no significant change in the Po could be observed in the presence of 
IS.

These results clearly indicate that antibodies specifically recognizing the amino acid 
sequence encoded by exon 2a do not interfere with the ion conducting part of the 
molecule, but that they are able to disturb the intramolecular entity responsible for the 
voltage-dependent inactivation of IClnN2. This entity is most likely comprised by the 
additional string of 20 amino acids, which are located in close vicinity to the inner mouth 
of the putative ion-conducting pore of the channel. These amino acids are thought to act 
as an inactivating particle, closing the channel pore in a voltage-dependent manner as 
described for other ion channels.18 It is feasible to assume that the antibodies immobilize 
the inactivation particle, thus preventing it from binding to a putative intramolecular 
acceptor site. 

Analysis of the amino acid composition of the exon 2a-encoded sequence revealed 
the presence of two charged clusters, one bearing a net positive charge at the N-terminal 
part and one bearing a net negative charge at the C-terminal part of the sequence. 
Reconstitution of IClnN1, the splice variant which is lacking the string of additional 
amino acids and which does not exhibit inactivation, per se, with synthetic peptides 
composed of these amino acids of exon 2a, or fragments thereof, showed that inactivation 
can be conferred to IClnN1 by those peptides that contain the positively charged amino 
acids.15

It has to be stated, however, that IClnN2 is so far the only known isoform of ICln 
that exhibits the exon 2a encoded sequence. In Caenorhabditis elegans both IClnN1 and 
IClnN2 are expressed. In embryonic cells of this organism, RVDC diplays inward 
rectification. This is in contrast to RVDC found in virtually all other cells investigated so 
far, in which hypotonicity elicits outwardly rectifying currents.19 The unique biophysical 
behavior of IClnN2 may contribute to the regulation of RVDC in this organism. 
Moreover reconstitution of IClnN2 and protein Nx revealed that the latter is able to 
counteract the inactivation of IClnN2, thus disclosing a functional interaction of these 
proteins.15 Recently we were able to demonstrate that the highly conserved human 
orthologue of Nx, a protein termed HSPC038, is also able to interact with human ICln if 
overexpressed in NIH 3T3 fibroblasts.20 Although the physiological significance of this 
interaction has to be determined, this study demonstrates that the analysis of the 
nematode operon organization is a powerful tool to identify functionally interacting 
partner-proteins.20
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Figure 3. Functional interaction of IClnN2 with antibodies raised against the amino acid sequence encoded by 
exon 2a. The reconstitution of IClnN2 led to a single channel currents that inactivated at positive potentials (i.e. 
a voltage step from -120 mV to +120 mV) due to a drop in the open probability (Po) of the channels. This 
‘inactivation was unaffected in the presence of preimmunoserum (PIS, left bars) but was completely annhilated 
in the presence of immunoserum containing the specific antibodies (IS, right bars). A : Original tracings from a 
single channel recording. B : Means±SEM of 10 individual experiments.

4.  CONCLUSIONS 

The results presented in this study confirm previous findings demonstrating voltage-
dependent inactivation of the nematode ICln splice variant IClnN2. Furthermore they 
demonstrate that antibodies directed against the additional 20 amino acids encoded by 
exon 2a are able to suppress the inactivation of IClnN2, thus mimicking the action of the 
ICln operon partner protein Nx on reconstituted IClnN2. The results further substantiate 
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the assumption that the amino acids encoded by exon 2a are responsible for the voltage-
dependent inactivation of IClnN2. 
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HYPERTONICITY-INDUCED CATION
CHANNELS IN RAT HEPATOCYTES AND
THEIR INTRACELLULAR REGULATION 

Frank Wehner and Heidrun Olsen*

1.  INTRODUCTION 

For an efficient regulatory volume increase (RVI) to occur, the osmolyte content of a 
shrunken cell has to be augmented rapidly. To this end, transport systems for inorganic 
osmolytes are activated as the first cellular response. In most instances, an uptake of Na+

is employed which is due to the favorable driving forces for this cation across the plasma 
membrane. As the second step, Na+ is then exchanged for K+ by the activation of Na+/K+-
ATPase and thus the Na+ gradient is restored. On balance, a net uptake of K+ (plus Cl-)
and osmotically obliged water is achieved and the original cell volume is regained. 

The rates of ion transport through channels are approximately 4 to 5 orders of magni-
tude higher than those found for carriers. Modulations of ion channel activity in response 
to changes in cell volume may therefore serve as fast and efficient mechanisms of regu-
latory osmolyte transport. Conductive Na+ entry under hypertonic conditions was already 
proposed by Hoffmann1 for Ehrlich ascites tumor cells and by Okada and Hazama2 for 
intestine 407 cells. In 1995, our lab proved the significance of this mechanism in rat 
hepatocytes and defined the activation of Na+ channels as a novel mechanism of RVI.3

Here, we will first review the physiological significance of Na+ channels for the RVI 
of rat hepatocytes and address the possible molecular entity of these channels. We will 
then focus on the intracellular mechanisms by which the hypertonic activation of Na+

channels in rat hepatocytes is controlled. A brief overview on hypertonicity-induced 
cation channels in other systems is also presented. 

* F. Wehner and H. Olsen, Max-Planck-Institut für molekulare Physiologie, Abteilung Epithelphysiologie, Otto-
Hahn-Strasse 11, 44227 Dortmund, Germany 
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2.  THE CONTRIBUTION OF Na+ CHANNELS TO RVI 

It was generally assumed that the RVI of rat hepatocytes is mediated by Na+/H+ anti-
port and Na+/K+-ATPase operating in concert: Activation of Na+/H+ antiport leads to an 
increase of cell Na+ which is then exchanged for K+ via activation of the Na+ pump4,5

(Figure 1). In addition, evidence for a role of Na+-K+-2Cl- symport in hormone- (insulin)-
induced increase of rat hepatocyte cell volume was reported which suggested this 
transporter’s role in the RVI process as well.6

Figure 1. The initial event in the RVI of rat hepatocytes is an import of Na+ that is channel mediated (left), 
driven by Na+/H+ antiport (top) as well as Na+-K+-2Cl- symport (right). Na+ is then exchanged for K+ via active-
tion of Na+/K+-ATPase (bottom). Together, these processes lead to a pronounced increase of cell K+ (plus a 
small amount of Na+). Uptake of Cl- as well as HCO3

- will parallel this cation import by (electro-) chemical pro-
cesses not under consideration here. 

Our laboratory was the first to demonstrate a significant contribution of amiloride-
sensitive Na+ channels to the RVI of rat hepatocytes3 (Figure 1). In a quantitative study, it 
was then shown that the relative contribution of Na+ channels, Na+/H+ antiport and Na+-
K+-2Cl- symport to the hypertonicity-induced Na+ uptake equals 4:1:1 (upon change from 
300 to 400 mosmol/l). Moreover, the amount of Na+ imported by these transporters was 
in excellent balance with the actual increase of cell Na+ plus the amount of Na+ extrusion 
via Na+/K+-ATPase. In other words, a complete osmolyte and Na+ transport balance was 
obtained.7 When testing for the osmotic sensitivity of the Na+ transporters employed in 
RVI, it was found that in the range of 20% to 50% hypertonicity, the activation of Na+

channels was clearly the dominant mechanism of cell volume regulation in rat 
hepatocytes8 (Figure 2). 
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Figure 2. Na+ transport balance during rat hepatocyte RVI. Four degrees of hypertonicity were tested (changes 
from 300 to 327, 360, 400 and 450 mosmol/l, respectively). For each series, the Na+ import occurring via Na+

conductance, Na+-K+-2Cl- symport and Na+/H+ antiport during a 10-min exposure to hypertonic stress is com-
pared with the amount of Na+ export via Na+/K+-ATPase plus the actual increase of cell Na+ 8 (with kind 
permission).

3.  THE MOLECULAR CORRELATE OF Na+ CHANNELS 

The hypertonicity-induced Na+ channel of rat hepatocytes was inhibited by amiloride 
with an apparent Ki of some 5 mol/l and its overall sensitivity was ethyl-isopropyl-
amiloride (EIPA)  amiloride  benzamil.9, 10 Hence, at first sight, the channel may 
reflect a low (amiloride) affinity type rather than an epithelial Na+ channel (ENaC). The 
latter typically exhibits Ki values in the upper nanomolar range and an inverse 
pharmacological profile.11, 12 Nevertheless, all three subunits of rENaC could be detected 
in Western blots on rat hepatocytes (Figure 3) and fragments of 400 - 500 bp and with 
100 % identity to -, -, -rENaC could be amplified by RT-PCR techniques.10
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Figure 3. Immunoblot detection of -, -, and -rENaC in rat hepatocytes10 (with kind permission). 

Interestingly, when specific antisense oligo-nucleotides directed against -rENaC
were injected into rat hepatocytes hypertonicity-induced currents were reduced to 30% of 
control values (Figure 4).13 This was the first direct evidence for a role of the ENaC in 
cell volume regulation in a native system. Of note, however, a permeability ratio PNa/PK = 
1.4 could be derived from these measurements which is very low when compared to data 
obtained for a “typical” ENaC with all three subunits. The actual contribution of -, -
rENaC to the hypertonicity-induced Na+ channel of rat hepatocytes is currently under 
investigation.
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Figure 4. Current-voltage relations of hypertonicity-induced membrane currents in rat hepatocytes. The differ-
ences between currents obtained at 400 and 300 mosmol/l were computed for cells injected with a control oligo-
DNA [filled squares] or anti- -rENaC oligo-DNA13 [open squares] (with kind permission). 
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4.  MECHANISMS OF Na+ CHANNEL ACTIVATION 

As was determined by means of cable-analysis (Figure 5) as well as in ion-
substitution experiments with low Na+ pulses (not shown), PKC is one of the key players 
in intracellular activation of Na+ channels. Whereas under control conditions hypertonic 
stress decreased the specific membrane resistance of rat hepatocytes by 20% (reflecting 
Na+ channel activation), this response was completely inhibited in the presence of 400 
nmol/l bis-indolyl-maleimide I which (at this concentration) is a highly selective blocker 
of PKC.14 It is likely that  PKC is functioning quite proximal to Na+ channel activation. 
The actual PKC isoform involved in these processes is currently under investigation. 

0 2 4 6 8 10 12 14
70

80

90

100

110

120

s
p
e
c
if
ic

 m
e
m

b
ra

n
e
 r

e
s
is

ta
n
c
e
 [
%

]

400 mosmol/l

CONT

0 2 4 6 8 10 12 14
70

80

90

100

110

120

time [min]

s
p
e
c
if
ic

 m
e
m

b
ra

n
e
 r

e
s
is

ta
n
c
e
 [
%

]

400 mosmol/l

BIM

Figure 5. Cable analysis of the hypertonic activation of rat hepatocyte Na+ conductance. The effects of hyper-
tonic stress (change from 300 to 400 mosmol/l) on specific membrane resistance were determined under control 
conditions (CONT) and in the presence of 400 nmol/l bis-indolyl-maleimide I (BIM), a selective blocker of 
PKC14  (with kind permission). 
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In addition to the activation of Na+ channels, PKC stimulated Na+-K+-2Cl- symport14

which also explains the very similar osmotic sensitivity of both transporters (Figure 2). 
Of note, stimulation of Na+/H+ antiport did not depend on PKC.14 Likewise, this trans-
porter exhibited a significantly lower osmotic threshold with 65% of its maximal activa-
tion already at 9% hypertonicity (327 mosmol/l; Figure 2). Therefore, we hypothesized 
that cell alkalinization via stimulation of Na+/H+ antiport may be part of the signaling 
machinery employed in Na+ channel activation. It was found, however, that experimental 
cell alkalinization (under isotonic conditions) did not significantly alter the activity of rat 
hepatocyte Na+ channels15).

The signaling events further upstream to PKC are under extensive investigation. A 
contribution of G-proteins, tyrosine kinases, phospholipase C, and PI3-kinase is very 
likely and the interplay between these actors is currently characterized in our laboratory. 

In addition, as in many other systems, changes in cell volume were found to 
significantly modify the cytoskeleton of rat hepatocytes. Within a few minutes, the cell 
actin is rearranged and stress fibres are formed (Figure 6). Interestingly, this effect 
appeared to occur in concert with changes in the activity of RhoA (not shown). 
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Figure 6. Confocal analysis of hypertonicity-induced stress fibres in rat hepatocyte monolayers. G-actin and F-
actin were stained with DNAse I – Alexa 488 and phalloidin – TRITC, respectively, under isotonic conditions 
and at 3 min after change to 400 mosmol/l. 

Our aim is to characterize and further understand the signaling network that finally 
leads to the hypertonic activation of rat hepatocyte Na+ channels. Our final goal will be to 
define the sensors by which cells actually perceive changes in their volume and, at 
present, integrins and cadherins are some of the most likely candidates. The under-
standing of these signaling events will be of considerable (patho-) physiological rele-
vance for all of the very many processes that are interrelated to changes in cell volume. 
The interplay between proliferation (tumor genesis) and apoptosis is only one of them. 
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5.  COMPARISON WITH OTHER SYSTEMS 

In addition to rat hepatocytes, hypertonicity-induced and amiloride-sensitive cation 
channels have been reported from the human hepatoma cell line HepG2,16 Ehrlich Lettre-
ascites tumour cells,17 and human ciliary epithelium18 (Table 1). In some instances, these 
channels are even more sensitive to benzamil, supporting the notion of a possible molecu-
lar correlation to the ENaC.19

Table 1. Pharmacology, ion-selectivity, and molecular correlate of hypertonicity-induced 
cation channels 
 Gd3+ Fluf EIPA Amil Benz  PNa/PK  Mola

Rat Liver - - ++ + +/-  1.4  -ENaC

HepG2 + + - + -  ?  ? 

Ehrlich Lettre ++ ? +/- + ++  1.14  ? 

Ciliary Epithelium ? ? ? + ++  ?  ? 

NSCsb ++ ++ ? - ?  1.2  TRPc?
a  Molecular correlate         
b “classical” amiloride-insensitive channels
c  transient receptor-potential channels

In contrast, “classical” non-selective cation channels (NSCs) are typically insensitive

to amiloride in concentrations up to 10-4 mol/l. In every instance however, these channels 
are blocked by the anti-inflammatory drug flufenamate (10-4 mol/l) as well as Gd3+ (from 
10-5 to 10-3 mol/l). NSCs are expressed in human nasal epithelial cells20 in the human 
colon cell lines CaCo-2 and HT29,

21, 22 in the mouse cortical collecting duct cell line M1,23

as well as in BSC-1 renal epithelium cells (derived from the African green monkey), A10 
vascular smooth muscle cells (established from rat embryonic aorta), Neuro-2a cells 
(derived from mouse neuroblastoma),22 and the human cervix carcinoma cell line HeLa.24

Little is known about the molecular entities of amiloride-sensitive or insensitive 
channels. The only exceptions are rat hepatocytes where -ENaC is one component of 
the channel and possibly HeLa cells from which a correlation to transient receptor poten-
tial (TRP) channels was reported24 (See19 for review). Concerning future studies in the 
field, Ehrlich Lettre cells may be the preparation of choice because they combine a pro-
nounced sensitivity to both benzamil and Gd3+, the typical blockers of amiloride-sensitive 
and insensitive channels (Table 1). In this respect, also note that wherever tested, the 
PNa/PK ratio is in the very narrow range of 1.1 to 1.4, which may be interpreted in terms 
of a possibly closer relation between both types of channels than was originally proposed.

6.  CONCLUSIONS 

Our recent work on the RVI of rat hepatocytes has led to a complete understanding 
of the osmolyte and Na+ transport balance in this system, and the osmotic sensitivity of 
the transporters employed were defined. Clearly, the activation of an amiloride-sensitive 
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Na+ channel is the main mechanism mediating RVI which is a novel mechanism of cell 
volume regulation. On the molecular level, at least -rENaC is a functional component of 
this channel. With respect to regulation, PKC is one of the triggering mechanisms rather 
close to channel activation. The intracellular network that is in charge further upstream to 
PKC, including possible sensors of cell volume changes, is currently under investigation.
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CELL VOLUME SENSING AND REGULATION
IN SKELETAL MUSCLE CELLS 

 Lessons from an Invertebrate 
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Lauren Trais, Kathy Gohar, David Hergan, Robert Buechler,
Robert Lajvardi and Cecilia Pena-Rasgado* 

1. INTRODUCTION 

Human skeletal muscle cells, in addition to their contractile role, serve as reservoirs 
for 45% of the total body water and ~35% and ~73% of body Mg2+ and K+, respectively. 
Furthermore, these cells contain relatively large concentrations of intracellular free amino 
acids (FAA) or related compounds, e.g., ~16 mM taurine and 6 mM glycine,1 known to 
act as osmolytes in numerous cells. Thus, net membrane fluxes of water, K+ and FAA in
skeletal muscle have the potential of affecting not only the volume of the contracting mus-
cle cell but also that of neighboring muscle cells and perhaps the body’s electrolyte bal-
ance as well.2 Under isosmotic conditions, skeletal muscle contraction is accompanied by 
increases in intracellular osmolality (due to accumulation of lactate, creatine and inor-
ganic phosphate) and thus cell volume. While subsequent efflux of osmolytes from the 
contracting cell restores its volume, it may affect the plasma osmolality thereby compro-
mising the volume of non-contracting neighboring muscle cells. Furthermore, cell volume 
changes affect the muscle’s contractile capability.3 This complex array of cause-effect 
relationships has interested physiologists and biophysicists for more than 100 years,4-6 but 
the underlying details are just beginning to be unveiled as understanding of volume regu-
latory mechanisms increases. The muscle cell from the barnacle, Balanus nubilus, is an 
ideal model to study these interactions. The cell’s large size (2 cm length x 2 mm 
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diameter) permits measurement and/or control of all known relevant parameters involved 
in contraction and cell volume regulation, e.g., membrane potential, intracellular 
pressure, cell shape and volume, force generation, lattice spacing, and sarcomere length. 
Further-more, these cells undergo large volume and shape changes during isometric 
contraction.7 To understand the interactions between cell volume and muscle contraction, 
it is essential to know how volume changes are sensed by muscle cells as well as the 
mechanisms re-sponsible for effecting volume recovery. We will review how barnacle 
muscle cells sense hypotonicity-induced swelling and the mechanisms responsible for 
volume recovery. 

2. MATERIALS AND METHODS 

Figure 1. Diagram representing the experimental set-up used for barnacle muscle perfusion and simultaneous 
measurement of intracellular pressure and osmolality. The perfusion solution is dispensed into the cell via a per-
fusion pump #1 at the end of the perfusion capillary tube at a rate of 0.83 µl/min [see Eq. 4]. Subsequently, the 
perfusate flows back to the left cannula where it is collected every 30 min for measurement of its osmolality. The 
rate of perfusate efflux at the opening of the left cannula (B) can be identical or different than the rate I depending 
on whether there is any net gain or loss of water across the sarcolemma (QV) [see Eq. 3]. Net transport of water 
across the sarcolemma will affect the osmolality of the perfusate collected at the left cannula. See text for details. 
(Reproduced from Bitner et al.,17 with permission). 

 Four different types of barnacle muscle cell preparations were used depending on the 
experimental needs. The first consists of bundles (30-40 cells) of intact cells detached from 
each other but attached to the carapace at their basal end. This arrangement is used to main-
tain integrity of the cells as much as possible. Examples of the use of this preparation include 
measurement of the intracellular content of osmolyte and cyclic nucleotides under various 
experimental manipulations.8-10 The second preparation consists of cells cut from the 
carapace at their basal end, cannulated at this region and mounted in an experimental cham-
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ber. The cannula is used to impale the otherwise intact cell with an intracellular electrode 
and a current-passing wire; there is no intracellular perfusion. This arrangement permits 
con-tinuous superfusion of a single cell, monitoring of its volume, and measurement and 
control of its membrane potential (VM ). For example, this setup is used to determine the 
effects of isosmotic removal of extracellular Ca2+ (Cao) or Na+ (Nao) on cell volume and 
VM.11-13 The third setup consists of internally perfused cells, accomplished by impaling the 
cannulated basal end of the cell with an additional capillary tube connected to a perfusion 
syringe.14 This setup permits simultaneous control of intra- and extracellular environments 
and VM. It is used for numerous purposes including: i) determination of the effect on cell 
volume of changes in intracellular ionic strength or macromolecular crowding while 
maintaining the membrane stretch and intracellular tonicity constant; ii) assessment of the 
effect of  increas-ing, under isosmotic conditions, the intracellular concentrations of Ca2+ or 
cyclic nucleotides (e.g., cAMP, cGMP) on cell volume and the efflux of radiolabeled 
osmolytes added to the perfusates (e.g., K+, Cl-, and FAA); or iii) determination of the 
effect of exposure to hypoto-nicity on cell volume and the efflux of radiolabeled 
osmolytes.15, 16 The fourth preparation is similar to the third except both the tendon and 
basal ends of the cell are cannulated (Figure 1). The basal end is used to impale the cell 
with the perfusion and VM electrodes while the tendon end is connected to a pressure 
transducer via a sealed liquid bridge. This set-up allows direct measurement of the apparent 
sarcolemmal water permeability, intracellular osmolality, and hydrostatic pressure under 
isosmotic and anisosmotic conditions.17

 Techniques to isolate the cells, measure their apparent sarcolemmal water permeabili-
ty,17 cell volume,11 extracellular space,11 intracellular content of ions and FAA,10 ionic flux-
es14 and for internally perfusing,18 voltage-clamping, and modifying the intracellular 
macro-molecular crowding have been published.19 Additional, recently developed, 
unpublished procedures follow: 

2.1. Determination of Intracellular cAMP and cGMP Levels

 Bundles of 30-40 intact barnacle muscle cells, attached to the carapace but separated 
from each other, are incubated in the absence or presence of extracellular Ca2+ (Ca0) under 
isosmotic (1hr) and hyposmotic (additional 3 hrs) conditions. Every 10 min, cells are cut 
from the bundle, rapidly frozen in liquid nitrogen, freeze-dried and weighed. Subsequently, 
they are homogenized in trichloroacetic acid and their cAMP and cGMP levels are deter-
mined by radioimmunoassay (Dupont, Boston, MA). The units are in nmoles (for cAMP) 
or pmoles (for cGMP) x g dry wt-1.

2.2. Modification of Intracellular Ionic Strength

 The experimental strategy consists of assessing the effect on cell volume of perfused 
cells resulting from modifying the intracellular ionic strength while maintaining isosmotic 
and constant the intra- and extracellular osmolalities (1000 mOsm x Kg-1, the intracellular 
macromolecular crowding and the sarcolemmal stretching. The value of the ionic strength 
of the internal perfusion solutions is calculated using: 

 Ionic strength = ½ i ci z
2
i (1) 

where the suffix i represents a given ion present in the solution, c is the concentration of each 
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ion, and z is the valence of such ion. The values of the ionic strength of control and experi-
mental solutions are 279 and 63 mM, respectively. 

2.3. Determination of Membrane Tension

 In experiments in which it was necessary to maintain the membrane tension constant, 
care was taken to ensure all the cells possessed similar membrane compliance and 
developed comparable membrane tension before changes in either ionic strength or the 
concentration of intracellular macromolecules were made. Similar compliance was assured 
by discarding cells (5% of the cases) that swelled too quickly or too slowly (as compared to 
the majority of the cells) in response to intracellular perfusion. Membrane tension was 
calculated by solving the Laplace equation, i.e., tension = radius x intracellular pressure. 
Knowing the radii attained after the initial 90 min of the experiment were 0.01 to 0.014 cm, 
the intracellular pressure was ~5 cm H2O when steady volume was reached, and the 
measured density of the perfusion fluid was 1 g/cm3, the value of membrane tension was 
33-51 dynes/cm. 

2.4 Basic Extracellular and Intracellular Solutions 

 Two methods for preparing isosmotic (1000 mOsm x Kg-1) and anisosmotic external 
sodium seawater solutions were used: i) All the solutions contained the same ionic 
composi-tion, and the osmolality was adjusted with various concentrations of sucrose. The 
composi-tion of this solution was as follows (in mM): NaCl, 230; KCl, 10; CaCl2, 11; 
MgCl2, 25; along with a mixture of Trizma base and Tris-HCl to adjust the pH to 7.8; ii) 
The hyposmotic solutions were prepared  by diluting a standard isosmotic seawater 
(NaSW)with the following composition (in mM): NaCl, 456; KCl, 10; CaCl2, 11; MgCl2,
25; and a mixture of Trizma base and Tris-HCl (pH =7.8). Concentrations of Ca2+ were 
varied by replacing Ca2+ mole for mole with Mg2+.
 Several internal solutions were used depending on the experimental needs. The basic 
composition of these solutions was (in mM): 6 Na-Hepes, 172 K-Aspartate, 38 KCl, 4 Mg-
ATP, 7 MgCl2, 1.5 phosphoenolpyruvate, 3.5 caffeine, 0.025 FCCP, 0.56 CaCl2, 8 EGTA, 
60 HEPES and 0.08 mg/ml of pyruvate kinase. The measured free Ca2+ was 10 nM. All 
internal solutions were isosmotic (1000 mOsm x Kg-1) with a pH of 7.3. All experiments 
were carried out at room temperature.

3. RESULTS 

3.1.  Osmotic Properties of Barnacle Muscle Cells: Effect of Cao

 There is an intimate relationship between Ca2+ concentration and hypotonicity-induced 
cell volume regulation in barnacle muscle cells (see below). To understand the role of this 
divalent cation on volume regulation, it is necessary first to know what effect, if any, this 
ion might have on the basic osmotic properties of these muscle cells. The pertinent osmotic 
properties which could affect the volume regulatory responses are: i) the rate and 
magnitude of the cell volume changes induced by exposure to anisosmotic conditions; ii) 
the apparent sarcolemmal hydraulic water permeability (L´p); and iii) the value of the 
extracellular space. 



CELL VOLUME IN SKELETAL MUSCLE CELLS 267 

A

B
Figure 2. A. Effect of various external osmolalities ( ) on apparent cell water fluxes (J´v) in single isolated 
barna-cle muscle cells mounted in the experimental chamber.  is the difference between experimental 
osmolality and isosmotic osmolality. J´v values were obtained from initial rates of cell volume changes (during the 
first 5 min of hypotonic challenge) in response to anisotonic conditions from 21 cells superfused with Ca2+-free
media (O) and from 37 cells superfused with the media containing normal Ca2+ (11 mM, ). Continuous (0 Ca2+)
and discon-tinuous (11 mM Ca2+) lines are the best fit (slope) for results and represent values of apparent hydraulic 
water per-meability (L´p) Negative  and positive J´v values represent hyposmotic challenges and cell swelling, 
respectively; positive  and negative J´v values indicate hyperosmotic challenges and cell shrinking, respectively. 
Extracellular Ca2+ (Cao) had no effect on J´v. Data points represent values from either single experiments or 
average 3-7 experiments performed at the same . Error bars represent SE where their values extend beyond the 
symbols. B. Effects of Cao and various extracellular osmolalities on peak cell volume changes in single isolated 
barnacle muscle cells. Intact cells mounted in the experimental chamber were continuously exposed to either Ca2+-
free (O) or Ca2+-containing (11 mM ) solutions. Abscissa, relative media osmolality challenges ( o/ , where o,
and  are the tonicity of the isotonic and anisotonic solutions, respectively). Ordinate, relative peak cell volume 
changes (V/Vo, where Vo = volume under isosmotic conditions just prior to changing the external solution and V = 
peak volume reached following exposure to the anisosmotic conditions. Slope of regression line and extrapolated 
intercept (dead volume) obtained in the absence of Ca2+ were 0.65 + 0.02 and 0.35 + 0.03 (n= 21), respectively. 
Corresponding slope and intercept values obtained in the presence of Ca2+ were 0.69 + 0.02 and 0.27+ 0.04 (n=37) 
(reproduced from Berman et al.,11 with permission). 

The volume of intact (not perfused) barnacle muscle cells varies with the size of the 
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animal, but the volume of cells commonly used experimentally is ~80 µl for intact, 
dissected cells left attached to the carapace12 and 20 - 40 µl for cut cells mounted in the 
experimental chamber.11, 12, 17 Because of the very large surface/volume ratio, the volume 
changes induced by exposure to anisosmotic external conditions are very slow (t1/2 = 20-30 
min) and can be readily calculated by directly measuring the cell’s dimensions using a 
calibrated microscope eye piece and/or from pictures of the cells taken at pertinent 
incubation times.11, 18, 19 The initial rates of volume changes are measured during the first 5 
min of anisotonic challenge; the maximal (peak) volume changes are measured 45-60 min 
after the anisotonic challenge.
 Figure 2 A58  displays the effect of Cao and of various externally applied osmolalities 
on apparent cell water fluxes (J´v) in single isolated barnacle muscle cells mounted in the 
exper-imental chamber. The graph depicts the initial rates of volume changes induced by 
exposure to anisotonic solutions. The figure shows that both in the absence and presence of 
Cao, J´v was linearly related to the nominal differences in extracellular osmolality ( ) and 
Cao did not significantly (p<0.05) affect the initial rates of volume changes at all the 
osmolalities tested. Figure 2B58 shows the relationship between the relative peak cell 
volume changes  and the relative media osmolality challenges in the absence and presence 
of Cao, i.e., 11 mM, closed symbols. The figure shows a linear relationship between V/Vo

and o/  and no significant difference (p<0.2) between the slope and extrapolated intercepts 
of the regression lines in the absence or presence of Cao. Thus, barnacle muscle cells 
behave like osmometers, obeying the Boyle-van’t Hoff relationship, and Ca2+ has no effect 
on this parameter. 

3.2. Sarcolemmal Hydraulic Water Permeability in Barnacle Muscle Cells: Effect of 
 Cao

 Two methods were used to determine L´p. The first one consisted of measuring the 
rates of cell volume changes in response to exposure to anisosmotic external solutions in 
intact isolated cells mounted in the experimental chamber.11 L´p was calculated from:

 J´v

        L´p =    (2) 
 x 

where J´v is the apparent water flow (in mL/cm2),  is the reflection coefficient of sucrose 
and  is the difference between the tonicity of the isosmotic and anisosmotic solutions; J´v

was calculated from measurements of the initial rates of cell volume changes in response to 
exposure to the anisosmotic conditions. Presence or absence of Cao had no effect on the 
value of L´p which was ~2.7 x 10-5 cm x sec-1 x Osm-1 x kg H2O

-1.11

 The second method to determine L´p consisted of measuring the effect of a positive 
intracellular hydrostatic pressure ( P) on inducing a positive (outflow) plasmalemmal water 
flow (Qv) under isosmotic conditions. Thus, the actual measurement of Qv consisted of a sar-
colemmal water filtration in the absence of an osmotic gradient, i.e.,  = 0.17 To accom-
plish this goal, cells were cut and cannulated at their basal and tendon ends (Figure 1). The 
right cannula served to measure the intracellular pressure. This was accomplished by estab-
lishing direct contact of the myoplasm with a pressure transducer via a liquid sealed bridge. 
The left cannula was not sealed but was left open to the air and was used for three purposes: 
i) monitoring of VM; ii) internal perfusion; and iii) collection of the perfusion fluid once it 
had perfused the cell. 
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 L´p was calculated from Equation 3: 

 Qv= A L´p ( P - )     (3)

where A is the sarcolemmal surface area and the other coefficients have their usual 
meaning (see above).  Qv could be calculated from the difference between the rate at which 
the cell is being perfused (pump #1) [see Figure 1] and the rate at which the perfusates 
emerge from the left cannula (B) according to the following equation:

 Qv= Inflow – Outflow     (4)

 However, accurate measurements of O are difficult to obtain; therefore, Qv was calcu-
lated by measuring the difference in osmolality between the perfusion fluid before 
perfusing the cell (OsmI; in mOsm x kg x H2O

-1) and the osmolality of the perfusates 
exiting the left cannula after having perfused the cell (OsmO). Equation 5 shows how the 
terms are related:17

 L´p= I [1 – (OsmI x OsmO
-1)]  [A ( P - )]-1    (5)

Figure 3. Time-course of changes in cell volume (67.2 + 6 µl, top panel), intracellular pressure (5.6 + 0.4 cm H2O,
second panel from top), osmolality of perfusion fluid collected after having perfused the cell (1052 + 10 mOsm/kg 
H2O, middle panel), calculated value of L´p (1.35 x 10-5 cm x sec-1 x Osm-1 x kg H2O

-1, second panel from bottom), 
and membrane potential (VM, 16 + 2.5 mV, bottom panel) in 5 perfused barnacle muscle cells. The graph displays 
the values of these parameters after 150 m of perfusion when steady values have been reached. Prior to this time, 
intracellular perfusion increased cell volume (from original average value of 45.1 + 6.9 µl) and intracellular 
pressure. Cell swelling results from the interaction between intracellular hydrostatic pressure generated by the 
perfusion and membrane compliance (reproduced from Bitner et al.,17 with permission).

 Figure 3 shows the values of cell volume, intracellular pressure, osmolality of the 
collected, L´p and VM, after the cell has been per-fused for 2 hours. The results show that 
except for VM which follows a trend of continuous slow depolarization (resulting from the 
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intracellular perfusion) all other parameters reached steady values. The value of L´p was
1.35 x 10-5 cm x sec-1 x Osm-1 x kg H2O

-1.
The values of L´p obtained using the two very different methodologies described above 

are in very close agreement. This is remarkable because these values are one to two orders 
of magnitude smaller than those reported for other cells.20 Underestimation of L´p could 
result from the fact that this value was estimated using osmotic volume measurements (as 
opposed to radiotracer flux measurements). Osmotic measurements are subject to water 
flow retardation, not only by the plasmalemma but also by the cytoplasm which behaves as 
an internal unstirred layer.21 The similarity of the L´p values obtained suggests either that 
unstirred layers affected intracellular water movements in both studies in a similar fashion 
or that these studies would require measurement of L´p under conditions in which the 
unstirred layers play no role in the calculations, i.e., by using tracer H2O.

3.3. Time-Course of the Hypotonicity-Induced Swelling: Effect of Cao and Verapamil 

 Animal cells swell when placed in hyposmotic solutions. However, despite continuous 
exposure to hypotonicity, most cells shrink back to almost their original volume. This pro-
cess is termed regulatory volume decrease (RVD) and is due to a net loss of intracellular 
osmolytes followed by osmotically-obliged water. There is controversy regarding the role 
of intracellular Ca2+ in signaling the loss of osmolytes in animal cells. Many groups report 
Ca2+ dependence for RVD in a variety of animal cell types, while others claim Ca2+

independent RVD in others.22, 23

 To assess whether Ca2+ is involved in promoting RVD in barnacle muscle cells, the 
effect of Cao was studied on the time-course of hypotonicity-induced cell volume changes 
in three types of muscle cell preparations: i) intact, dissected cells attached to the 
carapace;10 ii) unperfused cells cut and mounted in the experimental chamber;11 and iii) 
internally perfused cells.18 Interestingly, in all cases, even in perfused cells where the 
myoplasm has been replaced by the perfusion fluid, the muscle cells displayed Cao-
dependent RVD. 
 Figure 4 A10 depicts the time-course of the average relative volume (V/Vo) of intact 
muscle cells attached to the carapace exposed to isosmotic and hyposmotic external solu-
tions in the absence or presence of Ca2+. The figure shows that, under isosmotic conditions, 
replacement of Cao for Mg2+ for 1 h induced a significant and surprising volume reduction 
of 6%. Since the relative volume just prior to exposure to the hyposmotic solution has a 
fixed value of 1, the relative volume in the absence of Cao at time 0 in the graph appears as 
significantly larger than the one measured in the presence of Cao. Exposure to analogous 
hyposmotic solutions produced a similar muscle swelling regardless of the presence of Cao.
In the absence of Cao, the cells remained swollen during the hypotonic challenge. However, 
if Cao was present, the cells underwent RVD, manifested by a significant drop of the 
swollen volume, reaching a reduction of ~ 49% after 3 h of exposure to hypotonicity.
 The fact that replacement of Cao for Mg2+ under isosmotic conditions produced a small 
but significant volume reduction was surprising and was studied in detail using isolated, 
unperfused but voltage-clamped cells mounted in the experimental chamber.12 Results 
showed Cao removal induced a verapamil-sensitive, extracellular Na+-dependent membrane 
depolarization which induced in turn a volume reduction in cells in which the sarcoplasmic 
reticulum (SR) was loaded with Ca2+. This was interpreted as suggesting Cao removal
releases an inhibition on Na+ permeation through verapamil-sensitive Ca2+ channels. The 
subsequent influx of Na+ following its electrochemical gradient produces a membrane 
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depolarization which in turn induces SR Ca2+ release in cells in which this organelle is 
loaded with Ca2+. The subsequent increase in [Ca2+]i under isosmotic conditions induces the 
loss of osmolytes followed by water, leading to the cell volume reduction. As will be 
shown, the osmolytes responsible for this process have been identified.10

A

B
Figure 4. A. Time-course of the effect of extracellular Ca2+ (Cao) and exposure to hypotonicity on the relative cell 
volume of intact barnacle muscle cells attached to the carapace. Ordinate, ratio of cell volume measured at time 
indicated (V) to volume measured before exposing (Vo, arrowhead at 60 min of incubation) cells to either Ca2+-
free (O) or Ca2+-containing (11 mM, ) hyposmotic (575 mOsm/kg H2O) solutions. Data points represent the 
average + SE of 60 ( ) or 40 cells (O). In this and all figures, the asterisk indicates significant (p<0.05) difference 
between control and experimental cells. Ca2+-free solutions contained 2 mM of the Ca2+-chelator, EGTA. 
(Reproduced from Pena-Rasgado et al.,10 with permission.) B. Comparison of the effect of hypotonicity (496 
mosm/kg H2O; arrowhead, at 60 min of incubation) on cell volume of cells attached to carapace exposed to 11 
mM Cao (NaSW+Ca) and to either the absence ( , n=24) or presence of 0.1mM externally applied verapamil (O,
n=28) (reproduced from Pena-Rasgado et al.,12 with permission).
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 Once it was shown that barnacle muscle cells undergo RVD and that this process has 
an absolute requirement for Cao, the next step in understanding the underlying mechanisms 
in volume recovery was to test the hypothesis that this Cao-dependence resulted from a 
swelling-induced activation of sarcolemmal Ca2+ channels. 
 Since it has been reported that verapamil is the most effective and most available 
blocker of barnacle muscle Ca2+ channels at a 0.1 mM concentration,24 the effect of this 
con-centration of the blocker was assessed on the Cao-dependent RVD in cells attached to 
the carapace18 and in isolated cells mounted in the experimental chamber.25 In either case, 
verapamil completely blocked the Cao-dependent RVD. Figure 4B18 displays the time-
course of the average relative volume (V/Vo) of intact cells attached to the carapace 
exposed to isosmotic and hyposmotic solutions containing Ca2+ and of cells exposed to the 
same conditions but in the presence of 0.1 mM verapamil. The figure shows that either in 
the absence or presence of the blocker, the cells swelled similarly in response to an 
identical hyposmotic challenge, indicating that this blocker did not affect the osmotic 
properties. However, as expected, the control cells, in the presence of Cao, gradually 
recovered a portion (~56 %) of their original isosmotic volume, i.e., RVD, while they were 
exposed to the hyposmotic conditions. On the other hand, in the presence of the blocker, 
the RVD process was significantly (p<0.05) inhibited. The fact that the presence of Cao is 
necessary for RVD and that verapamil blocks this process in the presence of Cao strongly 
suggests that swelling activates a verapamil-sensitive Ca2+ influx pathway, inducing an 
increase in [Ca2+]i which in turn activates volume reduction. This is further supported by 
the observation that activation of the verapamil-sensitive Ca2+ influx pathway under 
isosmotic conditions via reduction of macromolecular crowding (see below),19 induces a 
measurable influx of Ca2+ as demonstrated by using radiolabeled Ca2+. These results, 
however, do not rule out the possibility that verapamil, at the concentration tested, could act 
like the phenylalkylamine Ca2+ channel blocker D-600, which inhibits skeletal muscle 
contraction by entering the cell and preventing SR Ca2+ release.26 If this is the case, then the 
chain of events leading to RVD could be swelling activates Ca2+ influx via verapamil-
sensitive, sarcolemmal Ca2+ channels. The subsequent increase in [Ca2+]i would promote 
Ca2+ release from the SR, which in turn would stimulate loss of osmolytes leading to 
volume reduction. Support for this hypothesis is provided by the fact that under isosmotic 
conditions, membrane depolarization induces volume reduction in cells exposed to 
isosmotic Cao-free conditions provided the SR is first loaded with Ca2+.12, 13 Definitive 
proof of this hypothesis would be provided by showing that in Cao-free conditions, addition 
of Cao at the peak of hyposmotic swelling would induce RVD only in cells in which the SR 
is loaded with Ca2+ but not in SR Ca2+-depleted cells.

In summary, an increase in [Ca2+]i is necessary for inducing volume reduction under 
isosmotic and hyposmotic conditions. Ca2+ influx via a verapamil-sensitive pathway is nec-
essary for RVD; Ca2+ release from the SR via membrane depolarization can induce volume 
reduction under isosmotic conditions. The possibility that RVD is exclusively induced by 
Ca2+ release from the SR cannot be ruled out at present.

3.4. Extracellular Space: Effect of Hypotonicity and Cao

 The next step in studying the underlying mechanisms responsible for RVD in barnacle 
muscle cells consisted of determining the osmolytes responsible for the Cao-dependent RVD. 
Knowledge of an accurate value of extracellular space is an essential prerequisite for mea-
suring the content of intracellular ionic concentrations during isosmotic and anisosmotic 
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conditions. This is particularly true for cells exposed to the large extracellular ionic concen-
trations present in seawater. To determine the extracellular space, the experimental protocol 
consisted of measuring the time-course equilibration of a membrane impermeant, radio-
labeled extracellular marker. The molecule chosen was 14C-polyethyleneglycol (4,000 Da), 
and its distribution at the cell surface was studied from 30 to 330 min in intact cells 
attached to the carapace exposed to the absence or presence of Cao under isosmotic and 
hyposmotic (500 mOsm Kg-1) conditions. Figure 5 shows the time-course of equilibration 
of the extracellular marker in Cao-free (panel A) and Ca2+-containing (panel B) isotonic and 
hypotonic solutions. The graph demonstrates the following: i) under all conditions there 
were two components of polyethylene glycol equilibration: a fast component that reached 
saturation in less than 30 min of incubation and a slow component that required three hours 
of incubation to equilibrate; ii) hypotonicity (550 mOsm/kg H2O) reduced the fast 
component by ~40% but did not affect the slow component; and iii) presence of normal Cao

(11 mM) reduced the fast component by ~47 % without affecting the slow component. To 
facilitate interpretation of these results, a three-dimensional reconstruction of 
autoradiographs of sectioned cells incubated in the presence of 14C-polyethylene-glycol
under isosmotic and hyposmotic conditions in the absence and presence of Cao were made. 
Analysis of the stereograms indicated that under isosmotic conditions the cells retained 
large quantities of  radioactivity at the outer layer,  probably from entrapment of the  
marker at the

Figure 5. [14C] polyethylene glycol (4,000 Da) equilibration in bundles of intact dissected barnacle muscle cells 
attached to the carapace. Cells were incubated either under isosmotic ( ) or hyposmotic (550 mosmol/kg H2O, O) 
conditions in the absence (panel A) or presence (panel B) of Cao.  A. Results in Ca2+-free seawater solutions. Each 
symbol represents mean + SE (where errors extend beyond symbols) of 3-17 cells obtained from 6 different 
bundles of muscle cells. After 210-230 min of incubation the marker reached equilibration. The value of 
extracellular space (ECS) reached was 12.56+ 0.38% and 7.11 + 0.33% under isosmotic ( ) and hyposmotic (O)
conditions, respec-tively. B. Results obtained from cells incubated in the presence of normal Cao. Symbols 
represent means + SEM (where errors extend beyond symbols) of 17-20 cells from 6 different bundles of muscle 
cells. ECS values measured when marker had equilibrated were 7.42 + 0.34 and 3.89 + 0.11% for cells exposed to 
isosmotic and hyposmotic conditions, respectively. Hyposmotic solutions were obtained by diluting the isosmotic 
solutions (reproduced from Berman et al.,11 with permission). 
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external (wider) portions of the sarcolemmal  invaginations.  Exposure to  hyposmotic 
tions significantly reduced the amount of radioactivity entrapped at the cell surface. This 
may result from a decrease in the diameter of the invaginations as cells swell. Cells 
incubated in the presence of Cao showed reduction of radioactivity at the surface which 
may result from extrusion of water from the invaginations as the cells contract when cut in 
the presence of Cao. The values of extracellular space obtained from these studies are 
consistent with values obtained from other laboratories using different techniques and 
extracellular markers.11 These values have been used to determine the loss of intracellular 
osmolytes in response to increases in [Ca2+]i under isosmotic and hyposmotic conditions.10

3.5. Osmolytes Responsible for Volume Reduction under Isotonic and Hypotonic 
 Conditions 

 In barnacle muscle cells, volume reduction occurs in response to increases in [Ca2+]i

under both isosmotic and hyposmotic conditions (see Figure 4A). Since water is in 
thermodynamic equilibrium between the intra- and extracellular environments, cell volume 
is largely determined by the intracellular osmolyte concentration. Therefore the volume 
reductions observed in Figure 4A under isosmotic and hyposmotic conditions must result 
from a net loss of intracellular osmolytes followed by osmotically-obliged water. The next 
step in elucidating the chain of events linking cell swelling to RVD consisted of identifying 
the osmolytes responsible for volume reduction under isosmotic and hyposmotic 
conditions. The experimental protocol consisted of exposing bundles of 30-40 muscle cells, 
separated from each other but left attached to the carapace, to the absence and presence (11 
mM) of Cao under isotonic and hypotonic (535-575 mOsm/Kg H2O) conditions. At the end 
of each experimental period (60 or 120 min), three to five cells were cut from the bundle 
for intracellular osmolyte analysis. The intracellular content of Na+ and K+ was measured 
using flame photometry, the content of Cl- was determined with chloridometry and the 
content of FAA was assessed using HPLC.10 To permit comparison of osmolyte content 
independently of the cell volume, the values were expressed as µmol/g dry wt. 
 Table 110 shows the effect of isosmotic removal of Cao on the intracellular osmolyte 
content. The experimental manipulation produced a significant (p<0.05) loss of K+, Cl-,
glycine and taurine. The loss of K+ and Cl- had a ratio of 1K+:1Cl-.

Table 1. Effect of isosmotic removal of extracellular Ca2+ on the intracellular 
osmolyte content in intact barnacle muscle cells.

Condition   NaSW+Ca NaSW0Ca n p 

IONS      
Na     60.1 ± 1.4     60.8 ± 7.4 - 0.7 ± 7.5 90 - 
K   371.8 ± 2.9   353.1 ± 3.6 18.7 ± 4.6 90 * 
Cl   163.0 ± 1.3   144.4 ± 10.2 18.6 ± 10.2 90 * 
      

Total Ions   594.9 ± 3.4   558.3 ± 13.1 36.6 ± 13.5  * 
      

FAA      
Gly   406.0 ± 12   376.3 ± 9.1 29.7 ± 15 25 * 
Tau   170.3 ± 3   157.2 ± 2.5 13.1 ± 3.9 25 * 
Arg   140.6 ± 2.8   139.2 ± 1.4   1.4 ± 3.2 25 - 
Asp     20.0 ± 2     21.6 ± 0.8 - 1.6 ± 2.1 25 - 

condi-
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Table 1. (continued)     

Leu       9.5 ± 0.7     10.4 ± 0.7 - 0.9 ± 0.9 25 - 
Val     13.1 ± 0.8     12.0 ± 0.5   1.1 ± 0.9 25 - 
Sar     10.4 ± 0.5     10.1 ± 0.9   0.3 ± 1.0 25 - 
Thr     19.3 ± 5.4     12.0 ± 0.4   7.2 ± 5.4 25 - 
Ser       5.8 ± 2.2       4.4 ± 0.3   1.4 ± 2.3  25 - 
Glu     15.4 ± 1.9     15.3 ± 0.5   0.1 ± 1.9 25 - 
Ala     34.5 ± 2.5     29.7 ± 1.2   4.8 ± 2.7 25 - 
Tyr       6.8 ± 0.5       5.4 ± 0.3   1.4 ± 1.0 25 - 
Glut     10.5 ± 2       9.6 ± 0.3   0.9 ± 2.2 25 - 
      

Total FAA   862.2 ± 14.6   803.2 ± 9.8 59.3 ±17.6  * 
      

TOTAL 1457.1 ± 15 1361.5 ± 16.4 95.9 ± 22.2  * 

The second and third columns are the osmolyte content (expressed as µmol/g dry weight) of cells exposed to either 
isosmotic seawater containing 11 mM Ca2+ (NaSW + Ca) or Ca2+ (NaSW  Ca), respectively. The fourth 
column ( ) is the difference between the second and third columns. (n) number of individual cells measured from 
various barnacles C5-10 cells/barnacle). (p) defines if the value of  is statistically significant. * indicates p<0.05. 

Table 2. Effect of exposure to hyposmotic conditions (575 mosm ) on intracellular os-
molyte content expressed in intact barnacle muscle cells exposed to seawater with   
11 mM Ca2+ or 5.5 mM Ca2+ for the isosmotic or hyposmotic solutions, respectively.

Condition   Isosmotic Hyposmotic n p 

IONS      
Na     60.1 ± 1.4     63.7 ± 1.3 -  3.6 ± 2 130 - 
K   371.8 ± 2.9   349.0 ± 1.7   22.8 ± 3.3 130 * 
Cl   163.0 ± 1.3   152.2 ± 0.9   10.8 ± 2.5 130 * 
      

Total Ions   594.9 ± 3.4   564.9 ± 2.3   30.0 ± 4.5  * 
      

FAA      
Gly   406.0 ± 12   304.2 ± 16 101.8 ± 20 45 * 
Tau   170.3 ± 3   152.2 ± 8.3   18.1 ± 8.8 45 * 
Arg   140.6 ± 2.8   139.2 ± 8.0     1.4 ± 8.4 45 - 
Asp     20.0 ± 2     20.0 ± 3.5     0.0 ± 4 45 - 
Leu       9.5 ± 0.7       9.0 ± 0.3     0.5 ± 0.7 45 - 
Val     13.1 ± 0.8     11.8 ± 0.8     1.3 ± 1.1 45 - 
Sar     10.4 ± 0.5       9.7 ± 1.0     0.7 ± 1.1 45 - 
Thr     19.3 ± 5.4     11.5 ± 1.1     7.8 ± 5.5 45 - 
Ser       5.8 ± 2.2       3.8 ± 0.1     2.0 ± 2.2  45 - 
Glu     15.4 ± 1.9     12.8 ± 2.1     2.6 ± 1.9 45 - 
Ala     34.5 ± 2.5     31.5 ± 1.5     3.0 ± 2.9 45 - 
Tyr       6.8 ± 0.5       4.8 ± 0.3     2.0 ± 0.5 45 - 
Glut     10.5 ± 2       8.1 ± 1.0     2.4 ± 2.2 45 - 
      

Total FAA   862.2 ± 14.6   718.7 ± 20.3 143.5 ± 23.4  * 
      

TOTAL 1457.1 ± 15.0 1283.6 ± 20.4 173.5 ± 23.8  * 

Second and third columns are the intracellular osmolyte content (expressed as µmol/g dry weight) of cells exposed 
to isosmotic (second column) or hyposmotic (third column) solutions containing Ca2+. The meaning of n, p and * 
are as indicated in Table 1. 
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 Table 2 shows a comparison between the effect of exposure to hypotonicity on the 
intracellular osmolyte content in the absence/presence of Cao. As expected, exposure to 
hypotonicity in the absence of Cao produced neither volume changes nor alteration in the 
intracellular osmolyte content.10 In contrast, exposure to hypotonicity in the presence of Cao

produced a significant net loss of KCl, gly and tau. In this instance, the ratio of K+ to Cl-

loss was of 2K+:1Cl-. Interestingly, the relative contribution of inorganic ions (46%) and 
FAA (48%) to the total osmolyte content under hyposmotic conditions was similar to that 
found under isosmotic conditions (42% and 52%, respectively). 
The Cao-dependent loss of FAA observed during RVD could result from actual trans-port 
of these osmolytes from the intra- to the extracellular environment27 or from their me-
tabolism or incorporation into proteins.28 To differentiate between these possibilities, the 
appearance of these molecules in the extracellular media was measured in response to 
expo-sure to the hyposmotic solution in either the absence or presence of Cao. Since the 
intracellu-lar FAA loss and the appearance of these osmolytes in the extracellular 
environment were expressed in the same units (µmol/g dry wt), the values were directly 
comparable. The comparison indicated that ~92% of the FAA loss during RVD appeared in 
the extracellular environment.10 It was concluded that under either isosmotic (in response to 
Cao removal) or hyposmotic conditions (in the presence of Cao), volume reduction was due 
to an increase in [Ca2+]i which in turn induced the loss of osmolytes followed by 
osmotically obliged water. 

3.6. Changes in Extracellular pH during RVD 

 Comparison of Tables 1 and 2 shows a change in the ratio of K:Cl loss from 1:1 under 
isosmotic conditions to 2K+:1Cl- under hyposmotic conditions. To explain this result, a 
hypothesis was formulated which proposed that loss of 2K+:1Cl- during RVD was due to 
K+ efflux not only as the ion pair KCl but also as being exchanged with H+ via a putative 
K+/ H+ exchanger or being cotransported with OH-. A similar K+/H+ exchanger activated by 
osmotic swelling has been identified in Amphiuma erythrocytes29 and an osmotic swelling-
activated K+-OH- cotransporter has been reported in trout erythrocytes.30  To test the 
aforementioned hypothesis, changes in extracellular pH were measured in cells exposed to 
hyposmotic solu-tions either in the absence or presence of Cao. The experimental protocol 
consisted of plac-ing the 1 mm tip of a pH microelectrode in the core of a bundle of 25-35 
cells separated from each other but left attached to the carapace. The concentration of the 
extracellular buf-fer solution (10 mM Hepes) was a compromise between being low 
enough to permit the measurement of changes in extracellular pH yet high enough to 
prevent a large acidification resulting from cellular metabolism. 
 Figure 610 depicts the time-course of the change in extracellular pH induced by intact 
barnacle muscle cells incubated in either Ca2+-free or Ca2+-containing hyposmotic solutions. 
The cells were exposed to Ca2+-containing or to Ca2+-free isosmotic solutions for 75 min 
prior to the hyposmotic challenge. Subsequently, the cells were challenged with the 
homologous hyposmotic solutions. To normalize the data from seven different barnacles, the 
pH values were expressed as the difference from the pH measured under isosmotic 
conditions just prior to the hyposmotic exposure. Consequently, the first data point in the 
graph has a value of zero, and a positive and negative deviation from this value represents 
alkalinization and acidification, respectively. The graph shows that in the absence of Cao,
hypotonicity is accompanied by a continuous trend toward extracellular acidification 
probably resulting from cell metabolism. However, in the presence of Cao, during RVD, the 
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cells produced a significant (p<0.05) alkalinization of ~0.5 pH units that reached a steady-
state value after 90 min of exposure to the hypotonic challenge. 

Figure 6. Time-course of changes in extracellular pH in response to exposure of bundles (25-35 cells) of barnacle 
muscle cells attached to the carapace to hyposmotic media containing 11mM Ca2+ ( ) or 0 Ca2+  and 2 mM EGTA 
(O). To normalize data from different barnacles, pH values are expressed in relation to the pH measured under 
isos-motic conditions (7.6-7.8) just prior to exposure to the hyposmotic condition at 75 min incubation. Ordinate, 
delta pH is the difference between pH measured under hyposmotic conditions minus pH measured under isosmotic 
con-ditions. Consequently, the first data point has a value of zero, and a positive and negative deviation from this 
value represents alkalinization and acidification, respectively. At the arrow, the isosmotic solution was replaced by 
the hyposmotic one. Data points represent average + SEM of pH values obtained from 7 independent experiments 
(Reproduced from Pena-Rasgado et al.,10 with permission).

 Interestingly, removal of Cao under isosmotic conditions induced a cell volume reduc-
tion without affecting the extracellular pH. This observation, together with the fact that 
RVD was accompanied by external alkalinization, raised the possibility that neither an 
increase in [Ca2+]i nor swelling per se induced activation of the putative K+/H+ exchanger. 
However, the simultaneous increase in [Ca2+]i and cell swelling or the alteration of an 
intracellular factor accompanying swelling (e.g., reduction in intracellular osmotic strength 
or in protein con-centration, see below) may be responsible for activating the K+-OH-

cotransport (or K+/H+ exchange). Assessment of these possibilities requires a detailed 
future analysis.

3.7. Role of Cyclic Nucleotides on Cell Volume in Barnacle Muscle Cells 

 The next step in understanding the underlying mechanisms linking cell swelling to RVD 
consisted of assessing a possible role of cyclic nucleotides in the Ca2+-dependent cell volume 
reduction It has been shown that in some cells either mechanical deformation31 or hypotonic 
swelling32, 33 is accompanied by increases in cAMP levels. Similarly, the presence of hor-
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mones or other agents that produce cell shrinkage34 or swelling35 induce increases in 
cAMP. On the other hand, in a variety of cells, cAMP and cGMP interact in mediating 
second mes-senger signals.36-39 This includes barnacle muscle cells where, for example, 
insulin-promoted glucose uptake is accompanied by a reduction in cAMP and an increase 
in cGMP.40  Likewise, in these cells, Ca2+ influx produces a simultaneous increase in 
cAMP and cGMP levels.41 Since it has been reported that changes in cGMP may 
accompany the changes in cAMP levels in response to cell volume alterations,42, 43 the 
effect of both cyclic nucleotides on cell volume regulation was explored. To accomplish 
this goal, the effect of intracellularly perfusing cAMP and/or cGMP on isosmotic cell 
volume was studied. 
 To eliminate the possibility that these nucleotides could affect cell volume via modify-
ing the [Ca2+]i, cells were perfused with either control or cyclic nucleotide-containing 
solutions in which the [Ca2+]i was strongly buffered at 10nM with 8 mM EGTA. Figure 
7A18 shows a comparison of the time-course of the effect of internally perfusing barnacle 
muscle cells with either a control isosmotic solution or isosmotic perfusion solutions 
containing (1 mM) cAMP, cGMP or cAMP plus cGMP. The graph shows that internal 
perfusion (at 0.5 l/min) of control cells induced a swelling which reached a steady value 
of 10-15 % at about 90 min. Addition of cAMP (at arrow) induced a significant (p<0.05) 
cell volume reduction of ~12 % which reached a stable value after 150 min. This effect was 
abolished if cGMP was also present in the perfusate. On the other hand, addition of cGMP 
alone induced a slight additional swelling of ~6% which became significant (p<0.05) with 
respect to control cells after 180 min. Thus, these results indicate that these cyclic 
nucleotides play opposite roles in mediating volume reduction in barnacle muscle cells: 
cAMP promotes this process while cGMP has the reverse effect.18 The results also suggest 
the volume reduction induced by an increase in [Ca2+]i may in fact be mediated by an 
increase in cAMP. 
 Once it was demonstrated that increases in both [Ca2+]i and cAMP induce volume 
reduction, an attempt was made to elucidate their physiological role and possible linkage 
during volume regulation. Figure 7A demonstrated increases in cAMP induce volume reduc-
tion in cells in which [Ca2+]i is heavily buffered with EGTA. This is evidence that cAMP 
nucleotide effects volume reduction independently of [Ca2+]i. However, it was unknown 
whether increases in [Ca2+]i could lead to volume reduction independently of changes in 
cAMP levels. To answer this question, an experimental protocol was designed consisting of 
assessing the effect of various levels of [Ca2+]i buffering and of the presence of a specific 
cAMP antagonist (cAMP monophosphorothioate Rp-isomer, Rp-cAMPS) on hypotonicity-
induced RVD. Figure 7B18 shows a comparison of volume changes in response to an 
identical hyposmotic challenge in cells internally perfused with solutions containing a low 
[Ca2+]i of 10-8 M. However, these solutions contained either a weak or strong Ca2+ buffering 
capacity consisting of the presence of 2 mM or 8 mM EGTA, respectively. The graph also 
depicts the effect of the same hyposmotic challenge on the time-course of volume changes 
of cells perfused with 2 mM EGTA plus 1mM Rp-cAMPS. The figure shows that exposure
to an identical hyposmotic challenge produced similar swellings in all cells regardless of 
the composition of the perfusate solution. However, the cells perfused with 2 mM EGTA 
underwent a significant RVD which reached 61% of the swollen volume after150 min of the 
hyposmotic challenge. In contrast, the cells perfused with 8 mM EGTA remained swollen 
during the entire time of exposure to the hyposmotic challenge. Furthermore, presence of 
Rp-cAMPS completely prevented the RVD otherwise observed in cells perfused with 2 mM 
EGTA. These results demonstrated that hyposmotic swelling only promotes RVD in weakly 
Ca2+

i –buffered cells and that inhibition of protein kinase A (due to the presence of Rp-
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cAMPS) activity precludes RVD in these weakly Cai-buffered cells. Thus, these results led 
to the formulation of the hypothesis that the sequence of events linking Ca2+ and volume 
reduction under isosmotic and hyposmotic conditions is an increase in [Ca2+]i leading to the 
synthesis of cAMP which induces in turn the loss of osmolytes accompanied by water. 

A

B
Figure 7. A. Time-course of the effect of intracellular perfusion with control perfusate or media containing various 
cyclic nucleotides on cell volume in barnacle muscle cells exposed to the absence of Cao. At arrowhead, internal 
perfusion was switched to fresh perfusates. These solutions consisted of same control perfusate ( , n = 3 ) or 
control perfusate containing 1mM cAMP ( , n = 4), 1mM cAMP plus 1mM cGMP ( , n = 5), or 1mM cGMP ( ,
n = 5). Data from control perfusate (absence of cyclic nucleotides) and from media containing either cAMP or 
cGMP are significantly different. (*, P <  0.05). B. Time-course of effect of [Ca2+]i-buffering and 1mM [R]-p-
adenosine 3’, 5’-cyclic monophospho-thioate (Rp-cAMP[S]) on cell volume response to a hyposmotic challenge 
(550 mosmol/kgH2O) in internally per-fused barnacle muscle cells. Data points represent average + SE of relative 
volume of 5 control cells perfused with a solution containing 8mM EGTA (O), 4 cells perfused with 2mM EGTA 
( ) and 5 cells perfused with 2 mM EGTA plus 1 mM Rp-cAMP[S] ( ). At arrowhead, isosmotic solution was 
replaced with hyposmotic one. Cells perfused with 2mM EGTA underwent a significant (*) volume reduction 
(RVD) in response to hyposmotic challenge with respect to cells perfused with 8 mM EGTA or with 2 mM EGTA 
and 1 mM Rp-cAMP[S], P < 0.05. External solution contained normal 11 mM Ca2+ (reproduced from Pena-
Rasgado et al.,18 with permission). 
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 An important corollary of the aforementioned hypothesis linking [Ca2+]i, cAMP and 
cell volume is that under both isosmotic and hyposmotic conditions, the increase in [Ca2+]i

should promote synthesis of cAMP. In addition, if cGMP is also physiologically involved 
in volume regulation (Figure 7A), the intracellular levels of this cyclic nucleotide should 
also increase during volume regulation, perhaps later than those of cAMP. To test this 
hypothe-sis, the intracellular levels of cAMP and cGMP were measured under well-
established con-ditions known to produce volume reduction under isosmotic and 
hyposmotic environments. The experimental protocol consisted of measuring the 
intracellular nucleotide levels (using radioimmunoassays) in cells separated from each 
other but left attached to the carapace. Cells were initially exposed for 1 h to isosmotic 
conditions either in the absence or presence of Cao and were subsequently challenged 
hyposmotically for 3 additional hrs. Every 20 min, cells were cut from the bundle and 
analyzed for their cAMP or cGMP levels. 

Figure 8. Time-course of the effect of the presence or absence of Cao under isosmotic or hyposmotic conditions on 
the intracellular levels of cAMP and cGMP of intact barnacle muscle cells attached to the carapace. All cells were 
initially exposed to the standard isosmotic seawater solution containing 11 mM Ca2+. At time zero in the graph (a), 
groups of cells were exposed to Cao-free conditions ( ) while other groups were left in Cao-containing solutions 
( ). Top panel, relative volume changes of 90 control (O)  and 120 experimental ( ) cells. Middle panel, average 
cAMP levels (nmoles/mg dry wt) of six cells. Bottom panel, cGMP levels (in pmoles/mg dry wt) of six cells. At 
60 min of incubation, the cells were exposed to the hyposmotic solution (500 mosm/kg; at b). 
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 Figure 8 shows simultaneous measurements of the intracellular levels of cAMP, cGMP 
and cell volume in response to exposure to isosmotic and hyposmotic conditions in the 
absence and presence of Cao. All cells were initially exposed to the standard isosmotic sea- 
water solution containing Ca2+. At time zero, groups of cells were exposed to Cao-free
conditions while other groups were left in Cao-containing solutions. The middle panel 
shows the average cAMP levels of six cells; the bottom panel shows the cGMP levels (in 
pmoles/mg dry wt) of six cells; the top panel shows the relative volume changes of 90 
control and 120 experimental cells. At 60 min of incubation, the cells were exposed to the 
hyposmotic solution. The figure shows that removal of Cao at time zero produced a small 
but significant (p<0.05) transient increase in cAMP accompanied by a significant cell 
volume reduction. Further, cell swelling in response to exposure to hyposmotic conditions 
in the presence of Cao, but not in its absence, induced a larger and transient increase in 
cAMP. This increase was followed by a significant reduction in cell volume (RVD). 
Finally, it should be noted that the basal levels of cGMP are about two orders of magnitude 
smaller than those of cAMP. The levels of cGMP did not appear to increase in response to 
isosmotic replacement of Cao. However, cGMP levels increased in response to cell swelling 
providing Cao was present, i.e., presence of RVD. Interestingly, the increase in cGMP 
occurred later in time than the increase in cAMP, a result consistent with the hypothesis 
that cGMP may serve the purpose of turning off RVD. 
 In sum, these results demonstrated that under both isosmotic (in response to Cao remov-
al) and hyposmotic conditions (in the presence of Cao), volume reduction is accompanied 
by an increase in the intracellular levels of cAMP. The results also showed that levels of 
cGMP increase during RVD, but this increase occurs after the increase in cAMP.

3.8. Nature of the Sensor that Detects Cell Volume Increases

 RVD occurs because of the existence of a feedback loop containing at least two func-
tional elements: a sensor that detects the volume increase and a sensor-activated effector re-
sponsible for restoring the original volume. Although effector mechanisms for volume 
regu-lation have been extensively studied, little is known about how changes in volume are 
de-tected by cells. There are two major hypotheses. One proposes that the volume signal 
arises from mechanical events such as bending or stretching of the membrane or 
rearrangement of structures within the cell.44-47 Another postulates that volume changes are 
sensed by changes in concentration of some cell component such as water, salt, or 
cytoplasmic protein pool.48, 49

 Barnacle muscle cells offer the remarkable possibility of dissecting the role of each of 
the postulated volume sensors independently of the others. Using internally perfused cells, 
it is feasible to modify membrane stretch, intracellular ionic strength or intracellular macro-
molecular crowding while maintaining the other two parameters as well as Vm constant.

3.8.1. Mechanical Membrane Deformation 

 Support for the hypothesis of mechanical deformation as volume sensor is provided by 
the widespread presence of mechano-sensitivemembrane channels in prokaryotes and eukar-
yotes.45, 50, 51 These channels respond to negative or positive pressure as well as cell swelling 
by altering their conductance to cations or anions.51-53 Recently, these channels have been 
cloned,54 reconstituted, and their molecular mechanisms of activation are beginning to be 
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uncovered.55, 56 However, in spite of the aforementioned arguments, some critical observa-
tions argue against the role of mechanical deformation as a volume sensor in numerous 
cells. Among these is the fact that membrane deformations induced by amphiphilic 
reagents in rabbit erythrocyte membranes have no effect on K+-Cl- cotransport.57  Similarly, 
in human erythrocytes, swelling-induced transport pathways are activated at much lower 
degrees of cell swelling (1.05-1.1 times normal volume) than those necessary to make the 
cells spherical and therefore produce membrane stretch (1.6 times normal volume).58

Further-more, when the tonicity of the medium which bathes rabbit proximal tubules is 
gradually reduced, there is no detectable volume change but the cells adapt to the 
hypotonicity by ex-truding solute. Thus, cells can activate transport pathways despite the 
absence of swelling.59

 A preliminary report using internally perfused barnacle muscle cells60 indicates that 
under conditions of constant osmolality (1000 mOsm/kg), ionic strength, and intracellular 
macromolecular concentration, an increase in cell volume of 50% resulting from increasing 
the intracellular hydrostatic pressure to 18 mm of H2O did not induce volume reduction. 
This suggests that membrane stretch per se does not act as a volume sensor in these cells. 
However, this result does not rule out the possibility that membrane stretch, acting syner-
gistically with other changes in the cellular properties accompanying cell swelling, e.g., a 
reduction in macromolecular crowding, could behave as a volume sensor.

3.8.2. Intracellular Ionic Strength

 Support for the ionic strength hypothesis as a volume sensor is provided by observa-
tions in several cell types including trout red cells.48 In these cells, swelling can be 
produced by exposing the cells to hypotonicity or to an isotonic medium containing 
catecholamines, NH4Cl, or urea. Interestingly, swelling induced in response to either 
condition activates transport mechanisms leading to cell shrinking, but the nature of these 
mechanisms depends on the intracellular ionic strength changes that result from the 
swelling rather than on the increase in cell volume per se. For example, swelling may be 
caused by an increase in intracellular ionic strength. This occurs when trout erythrocytes 
are exposed to catecholamines because this manipulation leads to an increase in the 
intracellular Na+ concentration via activation of the Na/H exchanger. Similarly, when these 
cells are exposed to NH4Cl, there is a subsequent increase in intracellular NH4Cl. In both 
cases, the activated RVD pathway consists of an intracellular Cl- (Cli)-dependent K+ efflux 
which is not accompanied by the efflux of the osmolyte taurine. Conversely, when swelling 
induces a reduction in ionic strength, as when the erythrocytes are exposed to isotonic urea 
(due to urea and water influx) or when they are exposed to hypotonicity, the transport 
pathway activated consists of a Cli-dependent, K+ efflux accompanied by taurine. Thus, 
ionic strength appears to be the swelling sensor that determines which volume re-
establishing transport pathway is activated. However, this does not appear to be true for 
dog erythrocytes, because the transport pathway which is activated is the same whether 
their volume is altered by changing the ionic strength of the external medium or by keeping 
external ionic strength constant and varying internal solute content.61

 To test whether ionic strength plays a volume sensing role in barnacle muscle, the effect 
of reduction in the ionic strength (from a normal value of 278.6 mM to 62.6 mM) was tested 
in cells internally perfused under conditions of constant membrane stretch (see 2. Methods), 
intra- and extracellular osmolality and the concentration of intracellular macromolecules.  
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The reduction in ionic strength was attained by isosmotically replacing the salts of Na+ and 
K+ in the perfusate with sucrose. 
 Figure 9 shows the time-course of the effect on cell volume and VM of isosmotically 
reducing the intracellular ionic strength in internally perfused cells. The figure shows that 
after 90 minutes of pre-incubation with the perfusate containing the high ionic strength, the 
cell volume and VM had reached steady values. At this point in the experiment, cells were 
separated into a control and an experimental group. The control cells were continuously 
perfused with the high ionic strength solution. The average cell volume and VM of these 
control cells are depicted in the graph as a discontinuous line. The experimental cells were 
subjected to a reduction of the intracellular ionic strength which produced a significant 
(p<0.05) volume reduction and membrane depolarization which, respectively, reached 
values of 15% and 15 mV, after 240 min of incubation. This result clearly shows that 
reduction in ionic strength, under conditions in which the other postulated volume sensors 
are maintained constant, produces a volume reduction. However, this effect could be due 
either to the reduction in the ionic strength per se, the membrane depolarization 
accompanying the reduction in ionic strength, or a combination of both factors.

Figure 9. Time-course of the effect of isotonically reducing the intracellular ionic strength from 278.6 to 62.6 
mM (top panel) on cell volume (middle panel) and membrane potential (bottom panel, VM) in internally per-
fused barnacle muscle cells (n=3). V/Vo, ratio of cell volume (+ SEM) measured at time indicated (arrowhead) 
to volume obtained before intracellular IS was reduced (V0, at 90 min of incubation indicated by “a”). Dashed 
lines, average relative volume (top, SE, + 0.01) and VM (bottom, SE, + 1 mV) of control cells (n=6) that were 
continuously perfused with the standard perfusate (IS=278.6 mM). Time that relative volume and/or VM

became significantly different from controls is indicated by asterisk and rightward arrowhead.

 To dissect the relative roles of VM and of the reduction in ionic strength on effecting cell 
volume reduction, experiments were performed in which VM was controlled. Figure 10 A 
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A

B
Figure 10. A. Time-course of the effect of isotonically reducing the intracellular ionic strength (IS, top) and of 
membrane potential (VM, bottom) on mean relative cell volume (middle) of internally perfused, voltage-
clamped barnacle muscle cells. At 90 min of incubation, the IS was reduced from 278.6 to 62.6 mM (at a)
while VM was maintained constant at -22 + 1.0 mV. This manipulation did not induce a significant change in 
the mean relative volume (V/Vo) of the cells. The symbols ( , ) represent the means + SE of 6 independent 
experiments. Dashed lines, average volume (middle panel; SE, + 0.01) and VM (bottom panel; SE, + 0.5 mV) of 
control cells (n=6) continuously perfused with the standard solution containing 278.6 mM IS. B. Time-course 
of effect of isotonically reducing intracellular ionic strength from 278.6 to 62.6 mM at 90 min incubation and of 
depolarizing VM (bottom, ) on cell volume (middle, ). All cells originally voltage-clamped at -22 mV. At 120 
min incubation, VM of mean relative experimental cells (n=4) was depolar-ized to 0 mV. Dashed lines, average 
volume (middle; SE, + 0.01) and VM of control cells (n=6) whose VM was maintained at -22 + 1 mV and 
continuously perfused with the standard solution containing 278.6 mM IS. Time-relative volume became 
significantly different from controls is indicated by * and rightward arrowhead.
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depicts an experiment in which the experimental cells were subjected to the identical
reduce-tion in ionic strength as described in Figure 9, but the membrane depolarization was 
prevented via voltage-clamping. The graph demonstrates that blockage of the membrane 
depolarization completely inhibited the otherwise observed volume reduction upon 
reduction of the ionic strength.  Further evidence for the role of membrane depolarization 
as the actual factor inducing the volume reduction is provided in Figure 10B. The exper-
imental protocol was identical to that used for Figure 10A except that after 30 minutes of 
the reduction in the ionic strength the experimental cells were depolarized from -20 to 0 
mV. As expected, the graph illustrates that reduction of the ionic strength did not affect the 
volume under voltage clamp conditions, but depolarization was immediately followed by a 
significant volume reduction which reached a value of 15 % at 240 min of incubation.
 Interpretation of the above results led to formulation of the following hypothesis: 
reduction in ionic strength produces a membrane depolarization due to diminution in the 
concentration of intracellular K+.25 This membrane depolarization activates a verapamil-
sensitive Ca2+ influx pathway which in turn induces loss of intracellular osmolytes, water, 
and cell volume. A critical test of this hypothesis consisted of assessing whether inhibition 
of the Ca2+ influx pathway could inhibit the depolarization-induced volume reduction. 

Figure 11. Time-course of effect of VM, verapamil (0.1 mM) and of isotonically reducing the intracellular ionic 
strength (top) from 278.6 to 62.6 mM (at 90 min incubation, at a) on the average relative cell volume (V/Vo,
middle) in internally perfused, voltage-clamped barnacle muscle cells. Symbols ( , ) represent the means +
SE of 3 independent experiments. Dashed lines, average volume (SE, + 0.01) and VM (SE, + 0.5 mV) of control 
cells (n=6) continuously perfused with standard solution containing 278.6 mM IS. All cells were originally 
voltage-clamped at -20 mV. Control and experimental cells were exposed to 0.1 mM verapamil 30 min prior to 
time 0 in the graph. At 120 min incubation, VM of experimental cells was depolarized to 0 mV.

Figure 11 shows the time-course of the effect of a reduction in ionic strength and 
membrane depolarization on the volume of cells continuously exposed to 0.1 mM of the 
Ca2+ channel blocker verapamil. The graph shows that, similar to Figure 10B, reduction in 



286 HECTOR RASGADO-FLORES ET AL. 

ionic strength did not affect cell volume under voltage-clamp conditions, but in the 
presence of verapamil, membrane depolarization was not followed by the previously 
observed volume reduction. 
 In sum, the experimental results demonstrate that, at least in barnacle muscle cells, a 
reduction in ionic strength does not play a major volume sensor role. Care must be taken in 
interpreting the volume-sensing role of ionic strength in other cells. The possible role of 
changes in VM accompanying the reduction in ionic strength should be prudently considered.

3.8.3 Intracellular Macromolecular Crowding 

 An alternative hypothesis for the putative volume sensor is the changes in intracellular 
macromolecular crowding.62-64 It postulates that small, localized changes in cell volume can 
greatly modify the concentration of ambient, inert macromolecules. This effect can signify-
cantly alter the thermodynamic activity of enzymes, therefore affecting their kinetics and 
equilibria. If these enzymes regulate plasmalemmal osmolyte transporters, channels and/or 
pumps, cell volume changes lead to modification in the net transport of osmolytes that pro-
duce cell volume modification or recovery. A quantitative model has been developed which 
predicts how small dilutions of total cytosolic protein resulting from swelling can exert 
nonspecific effects of the required magnitude to affect osmolyte transport rates.63 This 
model also predicts that the effectiveness of a macromolecule to produce crowding is 
related to its molecular weight. At similar concentrations, macromolecules with larger 
molecular weights are more efficient in producing crowding as compared to molecules of 
smaller molecular weight. Likewise, the model successfully postulates how changes in 
reaction rates are explained by changes in intracellular protein concentration.
 To test whether macromolecular crowding plays a volume-sensing role in barnacle 
mus-cle cells, an experimental strategy was developed consisting of testing the effect of 
modify-ing the concentration of intracellular inert macromolecules (polymers) on the 
volume of internally perfused cells in which the intracellular and extracellular osmolalities, 
membrane stretch, ionic strength and VM were maintained constant.19 The following five 
major predictions of the macromolecular crowding theory were tested: 1) Intracellular 
isotonic replacement of large and inert macromolecules (polymers and albumin) by sucrose 
should produce volume reduction; 2) there should be a minimal effective size of the 
macromole-cules to produce the expected crowding effect; 3) there should also be a 
minimal concen-tration for large enough macromolecules to produce the crowding effect; 
4) even very large concentrations of small macromolecules should not produce the 
crowding effect; and 5) reductions in the concentration of large enough macromolecules 
should produce proportional reductions in volume. The experimental results demonstrated 
that all the predictions were met.19

Figure 12A19 shows the time-course of the effect on cell volume of isotonically 
replacing various intracellular concentrations of the polymer polyvinyl pyrrolidone (40 
KDa, PVP-40K) by sucrose. Cells were originally perfused for 90 minutes (before time 0 in 
the graph) with either 36, 31, 27, 18, or 10 mg/ml of PVP-40K. For the duration of the 
experiment, control cells were perfused with 36 mg/ml PVP-40K, and their average volume 
is depicted in the graph as a discontinuous line. With the exception of the cells originally 
perfused with 10 mg/ml PVP-40K, the graph illustrates that the volume of all the other cell 
groups diminished with time in response to replacing PVP-40K with sucrose. This volume 
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reduction reached steady values after 165 min of the replacement of the perfusate, and these 
values were proportional to the original concentration of the polymer present prior to its 
removal. With the exception of the comparison between the volume of the control and the 
10 mg/ml group, statistical analysis revealed all the other groups were significantly 
(p<0.05) different than the control cells. This result strongly supports the role of 
macromolecular crowding as a volume sensor in barnacle muscle cells.

B
Figure 12 A. Time-course of effect of isotonically replacing (at time 0, AT“a” and down arrow) vari-ous 
intracellular concentrations of polymers by sucrose on cell volume in internally perfused barnacle muscle cells. 
At “a”, either 36 (n = 6; ), 31 (n = 5; ), 27 (n = 5; ), 18 (n = 4; ) or 10 (n = 10; ) mg/ml poly-vinyl 
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pyrrolidone-40K (PVP-40K) were isotonically replaced by sucrose. Dashed line, average relative volume (SE, 
+0.01) of control cells (n = 6) continuously exposed to 0.036 g/ml PVP-40K. (Reproduced from Summers et 
al.,19 with permission.) 12B. Time-course of effect of isotonically replacing 0.036 g/ml PVP-40K by sucrose (at 
time 0, at “a”) on relative cell volume (V/Vo, top ( ; )), Ca2+ uptake (in pmoles x cm-2 x sec, middle( ; ))
and VM (bottom( ; )) in cells exposed to presence of extracellular Ca2+ (Cao

2+), Na+ seawater in presence of 
0.01 mM Cao

2+ (n = 3; open symbols) or 11 mM Cao
2+ (n = 5; closed symbols). Cells exposed to 0.01 mM Cao

2+

were pre-equilibrated for 30 min under this condition before intracellular perfusion began (120 min before time 
0). Dashed lines, average relative volume (top; SE, +0.01) and Ca2+ influx (middle; SE, +150 pmol cm-2 s-1) of 
control cells (n = 6) continuously exposed to 0.036 mg/ml PVP-40K in presence of 11 mM Cao

2+. Times at 
which relative volume and Ca2+ influx became significantly different from controls are indicated by * and right 
arrowheads (reproduced from Summers et al.,19 with permission).

  A critical additional prediction of macromolecular crowding as a volume sensor in 
barnacle muscle cells is that an isotonic reduction of a large enough macromolecule at a 
large enough concentration should produce activation of a verapamil-sensitive Ca2+ influx 
pathway leading to cell volume reduction. To test this hypothesis, cells were internally per-
fused and exposed to the presence of normal (11 mM) or very low (0.01 mM) extracellular 
Ca2+. To measure Ca2+ uptake, 45Ca was added to the superfusion solution. The appearance 
of 45Ca in the intracellular fluid was determined by collecting aliquots of the perfusion fluid 
every 15 min as it emerged from the cannula at the basal end of the cell.
 Figure 12 B19 shows the time-course of the effect on cell volume, Ca2+ uptake and VM

of isotonically replacing PVP-40K by sucrose. Control cells were continuously perfused 
with PVP-40K in the presence of 11 mM Cao.  Following 90 min of pre-incubation, at time 
0 in the graph, PVP-40K was replaced by sucrose. In the presence of low Cao, this 
manipulation affected neither the influx of Ca2+ nor the relative cell volume. In contrast, in 
the presence of 11 mM Cao, replacement of PVP-40K by sucrose induced a significant 
increase in Ca2+ influx and a cell volume reduction with respect to control cells. In 
additional experiments19 presence of 0.1 mM verapamil completely blocked the volume 
reduction otherwise observed upon isosmotic replacement of PVP-40K by sucrose. These 
results demonstrate that reduction in macromolecular crowding activates a Ca2+ influx 
pathway which leads to cell volume reduction. In addition,  presence of 0.1mM verapamil 
completely abolishes the cell volume reduction otherwise observed upon isotonically 
replacing PVP-40K by sucrose. 19 These results support the role of macromolecular 
crowding as sensor of volume changes in barnacle muscle cells. 

4. SUMMARY AND FUTURE WORK 

 Figure 13 depicts a diagram summarizing the working hypothesis herein reviewed. It  
postulates how osmotic swelling is sensed by barnacle muscle cells as well as how RVD is 
effected. Exposure to hypotonicity (a) induces a net influx of water into the cell driven by its 
chemical gradient (b). The entrance of water produces two main effects: 1) dilution of intra-
cellular macromolecules (c) leading to activation of a Ca2+ influx pathway (d) which can be 
inhibited by verapamil (e); and 2) dilution of intracellular [K+] which in turn produces mem-
brane depolarization (f) leading to activation of Ca2+ release from the sarcoplasmic reticulum 
(SR; h). A possible direct role of cytosolic Ca2+ in inducing SR Ca2+ release cannot be 
discarded at present. The increase in [Ca2+]i, resulting from either the influx of Ca2+ and/or 
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SR Ca2+ release (g), induce the synthesis of cAMP (i). This nucleotide activates a pathway 
through which the osmolytes K+, Na+ and glycine exit the cell (j) following their electro-
chemical gradients. The combination of cell swelling and the increase in [Ca2+]i (or the 
synthesis of cAMP) simultaneously activates a K+/OH or OH-/Cl- exchanger (k). The os-
motically obligated efflux of water following the net loss of intracellular osmolytes 
produces volume recovery. 

Figure 13. Diagram illustrating summary of experimental results and proposed mechanisms presented and 
discussed in this review. “+” and “-” indicate activation and inhibition, respectively. The sequence of events is 
indicated by the lower case letters followed by the right-facing parenthesis. SR is sarcoplasmic reticulum; see 
text for details. 

 The aforementioned hypothesis raises numerous questions that must be addressed: 1) 
What are the mechanisms by which a reduction in macromolecular crowding activates the 
Ca2+ influx pathway? 2) To what extent does SR Ca2+ release and Ca2+ influx contribute to 
synthesis of cAMP? 3) How is it that increase in [Ca2+]i activates synthesis of cAMP? 4) 
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Which mechanism is responsible for activating the synthesis of cGMP later than cAMP; is 
it the increase in [Ca2+]i or cAMP? 4) How does cAMP activate the efflux pathway for K+,
Cl- and glycine? 5) By which mechanism does cGMP inhibit the action of cAMP in 
promoting the loss of osmolytes? and 6) How is the K+/OH or OH-/Cl- exchanger activated 
and what physiological role does it play? Current work is aimed at answering these 
questions. Further-more, perhaps the most physiologically relevant work is yet to be 
undertaken. Barnacle muscle cells undergo cell volume and shape changes during isometric 
contraction, and these changes significantly affect their contractile ability.7 The 
physiological relevance of these studies may include the key to deciphering the as yet 
poorly understood phenomena of mus-cle fatigue. Study of the underlying mechanisms 
linking muscle contraction and cell volume changes is just beginning. The authors suggest 
that the use of barnacle muscle cells will prove very helpful in elucidating these very 
relevant physiological questions.
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Q-VD-OPh, NEXT GENERATION
CASPASE INHIBITOR

Thomas L. Brown* 

1. INTRODUCTION 

Apoptotic cell death is an active process characterized by the lack of an 
inflammatory response, crosslinking of the plasma membrane, caspase activation, DNA 
laddering, and the formation of apoptotic bodies.1 Apoptosis is mediated by specific 
initiator and effector cysteine proteases (caspases) that are unique in cleaving substrates 
specifically following aspartate residues.2-5 The activation of specific caspases has 
defined three major pathways that can carry out the apoptotic process. Caspase 9 can be 
activated by the release of cytochrome c from the mitochondria into the cytosol and 
triggered by addition of actinomycin D or etoposide or indirectly by anti-fas antibody.6-9

The caspase 8/10 pathway is activated via ligand binding to death receptor systems of the 
Fas/CD95 and tumor necrosis factor alpha families.7 Caspase 12 is activated in response 
to thapsigargin and other endoplasmic reticulum stressors in rodent cells; however, a 
recent report suggests that caspase 12 is not functional in human cells.10-12

Recent advances have led to commercially available inhibitors that prevent caspase 
activation. Specific as well as broad-spectrum caspase inhibitors consist of methylated 
monopeptides to tetrapeptides conjugated to carboxyterminal groups such as 
chloromethyl ketone (cmk), fluoromethyl ketone (fmk), or aldehyde (cho) that enable 
them to act as competitive inhibitors. These cell-permeable inhibitors alkylate the active 
site cysteine of caspases and irreversibly block apoptosis by preventing caspase 
activation, substrate cleavage, and DNA ladder formation.

The broad-spectrum inhibitor, ZVAD-fmk, can prevent apoptosis of the major 
pathways at high concentrations and has a preference for the caspase 3 pathway at 
somewhat lower doses. Boc-D-fmk (B-D-fmk) consists of a single aspartate residue and 
is capable of preventing apoptosis mediated by any of the three pathways at about one 
half the effective concentration of ZVAD-fmk. Although these broad-spectrum inhibitors 
have been effective in identifying caspase-mediated events, the relatively high doses 
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required can limit their usefulness in some systems and may have nonspecific or 
cytotoxic effects.13-16 Recently, a new generation of broad-spectrum caspase inhibitor, Q-
VD-OPh, was developed to circumvent in vivo toxicity of existing caspase inhibitors as 
well as to try to reduce the effective concentration to increase specificity.15

2. EXPERIMENTAL 

WEHI 231 mouse immature B cells were cultured in RPMI 1640 containing 10% 
FBS and 29 M 2-mercaptoethanol. Jurkat human T lymphoma cells were cultured in 
RPMI 1640 containing 10% FBS. The rat trophoblast cell line, HRP-1, was cultured in 
2.5% fetal bovine serum in DMEM. All cells were cultured at 37°C and 95% O2/5% CO2.
Apoptosis was determined by oligonucleosomal DNA laddering and quantitated by flow 
cytometry after TUNEL assay.5, 16-20 Caspase inhibitors were added at the indicated 
concentrations 1 h prior to treatment. Cell number and viability were determined by 
trypan blue exclusion. Protein concentrations and Western blotting were performed as 
described previously.5, 16-20

3. RESULTS AND DISCUSSION 

Caspase activation is an essential and irreversible enzymatic event during apoptosis. 
Caspase inhibitors have been routinely used to identify specific caspases and analyze 
particular mechanisms involved in the cell death process. Two of the most widely used 
caspase inhibitors are the broad-spectrum fluoromethyl ketone caspase inhibitors, B-D-
fmk and Z-VAD-fmk. The amino terminal Boc and Z groups serve to block the amino 
acids D (aspartate) or VAD (Val-Ala-Asp) while the carboxy terminal fluoromethyl 
ketone facilitates cell permeability. We determined the effectiveness of known broad-
spectrum caspase inhibitors to prevent apoptosis in comparison to the next generation 
caspase inhibitor, Q-VD-OPh.15, 16

  Actinomycin D has previously been shown to induce caspase activation in WEHI 
231 immature B cells.18, 19 To analyze the effects of broad-spectrum caspase inhibitors on 
actinomycin D-induced apoptosis in WEHI 231 cells, DNA fragmentation was analyzed. 
Incubation with decreasing concentrations of ZVAD-fmk, B-D-fmk, or Q-VD-OPh in the 
presence of 1 g/ml actinomycin D demonstrated that each inhibitor prevented apoptosis 
in a dose dependent manner (Figure 1).

ZVAD-fmk was only partially effective at inhibiting DNA laddering at 50 M,
consistent with observations in other systems (Figure 1A). This result was also confirmed 
by TUNEL assay and flow cytometry (data not shown). The broad-spectrum caspase 
inhibitor B-D-fmk completely prevented apoptosis in WEHI 231 cells at 50 M but was 
ineffective at lower doses (Figure 1B). In striking contrast to ZVAD-fmk and B-D-fmk, 
the caspase inhibitor Q-VD-O-phenoxy (Q-VD-OPh) exhibited the ability to prevent 
DNA fragmentation at concentrations as low as 5 M (Figure 1C). Q-VD-OPh uses an 
amino-terminal quinoline group conjugated to the amino acids valine and aspartate and a 
carboxyl ester attached to a phenoxy ring. Q-VD-OPh used in these studies contained an 
O-methyl group; however, a modified Q-VD-OPh (No Methyl) was even more effective 
with an apoptotic inhibitory concentration of 2.5 M (TLB, unpublished data). 
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Figure 1. Caspase inhibitors dose-dependently inhibit Actinomycin D induced DNA laddering. Panel A=Z-
VAD-fmk.  Panel B=Boc-D-fmk. Panel C=Q-VD-OPh. WEHI-231 cells (1x105 cells/ml) were treated for 4 hrs 
with (V) vehicle, (Inh) 50 M caspase inhibitor alone, (Act.D) 1 g/ml actinomycin D, or caspase inhibitor (at 
either 1 M, 2 M, 5 M, 10 M, 25 M, or 50 M as indicated) preincubated 1 hr prior to addition of 
actinomycin D. DNA was isolated, separated on a 1.2% agarose gel and stained with ethidium bromide to 
determine the effective dose of each inhibitor. (M) denotes the 100bp DNA molecular weight marker.

Effects of Q-VD-OPh on cellular toxicity were also examined in WEHI 231 cells. 
Concentrations of dimethylsulfoxide greater than 0.33% can induce apoptosis in WEHI 
231 cells. The presence of 500 M Q-VD-OPh, which results in a DMSO vehicle 
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concentration of 5%, resulted in 4% apoptosis, whereas 1 mM Q-VD-OPh (10% DMSO 
concentration) resulted in 21% apoptosis.16 Chemical breakdown is often a limiting factor 
in the efficacy of small peptide inhibitors for use in long-term studies and B-D-fmk has 
been shown to be stable for 48 h in cultured cells treated continuously with actinomycin 
D.13 Analysis of 5 M Q-VD-OPh in the presence of actinomycin D for at least 48 h 
resulted in no change in cell number and complete cellular viability (author’s unpublished 
data).

In addition to the WEHI 231 mouse B cell line, the human Jurkat T cell line was also 
analyzed to determine if the effective inhibitory concentration of Q-VD-OPh would be 
similar. Jurkat cells, incubated for 4 h with actinomycin D, displayed a significant 
amount of apoptosis as indicated by DNA laddering. Similar to WEHI 231 cells, the 
presence of 5 M Q-VD-OPh completely prevented apoptosis in Jurkat T cells (data not 
shown).16 WEHI 231 or Jurkat cells in the presence of Q-VD-OPh and actinomycin D 
were completely viable, as determined by trypan blue exclusion, but were strongly 
growth-inhibited (data not shown). Q-VD-OPh alone did not interfere with cell growth or 
viability. To determine if receptor-mediated apoptosis would also be inhibited by Q-VD-
OPh, the multifunctional cytokine TGF beta was used to induce apoptosis in rat tropho-
blast HRP-1 cells. TGF beta induced apoptosis in HRP-1 cells within 24 h, as determined 
by DNA laddering, and was completely inhibited by 5 M Q-VD-OPh (data not shown).
 Actinomycin D treatment also resulted in activation of caspase 3 which was prevent-
ed by Q-VD-OPh. In addition to the caspase 3 pathway, we also determined whether Q-
VD-OPh was capable of inhibiting the other known major pathways of apoptosis at this 
low concentration (Figure 2). DNA laddering representative of apoptosis occurred in 
WEHI 231 cells by the caspase 9/3 pathway activated by actinomycin D and the caspase 
12 pathway after treatment with thapsigargin as well as the caspase 8 pathway which was 
induced in Jurkat T cells after stimulation with anti-Fas. Western blotting was performed 
to demonstrate substrate cleavage (data not shown) as well as actual caspase cleavage and 
the ability of Q-VD-OPh to prevent the enzymatic activation (Figure 3). All three apop-
totic pathways were completely inhibited in the presence of 5 M Q-VD-OPh. 

1 2 3

A    B   C   D    E

QVD + AD QVD + Thapsigargin QVD + anti-Fas

A    B   C   D    E A     B    C    D    E

Figure 2.  Q-VD-OPh inhibits all major apoptotic pathways. Panel 1: WEHI-231 cells treated for 4 h with (B)
vehicle, (C) 1 g/ml actinomycin D, (D) DMSO + 1 g/ml actinomycin D or (E) 5 M Q-VD-OPh pre-
incubated 1 hr prior to actinomycin D addition. (A) indicates a 100 bp DNA molecular wt marker. Panel 2: 
WEHI-231 cells treated for 4 h with (B) vehicle, (C) 1 M thapsigargin, (D) DMSO + 1 M thapsigargin or (E)
5 M Q-VD-OPh pre-incubated 1 h prior to thapsigargin addition. Panel 3: Jurkat cells treated with (B) vehicle, 
(C) 100 ng/ml anti Fas (Clone CH-11), (D) DMSO + 100 ng/ml anti Fas or (E)  5 M Q-VD-OPh pre-incubated 
1 h prior to anti-Fas addition. DNA was isolated from treated cells and DNA laddering determined. 
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Figure 3.  Q-VD-OPh prevents activation of initiator and effector caspases. Jurkat T cells were treated with A)
100 ng/ml anti-Fas clone CH-11 for 4 h or  (B, C) 25 M etoposide for 6 h in the absence or presence of Q-
VD-OPh. Whole cell lysates were separated by SDS-PAGE and Western blotting was performed using caspase 
3 proform and p20, caspase 8 p10 or caspase 9 p10 polyclonal or monoclonal antibodies. 

   A    B    C   D   E    F    G   H    I  A    B    C   D    E    F    G   H    I

 A     B    C    D     E     F    G  H   I
Q-VD-OPh

Boc-VD-OPh Z-VD-OPh

Figure 4. The carboxyterminal O-phenoxy group is responsible for increased apoptotic inhibition. WEHI-231 
cells treated with (B) 10 M inhibitor alone, (C) vehicle (D) 1 g/ml actinomysin D, (E) 0.1% DMSO. Samples 
(F-I) pretreated with either 1 M, 2 M, 5 M, 10 M inhibitor (Boc-VD-OPh or Z-VD-OPh) one h prior to 1 

g/ml actinomysin D treatment for 4 h. DNA isolated, separated on a 1.2% agarose gel and stained with 
ethidium bromide to determine effective dose of each inhibitor. (A) indicates the 100 bp DNA molecular wt 
marker. Lower Panel: no DMSO control shown and lines E-H represent 1,2,5 and 10 M Q-VD, respectively. 
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The development of Q-VD-OPh relies on carboxy and amino-terminal modifications 
to increase cell permeability, stability and efficacy. To determine if the carboxyterminal 
blocking group contributes to the high level of effectiveness of Q-VD-OPh, WEHI 231 
cells were treated with actinomycin D for 4 h in the presence or absence of decreasing 
concentrations of Boc-VD-OPh, Z-VD-OPh, or Q-VD-OPh and analyzed by DNA 
laddering. As shown in Figure 4, the increased ability to protect against apoptosis 
induced by actinomycin D is directly related to the carboxyterminal modification 
contributed by the -OPh group. Substitution of the -OPh group for the -fmk group 
decreased the effective concentration of Boc-VD-OPh to 10 M (compared to 50 M
Boc-D-fmk) and Z-VD-OPh to 5 M.  Suprisingly, the substitution of an amino terminal 
"Mu" blocking group conjugated to VD-OPh in an attempt to make a water soluble 
inhibitor was completely ineffective at preventing actinomycin D-induced apoptosis in 
WEHI 231 cells at concentrations as high as 10 M (data not shown).

4. DISCUSSION

Next generation, broad-spectrum caspase inhibitors can have dramatic differences in 
effectiveness depending upon specific amino and carboxy-terminal modifications. Q-VD-
OPh was effective at inhibiting the three major cell death pathways, caspase 8/10, 
caspase 9, and caspase 12. Q-VD-OPh inhibited apoptosis in human, mouse and rat cell 
lines, and prevented terminal caspase activation, substrate cleavage, and DNA ladder 
formation. Q-VD-OPh was found to be maximal at one tenth the concentration of the 
most currently effective caspase inhibitors, suggesting the addition of a quinolyl and 
phenoxy moieties may greatly enhance cellular permeability and/or substrate access.

The specificity of this caspase inhibitor was demonstrated in that Q-VD-OPh did not 
affect the growth arrest function of the RNA synthesis inhibitor, actinomycin D but did 
prevent caspase 3 specific cleavage of a target substrate, poly ADP-ribose polymerase 
(PARP). Addition of the carboxy terminal O-phenoxy (-OPh) group was primarily 
responsible for the increased effectiveness as an apoptotic inhibitor as indicated by 
similar results obtained using the amino terminal Z or Boc groups conjugated to -VD-
OPh. Aminoterminal modifications, however, can also alter the effectiveness of the 
inhibitor as indicated by the slightly less effective Boc blocking group when compared to 
Z- or Q- blocking groups conjugated to -VD-Oph and the loss of effectiveness by Mu-
VD-OPh.

 Commercial caspase inhibitors are hydrophobic and as such require suspension in 
DMSO to solubilize them. This can present particular problems in DMSO sensitive cells 
such as lymphocytes since inhibitors such as Z-VAD-fmk require a dose of greater than 
50 M to be effective. High concentrations of caspase inhibitors may also lead to some 
nonspecificity and binding to other cellular proteins not involved in the apoptotic 
pathway further compounding analysis.13, 14, 17 The ability to use a caspase inhibitor at 
such a low effective dose eliminates the problems associated with vehicle concentrations 
or nonspecificity associated with the widely used fluoromethyl ketone caspase inhibitors, 
not to mention the increased cost effectiveness. 

The effective concentration of Q-VD-OPh may provide a unique reagent when trying 
to revive hard to propagate cell lines from liquid nitrogen. The addition of this inhibitor 
to thawed cells would give the cells adequate time to recover from the stress of thawing, 
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even in the presence of standard DMSO concentrations, and begin to proliferate in the 
absence of toxicity. Q-VD-OPh is stable in solution for several months and is effective in 
culture for at least 2.5 days. This would provide an ideal timeframe for cell recovery 
whereas, the subsequent decrease in effectiveness over time would be fortuitous in that 
the cells would return to standard culture conditions with minimal manipulation. It is 
likely that the decreased inhibitory effect on apoptosis in cell culture over time is due to 
uptake and cellular depletion of the inhibitor. 

In this study, we determined the effectiveness of several broad spectrum caspase 
inhibitors to prevent DNA laddering and caspase activation during apoptosis induced via 
several stimuli. Actinomycin D rapidly induces substantial apoptosis and can be 
dramatically inhibited by the caspase inhibitor, Q-VD-OPh (quinolyl-valyl-O-
methylaspartyl-[-2,6-difluorophenoxy]-methyl ketone). Q-VD-OPh was significantly 
more effective in preventing apoptosis than the widely used inhibitors, ZVAD-fmk and 
B-D-fmk. Q-VD-OPh was also equally effective in preventing apoptosis mediated by the 
three major apoptotic pathways, caspase 9/3, caspase 8/10, and caspase 12. In addition to 
the increased effectiveness, Q-VD-OPh was minimally toxic to cells, even at very high 
concentrations. Our data indicate that the specificity, effectiveness, and reduced toxicity 
of caspase inhibitors will be significantly enhanced using aminoterminal quinolyl and 
carboxyterminal o-phenoxy groups. 

5. CONCLUSION 

The broad spectrum caspase inhibitor, Q-VD-OPh, provides not only a cost effective, 
non-toxic, and highly specific means of apoptotic inhibition but also new insight into next 
generation caspase inhibitors.  Our data indicate that the specificity and effectiveness of 
next generation caspase inhibitors will be significantly enhanced by incorporating 
conjugated aminoterminal quinolyl and carboxyterminal O-phenoxy groups. A major 
disadvantage of fluoromethyl ketone and other carboxyterminal-conjugated caspase 
inhibitors has been the resultant toxicity in vivo which has hampered their use.  Future 
studies examining other amino terminal modifications to 0-phenoxy conjugates to 
decrease hydrophobicity as well as nonpeptide, selective caspase inhibitors should 
provide even greater effectiveness. Studies assessing in vivo specificity, clearance, and 
toxicity of Q-VD-OPh will determine the potential use of this new generation of O-
phenoxy caspase inhibitor conjugates as promising new therapeutics. 
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ARE MEMBRANE TYROSINE KINASE RECEPTORS
INVOLVED IN OSMOTRANSDUCTION? 

H. Pasantes-Morales, R. Lezama and R. Franco

1.  INTRODUCTION 

 The adaptive cell response to swelling after a reduction in external osmolarity, 
known as regulatory volume decrease (RVD), involves a complex series of reactions that 
in most cells ultimately leads to the extrusion of osmotically active solutes directed to re-
establish the osmotic equilibrium with the new extracellular condition. The overall 
response involves three main steps: 1) the volume-sensing mechanisms detecting the 
change in cell volume set by the lineage of each cell type. The volume sensor machinery 
acts also as a memory of the original cell size, necessary for arresting the adaptative 
response once this size has been attained; 2) a  volume transducing cascade connecting 
the sensor signal to the osmolyte extrusion mechanisms, and 3) the setting in motion of 
the osmolyte efflux pathways, resulting in a decrease in intracellular osmolarity to 
equilibrate with the external medium.  Early studies in the field were directed toward 
characterizing the mechanisms of release of the main osmolytes involved in RVD. The 
efflux pathways for Cl and K were identified as separate channels in most cases,1-3 and 
those for organic osmolytes were recognized as leak pathways.4, 5 Thereafter, interest was 
extended to aspects of volume sensing and osmotransduction. It was soon evident that 
volume sensors and signaling cascades involve the convergence of multiple elements and 
complex mechanisms with an active interplay.6, 7 With our current state of knowledge, we 
are still unable to define whether the mechanisms of volume sensing involve interactions 
between the molecules in the membrane and extracellular entities or instead, are 
responses to variations in some intracellular condition or signal. At the membrane side, 
proposed elements for volume sensing include adhesion molecules (integrins in 
particular), mechanical changes leading to membrane stretch and unfolding or molecules 
acting as osmolarity receptors. At the intracellular side, changes in the cytoskeleton, a 
reduction in the macromolecular crowding, or a decrease in ionic strength have been 
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proposed as volume or osmolarity detectors.  In the present work, we discuss our recent 
findings on the potential participation of the membrane tyrosine kinase receptors as 
elements of the sensor and/or osmotransduction signaling cascades. TKR are well suited 
to sense changes in the cell environment and to transmit that message to the intracellular 
compartment.

2. TYROSINE KINASE RECEPTORS (TKR) ARE INVOLVED IN THE        
 SENSING/TRANSDUCTION CASCADE IN RVD 

2.1  Protein Tyrosine Kinases Are Involved in the Operation of Cl- and Amino Acid 
 Efflux Pathways 

 One of the antecedents to consider as a role for TKR in the signaling mechanisms 
connecting the change in cell volume to the osmolyte efflux pathways was the 
importance of protein tyrosine kinases in the mechanisms operating the hyposmotic 
efflux of Cl- and taurine.7-9 A feature characteristic of TKR is the presence at the 
intracellular domain of an intrinsic protein tyrosine kinase activity which is the initial 
step for setting in motion a complex network of many other reactions.10-13 The question is 
then raised whether some of the tyrosine kinases required for the operation of Cl- and 
taurine hyposmotic fluxes may be those present in TKR. This possibility is suggested by 
a comparison between the effect of different tyrosine kinase blockers on the osmolyte 
fluxes. Tyrphostins are often considered rather specific blockers of the tyrosine kinase 
activity in TKR, while other blockers such as herbimycin and lavendustin affect the 
intracellular tyrosine kinases more. What has been seen in a number of cell types is that 
volume-activated taurine and Cl- pathways are clearly more sensitive to tyrphostins than 
to other tyrosine kinase blockers.7-9

3.  CHANGES IN EXTERNAL OSMOLARITY ACTIVATE TYROSINE KI-
 NASE RECEPTORS 

 By their nature as transmembrane molecules, TKR are well positioned to be a link 
between the external environment, including changes in the cell surrounding fluids or in 
the extracellular matrix proteins, and the intracellular compartment. In fact, TKR are now 
identified as crucial elements in the operation and interplay of a variety of intracellular 
downstream signaling pathways, ultimately regulating the expression and activity of 
numerous cell functions.10-12 TKR activate by dimerization and the subsequent activation 
of the intrinsic tyrosine kinase activity. Tyrosine phosphorylation of TKR can be elicited 
either by specific ligands, or in the absence of the physiological ligands, by a number of 
other stimuli. Ligand-independent activation of TKR is known to occur through radiation, 
oxidative stress, heavy metal ions and alkylating agents.13 TKR may also be activated by 
membrane stretch.14 Changes in external osmolarity could be also sensed by TKR as 
suggested by the activation of EGFR by hyperosmolarity.15 Considering these ante-
cedents, we are interested in investigating whether an increase in cell volume and/or a 
reduction in osmolarity are able to activate TKR, thus including these molecules as early 
membrane signals or elements in osmotransduction. We selected EGFR in the Swiss3T3 
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fibroblasts as the experimental model for this study. EGFR is one the best characterized 
members of the superfamily of TKR and is expressed in most cell types. In addition, 
pharmacological tools are available to manipulate its activity.
 Results from this study16 showed a marked activation of EGFR in fibroblasts when 
cells were exposed for 3 min to a 35% hyposmotic medium. It is noteworthy that 
phosphorylation of EGFR by hyposmolarity is higher than that evoked by a saturating 
concentration of  the ligand EGF. 

Figure 1. Hyposmolarity-induced EGFR phosphorylation in Swiss 3T3 fibroblast cell line cultures. Serum- 
starved cells (24 h) were treated for 3 min in the indicated conditions and then fixed and incubated overnight 
with phospho-EGFR (Tyr 845) antibody. Cells were then incubated with a secondary fluorescent antibody and 
visualized by confocal microscopy in sections collected at 0.5 µM intervals. Images shown are from the fifth 
section in the series. Isosmotic medium (a); 35% hyposmotic medium (b); isosmotic medium plus EGF 
(200ng/ml) (c); 35% hyposmotic medium plus EGF added at the same time as the hyposmotic medium (d) and 
35% hyposmotic medium plus 50 µM AG213 (e). Bar = 10 µ. Quantitative expression of fluorescence intensity 
was carried out by analysis of five fields, containing 10-15 cells each from at least three independent 
experiments. This analysis showed a 3.4-fold fluorescence increase by hyposmolarity, 2.9-fold by EGF and 5.2-
fold for hyposmolarity plus EGF. In the presence of the EGF blocker AG213, the hyposmolarity effect is 
abolished (Data from 16).
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 Quantitation of the fluorescence intensitiy showed an increase over fluorescence in 
isosmotic conditions of 3.4-fold after the hyposmotic stimulus, while the increase in the 
EGF/isosmotic condition was 2.9-fold. The effect of hyposmolarity is increased by 
saturating concentrations of EGF, although the effect of the two stimuli is not additive 
(Figure 1). EGFR activation was markedly reduced by the tyrphostin AG213, a fairly 
specific blocker of EGFR phosphorylation (Figure 1). The mechanism of EGFR activa-
tion by hyposmolarity is still unknown. Several conditions or reactions modified by 
hyposmolarity and/or by subsequent cell swelling may be implicated. An interaction with 
integrins is one of these possibilities, as integrins are known to cooperate with an 
extensive repertoire of TKR including EGFR.17, 18 On the other hand, integrins also 
activate in response to events of cell adhesion and mechanical stimuli associated with 
changes in cell volume.19 Other adhesion molecules like p125FAK may also be 
participating. p125FAK is closely linked to EGFR phosphorylation and is activated by 
osmolarity reduction.20

 Additionally or alternatively, hyposmolarity-induced EGFR activation may result 
from the convergence of stress phenomena which concur with the change in external 
osmolarity and the swelling of cells. Stress-activated MAP kinase p38 is activated by 
hyposmotic swelling,21, 22 and its blockade results in a decrease in the EGFR activation by 
hyperosmolarity.23 Generation of reactive oxygen species, known to occur in hyposmotic 
conditions,24 is another possible cause of TKR activation in hyposmolarity. The receptor 
activation by reactive oxygen species may result from an increase in the phosphorylation 
state of the protein after inhibition of the phosphotyrosine phosphatase reactions by the 
oxidative stimulus. Finally, EGFR activation may be elicited by swelling-induced 
mechanical stress, by overexposure of the kinase domain of the receptor or by inducing 
subcellular redistribution and clustering of the receptor, all ultimately leading to EGFR 
activation.14, 25 Elucidation of the predominance and relative contribution of all these 
factors and the details of the mechanism responsible in each case remains. However, the 
coincidence of situations leading to EGFR activation and the swelling and volume 
regulation processes, as well as the concurrence of signaling networks for the two 
phenomena, is suggestive of a link between these two responses and makes EGFR a 
likely participant in the osmotransduction signaling cascade. It is still unknown whether 
other TKR besides EGFR respond in the same way to the change in external osmolarity. 
This is one of the most relevant questions raised by current findings.

4.  EGFR ACTIVATION INFLUENCES THE EFFLUX PATHWAYS OF THE 
 MAIN OSMOLYTES INVOLVED IN CELL VOLUME REGULATION 
 AFTER SWELLING 

 The first suggestion about a link between TKR and the adaptive fluxes of osmolytes 
after swelling came from a report by Tilly et al. in Intestin 407 cells8 showing 
potentiation by EGF of the hyposmotic efflux of Cl- (traced as 125I). Evidence of an 
influence of EGFR in the volume-sensitive Cl- current also came from a study in C127 
cells in which overexpression of the receptor results in modulation of the channel.26 We 
found in Swiss3T3 fibroblasts that EGFR is connected with the osmosensitive taurine 
efflux by the following evidence. Figure 2A shows the time course of 3H-taurine release 
from fibroblasts exposed to a medium of reduced osmolarity (35%). In isosmotic 
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conditions, taurine is released at a rate of about 0.3% per min. Upon reduction in 
osmolarity, the efflux increases rapidly with a maximal peak of 4.6% reached after 3 min. 
Thereafter, the release progressively decreases, approaching basal levels despite the 
persistence of the hyposmotic condition. This is the typical response of taurine to 
hyposmolarity observed in a large variety of cell types. Addition of EGF (200 ng/ml) to 
the hyposmotic medium results in a more rapid activation of taurine release as well as a 
marked potentiation of the  efflux, particularly at the initial fractions. In the presence of 
EGF, the maximal taurine efflux, reached at min 1 after stimulus, is 7.8 %, i.e., an 
increase of more than 67% over the maximal release in the absence of the factor. 
Consistent with the stimulatory effect of EGF, the blocker of EGFR activation, AG213, 
had an inhibitory effect on taurine efflux as shown in Figure 2A.  These results are 
suggestive of EGFR involvement in the mechanism of taurine release in hyposmotic 
conditions. When EGF was tested on taurine efflux at various osmolarities, an effect was 
observed on the set point activation, indicative of an increase in sensitivity to 
hyposmolarity (Figure 2B). In isosmotic conditions, EGF elicits only a marginal increase 
in taurine efflux suggesting that elements other than the sole activation of the EGFR are 
necessary to fully operate the osmolyte efflux pathway.

Figure 2. Taurine efflux increased by hyposmolarity and the effect of activation or inhibition of the EGFR. 
Cells preloaded with 3H-taurine (0.5 µCi/ml during 1 h) were washed and superfused with isosmotic medium 
for 4 min and then for 8 min with 35% hyposmotic medium ( ) or with hyposmotic medium containing EGF 
(200ng/ml) ( ) or Con A (500 ng/ml) ( ).  In ( ), cells were  preincubated with 50µM AG213 for 30 min and 
the drug was present in all solutions throughout the experiment. B. Stimulatory effect of EGF on 3H-taurine
efflux at hyposmolarity reductions of -10% to -50%. Data represent taurine released in fractions 2-5th after the 
hyposmotic stimulus, with or without the addition of 200ng/ml EGF. (Data obtained from15).

 In addition to EGF, another mechanism which activates EGFR is treatment with 
lectins. Some of these compounds are known to activate EGFR and trigger the 
characteristic signal transduction pathways associated with the activation of the intrinsic 
tyrosine kinase reactions.27 Two lectins, concanavalin A (Con A) and wheat germ 
agglutinin (WGA), in particular, induce receptor dimerization and the subsequent 
tyrosine kinase phosphorylation. The effect of these lectins on EGFR phosphorylation 
was examined in the Swiss3T3 fibroblasts, and results are shown in Figure 3. The two 
lectins elicited a marked phosphorylation of EGFR, even more potent than that evoked by 
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hyposmolarity or by the ligand EGF itself. In accordance with the effect of EGFR 
activation on the hyposmotic taurine release, Con A and WGA highly potentiated this 
efflux. The maximal peak release increased up to 10.9% in the presence of both agents, 
approximately 140% higher than in the absence of the lectins. This potentiation was 
prevented by AG213, the EGFR phosphorylation blocker, indicating that the increase in 
taurine efflux by the lectins is indeed mediated by an effect on the EGFR 
phosphorylation.

Figure 3. EGFR phosphorylation by Con A and WGA. Cells were incubated for 10 min in isosmotic medium 
(a) or in medium containing 500ng/ml of Con A (b) or wheat germ agglutinin (WGA) (c). Preparation of 
samples for visualization and quantification by immunofluorescence was the same as in Figure 1. The quanti-
tative expression of results, calculated as described in Figure 1, showed an increase in fluorescence of 5-fold 
and 3.5-fold for Con A and WGA, respectively.

 Compared to EGF, the more potent effect of the lectins in potentiating taurine efflux 
may be due to the higher EFGR phosphorylation observed in our study or to a possible 
effect of the lectins activating other TKR, which may converge at the same signalling 
pathways, increasing the factors responsible for the potentiated taurine efflux. 

a b

c
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 These results, together with those previously discussed about volume-sensitive Cl-

fluxes, point to an influence of EGFR on the efflux pathway of two of the main 
osmolytes involved in the volume regulatory response, i.e., the volume-activated Cl-

channel and the osmosensitive taurine efflux pathway (often considered as representative 
of the pathway release for other organic osmolytes). There has been a controversy 
whether the hyposmotic taurine efflux, as well as that of other organic osmolytes, occurs 
through the volume-sensitive Cl- channel. The idea of this common pathway resulted 
from the consistently observed inhibitory effect of Cl- channel blockers on the 
hyposmotic efflux of organic osmolytes including taurine and other amino acids, as well 
as on the efflux of other organic osmolytes.4 Although this point is still debated,28 the 
common pharmacological profile indicates a close interconnection of the two pathways 
which is further supported by the similar effect of EGF on taurine and Cl-.
 The effect of EGF on the hyposmotic K+ fluxes (followed as 86Rb) was also 
examined in our study.16 EGF seems to potentiate the hyposmotic K+ efflux, but in 
contrast to that observed for Cl- and taurine, EGF and Con A markedly increased K+

release in isosmotic conditions. This result raises the question of whether the potentiation 
observed in hyposmotic conditions is not an effect of the factor on the K+ hyposmotic 
release but rather the isosmotic efflux overlapping the hyposmotic release. This seems to 
be the case, since the sum of these two fluxes fully accounts for the potentiation by EGF 
in hyposmotic conditions. In addition, EGFR blockade did not affect the hyposmotic K+

efflux, suggesting the above discussed overlap as the most likely explanation for the 
observed increase elicited by EGF. The conclusion of these results is that EGF activates a 
K+ pathway different from the hyposmotic pathway, as it is known that a number of K+

channels respond to EGF.29 In any event, and whatever the mechanism involved might 
be, the conclusion is that EGFR activation increases the efflux of the three types of major 
osmolytes responsible for the cell volume recovery after hyposmotic swelling and may 
strongly modulate RVD.

5. MECHANISMS CONNECTING EGFR ACTIVATION AND TAURINE 
 OSMOSENSITIVE FLUXES 

 TKR including EGFR are very well positioned to act as transducers of the change in 
external osmolarity or changes in cell volume, as they are crosspoint of numerous 
upstream and downstream chains of reactions. Tyrosine phosphorylation of specific 
residues of EGFR and other members of this family of TKR provides specific docking 
sites for intracellular signal transducers and adaptors and/or to the assembly of numerous 
signaling complexes. Some of these chains of reactions are known to activate during cell 
exposure to hyposmolarity. 

5.1 Protein Kinases, Protein Tyrosine Kinases and Small GTPases 

 Hyposmolarity leads to activation of a variety of kinases and tyrosine kinases 
including FAK, Src, PI3-kinase and the MAP kinases ERK, JNK and p38.7, 9, 30 Members 
of the Ras family of small GTPases are also activated during hyposmolarity. Most of 
these enzymes are related to EGFR activation. Not all of them, however, appear to be 
coupled to the efflux pathways of Cl- or taurine. This is not unexpected, since cell 
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swelling and the subsequent volume regulatory mechanisms are complex phenomena 
involving cell reactions to stress, cell adhesion or retraction and cytoskeleton 
reorganization, among others. All these processes activate their own signals which may 
or may not be implicated in the activation of corrective osmolyte fluxes. For instance, the 
Ras/MAPK pathway is consistently activated in response to hyposmolarity in a large 
variety of cells,7 but its blockade has no effect on the volume sensitive efflux of Cl- or 
taurine in most cell types;8, 22 an exception is the volume-sensitive Cl- channel in 
astrocytes.31 The same lack of correlation is found in most but not all cells for the stress-
activated protein kinases p38 and JNK.21, 22, 32, 33 An EGFR-connected element more 
directly linked to the osmosensitive taurine efflux is PI3K. TKR can activate PI3K 
through at least two distinct pathways, a Ras-dependent pathway or via the adaptor 
proteins Shc, Grb-2 and Gab-1 which provide the docking site to bind the p85 subunit of 
PI3K. Activation of PI3K by EGFR may also be mediated by Src phosphorylation. We 
could establish a link between EGFR activation by hyposmolarity and PI3K in Swiss3T3 
fibroblasts, since activation of PI3K in the hyposmotic condition is prevented by 
blockade of EGFR (Figure 4). This pathway appears linked to the osmolyte fluxes 
involved in cell volume regulation as shown by the effect of PI3K inhibition by 
wortmannin,  LY294002 or treatment with antibodies to the 110-catalytic subunit, 
impairing cell volume recovery, as well as the volume-sensitive Cl- channel and the 
osmosensitive 125I and taurine fluxes 21, 22, 34 (Figure 4).

Figure 4.  PI3K activation by hyposmolarity and the effect of EGFR blockade. A. Activation of PI3K by EGF 
in isosmotic medium and the effect wortmannin and AG213. Upper panel: Cell lysates prepared after treatment  
in the indicated conditions were immunoprecipitated overnight with anti-AKT antibody (IP) and analyzed by 
Western blotting with anti-pAKT (IB). Blots reprobed with AKT antibody after stripping, to detect protein 
levels. Lower pannel: PI3K activity in hyposmotic (H35) conditions and effects of EGF, wortmannin and 
AG213. B. Quantitative expression of results in A with bars representing the percentage increase of AKT 
phosphorylation by hyposmotic medium over that in isosmotic medium under the indicated conditions.  Results 
are means ± SE of 4-6 experiments. Significantly different from isosmotic condition *P<0.001; §P< 0.005. 
Significantly different from 35% hyposmotic *P< 0.001. (Data from16).

 A downstream PI3K signaling pathway relates this kinase with the small G proteins 
of the Cdc-42/Rac/Rho family. These are proteins regulating a wide range of phenomena 
such as the structure of the actin cytoskeleton, cell/cell contacts and adhesion, and 
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reactive oxygen species generation, most of which are related to swelling and regulatory 
volume decrease. A connection between p21Rho and the volume-sensitive Cl- channel 
has already been established.20, 35 Such a link has also recently been found for taurine 
fluxes.36

5.2  Phosholipases,  Ca2+ and Ca2+-calmodulin

 Implication of phospholipases (PLAs) in osmolyte fluxes came from the early work 
in Ehrlich ascites cells37 showing an effect of leukotrienes accelerating RVD and 
enhancing taurine efflux under isotonic conditions. Also in the neuroblastoma CP100 
cells, swelling increases arachidonic acid release which, if prevented by blockade of the 
PLA2, inhibits taurine and Cl- fluxes.38

Figure 5. Proposed signaling cascades involved in the activation of EGFR by hyposmolarity and the transduc-
tion resulting in the osmosensitive taurine efflux. Activation of the receptor may occur by membrane stretch, 
interaction with adhesion molecules, transactivation by metabotropic receptors, activation of stress protein and 
generation of reactive oxygen species. The downstream cascade to trigger or modulate the taurine efflux 
involves the PLC -induced Ca2+ release from the endoplasmic reticulum, and CAM/CAMKII signaling as well 
as PI3K-p21rho-ROCK signaling. CAM: calmodulin; CAMKII: calmodulin dependent kinase II; ER: 
endoplasmic reticulum; FAK: p125 focal adhesion kinase; PLC : phospholipase C ; PI3K, phosphatidyl 
inositide-3 kinase;  ROCK: p21rho-kinase; ROS: reactive oxygen species.
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 An alternate route connecting EGFR activation and taurine osmosensitive fluxes is 
that mediated by the stimulation on PLC  or PLD which may both be activated directly 
by EGFR, while PLA2 is indirectly regulated by other EGF-mediated reactions. Once 
activated, PLC , via generation of diacylglycerol and IP3, leads to Ca2+ release from 
intracellular stores, thereby affecting Ca2+-dependent pathways. The hyposmotic taurine 
efflux may be Ca2+-dependent or independent according to the cell type, but regardless of 
the condition, an increase in cytosolic Ca2+ markedly potentiates this efflux. Ca2+-
calmodulin and Ca2+-calmodulin kinase II appear to be part of the Ca2+ effects associated 
with the swelling-activated taurine efflux.39

6.  CONCLUSIONS AND PERSPECTIVES 

 The activation of EGFR and possibly of other TKR by hyposmolarity suggests a role 
for these receptors in the mechanisms of cell volume sensing or as early signals in 
osmotransduction. The plethora of interplaying connections with both external and 
internal messengers, molecules and signaling cascades, a characteristic feature of these 
receptors, make them exceptionally well-positioned as transducers of the changes in cell 
volume and the adaptive mechanisms to re-establish normal volume. Moreover, TKR 
receptors may also offer an interesting link to be considered in cell functions in which 
both changes in cell volume and TKR activation concur such as proliferation, adhesion 
and survival.
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GLIAL-NEURONAL SIGNALING AND 
ASTROGLIAL SWELLING IN

PHYSIOLOGY AND PATHOLOGY 

Elisabeth Hansson and Lars Rönnbäck*

1. INTRODUCTION 

The central nervous system (CNS) consists of 1011 neurons and three to five times as 
many glial cells. These glial cells make up four major groups: 1) astrocytes; 2) oligoden-
drocytes; 3) microglia; and 4) ependymal cells, of which the astrocytes or astroglial cells 
are the most frequent in terms of number and occupy a prominent volume in the CNS. 
The long processes of the astrocytes encapsulate synapses, neuronal cell bodies, and 
blood vessels and form the blood-brain barrier (BBB) together with the endothelial cells 
of the blood vessel walls. Of particular importance is the strategic position of the 
astrocytes between the vasculature and the synapses. Synaptic activity regulates the 
support of metabolic substrates provided to the neurons from the astrocytic networks.1,2

There is extensive Ca2+ signaling within the  astrocytic  gap  junction-coupled networks.3

With the aid of adenosine triphosphate (ATP) as mediating factor, such signaling has 
been demonstrated to also involve astroglial networks which are not gap junction-
coupled,4,5 and there seems to be a tight regulation of gap junction- and ATP-mediated 
signaling pathways in a coordinated manner.6,7

Astrocytes also express a set of functional and neurochemical properties previously 
considered specific to neurons. For instance, the cells are supplied with membrane 
receptors for most known neurotransmitters and neuromodulators.8 Receptors found on 
astrocytes can be divided into three categories: 1) those coupled to heterotrimeric G 
proteins or ion channels such as glutamate and gamma-aminobutyric acid (GABA) 
receptors and receptors for monoamines such as noradrenaline, dopamine, serotonin, and 
histamine; 2) other membrane receptors coupled to intracellular protein kinases;  and  3)  
nuclear  receptors  associated  with  either  mitochondria  or  cell  nuclei.



314 ELISABETH HANSSON AND LARS RÖNNBÄCK 

 Furthermore, the astrocytes have a capacity to monitor extracellular glutamate and 
maintain it at low levels with the aid of the glutamate aspartate transporter (GLAST) and 
the glutamate transporter 1 (GLT-1).9,10 Astrocytes utilize glucose taken up from the 
blood and supply substrates of energy metabolism and amino acids to neurons, mainly 
lactate, -ketoglutarate, and alanine.11 The interactions between astrocytes and neurons 
are crucial not only for the energy metabolism in the brain, but also, for de novo synthesis 
of the amino acid transmitters glutamate and GABA12,13 (for aspects on astroglial 
properties and characteristics, see Figure 1).

Figure 1. Characteristics & properties of astrocytes. Anatomy of the cells is interesting as their long processes 
encapsulate synapses and blood vessels and reach neuronal cell bodies. In addition, astrocytic processes establish con-
tacts with each other, forming a network in which signals pass and low molecular weight substances are transported. 
Astroglia express membrane receptors for most neurotransmitters and neuromodulators, amino acid transporters, and 
ion channels. The cells have a multitude of signal transduction systems for intra- and intercellular signaling, serving 
energy substrates to neurons and have well-developed systems for volume regulation. Changes in astroglial intracel-
lular volume affect the volume and shape of the extracellular space, thus the concentration of neuroactive substances 
within this space. The astroglial networks have a strategic position vis-à-vis the neuronal networks, and data indicate 
that neuronal excitability level can be influenced, at least in part, by the activity and physiological status of the 
astroglial networks.

Taken together, this provides a prominent cellular and molecular basis for two-way 
signaling and interactions between astrocytic and neuronal networks.14 Furthermore, a 
large amount of data has accumulated on the importance of signaling events in the 
neuron-glial unit for the establishment of higher brain functions including learning and 
memory (for further reading, see reference 15,16). In this context, it should be 
remembered that most studies on glial properties, reactions, and signaling have been 
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performed in primary cultures or brain slice preparations because the tightly interwoven 
cellular networks and large array of substances active in cell signaling have made it easier 
to evaluate the role of individual substances at the single cell level. Therefore, most 
knowledge on glial biology should be verified in in vivo systems.

2. NEURON-GLIAL SIGNALING IN THE GLUTAMATERGIC SYNAPTIC 
 REGION 

When the action potential of the axon reaches the presynaptic region, the neuronal 
depolarization induces a release of K+ into the extracellular space. Glutamate is released 
from the presynaptic terminal and when it interacts with the postsynaptic membrane 
receptors, there is neuronal depolarization, resulting in an increased level of [K+]e around 
the postsynaptic area. The increased [K+]e is recognized by the astrocytic membranes and 
K+ is taken up by these cells. The astrocytes function as a sink for K+ which can be 
transported within the astroglial gap junction-coupled network to places of lower 
neuronal activity.17,18 Activation of astroglial metabotropic glutamate receptors (mGluRs) 
induces the formation of inositol-1,4,5-trisphosphate (IP3) which leads to mobilization of 
intracellular Ca2+ ([Ca2+]i) and formation of Ca2+ oscillations and/or Ca2+ waves that 
travel within the cell and further, to other cells in the astrocytic network.3 On the basis of 
appropriate signals passing from one cell type to the other, a coordination of glial activity 
can be formed. In mGluRs bearing astrocytes, the synaptic release of glutamate has been 
shown to evoke periodic increases in [Ca2+]i which are tunable in frequency, according to 
the level of neuronal activity.19 Glutamate-mediated neuronal-astrocyte signaling may 
therefore represent a refined communication system which allows neurons to transfer 
information to astrocytes at the level of their activity.20 These observations have changed 
the common concept that information intake and processing in the form of learning and 
establishment of memory are exclusive activities of neuronal cells. It has been shown that 
mGluRs control the release of glutamate and prostaglandins from astrocytes which can be 
pulsatile and synchronous with mGluR-mediated oscillations in [Ca2+]I.

21-23

Furthermore, astrocytes release ATP24 after triggering [Ca2+]i. Adenosine triphos-
phate is a key extracellular messenger that mediates propagation of Ca2+ waves in the 
astrocytic networks which may play a critical role in astrocyte proliferation and different-
tiation and in modulating neuronal activity. Adenosine triphosphate in the extracellular 
space stimulates the P2x purinoceptors on astrocytes25 and the P2X purinoceptors26 on 
microglia. The astrocytes seem to play an important regulatory role in the process of 
microglial differentiation and deactivation.14 Astrocytic Ca2+ waves and concomitant 
ATP release could communicate injury to uninjured areas by activation of the microglial 
cells which can release cytokines such as tumor necrosis factor  (TNF- ) and 
interleukin 1  (IL-1 ).27 These released factors could then influence the Ca2+ wave which 
could lead to state-dependent changes in morphology and consequently, the relationship 
and functional interactions in the synaptic region. Subsequent synaptic remodeling can 
result in altered numbers of GABA-ergic (inhibitory), glutamatergic (excitatory), or 
noradrenergic (excitatory) synapses. The neuronal-glial and synaptic changes occur 
rapidly, possibly within hours.28
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3.  ASTROGLIAL CELL VOLUME REGULATION AND VOLUME 
 TRANSMISSION  

The volume of the extracellular space composes up to 20% of the total brain 
volume.29 It constitutes the microenvironment for neurons and glia and is a site for 
communication between the different cell types. The neurons communicate by synaptic 
transmission and diffusion of ions and neurotransmitters through the extracellular space, 
while the preferential communication between neurons and glia or between different glial 
cell types is based on extrasynaptic signaling. Neuroactive substances, released non-
synaptically, diffuse via the extracellular space to their targets which can be located near 
or far from the release sites. This type of extracellular signaling is called “volume 
transmission” as the neuroactive substances move through the volume of extracellular 
space.30, 31 Extrasynaptic transmission is dependent on the structure and physiochemical 
properties of this microenvironment.29

As astrocytes are the glial cells occupying comparatively most of the brain tissue 
volume, alterations in astroglial intracellular volume have a great impact upon the shape 
and volume of the local extracellular space, thereby altering concentrations of 
extracellular neuroactive substances, with a subsequent influence on the glial-neuronal 
signaling. The astrocytes have a well-developed capacity for cell volume regulation.32, 33

One main function of cell volume changes is to keep the osmolarity at a constant level, 
both outside and inside the cell. Cell swelling is rapidly seen after a brain injury but may 
also occur under normal conditions when there is intense neuronal activity with changes 
in the composition of neuroactive substances in the extracellular milieu as a result.34

Astrocytic swelling can be attributable to an uptake of osmoles such as Na+, Cl-, K+, or 
glutamate from the extracellular to the intracellular space. The active exchange 
transporters, the Na+-K+-2Cl- transporter, and the Na+-K+-adenosine triphosphatase 
(ATPase) are involved as are volume-sensitive Cl- channels. Another important 
mechanism for volume changes may be transmitter-stimulated carbonic anhydrase 
activities such as H+ and HCO3

- created by the hydration of CO2 and transported out of 
the cell via the Na+/H+ and Cl-/HCO3

- carriers. This would lead to an accumulation of 
NaCl and therefore to a net increase in osmolarity, driving water into the cell.35 There 
seems to be an intimate relationship between cell volume control, ion fluxes, and 
intracellular pH. Some free amino acids such as taurine may participate in cell volume 
regulation as osmoregulatory molecules.36 Even the excitotoxic amino acid aspartate has 
been demonstrated to be released by swollen astroglial cells in primary culture.37 Due to 
the tentative importance of the extracellular space for the active transport of neuroactive 
substances, it may be that in addition to its osmoregulatory function, astroglial volume 
control is a much more active process than previously thought.38

4. ALTERED GLIAL-NEURONAL SIGNALING DUE TO IMPAIRMENT OF 
 ASTROGLIAL GLUTAMATE UPTAKE MAY INDUCE MENTAL FATIGUE 

Glutamate, the most extensively studied excitatory neurotransmitter in the brain, is 
indispensable to information intake, processing, and memory formation.16,39,40 After 
glutamate has exerted its effects on the postsynaptic and adjacent glial membrane 
receptors, the astroglial glutamate uptake carriers GLT-1 and GLAST remove excess 
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glutamate from the extracellular space. Inhibition of the astroglial glutamate transporters 
GLAST or GLT-1 by knock-out techniques has been demonstrated to produce elevated 
extracellular glutamate levels, while inhibition of the neuronal glutamate transporter 
EAAC1 does not elevate the extracellular glutamate level.41 The extracellular concentra-
tion of glutamate should be below 3 M in order for the glutamatergic neurotransmission 
to be effective.42 In nervous tissue pathology, i.e., stroke, trauma, degeneration, infection, 
inflammation, and metabolic or toxic disturbances, the production of substances has been 
demonstrated to impair astroglial glutamate uptake, as have altered conditions. An 
increased extracellular glutamate level has also been demonstrated in most of these 
states.43 Taken together, it is highly probable that astroglia are responsible for keeping the 
extracellular glutamate at low levels by clearing glutamate from this space. Examples of 
the above-mentioned substances which decrease astroglial glutamate uptake are: free 
oxygen radicals, arachidonic acid, lactic acid, endothelins, cytokines and leukotriens 
(such as TNF- , interferon- (INF- , IL1- , and leukotriene B4), amyloid  peptides, 
nitric oxide (NO), peroxynitrite, hemosiderin (in cases of little bleeding), and 
glucocorticoids.44-51 The altered conditions mentioned above include disturbed energy 
metabolism or acidosis.52 The production of such substances or altered conditions may 
precede CNS pathology such as inflammation or degeneration and may also continue in 
the CNS for variable time periods after damage, infection or inflammation. Activated 
microglial cells can produce many of these substances in response to all forms of 
pathology, both within the CNS and in the periphery.53

4.1.  What Could the Consequences Be, for Cognitive Functions, of a Slightly 
 Impaired Astroglial Glutamate Uptake?  

 In conditions of impaired astroglial uptake of extracellular glutamate, extracellular 
glutamate levels increase and long-term stimulation of the N-Methyl-D-Aspartate 
(NMDA) receptors leads to a Ca2+ influx into NMDA-receptor-bearing neurons. A 
subsequent neuronal cell death by excitotoxicity may follow. We will not go into the 
problems of excitotoxicity in this chapter. Instead, we present a hypothesis focusing on 
possible consequences of slightly impaired astroglial uptake for higher cortical functions, 
resulting in decreased endurance over time of information processing. With this 
hypothesis, we try to give one explanation, at the cellular level, to the mental fatigue 
symptom with the feeling of being exhausted, tense and irritable which occurs in 
connection with almost every mild to moderate dysfunction of the brain regardless of the 
location of the lesion (see also under “mild cognitive disorder” DSM-IV,54 the 
classification system by Lindqvist and Malmgren55 and Figure 2).

In conditions of slightly impaired astroglial glutamate uptake, mental activity will 
lead to slightly increased glutamate levels around the neurons and synaptic regions over 
time (Figure 2, bottom). Increases in extracellular glutamate concentration slightly over 
3-5 M could reduce the efficiency of the glutamate signaling and decrease the signal-to-
noise ratio in the glutamate transmission. As a consequence, less precise or less distinct 
signals will be processed within the brain.56 We propose that under these conditions, 
incoming stimuli will be recognized by the brain as being less distinct. Due to difficulties 
in selecting “old” from “new,” information recognized as “new” due to its indistinct 
character will travel up to the cortex to be processed there. This was an adequate reaction 
of the brain in  old days when  people were living as farmers.  Then,  even in situations of
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Figure 2. In connection with almost every organic or psychologically-induced mild to moderate dysfunction of 
the brain, e.g., during rehabilitation after a brain injury, inflammation or long-term stress reaction, the person 
suffers from mental fatigue, noise and light sensitivity, irritability, affect lability, and stress intolerance. Symp-
toms probably reflect a decreased capacity of the brain to handle and process information due to brain dysfunc-
tion. According to our hypothesis herein, one cellular mechanism underlying the symptoms is an impaired 
astroglial glutamate uptake capacity, resulting in slightly increased extracellular glutamate levels and decreased 
signal-to-noise ratio in the glutamate transmission over time. When the brain is exposed to a multitude of sen-
sory stimulation (upper part of the Figure), the cerebral cortex will be overstimulated, and in the situation of 
decreased astroglial glutamate extracellular clearance, the end point will be cellular exhaustion expressed as 
mental fatigue.
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mild brain dysfunction, it was important to be able to recognize threatening danger such 
as the roaring of wild animals. At that time, sensory stimulation was limited. Today, it is 
quite different; there is a massive sensory influx to the brain. At a modern place of work, 
there is  prominent sound, noise and  light stimulation (Figure 2, top). When exposed to 
such a stimuli enriched milieu, many neuronal circuits will be activated at the same time. 
 If there is an impaired astroglial glutamate clearance of the extracellular space, the 
information reaching the cerebral cortex will be handled with more noise and less 
precision. In addition, activation of astroglial networks, with induction of Ca2+

oscillations both within and between the gap junction-coupled astroglial networks and 
with a subsequent astroglial release of glutamate, can increase the excitability level in 
neighboring neuronal circuits. The overall result may be that more and larger neuronal 
circuits will be activated over time. 

Furthermore, in states of decreased astroglial glutamate uptake capacity, even astro-
glial glucose uptake, thereby the supply of metabolic substrates for the neurons will 
decrease,57 and there may be relative energy insufficiency at the cellular level in neuronal 
circuits. Experimental investigations in the rat and monkey have demonstrated a feedback 
loop from the left basal frontal cortex, with an inhibitory influence on the locus coeruleus 
in the brain stem.58 If this loop also exists in humans, a slight increase in the neuronal 
firing, due to slightly elevated glutamate levels during prolonged time in the basal frontal 
cortex, could lead to a decrease in noradrenaline and 5-HT release in the cerebral cortex 
which would also decrease glucogenolysis,59, 60 and furthermore impair metabolic 
substrates for cortical neurons. A disturbed noradrenaline-/5-HT turnover could further 
explain the disturbed attention and “filter” function of sensory information typical of such 
human patients.61, 62

Taken together, since many neuronal circuits are activated in parallel with a 
decreased capacity for supply and utilization of cellular metabolic substrates, there will 
be an increasing energy deficiency at the cellular level over time. In addition, glutamate 
release from the presynaptic terminals could decrease due to factors such as a decreased 
glutamine supply of the neurons. The result will be metabolic exhaustion, experienced as 
increased mental fatigue, with secondary learning and memory impairment.

When the composition of the extracellular milieu is disturbed, microglial cells are 
activated and could produce cytokines, among which for instance TNF-a, if released, 
could induce a vicious cycle by further decreasing the astroglial glutamate uptake 
capacity. Furthermore, glucocorticoids produced due to anxiety or stress experienced by 
the affected person may have similar effects, at least on the astroglial glutamate 
transport.45 Our hypothesis could serve as a biological basis for understanding and 
recognizing the symptoms which are regarded as unspecific by many clinicians and are 
therefore underestimated. The hypothesis could then lead to formulation and further 
investigation of strategies for treatment.40

4.2.  Testing the Hypothesis 

The hypothesis should be tested in humans suffering from mental fatigue due to an 
organic brain process or a long period of psychological suffering. Brain imaging tech-
niques with the ability to identify, determine and follow over time, during heavy mental 
activity, the extracellular concentrations of glutamate and/or K+, or cellular energy 
consumption would be suitable. At present, however, this is not possible for technical 
reasons. Specific parts of the hypothesis can, however, be tested. Neuroactive substances 



320 ELISABETH HANSSON AND LARS RÖNNBÄCK 

produced or altered conditions related to brain pathology can be evaluated with regard to 
their effects on astroglial glutamate transport capacity, especially following the 
production of such substances over time. The role of the intact astroglial network in 
higher brain functions can be studied in animal models. Effects of astroglial dysfunction 
with regard to glutamate transport capacity would be of special interest. Even clinical 
studies with different treatment strategies may be important in casting some light on the 
accuracy of the hypothesis. 

4.3.  Strategies for Treatment 

When considering treatment, it is important to recognize the mental fatigue 
symptoms as they constitute a concealed disability and can cause additional anxiety and 
stress for the patient. Providing information about the prognosis, which mostly is a 
positive process, is important for breaking the vicious cycle which brings with it the risk 
for secondary anxiety and depression. Furthermore, it is of utmost importance to avoid 
too much sensory stimulation. If our hypothesis is correct, at least theoretically, it would 
be possible to provide additional improvement to the symptoms by suppressing the 
production of proinflammatory cytokines, reactive oxygen species, and NO, and thus, 
increase the glial glutamate uptake. In this context, xanthine derivatives may be of some 
interest.63 However, due to the cellular signaling discussed above, it would be probable 
that there would be a rebuilding of neuronal circuits. It would therefore be important to 
identify the symptoms and treat them as early as possible to avoid formation of new and 
functionally disturbing neuronal circuits due to overstimulation of neuronal-glial units. 

5.  CONCLUSIONS AND PERSPECTIVES 

Recent knowledge of neuronal-glial signaling has increased our understanding of 
dynamic and plastic changes in the nervous system including formation of new synapses. 
Signaling has been demonstrated to occur both within and between gap junction-coupled 
astroglial networks. Therefore, at least tentatively, flexible astroglial cell networks could 
be formed with the possibility to act as functional units. Within these networks, low 
molecular weight substances are transported through the gap junction channels. The 
astroglial networks nourish, protect, and interact with the surrounding neuronal networks. 
Two-way signaling is made possible as the cells are supplied with a multitude of 
membrane ionic channels, transporters and receptors, making them able to receive, 
integrate, and transmit signals. The pHi is important since the Na+-HCO3

- transporter, 
which is electrogenic, is sensitive to any changes in the membrane potential. Recent 
results also demonstrate that astroglial cells signal back to neurons through the excitatory 
amino acid glutamate. Thus, the neuronal excitability level could be influenced by the 
functional status of the astroglial networks. The highly regulated astroglial cell volume 
has an influence upon the volume and shape of the extracellular space in which a 
prominent amount of neuroactive substances is transported, another dimension of brain 
cell signaling. Due to this intricate cell signaling, it has been postulated that higher 
cortical functions such as learning, memory and language take place not only due to 
neuronal interactions and to the glia acting as mere passive supportive cells. There also 
seems to be close interaction and signaling between glia and neurons underlying 
plasticity. In this context, the microglial cells are of utmost significance. At rest, these 
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cells produce neurotrophic substances of importance for neuronal survival and function. 
Microglia also sense even extremely small alterations in the composition of substances in 
the extracellular space. In pathology, microglia produce and release cytokines and other 
substances which, through astroglial and neuronal mechanisms, can influence neuronal 
excitability. Knowledge of such signaling could help us understand symptoms such as the 
mental fatigue experienced during rehabilitation after stroke, brain injury or states of 
extreme and long-term stress reactions. With this knowledge, it is also easy to imagine 
that, with the formation of new synapses due to neuronal-glial signaling, the plasticity 
can go wrong and result in the formation of non-functional neuronal circuits. Resulting 
symptoms could be chronic even if the pathological agents have been removed (cf., e.g., 
the situation at chronic pain64).
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CELL SWELLING-INDUCED PEPTIDE
HORMONE SECRETION 

Vladimir Strbák, Julius Benicky, Susan E. Greer, Zuzana Bacova, 
Miroslava Najvirtova, and Monte A. Greer

ABSTRACT

 Cell volume changes induced in various ways (anisosmotic environment, hormones, 
oxidative stress, substrate uptake) are an integral part of a signal transduction network 
regulating cell function.1, 2, 3 Cell swelling has received increasing attention as a stimulus 
for a variety of intracellular phenomena.4 One of the most remarkable effects of cell 
swelling is its powerful effect in inducing exocytosis of material in intracellular secretory 
vesicles. Secretion of essentially all so-packaged hormones5-24 including those from 
hypothalamus (thyrotropin-releasing hormone, TRH; gonadotropin-releasing hormone, 
GnRH), pituitary (LH, FSH, ACTH, MSH, TSH, prolactin, beta endorphin), pancreas 
(insulin, somatostatin, glucagon), heart (atrial natriuretic hormone) and kidney (renin) are 
stimulated in a concentration-related manner by medium hyposmolarity or isosmolar 
medium containing permeant molecules such as ethanol or urea (reviewed in Ref. 21). 
Cell swelling-induced exocytosis is not restricted to endocrine cells and hormones; 
medium hyposmolarity also induces secretion of exocrine pancreatic enzymes5 and 
myeloperoxidase from human polymorphonuclear leukocytes.25
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1. EXPERIMENTAL 

Dynamics of secretion induced by cell swelling closely resembles that induced by 
specific secretagogues.9, 10, 26 Perifusion of pituitary cells with 10 nM TRH (prolactin 
natural secretagogue) as well as cell swelling induced by hypotonic solution (medium 
dilution with 30% H2O) or depolarizing 30 mM KCl stimulates an immediate dose-
related high-amplitude prolactin secretory burst, reaching a peak at 1-2 minutes followed 
by a decline to a low plateau within 5-10 minutes during continuous exposure to the same 
stimulus (Figure 1A). Repeated stimuli with 30 sec. interstimulus interval produce the 
same secretory response as continuous stimulation (Figure 1B). For all three types of 
stimuli, the secretory response to continuous exposure and refractory periods to repeated 
stimulation (less than 1 minute) were essentially identical (1A, 1B and 1C). An identical 
high-amplitude secretory burst was induced by exposure to TRH for times varying from 6 
to 600 sec. In contrast, for 30% H2O  and high KCl, the secretory amplitude was 
proportional to the exposure time between 6 and 60 sec (Figure 1D). While the TRH 
response was triggered by rapid specific receptor binding, a very short pulse would not 
have time to produce sufficient transmembrane osmotic gradient or K+ difference. It is 
concluded that hyposmotic medium does not trigger peptide release by the specific 
receptor-ligand binding.26

The most striking and unusual feature of cell swelling-induced secretion is that it 
stimulates regulated secretion independent of intracellular Ca2+ concentration,5, 7, 8, 12, 13, 17-

24 in contrast to most types of regulated secretion. When Ca2+ influx is prevented by 
removing extracellular Ca2+ or by adding Ca2+ channel blockers, cell swelling does not 
induce a rise in intracellular Ca2+, but hormone release is present and even enhanced. 
These peculiar features indicate a specific signal transduction pathway for cell swelling-
induced peptide secretion. However, in clonal tumor-derived rat pituitary cells (GH4C1

and MMQ), the situation was different. In contrast to normal freshly isolated pituitary 
cells,  Sato et al.13 found that hyposmolarity induced hormone secretion in clonal cells 
only in the presence of extracellular Ca2+. It was suggested that this is a possible 
important hallmark for tumor cells.13 It is of interest that Straub et al. found two distinct 
mechanisms in the presence and absence of extracellular Ca2+ in clonal cells secreting 
insulin ( C9).27 While we did not see this dichotomy in isolated rat pancreatic islets,28

we believe that at least some tumor cells have special requirements for extracellular Ca2+

in cell swelling-induced hormone release. 
Inhibition of stretch-activated channels by 10  GdCl3 did not affect cell swelling-

induced TRH secretion from the posterior pituitary, hypothalamic paraventricular nucleus 
(Figure 2) or isolated pancreatic islets.29 It is of interest, however, that this stimulus did 
not induce release of oxytocin from the same tissue explants (Figure 2).29 It was therefore 
concluded that cell swelling-induced exocytosis possesses limited selectivity; cells 
specifically involved in water and salt metabolism retain their specific response to 
osmotic stimuli.29 However, our recent unpublished results suggest that inhibition of a 
specific response also unmasks general exocytotic response in these cells.

Swelling-induced secretion can be triggered in different parts of neurons – similar 
TRH release was evoked from the hypothalamic paraventricular nucleus (mostly 
perikarya) and the median eminence and posterior pituitary (exclusively axon 
terminals).17, 19, 24, 29 
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              A                B

C                D 

Figure 1. Dynamics of  prolactin secretory response of perifused pituitary cells to 10 mM thyrotropin releasing 
hormone (TRH, prolactin natural secretagogue), hypotonic solution (H2O, medium diluted with 30% water) or 
30 mM KCl (K+, membrane depolarizing solution – non-specific stimulus). Continuous stimulation (A) or 
repeated stimuli lasting 30 sec within 1 min (or with 30 sec interstimulus interval) (B), 1 min stimulation with 6 
min interstimulus interval (C) or stimuli lasting 6-60 sec with 6 min interval (D) were compared. Differences 
were found only if stimulus lasted less than 1 min.
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Figure 2. Cell swelling-induced TRH (A) and oxytocin (B) secretion from posterior pituitary (left) and 
hypothalamic paraventricular nucleus (right). 80 mM ethanol in isosmotic medium was used as cell swelling 
stimulus. TRH but not oxytocin release was induced by cell swelling. GdCl3 in 10  concentration did not 
affect the release. From Najvirtova et al.29

The signal transduction pathway for cell swelling-induced exocytosis remains 
obscure. Using various tissues (pituitary, pancreatic islets, brain structures), hormones 
(prolactin, insulin, thyrotropin releasing hormone - TRH, oxytocin) and inhibitors, we 
found that hormone secretion induced by cell swelling is not depressed by inhibition of 
stretch activated channels (GdCl3), mercury-sensitive aquaporins,29 protein kinase C 
(bisindolylmaleimide VIII), microtubules and microfilaments (colchicine, cytochalasin)12

and does not involve the arachidonic acid metabolites prostaglandins and leukotriens 
(indomethacin, NDGA).29 Blocking Na+-K+-dependent ATPase, Na+ channels or K+

channels12 or VSOR had no inhibiting effect on hyposmolarity-induced hormone 
secretion in pituitary cells. Cell swelling-induced exocytosis overrides physiological 
inhibition: glucose stimulated but not hypotonicity evoked insulin secretion from the 
isolated pancreatic islets was inhibited by norepinephrine.28

2. CONCLUSION 

Previous studies suggest that signaling of cell swelling-induced exocytosis bypasses 
conventional transduction pathways and might be effective at the distal end of the 
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cascade. There are data suggesting that secretory vesicle swelling is critical for 
exocytosis.30-32 Stretching of vesicular and plasma membranes in the region of contact 
results in exposing areas of hydrophobic acyl chains leading to subsequent merging and 
fusion. Fusion rates are orders of magnitude higher if an osmotic gradient is applied.30

The externalization of hormones or transmitters upon exocytosis of vesicles is augmented 
by secretion of water from the vesicle membrane through the widened fusion pore.32

Considering these data, we hypothesize that cell swelling triggered exocytosis involves a 
biophysical effect of the osmotic gradient on secretory vesicles. 
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VOLUME REGULATION OF THE HIPPOCAMPUS 

James E. Olson and Norman R. Kreisman*

1.  INTRODUCTION 

 Numerous studies have examined mechanisms of cellular volume regulation using 
cultured neurons or glial cells.1-8  While cell cultures provide a relatively pure cell popu-
lation that can be easily manipulated, the environment is vastly different from that which 
the cells experience in situ. In particular, the size of the extracellular space is greatly 
enlarged while interactions between cells are minimized. Other studies have used in vivo
models to measure volume regulation and mobilization of osmolytes in intact brain.9-13

Such whole animal studies inherently model the physiological cellular environment very 
well; however, manipulation and measurement of parameters relevant for mechanisms of 
cellular volume regulation are difficult to perform. Brain slices are an appropriate com-
promise of these model systems since cellular interactions between cell types are main-
tained while control and measurement of the extracellular environment is readily accom-
plished.14-16 In this study, we examine volume regulation of brain tissue using slices from 
adult rat hippocampus.

In previous studies we found control hippocampal slices prepared without the addi-
tion of taurine to incubation solutions demonstrated no cellular volume regulation over 60 
min following swelling in hyposmotic (200 mOsm) saline solution.16 In contrast, slices 
incubated with 1 mM taurine showed the same degree of swelling as control slices yet 
had a significant volume regulatory response. These slices also lost taurine during the 
period of hyposmotic exposure. Control slices had taurine contents that were approxi-
mately 25% of that found in the intact hippocampus in vivo while slices incubated in 
taurine had normal taurine contents. Contents of potassium and free amino acids other 
than taurine were similar in control and taurine-treated slices and were not affected by 
hyposmotic exposure. Additionally, hyposmotic volume regulation and taurine loss from 
taurine-treated slices was sensitive to the anion channel blocker NPPB. These results 
suggested that taurine is an important osmolyte used for osmotic volume regulation of the 

*
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hippocampus. To extend these results we examined the importance of taurine for volume 
regulation during oxidative stress, a treatment known to lead to swelling of the hippo-
campus.17 A preliminary report of this investigation has appeared elsewhere.18

2.  EXPERIMENTAL 

 The Laboratory Animal Care and Use Committees of Wright State University and 
Tulane University School of Medicine approved all procedures involving animals. Adult 
Sprague-Dawley rats of either sex were anaesthetised to apnea using halothane and then 
perfused via the left cardiac ventricle with ice-cold artificial cerebrospinal fluid (aCSF) 
consisting of 124 mM NaCl, 3.5 mM KCl, 2.0 mM CaCl2, 1.0 mM MgSO4, 1 mM 
Na2HPO4, 10 mM glucose and 26 mM Na2HCO3. Animals were then decapitated and the 
brain quickly removed and placed in a slurry of frozen aCSF. After five minutes, hippo-
campi were dissected from each hemisphere. Tissue slices (400 m) were prepared from 
the middle third of each hippocampus by cutting in an orientation that maintains the in-
tegrity of the Schaffer Collateral connection from pyramidal cells in CA3 to those in 
CA1. Slices were then incubated at room temperature for at least 120 min in aCSF bub-
bled with 95% O2 plus 5% CO2 before being placed on a recording stage and perfused for 
60 min at 35 C with the same O2 plus CO2-equilibrated aCSF. For taurine-treated slices, 
the aCSF used during room temperature incubation and the first 30 min of perfusion at 
35 C contained 1 mM taurine. Control slices were not exposed to exogenous taurine 
during the experimental protocol. After population spikes and light transmission was 
recorded for 60 min, 2 mM H2O2 was added to the perfusion solution. 
 Light transmission through the slice was used as an index of cellular volume.19

Slices were illuminated with a DC-regulated halogen light source via a fiber optic light 
guide.  Images of the entire slice were acquired every 60 sec with a fixed-gain CCD 
video camera.  We subsequently processed these data using NIH-image software pro-
vided by Scion Corporation (Frederick, MD).  Regions of interest outlining the stratum 
radiatum of CA1 or the entire CA3 region (stratum radiatum, stratum pyramidale plus 
stratum oriens) were defined and the average intensity determined on each image.  These 
data were then normalized to the mean intensity determined from the last five images 
acquired while slices were perfused in aCSF prior to changing to experimental perfusion 
solution.
 Water content was determined in some slices by measuring the specific gravity with 
a hydrophobic density gradient column.20, 21 At various times, slices were removed from 
the recording stage, blotted dry and placed in a drop of kerosene. Adherent portions of 
entorhinal cortex and fimbria were removed and the slices were placed at the top of a 
linear density gradient column of kerosene plus bromobenzene in a graduated cylinder.  
After the slice had fallen in the column for 2 min, the position of the slice was recorded 
and compared with positions of standard density glass beads.
 We monitored the population spike from pyramidal neurons in the CA1 portion of 
the hippocampus following stimulation of Schaffer collaterals. A bipolar tungsten stimu-
lating electrode was placed in stratum radiatum of CA3 using a micromanipulator.  A 
glass pipette filled with aCSF (approximately 30 M ) was similarly placed in the py-
ramidal cell layer of CA1 and connected to a high-input impedance electrometer. Stimu-
lating pulses (0.2-2.0 mA, 200 sec) were delivered every 30 sec and the resulting wave-
form from CA1 was recorded on digital tape. In many studies, the pre-synaptic volley 
was measurable in the signal recorded in the pyramidal cell layer of CA1. This wave 
arises from synchronous action potentials in Schaffer Collateral fibers.  We subsequently 
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determined the amplitudes of the population spike and pre-synaptic volley of each stimu-
lus event using a digital storage oscilloscope and computer interface. 
 Slices fixed for immunohistochemical localization of cellular taurine were treated on 
the recording stage with 4% paraformaldehyde in 0.1 M Na2HPO4 (pH=7.4) for 5 min 
and were then placed in the same fixative solution at 4 C.  After 24 hours, the fixative 
solution was replaced with 15% sucrose in the same buffer for cryoprotection.  Slices 
were frozen at 77 K in isopentane and 20 m sections cut with a cryostat.  Sections were 
permeablized with 0.1% triton X-100 and non-specific staining blocked using 20% goat 
serum.  The tissue was then probed for taurine-like immunoreactivity by overnight incu-
bation at 4 C in a 1:200 dilution of primary rabbit anti-taurine antibody (Chemicon Inter-
national Inc., Temecula, CA) followed by overnight incubation with 1:100 goat anti-
rabbit antibody conjugated with Texas Red (Jackson Immunoresearch Laboratories Inc., 
West Grove, PA).  Sections were also probed for glial fibrillary acidic protein using a 
1:5000 dilution of primary mouse monoclonal antibodies provided by Sternberger Mono-
clonals (Lutherville, MD) followed by incubation with goat anti-mouse antibody conju-
gated with fluroescein (Jackson Immunoresearch Laboratories Inc., West Grove, PA).  
Sections were mounted on glass slides and visualized with a standard epifluorescence 
microscope.

3. RESULTS AND DISCUSSION 

 Exposure of control slices to 2 mM H2O2 for 30 min caused an increase in light 
transmission indicating an increase in cell volume (Figure 1). All regions of the hippo-
campus became more transparent; however, the CA3 region showed the largest percent 
change in transmitted light intensity. In contrast, slices incubated with 1 mM taurine 
during preparation showed substantially smaller changes in light transmission during and 
after H2O2 exposure. Quantitative analysis of image intensities in stratum radiatum of 
CA1 showed changes in transmitted light intensity of control slices that began immedi-
ately upon introduction of H2O2 to the aCSF perfusate (Figure 2). No recovery of trans-
mitted light intensity occurred following removal of H2O2 from the aCSF. However, for 
taurine-treated hippocampal slices, transmitted light intensity was not altered during or 
after H2O2 exposure.  Similar results were obtained for quantitative analysis of the CA3 
region (data not shown).
 Oxidative stress has been shown to lead to increased water content of hippocampal 
slices.17 Ascorbate loading of hippocampal slices reduces this edema.  Measurements of 
transmitted light intensity described above suggest taurine-treated slices have an in-
creased capacity for volume regulation during oxidative stress; however, recent data have 
suggested factors other than volume may contribute to the light transmission signal.22, 23

Therefore, we wished to verify these indirect results on cell volume changes with direct 
measurements of slice water content. We measured hippocampal slice water content at 
various times of H2O2 exposure using specific gravity determinations. Prior to H2O2 ex-
posure, control and taurine-treated slices had a similar specific gravity with a combined 
mean SEM of 1.03079 0.00044 (N=18).  After 30 min in 2 mM H2O2, control slice 
specific gravity fell significantly to 1.02703 0.00122 (N=7) indicating an increase in 
water content (p<0.05).  The specific gravity of taurine-treated slices after 30 min of 
H2O2 exposure was 1.02944 0.00038 (N=7), a value not significantly different from the 
initial value. For the entire hippocampal slice, these results confirm the optical measure-
ments of transmitted light intensity made on selected regions of the hippocampus. The 
data provide strong evidence that hippocampal slices with diminished taurine content also 
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have a significantly reduced capacity for volume regulation during oxidative stress. A 
similar effect of taurine content on volume regulation during hyposmotic exposure has 
been reported previously.16

 The amplitude of the population spike in CA1 is known to be sensitive to oxidative 
stress.24, 25 Thus, we measured this electrophysiological response in control and taurine-
treated  slices  during  H2O2  exposure to determine  whether accumulated taurine may act 

TaurineControl

A.

D.

C.

B.

Figure 1. Images of control and taurine-treated rat hippocampal slices during exposure to aCSF containing
2 mM H2O2. A. Unprocessed video images shown for orientation. In each slice, a stimulating electrode was
placed in stratum radiatum of CA3 and a glass recording electrode was placed in stratum pyramidale of CA1.
B, C, and D.  Video images normalized pixel by pixel to the average of five images acquired prior to the
introduction of H2O2 to the perfusing aCSF. The scale indicates percent changes in transmitted light intensity.
B. Images acquired prior to H2O2 exposure. C. Images acquired after 30 min of H2O2 exposure. D. Images
acquired after 30 min of H2O2 exposure followed by 30 min in normal aCSF perfusate. 
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act as an antioxidant.26, 27 We found that the amplitude of the CA1 population spike was 
similarly reduced during 2 mM H2O2 exposure in both control and taurine-treated slices 
(Figure 3). After 30 min, the amplitude was significantly reduced by 40-45% for both 
slice treatments. Recovery of the population spike amplitude was apparent when slices 
were returned to normal aCSF perfusate following H2O2 exposure. In contrast, with either 
group of slices, the amplitude of the pre-synaptic volley was not altered by H2O2 expo-
sure indicating the excitation of Schaffer Collateral fibers and transmission of action 
potentials to the CA1 region was not affected by H2O2 (data not shown).
 In a separate series of studies, the iron chelator,1 mM deferoxamine was added to the 
perfusate of control slices 15 min prior to and throughout exposure to 2 mM H2O2. This 
treatment has previously been shown to block the NMDA-dependent inhibition of popu-
lation spike amplitude caused by H2O2 treatment.25 We observed no change in either 
population spike amplitude or transmitted light intensity in slices treated with deferoxa-
mine. Thus, the responses to H2O2 exposure in the absence of deferoxamine appear to be 
mediated by oxidative stress imposed via the generation of hydroxyl radicals. 
 Immunohistochemical analysis of taurine-like immunoreactivity in taurine-treated 
hippocampal slices demonstrated significant staining in pyramidal cell bodies and den-
drites of CA1 and CA3 regions (Figure 4). Staining appeared to be confined to the cyto-
plasm with little reactivity in nuclei. Cell bodies and processes of astroglial cells could 
also be identified with positive taurine-like immunoreactivity by comparison with GFAP 
staining in double-labeled sections. Substantially less taurine-like immunoreactivity was 
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Figure 2. Percent change in transmitted light intensity for stratum radiatum of CA1.  Values for each time point
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observed in control slices (data not shown). No taurine-like immuno-reactivity was ob-
served if primary anti-taurine antibody was omitted from the staining procedure, and 
staining was largely reduced if the primary anti-taurine antibody was treated for 24 hours 
with taurine conjugated with paraformaldehyde. Treatment of the primary anti-taurine 
antibody with conjugates of glutamine, glutamate, or aspartate had no effect on taurine-
like immunoreactivity (data not shown). We have previously described taurine loss as 
more sensitive to reductions in osmolality in cultured hippocampal neurons than in cul-
tured hippocampal astrocytes.28 A similar preferential loss of taurine from cerebellar 
Purkinje cells and accumulation by adjacent astroglial cells has been described during in
vivo hyposmotic hyponatremia.29 Future studies using laser confocal microscopy will 
examine whether a preferential loss of taurine from hippocampal pyramidal neurons 
correlates with regulation of cell volume. 
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Figure 3.  Population spike amplitude recorded in stratum pyramidale of CA1. Values for each time point are
the average of six sequential responses to Schaffer collateral stimulation and are expressed relative to the value
measured just prior to the start of H2O2 exposure. Data shown are the mean SEM of three independent experi-
ments with control (open circles) or taurine-treated (solid circles) slices. * indicates mean values that are sig-
nificantly different from the measurement obtained prior to H2O2 exposure (p<0.05).



VOLUME REGULATION OF THE HIPPOCAMPUS 337

4.  CONCLUSIONS 

 We conclude that cellular taurine is critical for volume regulation of the hippocam-
pus during swelling caused by oxidative stress. Both pyramidal neurons and astroglial 
cells accumulate taurine in slices treated to restore normal taurine contents.  Since H2O2

exposure alters synaptic function via an oxidative mechanism in slices with normal or 
diminished slice taurine contents, we conclude the effects of taurine are not mediated by 
the antioxidant properties of the taurine molecule. We suggest loss of taurine from the 
slice exposed to oxidative stress facilitates regulation of normal cell volume via osmotic 
effects.
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CELL VOLUME REGULATION IN
INTESTINAL EPITHELIAL CELLS 

Sebastian F.B.Tomassen, Hugo R. de Jonge and Ben C. Tilly

1. INTRODUCTION

Most cells have to perform their physiological functions under a variable osmotic 
stress caused by the uptake or release of osmotically active substances (amino acids, 
sugars etc.), the formation or degradation of macromolecules (proteins, glycogen) or 
changes in the osmolarity of the surrounding fluid. As a consequence of the high 
permeability of the plasma membrane for water, an osmotic imbalance will immediately 
lead to a redistribution of intracellular water and, subsequently, to a rapid change in cell 
volume. Because alterations in cell size are potentially deleterious and may result in a 
loss of function, almost all cell types have developed compensatory mechanisms. In 
general, compensation is achieved by the activation of transport pathways in the plasma 
membrane, leading to a net accumulation (Regulatory Volume Increase or RVI) or loss 
(Regulatory Volume Decrease or RVD) of osmotically active intracellular substances. 
Whereas the RVI involves the uptake of NaCl through stimulation of the Na+/H+- and  Cl-

/HCO3
--exchangers or by activation of Na+-K+-2Cl-- and Na+-Cl--symporters, the RVD 

largely depends on the release of KCl, either through specific K+ and Cl- selective ion 
channels or by the activation of K+-Cl--symporters (For reviews, see 1-3). In addition, 
osmotic cell swelling is often accompanied by an efflux of small organic osmolytes such 
as taurine and betaine through a release pathway whose molecular identity has not yet 
been elucidated (For reviews, see 4, 5).
 Because the osmolarity of the interstitial fluid in mammals is carefully regulated, 
osmotic stress almost always originates from (hormone-induced) alterations in cell 
metabolism.6 Notable exceptions are the intestinal and renal epithelia that experience 
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alterations in the osmolarity of the luminal fluid and cells in the circulation which 
periodically traverse the osmotic gradients present in the kidneys. To study the RVD in 
intestinal epithelia, we used monolayers of cultured Intestine 407 cells, an epithelial cell 
line with stem cell-like properties derived from human foetal jejunum,7 as a model. This 
cell line is particularly suitable for studying cell swelling-regulated Cl- channels because 
no other anion channels, i.e., Ca2+-, voltage-activated or cAMP/protein kinase A-
activated CFTR Cl- channels, are expressed.8 In this review, we will discuss  the cellular 
responses triggered by osmotic cell swelling of Intestine 407 cells which include the 
activation of compensatory osmolyte fluxes and the release of ATP by exocytosis as well 
as the signaling pathways involved. 

2. REGULATORY VOLUME DECREASE IN INTESTINE 407 CELLS

 Upon hyposmotic stimulation, Intestine 407 cells immediately respond with an 
increase in cell height, indicative of an increase in volume (Fig.1). Rapidly, compensa-
tory mechanisms are activated and within 1 – 2 min the RVD is completed, resulting in 
an almost full recovery of the original cell volume. Underlying the RVD response is the 
activation of specific Cl-- and K+-selective ion channels. Whereas the K+ conductance 
involvement has been identified by the Okada group9 as a Ca2+-dependent intermediate 
K+ channel (IK) in these cells, the molecular identity of the anion channel has not yet been 
elucidated. Several potential candidates have been proposed, including MDR-1/P-
glycoprotein, ClC-2 and 3 and ICln. None of them, however, have all the electrical and  
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Figure 1. Hypotonicity-induced increase in cell volume. Cells were loaded with DII-C14 and changes in height
were quantitated by constructing optical sections perpendicular to the substratum at the indicated times after
changing to a hyposmotic medium.
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pharmacological properties of the Volume Regulated Anion Channel or VRAC (for 
Reviews, see 10, 11). 
3. PROPERTIES OF VOLUME REGULATED ANION CONDUCTANCE

Although the molecular identity of VRAC remains to be established, the volume-
sensitive anion conductance has been studied in numerous different cell types. The elec-
trical characteristics of the conductance are very similar in all models studied and 
include: 1) a strong outward rectification; 2) a marked inactivation at depolarising poten-
tials; and 3) a permeability sequence that corresponds to the Eisenman’s sequence I 
(SCN- > I-> NO3

- > Br- > Cl- > F- > gluconate- (For reviews, see 10, 11). Activation of 
VRAC can de inhibited by common Cl--channel blockers like 4-acetamido-4’-isothiocy-
anostilbene (SITS), 4,4'-Diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS), 5-nitro-2-
(3-phenyl-propylamino)-benzoate (NPPB) and diphenylamine-2-carboxylate (DPC). In 
addition, extracellularly-applied nucleotides, e.g., ATP and UTP in millimolar concen-
trations as well as the purinoceptor antagonists suramin and Reactive Blue, inhibit the 
cell swelling-induced anion conductance.12 This inhibition is most prominent at depolar-
ising membrane potentials and apparently does not involve purinoceptor activation. 

Previously, we demonstrated that protein tyrosine phosphorylation is required for the 
activation of the cell swelling-induced anion conductance.8 Treatment of the cells with 
tyrosine kinase inhibitors like herbimycin A or genistein largely reduced the cell 
swelling-induced anion efflux and vice versa, promoting tyrosine phosphorylation by 
(per)vanadate-mediated inhibition of phosphotyrosine phosphatases potentiated the anion 
efflux triggered by non-saturating hyposmotic stimulation.8 Involvement of protein tyro-
sine phosphorylation in the regulation of VRAC has now been established in several 
other but not all cell types. To date, the identity of the kinase(s) and phosphatase(s) 
leading to channel regulation has not yet been established in most models studied. For 
Jurkat T lymphocytes however, strong evidence exists that the Src-like p56lck tyrosine 
kinase is both essential and adequate for the activation of volume-sensitive anion chan-
nels.13 This notion is supported by our observations that in Intestine 407 cells, the 
hypotonicity-provoked anion efflux is largely reduced after treating the cells with damna-
canthal, an inhibitor of p56lck  (B.C. Tilly, unpublished results). 

Intracellular administration of GTP S, and thereby activation of G proteins, was 
found to activate anion-selective conductance in several cell types including human 
HT29cl19A colonocytes,14 and this activation could be inhibited by GDP S.15, 16 Using 
Clostridium botulinum exoenzyme C3 as a tool to ADP-ribosylate and inactivate p21Rho, 
we have demonstrated that this G-protein, but not the related p21Ras or p21Rac, is 
involved in the activation of the osmo-sensitive anion efflux in Intestine 407 cells.17

Although a functional Rho pathway is required for the opening of osmo-sensitive anion 
channels, recent studies in bovine endothelial cells, however, have shown that Rho 
activation alone is not adequate.18 Most plausibly, Rho exerts its function through the 
induction of cytoskeletal remodelling. Indeed, immediately after hyposmotic stimulation, a 
rapid and transient remodeling of the actin cytoskeleton has been observed in Intestine 
407 cells as well as in other cell types.17, 19, 20 Therefore, it seems likely that a 
reorganization of the actin cytoskeleton is necessary but not sufficient to activate VRAC. 
This notion is supported by the observation that hormones and growth factors capable of 
activating Rho and inducing cytoskeletal rearrangements are able to potentiate but not to 



342                                                      S.F.B.TOMASSEN, H.R. DE JONGE AND B.C. TILLY

activate the anion conductance.21 Linking these signaling pathways to an independent, yet 
unidentified 'volume sensor' has two important physiological consequences. First, activation 
of VRAC occurs only during cell swelling, thereby preserving the specificity of the 
response. Second, by coupling the volume response to pathways activated upon hormonal 
stimulation, small changes in cell volume which may occasionally take place during 
hormone-induced changes in cellular metabolism6 are more adequately corrected. 

4. RELEASE OF ORGANIC OSMOLYTES 

In a number of tissues, the release of small organic osmolytes contribute significantly 
to the RVD response. In several cell types, these molecules were even found to be the 
major determinants of the volume correction mechanism involved.22, 23 In Intestine 407 
cells, osmotic cell swelling also leads to a stimulation of an organic anion release path-
way readily permeable to taurine and phosphocholine.24 Unlike activation of the cell 
swelling-induced anion conductance, activation of the organic anion release pathway 
occurred only after a distinct lag time of approximately 30-60 s. The hypotonicity-
induced release of organic osmolytes was not sensitive to tyrosine kinase or phosphatase 
inhibition and did not require p21Rho or PtdIns-3-kinase activity,24 indicating the efflux 
is regulated independently of VRAC. As compared to the Cl- efflux, the threshold for ac-
tivation of taurine release was reached only at a relatively strong hypotonic stimulation24

suggesting the release of organic osmolytes acts a second line of defence or may facilitate 
the re-uptake of ions and restoration of the membrane potential in Intestine 407 cells. 

5.  ACTIVATION OF VESICLE CYCLING AND THE RELEASE OF ATP

In addition to activation of osmolyte release pathways and like many other forms of 
mechanical stress, osmotic cell swelling promotes the release of ATP, an auto- or para-
crinic factor acting through plasma membrane purinoceptors.12, 25-27 Extracellular ATP 
has been shown to regulate the RVD in a number of different cell types,25, 26, 28, 29 by 
either stimulating Ca2+ -dependent K+ efflux28 or activating VRAC.25, 29 In Intestine 407 
cells, extracellular ATP was not able to directly activate volume-sensitive Cl- channels 
nor did addition of purinoceptor antagonists or the ATP hydrolase apyrase prevent the de-
velopment of the conductance.12 However, (sub)micromolar concentrations of ATP were 
able to potentiate the hypotonicity-provoked Cl- efflux in a Ca2+-dependent manner.12

Osmotically-induced ATP release was found to be critically involved in the 
activation of extracellular signal-regulated protein kinase-1/2 (ERK-1/2) in Intestine 407 
cells.12 Although activation of ERK-1/2 as well as other members of the MAP kinase 
family (p38 and JNK) has been observed in most cell models studied, their function 
during the RVD response has not yet been fully understood.

Several mechanisms have been proposed to underlie the release of ATP including (1) 
leakage due to (local) membrane damage, (2) activation of specific channel(s) or trans-
porter(s), and (3) exocytotic events. Unlike activation of VRAC, ATP release from Intes-
tine 407 cells was abolished after treatment of the cells with 1,2-bis-(2-aminophenoxy)- 
ethane-N,N,N´,N´-tetra-acetic acid acetoxymethyl ester (BAPTA-AM) acting as a buffer 
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of intracellular free Ca2+ levels or with cytochalasin B.12 It was concluded that ATP does 
not permeate through volume-sensitive anion channels. This notion was supported by our 
observations that the cell-swelling-induced ATP release developed rather slowly and con-
tinued for at least 15 min.12 Notably, the RVD response under these conditions is com-
pleted within approx. 2~3 min.8

Osmotic swelling of Intestine 407 cells leads to an immediate increase in cell surface 
membrane area as determined using the fluorescent membrane dye FM 1-43 (Figure 2). 
Like the release of ATP, the increase in FM 1-43 fluorescence was abolished after 
loading the cells with BAPTA-AM or after cytochalasin B treatment, indicating that the 
increase in surface labelling is dependent on intracellular Ca2+ and on an intact actin cyto-
skeleton.30 To investigate whether exocytosis is involved in the increase in fluorescence, 
cells were treated with N-ethylmaleimide (NEM) to inactivate SNAP-25, one of the SNARE 
(soluble-NEM-sensitive factor–attachment protein receptor) proteins involved in vesicle 
docking and fusion. Alternatively, Clostridium botulinum toxin F was introduced into the 
cells using the Chariot  protein delivery kit to inactivate the vesicle-associated SNARE pro-
tein VAMP2 by proteolytic cleavage.30 As shown in Figure 2, both NEM treatment and 
intracellular delivery of C. botulinum toxin F almost completely abolished the cell swelling-
induced increase in fluorescence, suggesting that exocytosis occurs rapidly upon osmotic cell 
swelling.

Because exocytosis is often accompanied by subsequent internalisation of membrane 
fragments, we studied endocytosis in Intestine 407 cells by quantitating intracellular 
accumulation of TRITC-dextran. After a distinct lag time of 2-3 minutes, a robust (> 100
fold) increase in rate of endocytosis was observed in hyposmolarity-stimulated cells that 
lasted for approx. 10-15 minutes.30 The delayed onset of endocytosis may suggest it is 
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triggered by the prior increase in exocytosis. In Intestine 407 cells, however, we found that 
exo- and endocytosis are regulated independently because cytochalasin B treatment and
BAPTA-AM loading, both strong inhibitors of exocytosis, did not affect the cell swelling-
induced endocytosis. In contrast, our observation that the hypotonicity-provoked endocytosis 
is inhibited by inactivation of VRAC and promoted by K+ channel blockers and high extra-
cellular [K+] (Table 1) suggests that membrane depolarisation, a known consequence of 
VRAC activation,31 may promote or trigger endocytosis. 
 Using C. botulinum toxin F treated cultures, a putative role for exocytosis in the re-
lease of ATP was investigated. To summarise the results, both basal and hypotonicity-
induced ATP release was strongly reduced in toxin-treated cultures, supporting the notion
that the efflux of ATP is mediated by exocytosis. Furthermore, we found that inhibition 
of ERK-1/2 activation or apyrase-catalysed removal of extracellular ATP strongly re-
duced the exocytosis rate, suggesting that purinergic activation of ERK-1/2 plays a role in 
a positive feedback loop that may contribute to the release of ATP from hyposmotically-
stimulated cells.30

6.  REGULATION OF VRAC BY LIPID RAFTS

Recently, a putative role for lipid rafts, cholesterol-rich domains of the plasma 
membrane, in the regulation of cell-swelling activated Cl- channels has been indicated.32-34

Trouet et al.32 demonstrated that the volume-sensitive anion conductance was limited in 
caveolin-1 deficient cell types but could be enhanced robustly by overexpression of this 
protein. In addition, they found that transfection of calf pulmonary artery endothelial (CPAE) 
cells with mutant caveolin-1, thereby disturbing the formation of caveolea, markedly reduced 
the hypotonicity-induced anion current,34 suggesting that intact caveolea play an important 
role in VRAC regulation.  However, disruption of caveolea in Intestine 407 cells, brought 
about by extracting plasma membrane cholesterol using 2-hydroxypropyl- -cyclodextrin in 
the presence of acceptor lipid vesicles, did not reduce the volume-sensitive anion 

Table 1. Effects of Cl- and K+ channel inhibition on the hypotonicity-induced TRITC-
dextran uptake  (% of hypotonic control). 

Isotonic Hypotonic 

Control 9 ± 9 100 ± 39 

Cl- channel SITS 8 ± 7 11 ± 45
 Suramin 5 ± 5 7 ± 5
 ATP (5 mM) 1 ± 1 22 ± 10

K+ channel Quinidine 26 ± 22 545 ± 159
 Gd3+ 2726 ±  914 5443 ± 1685
 High [K+]out (50 mM) 7 ± 4 229 ± 107
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conductance but was found instead to potentiate the response. This potentiation was also 
observed in caveolin-1 deficient CaCo-2 colonocytes as well as in sphingomyelinase-treated 
cells, indicating that these cholesterol-rich micro domains do not play a crucial role in VRAC 
activation in this cell type. 

Alternative targets for the action of cyclodextrin/lipid vesicles are the rapidly recycling 
endosomes or retrosomes involved in cholesterol transport between intracellular compart-
ments and the plasma membrane.35 Treatment of the cells with cyclodextrin may accelerate 
endosome cycling in an attempt to replenish plasma membrane cholesterol. Vesicle cycling 
during the RVD response is not unprecedented because, as described above, osmotic swell-
ling of  Intestine 407 cells is accompanied by exo- and endocytosis. Treatment of the cells 
with Clostridium botulinum toxin F to abolish exocytosis (c.f. see Section 5) partly inhibited 
the volume sensitive anion efflux, indicating insertion of additional channels by vesicle fu-
sion with the plasma membrane. Together, these results support a model in which the recruit-
ment of volume-sensitive anion channels to the plasma membrane acts as an important step 
in the mechanism of VRAC activation and suggest a role for rapidly recycling endosomes in 
the response to osmotic cell swelling. 

7.  CONCLUSIONS

A plethora of signaling cascades is activated upon hyposmotic stimulation of mam-
malian cells. In Intestine 407 cells, p21Rho as well as tyrosine kinase(s) and PtdIns-3-
kinase were found to be a prerequisite for VRAC activation, whereas protein kinase C is 
likely to be involved in the regulation of a distinct organic osmolyte release pathway. In 
addition, a number of cellular responses are able to modulate the volume-sensitive anion 
conductance including Ca2+ mobilization, cytoskeletal re-arrangements and vesicle 
cycling. The molecular mechanism(s) by which these signaling molecules affect ion 
channel opening is still fragmentary and detailed investigations into the mode of activa-
tion including reconstitution studies are hampered by the current lack of information 
about the molecular identity of the channel(s) involved. Our observation that at least part 
of the anion channel activation occurs through their recruitment from intracellular com-
partments to the plasma membrane now adds intracellular Cl- channels to the list of 
potential VRAC candidates. 

Other signaling pathways, like the stress kinases p38 and Jnk as well as the ATP-
provoked activation of Erk-1/2, are apparently not involved in channel regulation. 
Although their physiological role in the RVD response remains to be elucidated, it is 
tempting to speculate that they may have a function in restoring cellular homeostasis and 
in maintaining cell viability. 
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REGULATION OF EPITHELIAL ELECTROLYTE 
TRANSPORTERS THROUGH 

PROTEIN-PROTEIN INTERACTIONS

Carole M. Liedtke* 

1. INTRODUCTION

Two Cl transport proteins, a basolateral Na-K-2Cl (NKCC1) cotransporter and an 
apical Cl channel designated cystic fibrosis transmembrane regulator (CFTR), act in a 
highly coordinated manner to mediate salt and water secretion in epithelial cells lining 
the airways, sweat glands, and salivary glands. In airway epithelial cells, fluid movement 
into the conducting airways humidifies inspired air, maintains a periciliary fluid layer, 
hydrates mucus and maintains optimal electrolyte and water homeostasis necessary for 
optimal mucociliary clearance. Control of electrolyte and fluid secretion is directed at the 
activity of CFTR and NKCC1 through intracellular signaling mechanisms coupling 
hormonal and environmental stimuli to the Cl transporter. Our studies demonstrate that 
NKCC1 expressed in human tracheal epithelial cells and in a Calu-3 airway epithelial cell 
line is quiescent until activated by 1-adrenergic stimulation through the effector enzyme 
protein kinase C (PKC). More recent studies using an antisense approach identified PKC-
 as the PKC isotype required for NKCC1 activation.1, 2 Secretagogues that elevate 

cAMP levels rapidly activate CFTR. Although CFTR is regulated primarily by protein 
kinase A (PKA), PKC stimulates it to a modest extent. We and others have now shown 
regulation of cAMP-dependent CFTR function by PKC,3-5 specifically a PKC-  isoform.6

The highly specific signaling of PKC regulation of epithelial Cl transporters at the 
isotype level points to a fidelity to appropriate extracellular and intracellular signaling 
pathways associated with protein-protein interactions. In other cells, a molecular network 
of adapter, anchoring and scaffold proteins maintain kinases and phosphatases in defined 
subcellular compartments.7 Indeed, active and inactive PKC isotypes have been localized 
near their target substrates by binding to anchoring or scaffold proteins.8-10 In these 
studies, we examined protein-protein interactions necessary for activation of NKCC1 by 
PKC-  and of CFTR by PKC- .
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2.   METHODS

2.1. Cell Culture

Calu-3 cells were grown in cell culture on tissue culture plastic or on 0.4 m pore 
size Transwell-Clear polyester filter inserts (Corning Costar, Cambridge, MA) for trans-
port experiments and for immunofluorescence. Cell monolayers were assessed for con-
fluence by microscopic examination and by measurement of electrical resistance across 
the cell monolayers grown on filter inserts. Electrical resistance was quantitated using 
chopstick electrodes and EVOM (Epithelial Voltohmmeter, World Precision Instruments, 
New Haven, CT). Values were corrected for background resistance of filter alone bathed 
in HEPES-buffered Hank’s balanced salt solution (HPSS). 

2.2.  Measurement of Transport Function 

NKCC1 transporter activity was measured by radioisotopic uptake of 86Rb, a 
congener of K2 in serum-deprived cells. Cells were pre-incubated for 30 min at 32oC
following addition of vehicle or 10 M bumetanide.  In some experiments, recombinant 
peptides were delivered into cells using a BioPORTERTM protein delivery system. 
Radiotracer uptake was initiated by transferring filter inserts to a six well tissue culture 
dish, each well containing HPSS, 1 Ci 86Rb and drugs to be tested. Influx was measured 
for a 4 min time interval and then terminated by rapidly immersing filters four times in an 
ice-cold isotonic buffer of 100 mM MgSO4 and 137 mM sucrose. Intracellular radio-
activity was extracted by incubating cell monolayers in 0.1 N NaOH. Aliquots of extract 
were assayed for radioactive counts by liquid scintillation counting and for protein with a 
Pierce protein assay kit using bovine serum albumin as the standard. Intracellular radio-
isotopic content was calculated as nmol K/mg protein. 

2.3.  Immunoprecipitation, Pulldown Analysis and Immunoblot Analysis 

Protein analyses were performed as previously described.1, 2, 5, 9, 10 Cells were grown 
to confluence, serum deprived overnight and lysed in ice-cold lysis buffers supplemented 
with 1% NP-40 and 0.25% sodium deoxycholate. Lysates were clarified by pretreatment 
with agarose beads then incubated with an antibody directed against the protein of 
interest. NKCC1 was immunoprecipitated from lysates in a buffer supplemented with 
0.3% Triton X-100 and 1 mM benzamide. A 0.5 ml aliquot of lysate was incubated with 
1.1% sodium dodecyl sulfate (SDS) for 1 hr at room temp. The SDS-solubilized lysate 
was combined with 1.4 ml of 3.0% Triton X-100 in lysis buffer and incubated for 1 hr on 
ice, then overnight with T4 monoclonal antibody to immunoprecipitate NKCC1. For 
CFTR, the lysis buffer contained 1% Triton X-100, 1% Na deoxycholate, and 0.1% SDS. 
Non-muscle actin was pulled down using anti-actin antibody conjugated to agarose 
beads. Immune complexes were recovered using Protein A agarose (CFTR, NHERF1), 
Protein G-agarose (NKCC1, PKC- , PKC- ) or Protein L agarose (RACK1) beads. Sam-
ples were solubilized in Laemmli buffer then subjected to SDS-PAGE and immunoblot 
analysis. Pulldown analysis was performed using tagged recombinant proteins and anti-
bodies to tags. 
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2.4.  Expression of Recombinant Proteins 

Recombinant C2 domain and GST-NHERF1 fusion proteins were expressed in 
DH5  cells.11, 12 A pET14b- C2 expression vector which placed a polyhistidine tag at the 
N terminus of the construct was kindly provided by Dr. Lodewijk V. Dekker (Univ. Coll. 
London). Fusion proteins were expressed and purified using B-PER extraction. The 
fusion proteins were evaluated by immunoblot analysis using a polyclonal antibody to the 
HIS6 tag or India HisProbe ( C2 domain) or polyclonal antibody to a GST tag. Viral 
stocks, kindly provided by Dr. Susan Brady-Kilnay (Case Western Reserve University), 
were used to infect Sf9 insect cells and to express recombinant human His6 and HA-
tagged RACK1. 

2.5. Actin Solutions 

Monomeric actin (G-actin) was stored in G-actin buffer consisting of 2 mM Tris-
HCl, pH 8.0, 0.5 mM ATP, 0.5 mM CaCl2, 0.5 mM -mercaptoethanol at a final concen-
tration of 100 g/ml. Filamentous actin (F-actin) was polymerized from G-actin by the 
addition of 2 mM MgCl2 and 50 mM KCl actin in G-actin buffer. The mixture was incu-
bated for 1 hr at room temperature. 

2.6. Binding and Overlay Assays 

In vitro binding of proteins was measured using solid phase binding in a slot blot 
apparatus or solution binding.11, 12 To pre-activate enzymes, 200 ng recombinant human 
PKC-  or PKC-  were incubated with 30 g/ml phosphatidylserine (PtdSer) and 2 g/ml
diacylglycerol (DAG) for 15 min at 30 C. For overlay assays, Calu-3 cell proteins were 
separated on SDS-PAGE, transferred to PVDF membrane paper and incubated with 
blocking buffer (50 mM Tris-HCl, pH 7.5, 200mM NaCl, 12 mM -mercaptoethanol and 
0.4% bovine serum albumin.11 Membrane strips were next incubated for 1 hr. with or 
without preactivated PKC isotype  Unbound material was removed by washing and 
bound PKC isotype detected by immunoblot analysis and enhanced chemiluminescence. 

3. RESULTS

3.1  PKC Isotype Binding to Cl Transporter 

One model of a protein-protein interaction leading to PKC-dependent regulation of 
epithelial Cl transporters depicts direct interaction between PKC isotype and transporter. 
This model was tested by co-immunoprecipitation and overlay assay of Calu-3 cell 
proteins. PKC-  was detected in total cell lysates as a 75 kDa protein band and also in 
immunoprecipitates of NKCC1.10 NKCC1 was detected in immunoprecipitates of PKC- ,
indicating an association that is likely physiologically relevant. However, when tested in 
overlay assays, PKC-  did not bind to immunoprecipitated NKCC1. PKC-  was detected 
as a 75 kDa protein band in total cell lysates and also found in immunoprecipitates of 
CFTR and vice versa.11
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To determine whether PKC isotypes directly bind to their corresponding Cl trans-
porter, overlay assay using pre-activated, recombinant human PKC-  or PKC-  was per-
formed on Calu-3 cell proteins separated on SDS gels and transferred electrophoretically 
to PVDF membrane paper. Overlay assay using pre-activated recombinant PKC-
revealed binding to at least 6 protein bands; one predominant band was a 37 kDa protein 
corresponding in molecular mass to RACK1.7, 8 Overlay assays on immunoprecipitates of 
CFTR and RACK1 from Calu-3 cells showed no specific binding of PKC-  to 
immunoprecipitated CFTR. However, binding of pre-activated recombinant PKC-  was 
detected in immunoprecipitates of RACK1; binding was prominent at 37 kDa, the 
molecular mass of RACK1, indicating binding of PKC-  to endogenous RACK1. Next, 
we turned to a study of endogenous RACK1 and PKC-  in Calu-3 cells, a human airway 
epithelial cell line, using immunoblot assay of immunoprecipitated RACK1 or PKC- .
Robing of immunoprecipitates of RACK1 with antibody to PKC-  revealed a protein 
band at 75 kDa immunoreactive to antibody to PKC- , but not to antibody to PKC-
indicating co-immunoprecipitation of PKC-  with RACK1. This was confirmed by 
immunoblot analysis of immunoprecipitates of PKC-  for RACK1. Overall, we conclude 
that in Calu-3 cells, PKC-  and PKC-  bind to proteins different from the Cl transporters 
regulated by the specific PKC isotypes. 

3.2  F-actin as a Binding Partner for PKC-

Electrolyte transport proteins, including NKCC1, have been implicated in 
cytoskeletal anchoring. However, the molecular nature of the involvement is not clearly 
understood. Because the actin cytoskeleton is thought to bind PKC isotypes in other cell 
types, we examined the role of F-actin cytoskeleton on NKCC1 function in Calu-3 
epithelial cells. In Calu-3 cells, baseline activity of NKCC1 represented 28.2% of the 
total 86Rb uptake. Methoxamine, an 1-adrenergic agent, increased NKCC1 activity 3.0-
fold from 23.5  2.7 (n=15) nmol K/mg protein to 111.9  16.8 (n=8) nmol K/mg protein 
(P<.005). The 1-adrenergic agent also elevated the bumetanide-sensitive K uptake from 
28.2% to 61.1 % of total 86Rb uptake, a 2.2-fold increase that together with stimulation of 
K uptake indicates activation of NKCC1. Latrunculin B did not significantly affect basal 
NKCC1 activity but did block methoxamine-stimulated flux. In contrast, jasplakinolide 
induced a 2-fold increase in baseline NKCC1 activity to 80.9  14.4 (n=7) nmol K/mg 
protein (P<.005) and a 2.1-fold increase in percent bumetanide-sensitive flux, pointing to 
activation of NKCC1. To determine whether PKC-  is necessary for jasplakinolide-
stimulated NKCC1 activity, cells were pre-treated with rottlerin, an inhibitor of PKC- .
Jasplakinolide stimulated a rottlerin-sensitive uptake of 58.6  6 (n=6) nmol K/mg 
protein which was not significantly different than the bumetanide-sensitive K uptake or a 
combined rottlerin, bumetanide-sensitive uptake of 69.6  11 (n=6) nmol K/mg protein. 
Results indicate that jasplakinolide stimulates NKCC1 activity as robustly as methoxa-
mine and suggest further a role for F-actin in hormone-stimulated NKCC1 activity. 

One possible explanation for the results is an interaction between F-actin and PKC-
or NKCC1 or both proteins. Co-immunoprecipitation and pulldown experiments 
demonstrated that PKC-  and NKCC1 co-immunoprecipitate with actin and that actin co-
immunoprecipitates with NKCC1. The close association of the three proteins together 
with lack of PKC-  binding to NKCC1 prompted us to ask whether PKC-  directly binds 
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to actin. Binding of actin and PKC-  was examined using recombinant proteins in a 
solution binding assay or in a slot blot apparatus with immobilized F- or G-nonmuscle 
actin. We found that PKC-  binds to nonmuscle actin and that binding is enhanced 3-fold 
by pre-activation of enzyme. In addition, pre-activated PKC-  binds to both nonmuscle 
F- and G-actin; however, there is a 3.9-fold greater binding to F-actin than G-actin, 
suggesting preferential binding to F-actin. This was confirmed using anti-actin drugs to 
manipulate actin polymerization. Non-muscle G-actin was incubated with jasplakinolide 
to promote polymerization of G-actin and non-muscle F-actin was incubated with latrun-
culin B which mimics the activity of monomer sequestering proteins, thus preventing 
polymerization of G-actin to F-actin. Jasplakinolide increased binding of PKC-  by 84% 
and latrunculin B decreased PKC-  binding by 28%. Binding of PKC-  to F-actin is 
dose-dependent with an EC50 of 72 ng. Examination of dual-label immunofluorescence of 
confluent cell cultures demonstrated localization of actin at the cell periphery and of 
PKC-  in the cytosol and cell periphery. Merged images revealed focal spots of yellow-
orange indicating colocalization of PKC-  and actin at discrete sites in the cell periphery 
but not the cytosol. Our conclusion from these experiments is that PKC-  binds to F-actin 
and led us to hypothesize that this interaction is necessary for activation of NKCC1. 

Instead of a Ca2+ binding function, the N-terminal C2 domain expressed in novel 
PKC isotypes is thought to have one of protein interaction.18, 19 We expressed a 
recombinant His6-tagged C2 domain of PKC-  and tested its binding to non-muscle F-
actin and the effects of this binding on NKCC1 function. The His6-tagged C2 domain of 
PKC-  bound to non-muscle F-actin, but not muscle actin, in a dose-dependent manner 
and blocked binding of activated PKC-  to F-actin with an IC50 of 2.26 g. When 
delivered into Calu-3 cells using a BioPORTERTM protein delivery system, the 
recombinant C2 domain dose-dependently decreased methoxamine-stimulated NKCC1 
activity with an IC50 of 0.36 g. The results demonstrate that binding of PKC-  to the 
actin cytoskeleton is necessary for activation of NKCC1. 

3.3  RACK1 as a Binding Partner for PKC-

Preliminary evidence pointed to airway epithelial RACK1 as a binding partner for 
preactivated PKC- . Immunoblot analysis demonstrated the presence of RACK1 protein 
in Calu-3 total cell lysates.11 This was confirmed by sequence analysis of cDNA 
amplified from reverse transcribed total mRNA of Calu-3 cells with primers for human 
RACK1. Airway epithelial mRNA encoded RACK1, a member of a heterotrimeric G
superfamily of proteins. Binding of RACK1 and PKC-  was examined using recombinant 
proteins in a slot blot assay or solution binding assay. Dose-dependent binding of 
preactivated PKC-  to recombinant RACK1 was detected using both assay methods. A 
binding site on each protein was next predicted from reports on heart muscle proteins.20

An 8 amino acid sequence in the sixth WD40 repeat of RACK1 (DIINALCF, designated 
VI-RACK) was synthesized and used for binding studies. We found that VI-RACK binds 
to PKC-  in a dose-dependent manner with peak binding at 5 nM peptide and that 
binding was dependent on the presence of PKC activators. A site on the N-terminus of 
PKC- , denoted as V1-2, has been shown to selectively inhibit PKC-  translocation 
function in intact myocytes20 and prevents binding of PKC-  to rat '-COP.21  A peptide 
encoding this site (EAVSLKPT) was synthesized and used in competitive inhibition 
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experiments. Binding of preactivated PKC-  to recombinant RACK1 was blocked by 
PKC-  peptide with an IC50 of 80.3 M.

In the absence of direct binding of PKC-  or RACK1 to CFTR, we next explored a 
binding partner for RACK1 that is proximal to CFTR. Two closely related proteins which 
interact with CFTR are the PDZ-domain proteins NHERF1, a 50 kDa phosphoprotein 
with two PDZ domains, and NHERF2 or E3KARP, a 50 kDa protein that shares 
approximately 52% amino acid identity with NHERF1.22, 23 In co-immunoprecipitation 
experiments, NHERF1 was detected in immune complexes of RACK1 as a 50 kDa 
protein band and RACK1 was detected in immune complexes of NHERF1 as a 37 kDa 
protein band, suggesting an association of the two proteins. Although readily detected in 
Calu-3 cell lysates, NHERF2 was not consistently detected in immunoprecipitates of 
RACK1. In pulldown assays using His6-tagged RACK1, a protein immunoreactive with 
antibody to NHERF1 was recovered from Calu-3 cell lysates, and GST-tagged NHERF1 
pulled down a protein immunoreactive with antibody to RACK1. These results suggest 
direct binding of the two endogenous proteins that was examined in more detail in slot 
blot assays. Using recombinant proteins, we found that RACK1 binds to NHERF1 in a 
dose-dependent manner with an EC50 of 3.1 g of RACK1. 

4. DISCUSSION

These studies have revealed two new and unique PKC binding interactions that have 
profound effects on the activity of epithelial electrolyte transporters.  An examination of 
the binding of PKC-  to Calu-3 cellular proteins demonstrates direct binding of PKC-  to 
RACK1, a Receptor for Activated C-Kinase, and binding of RACK1 to NHERF1, a 
Na+/H+ exchange regulatory factor, a scaffold protein that binds four C-terminal amino 
acids (DTRL) of CFTR through either of its PDZ (PDZ1 and PDZ2) domains.23-25 This 
implies a pivotal role for the scaffold protein RACK1 in epithelial Cl channel function. 
NHERF1 and CFTR bind with high affinity apparently to regulate other transport 
proteins (such as renal outer medullary K channel, and epithelial Na channels and 
NHE3)26, 27 and to function as a membrane retention signal.28 But, it is the potential 
dimerization of CFTR by bivalent NHERF1 that is thought to regulate full expression of 
CFTR channel function.24 NHERF1 may act as a scaffold protein to facilitate an interact-
tion between CFTR and RACK1 or PKC-  to achieve optimal cAMP-dependent CFTR 
function. RACK1 has a unique rigid -propeller structure formed by WD-repeat regions 
which have been implicated in protein-protein interactions, the first being binding of 
activated PKC.20 Calu-3 RACK1 binds activated PKC-  at a site on the 6th WD repeat of 
RACK1 and a C2-like domain of PKC-  at its N-terminus. Our results indicate that air-
way epithelial RACK1 binds multiple proteins, each directly implicated in the regulation 
of CFTR function and thus acts as a scaffold. The mode of interaction between RACK1 
and NHERF1 is not known. RACK1 lacks a PDZ binding motif at its carboxyl terminus. 
However, we speculate that RACK1 might express an internal motif that binds to the 
PDZ domains of NHERF1. Alternatively, NHERF1 might interact with RACK1 through 
non-PDZ motifs such as in its interaction with ezrin.29

How interaction between PKC-  and RACK1 and between RACK1 and NHERF1 
regulates CFTR function is not known. RACK1 has been implicated in some of the ef-
fects of PKC- ; however, the intracellular signaling mechanism still must be determined. 
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Nevertheless, our studies suggest a model in which NHERF1 recruits a stable regulatory 
complex near CFTR specifically for regulation of CFTR function. A protein complex of 
activated PKC-  bound to RACK1, which binds NHERF1, would support cAMP-
dependent CFTR function. One can conjecture that inactivation of PKC-  would free the 
enzyme from RACK1, possibly to bind to another scaffold or anchor protein with a 
subsequent loss of cAMP-dependent CFTR function.  RACK1 might, as a consequence, 
dissociate from NHERF1 or alter NHERF1-CFTR interaction. Thus, PKC-  may shift 
between anchor proteins depending on its activity state. The activity of PKC-  may be an 
important determinant of its binding partner and phosphorylation state of its target protein 
as well as the functional status of CFTR. 

Regulation of NKCC1 function in airway epithelial cells is a process as complex as 
regulation of CFTR function, involving a signaling cascade in which PKC-  is a major 
effector enzyme.2, 10 As reported for colonic epithelial cells,14, 15 our studies show that 
inhibitors of actin integrity have marked effects on NKCC1 function. In addition, these 
studies provide new information on an association of actin with NKCC1 and PKC-
characterized by co-localization of PKC-  with F-actin cytoskeleton and avid binding of 
PKC-  to non-muscle F-actin. As with our studies with PKC- , we analyzed the N- and 
C-terminal domains of PKC-  for a possible site(s) of binding to F-actin. A C2-like 
domain, encoding a 123 amino acid segment of the N-terminus, shares properties with a 
similar domain in PKC- . A recombinant C2-like domain of PKC-  ( C2 domain) blocks 
binding of PKC-  to non-muscle F-actin and prevents activation of NKCC1 by a 1-
adrenergic agonist methoxamine. Binding occurs in the absence of phosphatidylserine, 
indicating that the C2 domain lacks a recognition site for phosphatidylserine. Inhibition 
of NKCC1 activation appears to occur because the C2 domain prevents binding of PKC-
 to F-actin. The C2 domain lacks the Ca2+-coordinating sequences characteristic of C2 

domains in conventional Ca2+-dependent PKC isotypes; hence, cannot bind Ca2+. A C2 
domain in conventional PKC isotypes such as PKC-  and PKC-  functions as a 
membrane anchor that promotes translocation to other cellular compartments through the 
binding of Ca2+ and lipids. Our results point to a novel phospholipid-independent binding 
site for interaction of a C2 domain with non-muscle F-actin. A C2 domain also 
interacts with GAP-43 or neuromodulin30 in the absence of phospholipid at a V0/C2 
region comprising amino acids 1-121, which is referred to as C2 domain in our study. 
These results and our new finding of binding of C2 domain to non-muscle actin 
indicates that the C2 domain is not just a target region for a PKC cofactor but serves as a 
protein-protein interaction domain. 

These new findings indicate a unique signaling mechanism for activation of airway 
epithelial NKCC1; however, a mechanism explaining the regulatory role of actin is 
poorly understood. The F-actin cytoskeleton interacts with specific PKC isotypes in other 
cell types.31 PKC isotypes can co-localize with a range of cytoskeletal proteins and 
components of the actin filaments.32, 33 However, our data bring out unique differences in 
the role of actin in colonic T84 cells and airway epithelial cells. In colonic cells, 
cytochalsin D, which inhibits actin polymerization by increasing short actin filaments, 
increased NKCC1 activity.14, 15 However, latrunculin-A, which sequesters G-actin 
monomers and prevents polymerization of actin, did not activate or inhibit NKCC1 but 
did prevent hormonal stimulation of NKCC1 activity in Calu-3 airway epithelial cells. 
Promoting actin polymerization using jasplakinolide increased baseline activity of Calu-3 
NKCC1 but blocked cAMP-elicited Cl secretion and inhibited NKCC1 in T84 cells.14, 15, 

34 These contrasting results suggest that, unlike T84 colonic cells, short actin fibers do not 
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regulate airway epithelial NKCC1. The results also indicate that the polymerization state 
of non-muscle actin is an important determinant of PKC-  binding. Despite differences in 
response to actin inhibitors, NKCC1 in both colonic and airway epithelial cell types 
depends on an intact and dynamic actin cytoskeleton for proper regulation. 

Table 1.  Differential Regulation of Epithelial Cl Transporters 
       CFTR         NKCC1 
Localization Apical Basolateral 
Receptor activation -Adrenergic -Adrenergic
G-protein dependence Yes Yes 
Intracellular Mediator cAMP Diacylglycerol 
Effector enzyme PKA PKC-
Non-receptor requirement PKC-  PKC-
Non-receptor acivation Phorbol ester Hyperosmotic stress 
  Phorbol ester 
PKC targeting proteins RACK1 F-actin 
 Site on PKC C2-like domain C2-like  domain 
 Site on binding partner VIth WD repeat -------------------- 

Our findings also indicate localization of at least part of the cellular PKC-  to a spe-
cific site, the actin cytoskeleton. Subcellular localization of PKC isotypes offers advan-
tages to epithelial cells. One is the placement of inactive PKC isotypes near their target 
substrates to ensure preferential and rapid phosphorylation on activation. The primary 
function of actin-PKC-  binding in Calu-3 cells is not yet clear. Binding may bring PKC-
 near its substrate or near protein kinases and phosphatases which regulate its activity. 

Another possibility is that activated PKC-  stabilizes the F-actin cytoskeleton, thus pro-
moting activation of NKCC1. Because the overall result of activation of PKC-  is rapid 
stimulation of NKCC1, the positioning of PKC-  near its substrate would be advan-
tageous for fidelity and specificity in the regulation of NKCC1 function. 

Table 1 summarizes the results of our research on NKCC1 and CFTR and their 
regulation by PKC isotypes in airway epithelial cells. There are still many gaps in our 
understanding of the signaling mechanism. Important questions arise as to the kinases 
involved in the phosphorylation steps necessary to activate the PKC isotypes and whether 
activation leads to translocation from one scaffold protein to another or involves 
membrane lipids or subcellular organelles and vesicles. Clearly, there is fertile ground for 
future research. 
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THE ROLE OF THE PHOSPHOINOSITIDE
PATHWAY IN HORMONAL REGULATION
OF THE EPITHELIAL SODIUM CHANNEL

Bonnie L. Blazer-Yost and Charity Nofziger

1.  INTRODUCTION 

 The phosphoinositide (PI) pathway, initiated by the activation of phosphatidyl-
inositol 3-kinase (PI3-kinase), forms a complex, branching signal transduction mecha-
nism involving multiple lipids and protein kinases. This pathway has been implicated in 
the regulation of a wide variety of cellular processes including inhibition of apoptosis, 
stimulation of protein synthesis, cellular trafficking, actin rearrangement, and multiple 
transport processes. The pathway can be activated either by hormone dependent or inde-
pendent signals and may be present in a constitutively active, tonic level in some cell 
types.
 Our laboratory was the first to show that the PI pathway is crucial for both aldos-
terone (steroid) and insulin (peptide) hormone stimulation of renal Na+ reabsorption.1-3

Subsequent work by us and others have solidified the importance of several of the com-
ponents of the pathway in the natriferic (Na+ retaining) actions of the hormones. 

2.  THE AMILORIDE-SENSITIVE Na+ CHANNEL

 Epithelial Na+ channels (ENaCs) are intimately involved in fluid and electrolyte 
homeostasis.  These amiloride-sensitive channels are found in the apical membrane of a 
variety of salt-absorbing epithelia and form the rate-limiting step for Na+ reabsorption. 
The importance of this channel in regulating Na+ homeostasis is underscored by the 
number of steroid and peptide hormones which directly modulate channel activity in vivo,
including aldosterone, insulin, ADH (anti-diuretic hormone), and IGF1 (insulin-like 
growth factor 1).1-8

 The primary components of the channel have been described at a molecular level.9-11
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The basic building blocks consist of homologous subunits termed , , and  is 
required and sufficient for transport albeit at a low level.9, 11  In the oocyte expression 
system, neither the  nor  subunit alone can confer Na+ transport to the oocyte. 
However, co-expression of all three subunits leads to a 10-100 fold increase in transport 
as compared to rates of transport seen with the expression of  alone.10

 Clinically, mutations in the C-terminal region of the  or  subunit can cause Liddles 
syndrome, a severe form of hypertension resulting from constitutive activation of the 
renal ENaC.12, 13 Mutations in  as well as amino acid substitutions in either the 
cytoplasmic N-terminal portion of  or the extracellular region of  result in pseudohypo-
aldosteronism type 1, characterized by renal salt wasting and hyperkalemic metabolic 
acidosis due to loss of channel activity.14-16 These clinical observations support the prin-
ciple that ENaC is crucial for regulation of salt and water homeostasis and that mutations 
in the channel, particularly in the cytoplasmic domains, cause serious disturbances in the 
maintenance of this delicate balance. 
 One of the most common clinical entities arising from an imbalance of salt and water 
homeostasis is essential hypertension.  Based on the findings of the most recent National 
Health and Nutrition Examination Survey (NHANES) collected from 1999-2000, 28.7% 
of the U.S. adult population had hypertension.17  This is an alarming increase compared 
to the NHANES study from 1988 through 1991 which indicated 24% of adults had 
hypertension.18  The development of essential hypertension is a multifactorial pathogenic 
process. Clearly, there are both genetic and environmental influences. However, many of 
the predisposing factors, e.g., aberrations in the renin-angiotensin-aldosterone axis; 
hyperinsulinemia, have the common result of stimulating Na+ reabsorption in the renal 
distal tubule/collecting duct via a direct effect on the ENaC. Understanding the regulatory 
mechanisms controlling ENaC activity is, therefore, an essential prerequisite to designing 
therapeutic modalities aimed at controlling disturbances in fluid and electrolyte balance 
such as hypertension. 

3.  HORMONAL REGULATION OF ENaC 

 The three hormonal systems that regulate ENaC activity in the principal cells of the 
distal nephron—aldosterone, insulin, and ADH—have additive or synergistic actions, one 
to another, on the Na+ reabsorptive transport process. Therefore, it follows that there are 
individual and distinct rate-limiting steps between receptor binding and channel 
activation.

Renal Na+ retention can be attained by increasing the density of active ENaCs in the 
apical membrane, by increasing the open probability of individual channels, or by 
altering single channel current. In all studies to date, the single channel current appears to 
vary according to the electrochemical driving forces across the apical membrane rather 
than in response to direct hormonal stimulation. Interestingly, using blocker-induced 
noise analysis, we have found that both insulin and aldosterone cause an increase in the 
number of active channels in the apical membrane with no increase in the open proba-
bility of the channel.2, 6 Previous noise analysis studies by Els and Helman have shown 
that the action of ADH also involves an increase in the number of active channels in the 
apical membrane.19 These studies are in direct contrast to those using patch clamp techn-
iques where investigators have found an increase in open probability in response to both 
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insulin and aldosterone.20, 21 Reasons for this discrepancy are not immediately obvious, 
although, there may be some contribution from the invasive nature of the patch clamp 
technique.

In order to resolve the controversy, we stably transfected green fluorescent protein 
(GFP)-tagged ENaC subunits into model renal epithelial cells and demonstrated that the 
labeled channels were indeed functional.8  Using the transfected lines, we were able to 
confirm, in the case of ADH and insulin, a movement of labeled channel from an internal 
pool into the apical plasma membrane, thus substantiating the noise analysis data.2, 6, 8

The combined data provide strong support for the contention that the actions of all three 
hormones appear to culminate in the insertion of ENaC into the apical membrane.  
Therefore, the discriminating, rate-limiting steps in the various pathways are proximal to 
the insertion reaction. 

4.  PI3-KINASE 

 The PI3-kinases are a family of enzymes which phosphorylate the D-3 position of 
the myo-inositol ring of phosphatidylinositols (PtdIns) and according to relative speci-
ficity, form PI(3)P (phosphatidylinositol-3-phosphate), PI(3,4)P2, or PI(3,4,5)P3.

22-24

These kinases have been implicated as key regulatory components of a wide variety of 
cellular processes25-32 including peptide stimulated ion transport events.29-32

With regard to transporters, PI3-kinase activity has been shown to be involved in 
insulin-stimulated insertion of vesicles containing glucose transporters (GLUT4) into the 
membranes of adipocytes27 and skeletal muscle.28  More recently, other peptide hormone-
mediated transport events have been shown to be dependent on the production of PIP3.
These include insulin-stimulated K+ uptake into fibroblasts via the Na+/K+/2Cl-

cotransporter,29 PDGF (platelet-derived growth factor) activation of the Na+/H+

exchanger,30 EGF (epidermal growth factor) stimulation of intestinal  Na+ absorption,31

and EGF-mediated inhibition of Ca2+-dependent Cl- secretion.32

 We have previously identified PI3-kinase as a regulator of basal, aldosterone- and 
insulin-stimulated Na+ flux.1-3  Hormone induced increases in the enzyme activity have 
been demonstrated in model renal cell lines, and this heightened activity is directly corre-
lated with changes in Na+ transport. Thus, the phosphoinositide pathway appears to form 
a central control point in the regulation of both peptide- and steroid-mediated natriferic 
activity (Figure 1).

Specifically, in the A6 cell culture model of the principal cells of the distal nephron, 
we have shown that stimulation with either insulin or aldosterone results in an increase of 
PIP3.  In addition, basal, insulin-stimulated and aldosterone-stimulated Na+ transport are 
all abolished by LY294002, a specific inhibitor of PI3-kinase.1, 2 These results indicate 
that both hormones have an effect on the activity of the enzyme and that this stimulation 
of activity is necessary for insulin and aldosterone-stimulated Na+ retention. 
 The insulin results were not unanticipated because this peptide hormone is known to 
activate PI3-kinase via the insulin receptor substrate (IRS) signaling intermediate in other 
tissues.  However, the pathway stimulated in response to insulin binding in these 
polarized cells may be different than that described in non-polarized tissues. We have 
demonstrated that in response to insulin, ENaC moves from a diffuse cytoplasmic 
localization to the apical and lateral membranes.  Co-localization studies have shown that 
ENaC and PI3-kinase are not co-localized under basal conditions. Rather, the two entities 
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co-localize and are mobilized along the lateral membrane within one minute of insulin 
stimulation.3  These data indicate that insulin stimulates the migration of ENaC into the 
apical membrane and that this trafficking is dependent on PI3-kinase activity.  The details 
of the trafficking pathway remain unresolved but will be of interest because they appear 
to be mediated by a heretofore undescribed trafficking route for integral membrane 
proteins in polarized epithelial cells.

Our results with regard to the importance of PI3-kinase in aldosterone’s action were 
rather surprising.  Steroid hormone regulation of ion transport had not been previously 
linked to the PI pathway.  The aldosterone stimulated increase in PIP3 indicates that there 
is a steroid hormone-stimulated event at or before PI3-kinase which may modify the 
amount and/or activity of the enzyme.  The identification of this portion of the signaling 
pathway will be important as it is a likely site for the first rate-limiting step in 
aldosterone’s natriferic action. 
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Figure 1: Working hypothesis of the signal transduction pathway followed by natriferic hormones which 
stimulate transcellular Na+ transport in the principal cell of the mammalian distal nephron.  This theoretical 
model reflects the pathways discussed in the text.  ENaC = epithelial Na+ channel; IRS = insulin receptor 
substrate; PIP2 = phosphatidylinositol-4,5-bisphosphate; PIP3 = phosphatidylinositol-3,4,5-trisphosphate; sgk = 
serum, glucocorticoid-induced kinase; PDK = phosphatidylinositide-dependent kinase; NEDD-4 = neuronal 
precursor cell developmentally downregulated gene 4. 
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 PI3-kinase-mediated phosphorylation of the inositol headgroup of PIP2 stimulates the 
activity of the serine/threonine kinases, phosphoinositide-dependent kinases (PDK) 1 and 
2.33, 34 There are a number of substrates for the PDKs which have been identified. Several 
have been shown to be involved in transport events, particularly Akt (related to A and C 
kinase) also known as PKB (protein kinase B),33, 34 PKA (cAMP-dependent protein 
kinase A)5 and sgk (serum, glucocorticoid induced kinase).36, 37 Of these, sgk has been 
shown to be a crucial regulatory component in hormone-stimulated Na+ transport. 

5.  SGK 

 Sgk, Akt and PKA all belong to the same “family” of serine/threonine kinases linked 
by a structural similarity in the kinase domain, particularly the activation loop.  Within 
the activation loop, PDK1 phosphorylation of a key threonine residue is necessary for 
enzyme activation.  The particular motif defining the single PDK1 phosphorylation site is 
common to these three serine/threonine kinases.3, 35-37 Phosphorylation of these substrates 
by PDK2 on a serine residue outside the activation loop appears to have a permissive 
effect on activity. 
 Of the PDK substrates, sgk is potentially the most interesting because it has been 
shown to be an aldosterone-induced protein in A6 epithelia38 and rat cortical collecting 
ducts.39 This kinase is regulated by multiple factors including serum, steroid hormones 
and cell volume changes. When the mRNAs for sgk and ENaC are co-expressed in 
oocytes, the ENaC activity is potentiated several-fold.38, 39

 It has been demonstrated that sgk does not phosphorylate the channel per se. 

Interestingly, however, one of the substrates for the enzyme is an ENaC regulatory pro-
tein, a ubiquitin ligase termed Nedd4-2 (neural precursor cell-expressed, developmentally 
downregulated gene 4, isoform 2).40-42  Nedd4-2 has been shown to be an ENaC partner 
in a two hybrid system.41 The ubiquitin ligase contains WWW domains which bind the 
highly conserved proline-rich PY (proline-tyrosine) motifs in the carboxyl termini of 
ENaC subunits. In the kidney, Nedd4-2 has been immunolocalized to the cortical 
collecting tubules and outer and inner medullary collecting ducts.42 Nedd4-2 appears to 
be a negative regulator of ENaC which ubiquitinates the channel, thereby targeting it for 
endocytosis and, presumably, degradation. Sgk phosphorylation of Nedd4-2 inhibits the 
binding of this ubiquitin ligase to the channel, resulting in increased channel expression 
in the apical membrane.40, 43-45  While expression of Nedd4-2 is not altered by elevations 
of serum aldosterone,42 sgk which can negatively modulate its activity is an aldosterone-
induced protein.  The role of sgk in this portion of the pathway could be envisioned as an 
inhibitor of the “turn-off” mechanism of aldosterone’s action.

It is possible that sgk may play additional roles in the natriferic action of both steroid 
and peptide hormones. In native, Na+ transporting epithelial cells (A6 cell line), we have 
supplemented the endogenous sgk by stably transfecting with either wt or mutated 
enzyme and have used the resultant cell lines to show that sgk plays a role in basal as 
well as insulin-, ADH- and aldosterone-stimulated Na+ transport.46 The enzyme is 
required for basal and hormone-stimulated transport; a dominant negative form of the 
kinase abolishes all transepithelial Na+ flux. Expression of additional wt sgk results in a 
potentiated response to ADH indicating that the enzyme is rate-limiting for this natriferic 
response. In contrast, the enzyme, while necessary, does not appear to be rate-limiting for 
insulin- or aldosterone-stimulated Na+ transport.46 These studies are in agreement with a 
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mouse sgk knock-out model demonstrating a milder phenotype than the corresponding 
ENaC or mineralocorticoid receptor knockout animals.47

 Our results from the transfection studies have been substantiated by others who have 
reached the similar conclusion that sgk may also play a role in the initial steps of 
hormonal stimulation, possibly by mediating channel insertion into the membrane.48 In 
the search for a mechanism of the action of sgk in the initial steps of Na+ channel 
activation, several intriguing clues have emerged. Alvarez de la Rosa and colleagues have 
found that in rat kidney, sgk1, the predominant isoform of the distal tubular cells, is 
expressed in relatively high amounts under basal conditions with little fluctuation in 
response to physiological concentrations of aldosterone.49Sgk, a protein with no 
membrane spanning domains, was found associated with the microsomal fraction in 
tissue homogenates. Furthermore, sgk co-localized with Na+,K+-ATPase in immuno-
histochemical studies.49 These results suggest that sgk may be part of a complex found 
predominately on the basolateral membrane rather than on the apical membrane where 
sgk would be localized to regulate the ENaC/Nedd4-2 interaction.

As noted above, we have recently found that within one minute of insulin 
stimulation, ENaC moves first to the vicinity of the lateral membranes where it co-
localizes with PI3-kinase, an enzyme that initiates a kinase cascade which can result in 
the activation of sgk.  Subsequently, the ENaC enters the apical membrane. If the activity 
of PI3-kinase is inhibited with LY294002, ENaC and PI3-kinase still undergo an insulin-
mediated co-localization but are not trafficked to the lateral membrane, and ENaC does 
not enter the apical membrane.3  Given the sgk localization results cited above, it could 
be speculated that the entire PI pathway may be assembled in a complex close to the 
basolaterally-located peptide hormone receptors which initiate the natriferic signal. 
Confirmation of this speculation awaits experimental verification.

6.  INTERACTION BETWEEN THE PHOSPHOINOSITIDE AND cAMP/PKA    
 PATHWAYS  

Biochemical pathways besides the PI pathway are capable of modulating changes in 
Na+ reabsorption via ENaC. For example, ADH stimulates the cAMP/PKA signaling cas-
cade via binding to a V2 receptor on the basolateral membrane of renal epithelial cells, 
thereby stimulating adenylate cyclase and the production of cAMP.  The increased cAMP 
in turn activates PKA. The end result of the hormone-receptor binding is a decrease in 
Na+ excretion but the post-PKA activation steps of the pathway remain unknown.

As cited above, sgk appears to be the rate-limiting step in ADH-mediated Na+

reabsorption.46 Therefore, it is likely that the cAMP and PI pathways intersect. There are 
several plausible sites for this potential interaction. PKA and sgk are each substrates for 
PDK1 and 2.50, 51 Thus, PKA could theoretically be modulated by the PI pathway in the 
absence of cAMP induction.

Alternatively, in the absence of PI3-kinase, the PKA pathway may activate 
downstream elements of the PI pathway.  Sgk contains a PKA consensus sequence and 
Perrotti et al., have shown that 8-(4-chlorophenylthio)-cAMP caused a two-fold 
activation of sgk expressed in COS7 cells,52 indicating that cAMP can regulate sgk 
independently of PI3-kinase. This would be consistent with our observations that 
stimulation of A6 cells with ADH leads to an apparent potentiated response (measured as 
an increase in transport) if the PI3-kinase pathway has been inhibited by LY294002.53
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One possible explanation for this finding is that the increased PKA activity could restore 
the sgk activity.

PKA and sgk can also phosphorylate the same substrate. Both kinases have been 
shown to regulate the ROMK channel, a K+ leak channel activated in response to 
aldosterone stimulation, thereby causing it to be redistributed from the endoplasmic 
reticulum to the plasmolemma.54  Based on the latter findings, it would be reasonable to 
postulate that sgk and PKA may act on a novel, common substrate upstream of ENaC.

Clearly, the cAMP/PKA and PI pathways intersect. In model renal epithelial cells, 
both pathways regulate transepithelial Na+ transport.  Determining the site(s) of such 
complex interactions will require a melding of biochemical, electrophysiological, 
molecular and histological approaches. 

7.  SUMMARY

 In summary, insulin and aldosterone stimulate phosphatidylinositol phosphorylation, 
thus indicating the existence of a regulated protein at or before the PI3-kinase step.1-5

Aldosterone induces the synthesis of sgk, a downstream element of the PI pathway. Sgk 
is necessary, but not rate-limiting, for aldosterone- and insulin-stimulated Na+ transport.
However, the enzyme appears to be rate-limiting for the natriferic action of ADH. 
Insulin-stimulated Na+ transport, an acute response, is dependent on PI3-kinase activity 
but the magnitude of the response is not altered by a cellular excess of sgk. ADH- 
stimulated transport is not dependent on PI3-kinase but is potentiated by an excess of sgk. 
The foregoing data indicate that the PI pathway is involved in several steps of the 
natriferic action of hormones and intersects with other pathways which regulate ENaC. 
Furthermore, the data are consistent with the hypothesis that activation of PI3-kinase may 
ultimately stimulate channel insertion as well as regulate channel endocytosis. Both of 
these phenomena can result in an increase of ENaC-mediated Na+ transport.
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MODULATION OF VOLUME-SENSITIVE
TAURINE RELEASE FROM NIH3T3 MOUSE 

FIBROBLASTS BY REACTIVE OXYGEN SPECIES

Ian Henry Lambert

1. TAURINE – A COMPATIBLE OSMOLYTE 

The role of organic osmolytes, i.e., methylated compounds, sugars, polyols, free 
amino acids, and the nitrogenous waste product urea, in the adjustment and maintenance 
of cellular osmotic pressure and volume has been the subject of study for several decades. 
It is clear that following osmotic swelling most vertebrate cells restore their cell volume 
by release of ions (KCl), organic osmolytes, and osmotically-obliged cell water in a 
process termed regulatory volume decrease (RVD). The inorganic ions at high 
concentrations disrupt protein function, whereas the amino acids used as osmolytes have 
no effect on protein function up to 1 mol/l and are consequently designated compatible 
osmolytes. Alanine, -alanine, betaine, glycine, glutamate, proline and taurine are often 
involved in the restoration of cell volume following osmotic swelling. The essential 
amino acids, on the other hand, are often found in low cellular concentrations and play 
only a minor or no role in cell volume restoration. Taurine, amino ethane sulphonic acid, 
is well-suited as an organic osmolyte. By virtue of its zwitterionic nature (pK1 = 1.5, pK2

= 8.74) and an acidic isoelectric point (5.16), taurine is quite water soluble (837 mmol/l) 
and has a slight negative charge at physiological pH that decreases its lipophilicity. 
Furthermore, taurine is not incorporated into proteins and not oxidized in mammalian 
cells. The intracellular taurine concentration is a balance between (i) active taurine uptake 
via the Na+, Cl--dependent, pH-sensitive and high affinity taurine transporter TauT, (ii) 
synthesis from cysteine/methionine, and (iii) release via either a transport process that 
resembles TauT working in reverse or a volume-sensitive taurine leak pathway.1 Taurine 
is abundant in the retina, heart and skeletal muscle, and the intracellular taurine 
concentration ranges from 10 mM in NIH3T3 cells,2 20–50 mM in leukocytes3 and 40-50 
mM in Ehrlich ascites tumour cells.4, 5
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 Copenhagen Ø, Denmark 
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2. ROLE OF PHOSPHOLIPASE A2 AND 5-LIPOXYGENASE IN SWELLING- 
        INDUCED ACTIVATION OF TAURINE RELEASE 

Mammalian cells exposed to hypotonic conditions swell initially almost as perfect 
osmometers due to their high water permeability. This initial volume expansion inevi-
tably results in unfolding of the plasma membrane, distortion/reorganization of the cyto-
skeleton, integrin clustering and/or shift in intracellular ionic strength/macromolecular 
crowding which elicits intracellular signaling events that lead to activation of volume-
sensitive leak pathways for ions and organic osmolytes. While the initial volume-sensing 
mechanisms as well as the volume-sensitive taurine leak pathway still await 
identification, it has been found that phospholipase A2 (PLA2) and lipoxygenase (LO) 
activities are permissive elements in the swelling-induced intracellular cascades leading 
to taurine release in HeLa cells, fibroblasts, human platelets and Ehrlich ascites tumour 
cells.1 Kinnunen and co-workers demonstrated that PLA2 incorporated in a unilamellar 
lipid vesicle is activated by stretch. Consequently, they suggested a shift in the lateral 
packing of lipids in a plasma membrane could function as a volume-sensing mechanism.6

In the case of Ehrlich cells, it has been determined that a cytosolic, Ca2+-dependent PLA2

(cPLA2 ) actually translocates to so-called hot-spots at the nuclear envelope and 
arachidonic acid is released from the nucleus within the first minutes following hypotonic 
exposure.7 On the other hand, NIH3T3 fibroblasts utilize a cellular, Ca2+-independent
PLA2 (iPLA2) as an upstream element in the swelling-induced signaling cascade.8 The 5-
LO is a nonheme iron-containing enzyme which catalyses the initial steps in the synthesis 
of the biologically potent leukotrienes (LTB4, LTC4, LTD4, LTE4).

9 A variety of 5-LO 
products10 is produced by Ehrlich cells. Within these cells, the cPLA2  and the 5-LO 
apparently translocate to the same site on the nuclear membrane following cell swelling 
and LTD4 is an essential down-stream second messenger in the swelling-induced 
activation of the taurine efflux pathway11 and the volume-sensitive K+ channel.12 On the 
other hand, LTD4 is not involved in the concomitant activation of the volume-sensitive 
Cl- channel in Ehrlich cells.13 LTD4 has also been reported to play a role in RVD 
response in rat colonic enterocytes14 and rat distal colon15 whereas, the RVD response in 
swollen human platelets involves the 12-LO product hepoxilin A3.

16 It is noted that 
swelling-induced mobilization of arachidonic acid and oxidation via cytochrome P450 
seem to be initial events in the activation of the volume-sensitive, Ca2+-selective TRPV4 
channel.17 Thus, PLA2 activation and arachidonic acid mobilization/oxidation are initial, 
up-stream events in activation of various types of volume-sensitive transport pathways. 

3.  MODULATION OF VOLUME SENSITIVE TAURINE RELEASE BY REAC-
 TIVE OXYGEN SPECIES 

3.1 Reactive Oxygen Species Potentiate Swelling-Induced Taurine Release

        Besides activation of PLA2 and 5-LO activities, it is now evident that cell swell-
ling is accompanied by modulation of protein tyrosine phosphorylation and that reactive 
oxygen species (ROS) play an essential role in the volume-dependent regulation of 
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protein tyrosine kinases and phosphatases. ROS, including the non-radical oxygen 
species (H2O2, lipid hydroperoxide) as well as the oxygen radicals (superoxides, hydroxyl 
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Figure 1. ROS production following hypotonic exposure and the effect of protein tyrosine kinase and 
phosphatase inhibitors on swelling-induced taurine release. Cells were grown at 80% confluence in Dulbecco´s 
Modified Eagle Medium (high glucose) containing heat-inactivated fetal bovine serum (10%) and penicillin 
(100 units/ml). Panel A: Cells grown on coverslips were loaded with the fluorescent, ROS sensitive probe 
carboxy-H2DCFDA (20 µM, 2 hr) in serum-free medium. Cells were subsequently washed with isotonic NaCl 
medium (300 mOsm) containing in mM: 143 NaCl, 5 KCl, 1 Na2HPO4, 1 CaCl2, 0.1 MgSO4, 5 glucose, and 10 
N-2-hydroxyethyl piperazine-N'-2-ethanesulfonic acid and at time zero exposed to hypotonic NaCl (200 mOsm) 
medium with or without 0.5 mm BHT. The ROS production was followed with time in a PTI Ratio Master 
fluorescence spectrometer using excitation and emission wavelengths 490 and 515 nm, respectively. Traces are 
representative of 3 sets of experiments. Panel B: Cells, grown to 80% confluence (35 mm diameter 
polyethylene dishes), were loaded with [14C]-taurine (80 nCi/ml, 2 hr). After the final wash, 1 ml of 
experimental solution was added to the dish, left for 2 min, and transferred to a scintillation vial for estimation 
of 14C activity. This procedure was repeated every 2 minutes throughout the experiment with the solution being 
replaced at time 6 min by hypotonic NaCl medium (indicated by an arrow). H2O2 (1 mM) was present 
throughout the efflux experiment. 14C-taurine activity remaining in cells at the end of the efflux experiment was 
estimated by lysing the cells with 1 ml NaOH (0.5 M, 1 hr), washing the dishes twice with distilled water and 
estimating the 14C activity in the NaOH lysate as well as in both water washouts. The natural logarithm of the 
fraction of 14C activity remaining in the cells at the given time was plotted versus time and the rate constant for 
the initial taurine efflux at a given time point was estimated as the negative slope between the actual and the 
preceding time point. Rate constants are given as mean values  SEM of 3 sets of paired experiments. Panels C 
and D: Experiments were performed in isotonic/hypotonic KCl medium (Na+ being substituted by K+, Panel C) 
or NaCl medium (Panel D) as outlined in Panel B. Vanadate (Van, 50 µM), Genistein (Gen, 100 µM), 
PD153035 (PD, 100 nM), H2O2 (2 mM) and PP2 were present throughout the efflux experiment. The maximal 
rate constant for swelling-induced taurine efflux in the presence of drugs was estimated and given relative to the 
control value  SEM. Data in Panels C and D are reproduced from.1, 8

radicals, peroxyl radicals, alkoxyl radicals) have been demonstrated to act as intracellular 
signaling molecules in phagocytic as well as non-phagocytic cells.18-20 More recently, it  
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has been shown that NIH3T3 cells8 and skeletal muscle cells21 produce ROS following 
hypotonic exposure. This is confirmed in Figure 1A where it is seen that ROS production 
in NIH3T3 cells increases dramatically within the first minute following hypotonic 
exposure and is impaired in the presence of the antioxidant butylated hydroxytoluene 
(BHT). The swelling-induced ROS production in NIH3T3 cells is also impaired fol-
lowing inhibition of iPLA2 by bromoenol lactone (BEL), indicating that ROS production 
following osmotic cell swelling is down-stream to the iPLA2 activation.8 Exogenous 
H2O2 has no immediate effect on taurine release when added to NIH3T3 cells under 
isotonic conditions8 but significantly potentiates the swelling-induced taurine release 
(Figure 1B). The effect of H2O2 on the volume-sensitive taurine efflux is unaffected by 
addition of BEL but inhibited by the 5-LO inhibitor ETH 615-139 as well as by well- 
known direct blockers of the volume-sensitive taurine release.1, 8 As H2O2 does not affect 
the osmosensitivity, i.e., the degree of cell swelling required for activation of the volume-
sensitive taurine efflux pathway,8 it is assumed that ROS modulate the volume-sensitive 
intracellular signaling events that lead to activation of the taurine release pathway. In this 
context, it is noted that addition of the PLA2 activator melittin elicits ROS production and 
taurine release from NIH3T3 cells under isotonic conditions by an intracellular signaling 
system and a taurine efflux pathway resembling pharmacologically those provoked by os-
motic cell swelling.8 Thus, activation of PLA2 is an up-stream element in the signaling 
sequence which is activated by osmotic cell swelling in NIH3T3 cells and which leads to 
ROS production.

3.2  Reactive Oxygen Species Are Generated by the NAD(P)H Oxidase Following     
 Hypotonic Exposure 

ROS are generated in the mitochondria when electrons leak from the electron trans-
ferring systems and by xanthine and flavoprotein oxidases, cytochrome P450, the 
NAD(P)H oxidase and superoxide dismutase. ROS are eliminated by catalase and glutha-
tione peroxidase. Taurine has been assigned a role as an antioxidant; it scavenges the 
potent oxidant hypochlorous acid generated from H2O2 in monocytes and neutrophiles, 
forming the less aggressive TauCl.22

The NAD(P)H oxidase in phagocytes consists of the transmembrane flavocyto-
chrome complex (gp91phox, p22phox), cytosolic components (p40phox, p47phox, p67phox) and 
a small GTP binding protein (Rac2). Oxidase activity requires assembly of the involved 
components at the plasma membrane.23 The NAD(P)H oxidase in non-phagocytic cells is 
of a similar composition and it appears that (i) all components are constitutively 
associated at intracellular membranes, (ii) Rac1 is involved in NAD(P)H oxidase activity 
following stimulation of growth factor receptors, and (iii) ROS are released to the 
intracellular compartment.24, 25 Activation of the NAD(P)H oxidase complex has also 
been demonstrated to involve arachidonic acid26 and protein kinase C (PKC) activity.27 It 
is thus conceivable that arachidonic acid, released by iPLA2, serves as modulator of ROS 
generation as well as precursor for synthesis of second messengers. Expression of 
constitutively active forms of Rac in fibroblasts increases the ROS level18 and improves 
the RVD response.28 Exogenous addition of H2O2 seems to prolong the open-probability 
of the swelling-induced taurine efflux in NIH3T3 cells (Figure 1B);28 whereas, addition 
of the NAD(P)H oxidase inhibitor diphenylene iodonium (DI) accelerates inactivation of 
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the volume-sensitive taurine efflux.8 Furthermore, stimulation of PKC activity in NIH3T3 
cells prior to hypotonic exposure has recently been shown to potentiate swelling-induced 
taurine efflux during a subsequent hypotonic exposure in a process involving NAD(P)H 
oxidase activity.29 It has accordingly been suggested that ROS are produced in NIH3T3 
cells following osmotic exposure at a step down-stream to the iPLA2 activation by a 
PKC-regulated NAD(P)H oxidase.1 It is noted that lysophospholipids are generated by 
PLA2 and that lysophosphatidyl choline (LPC) is known to generate ROS and induce 
taurine release under isotonic conditions in porcine myotubes21 and NIH3T3 cells.1

Although LPC is produced following osmotic cell swelling in Ehrlich cells, for 
example,48 it does not appear to contribute to swelling-induced taurine release.1, 30

3.3 Reactive Oxygen Species Interfere with Protein Tyrosine Phosphatases 

ROS exert their effect either by alteration in the intracellular redox state or by oxida-
tive modification of proteins (oxidation of sulphydryl group, formation of intra/inter-
molecular disulfide linkage, dityrosine formation). A variety of protein serine/threonine 
kinases (mitogen-activated protein (MAP) kinases, S6 kinase, Akt, PKC) and protein 
tyrosine kinases (epidermal growth factor receptor, insulin receptor, Src, Lck) are 
regulated by the cellular redox state.19 Furthermore, exposure to H2O2 leads in general to 
an increased protein tyrosine phosphorylation as a consequence of oxidation of an 
essential cysteine residue in the catalytic centre of multiple protein tyrosine phosphatases, 
resulting in their inactivation.31 Furthermore, swelling-induced taurine release from a 
variety of cells is inhibited/potentiated in the presence of protein tyrosine kinase and 
phosphatase inhibitors, respectively.28, 30, 32-34 From Figures 1C and 1D, it is seen that 
genistein, which inhibits receptor-associated as well as non-receptor protein tyrosine kin-
ase activity, reduces the volume-sensitive taurine release in NIH3T3 cells. On the other 
hand, vanadate (a competitive inhibitor of various protein phosphatases including the 
ubiquitously-expressed endoplasmatic reticulum associated protein tyrosine phosphatase 
PTP1B)35 potentiates, just like H2O2, the swelling-induced taurine release from NIH3T3 
cells (Figure 1C). The potentiating effect of H2O2 (Figure 1D) and vanadate8 is severely 
reduced in the presence of genistein. It has been suggested that cell swelling and 
activation of a protein tyrosine kinase are required for ROS to potentiate the swelling-
induced taurine release and that the effect of ROS most probably reflects oxidation and 
subsequent inhibition of protein tyrosine phosphatase (PTP1B) activity.8

3.4  Role of the Protein Tyrosine Kinases c-Src and pFAK125

Tyrphostines, inhibitors of receptor protein tyrosine kinases, have been demonstrated 
to reduce the swelling-induced taurine release in primary astrocyte cultures.36 As seen in 
Figure 1C, PD153035 which inhibits protein tyrosine kinase activity, coupled to the epi-
dermal growth factor (EGF) receptor, reduces the swelling-induced taurine release from 
NIH3T3 cells by 20% (less than the 60% inhibition obtained by genistein). It is currently 
assumed that the EGF receptor plays a minor role in activation of the swelling-induced 
taurine release from NIH3T3 cells.1 Non-receptor tyrosine kinases (p72Syk/p56Lyn) are 
considered to be involved in the phosphorylation of the Band 3 anion exchanger and to 
contribute to regulation of the swelling-induced taurine efflux in skate blood cells.32 Both 
the non-receptor tyrosine kinase of the Src family and the focal adhesion kinase pFAK125
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are activated by mechanical stress, integrin clustering,37 and ROS38, 39 and accordingly 
can be activated by cell swelling.

Membrane-associated Src kinases have a catalytic domain, SH2/SH3 domains plus 
several tyrosine residues, and their kinase activity is modulated by phosphorylation of 
two tyrosine residues. Phosphorylation of Tyr527 by the ubiquitous protein tyrosine kinase 
Csk leads to an intramolecular interaction with the SH2 domain and autoinhibition, 
whereas phosphorylation of Tyr416, presumably by an intermolecular event, correlates 
with enzyme activation.40 c-Src is normally maintained in the inactive state and it is 
assumed that PTP1B mediates dephosphorylation of Tyr527 and activation of c-Src.41 In 
the case of HeLa cells, it has been shown that exposure to H2O2 decreases c-Src kinase 
activity42 and potentiates swelling-induced taurine release,30 indicating a role of c-Src in 
swelling-induced taurine release. Using Western blot technique (10% SDS page, poly-
clonal rabbit antibodies against phosphorylated Tyr527 of human Src from Cell Signaling 
Technology, Inc.), it is estimated that phosphorylation of c-Src at Tyr527 in NIH3T3 cells 
under hypotonic conditions (66% of the isotonic value, 5 min) is increased by 23 ± 4%  
(n = 3) in the presence of 1 mM H2O2. Exposure to the antioxidant BHT (0.25 mM) re-
duced phosphorylation at Tyr527 by about 30% (single experiment). Thus, exposure to 
H2O2 shifts c-Src in NIH3T3 cells to the more phosphorylated and most probably less 
active state. Furthermore, the selective Src kinase inhibitor PP2 potentiates the swelling-
induced taurine efflux from NIH3T3 mouse fibroblasts via the volume-sensitive taurine 
release pathway in a dose-dependent manner (Figure 1D).1 Thus, it is conceivable that the 
volume-sensitive taurine efflux pathway in NIH3T3 cells is potentiated under conditions 
where Src kinase activity is reduced. 

pFAK125 is a cytoplasmic protein tyrosine kinase preferentially localized in contact 
with the cytoplasmatic domain of 1-integrin at the focal adhesion complex. pFAK125 has 
several tyrosine residues, the focal-adhesion targeting domain, but lacks typical SH2/SH3 
domains.39 Autophosphorylation of pFAK125 at Tyr397 following 1-integrin activation 
provides a binding site for the p85 subunit of the phosphatidyl inositol 3 kinase (PI-3K) 
and for c-Src.39 The monomeric GTP-binding protein RhoA activates pFAK125 and 
subsequently the PI-3K and volume sensitive Cl- current in human intestine 407 cells.43

PI-3K has been assigned a regulatory role in the swelling-induced taurine release from 
chicken retina.33 In the case of NIH3T3 cells, it has been demonstrated that cells 
expressing constitutive active RhoA have an accelerated RVD following hypotonic 
exposure as well as a significantly increased rate constant for the swelling-induced 
taurine efflux when compared to wild-type cells.28 However, neither inhibitors of the PI-
3K nor of the Rho-associated kinases (ROK / ROCK) affect swelling-induced taurine 
efflux from NIH3T3 cells.28 It is currently assumed that RhoA is involved in the up-
stream events activated by cell swelling and leading to RVD.28

Once associated to pFAK125, c-Src is thought to phosphorylate pFAK125 at Tyr925 in 
the focal adhesion targeting domain and at Tyr576/Tyr577 in the catalytic domain.39, 44 The 
Src-mediated phosphorylation of Tyr925 confers the binding site for the growth factor 
receptor binding protein (Grb) and the guanine nucleotide exchange factor Sos and cones-
quently, initiation of a Ras-Raf-MAP kinase pathway.39 An increased phosphorylation of 
pFAK125 and the MAP kinase p38 following osmotic exposure has recently been demon-
strated in chicken retina,33 whereas the involvement of MAP kinases ERK1/2 has been 
demonstrated in the activation of K+, Cl- and taurine efflux in cervical epithelial cells.34
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Src-mediated phosphorylation of pFAK125 at Tyr576/Tyr577 affects its kinase activity. 
Sustained pFAK125 phosphorylation at Tyr576/Tyr577 and an increased pFAK125 kinase 
activity are detected in cells over-expressing chicken pFAK125 following vanadate 
treatment.45 Similarly, exogenous H2O2 induces a time-dependent phosphorylation of 
pFAK125 in bovine pulmonary artery endothelial cells which is primarily caused by an 
inhibition of protein tyrosine phosphatases specific to pFAK125.46 As PP2 inhibits both 
phosphorylation of pFAK125 at Tyr577 as well as pFAK125 activation in Swiss 3T3 cells,44

it is conceivable that both c-Src and pFAK125 are involved in the ROS-mediated 
modulation of the swelling-induced taurine efflux in mouse fibroblasts. It is noted that the 
swelling-induced taurine efflux is potentiated in the presence of H2O2/vanadate and PP2 
(Figure 1), whereas inactivation of the volume-sensitive taurine efflux pathway is 
delayed/impaired in the presence of H2O2 (Figure 1B) but unaffected in the presence of 
PP2.1 It is currently assumed that a reduced c-Src activity leads to the potentiation of the 
swelling-induced taurine efflux, whereas reduced activity of yet unidentified protein 
tyrosine phosphatases leads to an increased open probability of the volume-sensitive 
taurine release pathway. At present, it is not known whether ROS also affect the 
activation and activity of the volume-sensitive transport systems for ions in NIH3T3 
fibroblasts and thus the general RVD response. 

4.    MODEL FOR MODULATION OF THE CELLULAR TAURINE CONTENT
       FOLLOWING HYPOTONIC EXPOSURE

Taurine is accumulated by TauT and released following hypotonic exposure via the 
volume-sensitive taurine efflux pathway. In the case of Ehrlich ascites tumour cells, the 
cellular to extracellular taurine concentration gradient is dramatically diminished 
following hypotonic exposure and this reduction is due to both a reduced uptake via TauT 
and an increased release via the volume-sensitive taurine efflux pathway.4, 28 Activation 
of the volume-sensitive efflux pathway in Ehrlich cells involves the sequential 
translocation of cPLA2 to the nucleus, release of arachidonic acid from the nuclear 
membrane, oxidation of arachidonic acid to leukotrienes (notably LTD4), binding of 
LTD4 to a receptor (CysLT1) and subsequent activation of a DIDS-sensitive taurine 
release pathway.1 The reduction of the active taurine uptake in Ehrlich cells is most 
probably a result of an inhibition of TauT due to the swelling-induced depolarisation of 
the plasma membrane.1 Figure 2 illustrates the transport systems involved in the 
regulation of the taurine content in NIH3T3 fibroblasts as well as the intracellular 
signaling events involved in the activation and modulation of swelling-induced release of 
taurine. iPLA2 as well as a 5-LO play a permissive role in the activation of the swelling-
induced taurine efflux pathway in NIH3T3 cells. ROS are generated following hypotonic 
exposure at a step down-stream to iPLA2 and most probably by activation of the 
NAD(P)H oxidase. Arachidonic acid is assumed to act as a precursor for the synthesis of 
essential down-stream second messengers via the 5-LO and to interact with the NAD(P)H 
oxidase. ROS are proposed to exert their effect via interference with the 5-LO system and 
via oxidation and inactivation of protein tyrosine phosphatases (PTP1B). The latter 
causes a shift in the general protein tyrosine phosphorylation pattern and activity of c-Src 
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and pFAK125, consequently modulation of the open probability of the volume-sensitive 
taurine release pathway.1
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Figure 2.   Regulation of the cellular taurine content in NIH3T3 fibroblasts. Taurine is taken up by TauT which 
in NIH3T3 cells requires 2-3 Na+ ions to facilitate the uptake of 1 taurine.47 Taurine is released following 
hypotonic exposure via an efflux system that requires iPLA2 and 5-lipoxygenase (5-LO) activities for 
activation.1 The swelling-induced taurine release is modulated by ROS in a process involvpng protein tyrosine 
kinases (c-Src, pFAK125) and tyrosine phosphatases (PTP1B).1
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HYPERTENSION IN K-CL
COTRANSPORTER-3

KNOCKOUT MICE 

Norma C. Adragna, Yanfang Chen, Eric Delpire,
Peter K. Lauf and Mariana Morris*

1. INTRODUCTION 

 Hypertension is a public health problem affecting up to 25% of the population. 
While there is much information on the cellular mediators of vascular control, the precise 
etiology of hypertension remains unsolved. Nitric oxide (NO) and other reactive oxygen 
species have been implicated in blood pressure control.1-11 Likewise, abnormalities in 
monovalent ion transport are proposed to play a role in cardiovascular disease such as 
hypertension.12-17

 K-Cl cotransport (COT, KCC), the electroneutral movement of K and Cl, is critical 
in regulating cell volume and ionic homeostasis.18 Four KCC genes have been character-
ized.19 Several human and murine phenotypes have been associated with defects in 
cation-chloride cotransport.20-22 For instance, the K-Cl cotransporter, in particular the 
KCC3 gene, is involved in degenerative peripheral neuropathies linked to chromosome 
15q14,23 and targeted deletion of the KCC2 gene produces a profound seizure disorder.20-

22

In primary cultures of vascular smooth muscle cells (VSMCs), we showed that  
nitrovasodilators, NO donors and effective antihypertensive drugs regulate K-Cl COT 
activity and KCC1/KCC3 mRNA expression via the cGMP pathway.24-29 Furthermore, 
KCC3 is expressed in brain, heart, skeletal muscle, kidney and blood vessels.19 Thus, we 
proposed a putative role for the KCC3 gene in blood pressure regulation and consequent 
cardiovascular disease. These studies were conducted in a recently developed KCC3 
knockout model,23 using radiotelemetry for measurement of blood pressure and heart rate. 

These results were presented in abstract form at the 2003 Experimental Biology 
Meeting in San Diego, CA.23
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2. MATERIALS AND METHODS  

The mouse KCC3 gene was disrupted at exon 3 by targeted homologous recombine-
tion in embryonic stem cells as reported elsewhere.20 Homozygous (KCC3-/-) animals are 
viable but exhibit a severe peripheral neuropathy.20 Homozygous (KCC3 -/-) and controls 
(KCC3 +/+) were generated by mating heterozygous animals. Male mice, 5-6 months of 
age, were housed at 22°C under 12-h light/12-h dark cycles with access to water and stan-
dard chow. Mice were anesthetized with a ketamine:xylazine mixture (6:1 mg/kg, im) 
and the telemetric catheter (Data Sciences Int., St. Paul, MN) inserted into the left carotid 
artery. The main body of the transmitter was implanted subcutaneously on the right flank. 
The animals were allowed to recover from surgery for 7-10 days; sufficient recovery time 
is important for the measurement of basal, non-stress cardiovascular parameters. For the 
experiment, arterial pressure was measured continuously for 24 h (500 Hz, sampling rate) 
in conscious mice.10, 21 Ten min averages were compiled to produce average mean arterial 
pressure (MAP) and heart rate (HR) for the light (0500 to 1700 h) and dark (1700 to 0500 
h) periods. Licking activity was recorded continuously for 24 h using a drink meter sys-
tem (Columbus Instruments, Columbus, OH). The system is interfaced with a 
computerized data acquisition system (Biopac System Inc., Santa Barbara, CA) with a 
sampling rate of 85 Hz.33 The volume of water intake (ml/day) was also measured to 
complement the licking activity. Animals were decapitated with collection of trunk blood 
for measurement of hematocrit and plasma osmolality. All experi-mental protocols were 
approved by the Laboratory Animal Care and Use Committee of Wright State University.

3. RESULTS 

Table 1. Plasma osmolality, hematocrit, drinking activity, and water consumption in 
KCC3-/- mice. 

                     Control                KCC3 -/- 

Osmolality (mOsm/kg)                             325.5  4.3                                    326.3  5.9

Hematocrit (%) 49.3  1.7                                       49.3  1.8

Drinking volume (ml/24hr)              4.9  0 .4                                        6.0  0.6* 

Drinking activity (licks/24hr)                   1,697  345                                   2,519  337* 

Values are Mean ± SEM, *p<0.05, compared to controls, N=4/group 

 Studies were conducted using the KCC3 knockout model to evaluate the role of the 
ion transporter in the regulation of blood pressure, heart rate and water intake. Water 
intake and licking activity were significantly increased in mice lacking the KCC3 
transporter (~22% for volume and 58% for licking activity/24 h, Table 1). Licking 
activity was concentrated during the night/active period with an increase in KCC3 -/- 
mice (1,463  148 vs. 2,308  322 licks/12 h, control +/+ vs. KCC3 -/- where p<0.05) 
with no differences seen during the day/inactive period (371  200 vs. 206  84 licks/12 
h, control +/+ vs. KCC3 -/-). Licking activity is the more accurate measurement of water 
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intake, particularly in mice which consume small volumes. Hematocrit  and  plasma 
osmolality were not different between the groups, suggesting that the animals were not 
volume depleted  (Table 1).  Food intake was  not measured since it is difficult to obtain 
accurate measurements in rodents. However, at 28 days of age, control male mice 
weighed 11.4 ± 2.2 g (n=10) and homozygous mice 12.6 ±1.7 g (n=10).  At 16 months, 
control male mice weighed 32.7 ± 3.0 g (n=6) and homozygous mice 28.7 ± 2.0 g (n=6). 
As the data indicate, there was no significant difference in weight measurements for the 
two groups. 

For measurement of cardiovascular parameters, we chose telemetry since this 
method provides for accurate and long-term recordings in mice.31, 32 Arterial pressure was 
measured continuously for 24 h with evaluation of the day/night pattern. Figure 1 shows 
an example of a 24 h recording of MAP and HR in a KCC3 -/- mouse. Blood pressure 
was high throughout the 24 h period, with peak levels of 185 mmHg. HR was within 
normal range for mice. The inset provides an expanded view of the telemetric pressure 
recording. The pulse pressure averaged 30-40 mmHg with MAP ranging from 110 to 185 
mmHg. Quantitative analysis showed that KCC3 -/- mice were characterized by a marked 
hypertension during both the day and night periods (134±26 and 148±19 mmHg, day and 
night MAP, respectively [Figure 2]). MAP increased in KCC3 -/- mice by more than 30 
mmHg above controls (Figure 2). There was also a day/night rhythm in HR (575.6  21.0 
vs. 626.8  10.8 beats/min) but no effect of genotype (575.6  21.0 vs. 555.6  10.5 
beats/min during the day period and 626.8  10.8 vs. 612.1  29.8 beats/min during the 
night, KCC3 -/- vs. KCC3 +/+).

Figure 1. Representative 24-h plot of mean arterial pressure (MAP) and heart rate (HR) in a KCC-3 -/- mouse. The plot shows 10-min
means of MAP and HR data. The inset shows 10 seconds of actual arterial pressure tracing. Pulse pressure was 30-40 mmHg which is
typical when using the telemetric recording system. 
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Figure 2.  MAP and HR in KCC3 -/- and control +/+ mice during the day and night periods. Mean values were 
calculated from continuously recorded data (500 Hz). MAP, F (1,7) = 6.57, p < 0.05 for group and F(1,7) = 
29.05, p < 0.002, for day/night. Light control vs light KCC3 -/-, p< 0.01. Dark control vs dark KCC3 -/-,           
p < 0.01. HR, F (1,7) = 0.03, NS for group and F (1,7) = 8.08, p<0.03 for day/night. * = p<0.01. Values are 
mean ± SEM, n = 4/group.

4. DISCUSSION

Essential hypertension is a polygenic and multifactorial disease.15, 34, 35 Two of the 
more recent theories propose a role for abnormalities in monovalent ion transport.12-17, 36, 

Abnormalities in Na/Li countertransport, Na-K-Cl cotransport, Na/K pump, Na/H 
exchanger and some ion channels have been associated with hypertension in human and 
animal models.12-15, 36 Here, we present evidence for a new piece in the complex puzzle of 
blood pressure control the K-Cl cotransporter and specifically, the KCC3 gene.

To test the hypothesis that alterations in KCC cotransport are involved in blood 
pressure regulation, we conducted studies in KCC3 knockout mice. Results show there 
was a chronic elevation in MAP with no change in HR. Since HR was unchanged in the 
face of higher MAP, there also appears to be alterations in baroreflex function, perhaps 
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mediated by central neural changes. There were no changes in hematocrit or plasma 
osmolality suggesting that volume overload was not a causative factor in the 
hypertension. Since the KCC3 protein is lacking in all tissues, it is not possible to 
determine the localization of the cellular mediator. It is likely that changes in vascular ion 
transport play a role, especially in view of our previous findings in VSMC.25-29 In this 
respect, it is possible that up-regulation of alternative compensatory mechanisms elicited 
by the presence of KCC1 may have dampened the impact of KCC3 knockout. 
Furthermore, experiments are needed to rule out the possibilities that the high blood 
pressure is due to a primary defect in hypothalamus (increased NaCl intake) or kidney 
(decreased pressure natriuresis). In abstract form, Wang et al., have reported renal 
abnormalities in the same mice, but the abnormality affects HCO3 handling and the 
authors have not reported a change in blood pressure.37

In addition to the hypertension, KCC3 knockout mice also showed a polydipsia. 
There was a significant increase in water intake which was not associated with volume or 
osmolar changes. The lack of change in hematocrit or plasma osmolality suggests there 
was a balance between intake and excretion. More importantly, the data suggest there 
was no defect in the ability to excrete a water load, i.e., the vasopressin system was 
functioning normally. The change in water intake is not likely related to hypertension 
which was shown to inhibit thirst.38 The renin angiotensin system may also play a role via 
its activation of NO and reactive oxygen signaling8. There are associations between 
angiotensin, hypertension and water intake8, 39

The important question arising from our studies relates to the mechanism by which 
the KCC3 transporter regulates blood pressure. K-Cl COT activity and mRNA expression 
are enhanced by NO donors24-29 and a decrease in NO production has been proposed as a 
cause of blood pressure increases.6, 8, 11 We show that deletion of at least one of the KCC 
isoforms causes severe hypertension in mice. Therefore, a decrease in NO production 
should correlate with a decrease in K-Cl cotransport function. Non-functional mutations 
in KCC3 have been reported in individuals showing a severe peripheral neuropathy.23

Four distinct protein-truncating mutations were identified in Canadian, Turkish and 
Italian families. The peripheral neuropathy matches the severe locomotor phenotype 
observed in KCC3 knockout mice. It is of interest to determine whether individuals 
carrying KCC3 mutations show changes in NO production and blood pressure control.

The mechanism underlying the high blood pressure observed in KCC3 knockout 
mice may be related (and opposite40) to the effect of NKCC1 deletion, which produces 
hypotension and decreased vascular smooth muscle tone.41 Furthermore, these 
mechanisms likely differ from those underlying the blood pressure increase due to 
trafficking and/or regulation of renal Na-Cl cotransporters.42, 43

In conclusion, results show that disruption of the KCC3 gene in mice produces an 
animal model of hypertension and polydipsia. These results provide evidence for a role of 
the K-Cl cotransporter-3 in the regulation of blood pressure and water balance. 
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PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE 
ERYTHROCYTE GARDOS CHANNEL  

IN HEMATOLOGICAL DISEASES 

Carlo Brugnara, Lucia De Franceschi, and Alicia Rivera* 

1. ABSTRACT 

 The erythrocyte intermediate conductance Ca-activated K channel (IK1), first 
described by Gardos, has been shown to play an important role in the pathological dehy-
dration of human and mouse sickle erythrocytes. Studies by various groups have demon-
strated K loss mediated by the activation of this pathway when sickle erythrocytes are 
subjected to deoxygenation. Transient, localized increases in cytoplasmic Ca induced by 
sickling are a possible mechanism for this activation. In addition, it has been shown that 
the Gardos channel of sickle and normal erythrocytes can be activated in oxygenated con-
ditions by PGE2, endothelin-1, and chemokines. Since many of these biological mediators 
are increased systemically and locally in sickle cell disease, it is possible sickle cells may 
also dehydrate in the absence of deoxygenation. Studies on the Gardos channel of sickle 
erythrocytes have led to testing of specific inhibitors in vivo: the imidazole antimy-cotic 
clotrimazole (CLT) showed promising cellular effects in vivo which led to the de-
velopment of a novel compound (ICA-17043) currently in phase II clinical trials.1 In vivo
studies with clotrimazole in normal human subjects and control mice showed no 
significant changes in erythrocyte volume and K content, supporting the idea that the 
Gardos channel does not play a role in regulating ion content of normal cells. However, 
the Gardos channel seems to play a role in controlling cell volume in other hematological 
conditions: Halperin et al.2 have shown that complement-induced hemolysis is modulated 
and reduced by K loss via the Gardos pathway. A role of the Gardos channel in hereditary 
spherocytosis (HS) has been advocated for a long time but with little experimental 
evidence. We have studied the ion transport properties and the effects of in vivo Gardos 
channel blockade in a mouse model with complete deficiency of all 4.1 proteins 
isoforms.3 4.1-/- erythrocytes exhibit cell dehydration, with reduced cell K content and 
markedly increased Na content and permeability to Na, mostly mediated by Na/H 
exchange. The Na/H exchange of 4.1-/- cells is markedly activated by exposure to hyper-
tonic conditions and exhibits an abnormal dependence on osmolarity and internal pH. In 
4.1 -/- erythrocytes, the Vmax of the Gardos channel is significantly higher than in controls 
(from 9.75 ± 1.06 vs. 6.08 ± mmol/L cell x min, p<0.04). In addition, 4.1 -/- erythrocytes 
showed a significantly lower affinity constant for internal Ca2+ (from 1.47 to 1.01 µM, 
p<0.03). When 4.1 -/- mice were treated with oral CLT, a Gardos channel blocker, 
worsening of anemia, increased mortality and increased cell dehydration/ fragmentation 
were noted. Essentially similar but less severe changes in red cell features were obtained 
in vivo with a CLT analog devoid of the imidazole moiety in 4.1 -/- mice, and with CLT 
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in 4.2-/-, and band 3 -/+ mice. The present data indicate that K and water loss via the Gar-
dos channel may play a crucial role in compensating for the reduced surface membrane 
area of murine HS erythrocytes and protecting erythrocytes from lysis. 
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SWELLING-ACTIVATED CALCIUM- 
DEPENDENT POTASSIUM CHANNELS  

IN AIRWAY EPITHELIAL CELLS 

José M. Fernández-Fernández, Esther Vázquez, Maite Arniges, Muriel 
Nobles, Aoife Currid and Miguel A. Valverde*   

1. ABSTRACT 

Airway epithelial cells are exposed to changes in the osmolality of their environment 
under physiological and pathological conditions. The cell regulatory volume decrease 
(RVD) response triggered by hypotonic stress requires the coordinated activity of Cl- and 
K+ channels. We have investigated the molecular nature of K+ channels mediating RVD 
response in human tracheal and bronchial epithelial cells. Our molecular, electrophysi-
ological and pharmacological studies demonstrate the functional expression of calcium-
dependent K+ channels in human airways and their contribution to the RVD response. 
While the main swelling-activated K+ channel in tracheal cells is an intermediate conduc-
tance potassium channel (IK, KCNN4),1 in bronchial cells, a big conductance K+ channel 
(BK, KCNMA1) is the key player.2 Early work in murine small intestine have established 
a link between the cystic fibrosis transmembrane conductance regulator (CFTR) and 
volume regulation, suggesting the defective RVD response observed in murine intestinal 
crypts of cystic fibrosis (CF) mice is caused by the dysfunction of a calcium-dependent 
K+ channel.3, 4 Likewise, we have found that RVD response is impaired in both human CF 
tracheal1 and bronchial epithelial cells. Furthermore, we have shown that this defect in 
volume regulation is due to the lack of swelling-induced activation of the calcium-
dependent potassium channel mediating RVD response.1 Our results suggest that, at least 
in bronchial epithelial cells, the increase in intracellular Ca2+ necessary for potassium 
channel activation in response to hypotonicity, is achieved by an increased Ca2+ entry 
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trough a swelling-activated cation channel. The molecular identity of this Ca2+ entry 
pathway might be related to TRPV4,2 a TRP channel that has been described as 
responsive to changes in extracellular osmolarity.5-7 Our more recent data also suggest the 
altered modulation of B (big conductance) K channels in response to cell swelling might 
be linked to alterations in regulation of the Ca2+ entry pathway in CF bronchial cells.   

[Funded by the Spanish Ministry of Science and Technology - grant number SAF2000-0085.]  
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KCNQ CHANNELS ARE SENSORS  
OF CELL VOLUME 
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Henrik S. Jensen, Søren-Peter Olesen and Dan A. Klaerke*

1. ABSTRACT
1

Many important physiological processes involve changes in cell volume, e.g., the 
transport of salt and water in epithelial cells and the contraction of muscle cells. These 
cells respond to swelling with a so-called regulatory volume decrease which involves the 
activation of K+ channels. However, the molecular identity of the involved K+ channels 
has not been clear, and in particular, the mechanism for activation has been obscure. 

To examine the effect of cell volume changes on cloned K+ channels, voltage-
regulated K+ channels of the KCNQ type (KCNQ1-5) were co-expressed with aquaporin 
1 water-channels (AQP1) in Xenopus oocytes to ensure adequate cell volume changes in 
response to altered extracellular osmolarity. The KCNQ1, KCNQ4 and KCNQ5 current 
amplitudes immediately responded to changes in cell volume; during cell swelling the 
currents increased by approximately 70% and decreased to approximately 50% of control 
during cell shrinkage. In fact, the currents through these channels precisely reflected the 
cell volume of the oocytes during small volume changes, whereas some saturation of the 
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responses was seen after volume changes above 5-10%. In all cases, the effects of 
changes in cell volume were readily reversible. In contrast, the related KCNQ2 and 
KCNQ3 channels, which are prominently expressed in neurons, were insensitive to cell 
volume changes. Incubation of the oocytes with cytochalasin D and experiments with 
truncated KCNQ1 channels suggested these channels sense cell volume changes through 
interactions between the cytoskeleton and the N-terminus of the channel protein. 
However, chimeras between the volume-sensitive KCNQ1 channels and the volume-
insensitive KCNQ2 channels showed that the N-terminal of the KCNQ1 channels is 
necessary but not sufficient for the volume-sensitivity of the KCNQ channels. 

In conclusion, we suggest certain KCNQ1 channels such as KCNQ1, KCNQ4 and 
KCNQ5 are strictly regulated by small changes in cell volume whereas others, e.g.. 
KCNQ2/3 are not. Regulation of K+ channels by cell volume is most likely mediated 
through interactions between the cytoskeleton and certain parts of the K+ channel proteins. 
This regulatory mechanism may explain how voltage-regulated ion channels are regu-
lated during salt and water transport in epithelial cells where membrane potential is 
relatively constant. 
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MEMBRANE LOCALIZATION OF THE  
NEURONAL K-CL COTRANSPORTER 

(K-Cl COT, KCC2) IN RAT CEREBELLUM 

Kenneth B.E. Gagnon, Peter K. Lauf, and Robert E.W. Fyffe* 

1. INTRODUCTION 

 Chloride (Cl) together with bicarbonate is the most abundant free anion in living ani-
mal cells and is not distributed in thermodynamic equilibrium across the plasma mem-
brane.1 Upregulation of KCC2 (neuronal K-Cl COT isoform) by the second postnatal 
week implicates it as one of the main Cl extruders responsible for the neuronal GABA-
receptor-mediated switch from depolarizing and excitatory to hyperpolarizing and 
inhibitory.2   

 Previous immunohistochemical studies with a polyconal rabbit antibody to an extra-
cellular epitope of rat KCC2 (rb anti-rtKCC2 ECL) revealed wide-spread distribution of 
the neuronal K-Cl COT in brainstem, cerebrum, cerebellum and spinal cord.3 In this study, 
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immunofluorescent secondary antibodies were used to determine the membrane distribu-
tion of KCC2 by co-localizing rb anti-rtKCC2 ECL immunolabeling with other primary 
antibodies to calbindin (a calcium binding protein) and glutamic acid decarboxylase 
(enzyme with converts glutamic acid to –amino butyric acid). 
 Basket cells, one of the principal interneurons in the molecular layer of the cerebel-
lum, exhibited extensive dendritic and somatic labeling suggesting that, as an inhibitory 
neuron, Cl regulation is vital. Double immunofluorescent labeling with rb anti-rtKCC2 
ECL and mouse anti-calbindin suggests KCC@ is also prominently distributed in the 
soma and proximal dendritic branching of Purkinje cells. Also, glutamic acid decarboxyl-
ase (GAD) is a marker for pre-synaptic boutons, thus the lack of co-localization between 
rb anti-rtKCC2 ECL and ms anti-GAD suggests KCC2 is post-synaptically distributed. 
 In summary: (i) KCC2 is distributed in the neuronal soma and dendritic processes of 
Purkinje and interneurons of rat cerebellum; and (ii) KCC2 appears to be post-synaptic.

1. F.J. Alvarez-Leefmans, S.M. Gamino, F. Giraldez and I. Nogueron, Intracellular chloride regulation in 
 amphibian dorsal root ganglion neurones studied with ion-selective microelctrodes, J Physiol, 406, 225-246
 (1988). 
2. G.H. Clayton, G.C. Owens, J.S. Wolff and R.L. Smith, Ontogeny of cation-Cl-cotransporter expression in rat 

neocortex, Brain Res Dev Brain Res, 109, 281-92 (1998). 
3. K.B.E. Gagnon, R.E.W. Fyffe, B Robertson and P.K. Lauf, Immunohistochemical staining of mature rat 

brain neurons by polyclonal antisera against two epitopes with KCC2, a neuronal isoform of K-Cl 
cotransport, In: Soc. Neurosci. New Orleans, LA, A330, 12 (2000). 
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K-Cl COTRANSPORT (K-Cl COT, KCC)  
ACTIVATION BY N-ETHYLMALEIMIDE  

IN C6 GLIOMA CELLS 

Kenneth B.E. Gagnon, Norma C. Adragna, Robert E.W. Fyffe, 
and Peter K. Lauf* 

1. ABSTRACT 

 Astrocytes make up greater than 50% of the cell population of the mammalian 
central nervous system and provide both structural and functional support to the neuronal 
population. Reverse transcriptase polymerase chain reaction1, protein immunoblotting,2

and immunohistochemical evidence3 indicate the presence of both Na-K-2Cl cotrans-
porter (COT) and K-Cl COT in astrocytes. Of the four known isoforms of the K-Cl COT, 
only KCC1 is present in C6 glioma cells.4

 Rubidium (Rb) influx was measured in isotonic salt solution with/without 1 mM N-
ethylmalemide (NEM), an established agonist of K-Cl COT and antagonist of Na-K-2Cl 
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COT.5 Addition of pharmacological inhibitors allowed the total Rb influx to be separated 
into: the Na/K pump (1 mM ouabain), Na-K-2Cl COT (5 µM bumetanide), K-Cl COT 
(2mM furosemide), and ground permeability (furosemide-insensitive component). K-Cl 
COT was determined as the furosemide-sensitive Rb influx or the bumetanide-insensitive 
Cl-dependent Rb influx (flux in chloride minus flux in sulfamate). 
 Pre-treatment with NEM for 10 min stimulated the Na/K pump, K-Cl COT, and 
ground permeability by 200%, 600%, and 425%, respectively. In contrast, 10 min pre-
treatment with NEM had no significant effect on Na-K-2Cl COT activity. A longer NEM 
pre-treatment (20 min) resulted in a loss of K-Cl COT stimulation consistent with 
findings in HEK293 and vascular smooth muscle cells.6 Additionally, the Na-K-2Cl COT 
and ground permeability were inhibited by 100 and 600%, respectively. Bumetanide (20 
µM) inhibited the NEM stimulation of bumetanide-insensitive Rb influx (K-Cl COT) by 
80%. Intracellular K content remained constant regardless of pre-treatment with ouabain, 
bumetanide, and furosemide, but was reduced by 51-65% upon NEM pre-treatment, 
consistent with earlier findings in HEK293 cells.7  Addition of furosemide completely 
prevented the NEM-induced intracellular K loss. 

In summary: (i) NEM stimulated K-Cl COT in C6 glioma cells by 600%; (ii) stimu-
lation of K-Cl COT after 10 min NEM pre-treatment (with no effect on Na-K-2Cl COT 
activity) suggests a difference in the activation coefficient between the two cotransporters 
in C6 glioma cells; (iii) loss of NEM stimulation of K-Cl COT (and nearly complete inhi-
bition of Na-K-2Cl COT activity) as a function of NEM pre-treatment time suggests an 
additional component in the regulation of both Na-K-2Cl COT and K-Cl COT activity; 
and (iv) the furosemide-sensitive NEM-induced intracellular K loss may be due in part to 
K-Cl efflux through KCC1. 

1.  J.A. Payne, T.J. Stevenson, L.F. Donaldson, Molecular characterization of a putative K-Cl cotransporter in 
 rat brain. A neuronal-specific isoform, J Biol Chem, 271, 16245-52 (1996). 
2.  C.M. Gillen, S. Brill, J.A. Payne, B. Forbush, III, Molecular cloning and functional expression of the K-Cl 

cotransporter from rabbit, rat, and human. A new member of the cation-chloride cotransporter family, J
Biol Chem, 271, 16237-44 (1996). 

3.  T.Q. Vu, J.A. Payne, D.R. Copenhagen, Localization and developmental expression patterns of 
 the neuronal K-Cl cotransporter (KCC2) in the rat retina, J Neurosci., 20, 1414-23 (2000). 
4.  K.B.E. Gagnon, R.E.W. Fyffe, M. Di Fulvio, N.C. Adragna, P.K. Lauf, Properties of K-Cl cotransport 

(COT) in C6 Glioma cells, FASEB J, 16 A640 (2002). 
5.  P.K. Lauf, N.C. Adragna, K-Cl cotransport: properties and molecular mechanism, Cell Physiol Biochem,

10, 341-54 (2000). 
6.  P.K. Lauf, J. Zhang, J. Zhang, N.C. Adragna, Transient nature of the stimulatory 'NEM effect' on K-Cl 

cotransport in KCC1-transfected HEK293 and primary rat aortic smooth muscle cells, J Gen Physiol, 116,
20A (2000). 

7.  P.K. Lauf, J. Zhang, K.B. Gagnon, E. Delpire, R.E. Fyffe, N.C. Adragna, K-Cl cotransport: 
immunohistochemical and ion flux studies in human embryonic kidney (HEK293) cells transfected with 
full-length and C-terminal-domain-truncated KCC1 cDNAs, Cell Physiol Biochem,11, 143-60 (2001). 
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EXPRESSION OF PLASMA MEMBRANE CA2+

ATPASE IN CRAYFISH DURING MOLTING

Y.P. Gao, M. Nade and M.G. Wheatly* 

1.  INTRODUCTION 

Plasma membrane calcium ATPases (PMCAs) are ubiquitously expressed proteins 
that couple the extrusion of calcium across the plasma membrane with the hydrolysis of 
ATP.1 Together with Na+/Ca2+ exchangers (NCX), they are the major plasma membrane 
transport system responsible for the longterm regulation of resting intracellular Ca2+ con-
centration.2 Mammalian PMCAs are encoded by four separate genes, and additional iso-
form variants are generated via alternative RNA splicing of the primary gene transcripts. 
Expression of different PMCA isoforms and splice variants in mammals is regulated in a 
developmental, tissue- and cell type-specific manner, suggesting these pumps are 
functionally adapted to the physiological needs of particular cells and tissues.3-6

A few PMCA genes have been cloned from non-mammalian species including the 
invertebrates, C. elegans7 and crayfish (GenBank accession No. AY455931) and some 
lower vertebrates including tilapia (GenBank accession No. P58165) and bullfrog 
(GenBank accession No. AF337955 and AF337956). However, tissue specific PMCA 
expression has not been studied in invertebrates. The natural molting cycle of crayfish, 
Procambarus clarkii, is an ideal model for the study of discontinuous Ca2+ homeostasis.8

Our previous work has indicated that the sarco/endoplasmic reticulum Ca2+ ATPase 
(SERCA) is expressed in a wide range of tissues and that expression in both tail and heart 
muscle is downregulated during periods of elevated Ca2+ flux (pre/postmolt9-10) compared 
with intermolt (zero net flux). This study focuses on the tissue distribution and different-
tial expression of crayfish kidney PMCA3 as a function of the molting cycle.  

2.  EXPERIMENTAL 

Total RNA was isolated from gill, kidney, heart and tail muscle utilizing the TriZol 
reagent (Invitrogen). Northern blot analysis was performed to determine levels of 
PMCA3 expression using a 1000 bp fragment corresponding to the crayfish PMCA3 as a 
probe. Membrane protein from the same tissues was extracted and resolved in 7.5% SDS-
PAGE. A polyclonal antibody against crayfish PMCA3 protein generated in our lab was 
used as probe. ECL chemiluminescent protein detection system was used to detect the 
proteins. For the in-situ hybridization study, crayfish kidneys at different molting phases 
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were fixed with 4% paraformaldehyde and 20% sucrose and sectioned. The sections were 
then mounted on slides and hybridized with a TdT labeled 42 bp PMCA3 probe. The 
slides were loaded in a Fuji cassette and scanned after three days on the Fuji imaging 
system and the data were visualized with Visual Imaging software.  

3.  RESULTS AND DISCUSSION 

The tissue distribution of crayfish PMCA3 gene was examined using a Northern blot 
of total RNA from crayfish gill, kidney, heart and tail muscle tissues probed with the 
1000 bp fragment initially isolated. A 7.5 kb band was expressed in all four tissues tested 
(Figure 1).  

       Intermolt             Premolt              Postmolt 

 The expression level of PMCA3 mRNA in all four tissues examined was upregulated 
during pre- and postmolt compared with intermolt (Figure 1). Similar to the expression of 
mRNA, a 130 kDa major protein band was expressed in kidney, gill, heart and tail muscle. 
The expression level was very low in the intermolt stage, and increased markedly during 
pre/post molt (Figure 2). In situ hybridization in kidney confirmed that PMCA expression 
was upregulated in pre- and postmolt and that distribution was concentrated on the 
margins of the kidney (location of the kidney tubule Figure 3). 

18s rRNA

7.5 kb 

KidneyGill Hear Muscle

A B C A B C A B C A B C 

128 KDa 
130 KDa 

KidneyGill Heart Muscle

A B C A B C A B C A B C 

Figure 2. Expression of PMCA3 protein in different tissues of crayfish during molting. A: Intermolt,
B: premolt and C: postmolt.

 Figure 3. In situ hybridization of PMCA3 in kidney of crayfish during molting.

Binding

Background

Figure 1. Expression of PMCA3 mRNA in different tissues of crayfish during molting. 18s rRNA band
serves as the control. A: intermolt, B: premolt and C: postmolt 
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4.  CONCLUSIONS

Northern blot analysis indicated that the level of PMCA3 mRNA expression in all 
tissues increased significantly in pre/postmolt stages as compared to a very low level in 
the intermolt stage. Similar expression patterns were confirmed at the protein level by 
Western blotting. In situ hybridization confirmed that PMCA3 expression is increased in 
pre- and postmolt in kidney. Collectively these results indicate that the crayfish PMCA3
plays a crucial role in maintaining Ca2+ homeostasis during the fluctuations in Ca2+ flux
associated with the crayfish molting cycle.  

5.  ACKNOWLEDGMENTS 

This research was supported by NSF grant IBN 0076035 to MGW.  

1. E.E. Strehler and D.A. Zacharias, Role of alternative splicing in generating isoform diversity among 
plasma membrane calcium pumps. Physiol. Rev. 81, 21-50 (2001). 

2. E.E. Strehler, In: Principles of Medical Biology, edited by E. E. Bittar and N. Bittar (Greenwich, 1996), pp. 
125-150.

3. Zacharias and C. Kappen, Developmental expression of the four plasma membrane calcium ATPase 
(PMCA) genes in the mouse. Biophys. Acta. 1428, 397-405 (1999). 

4. E. Guerini, A. Garcia-Martin, A. Gerber, C. Volbracht, M. Leist, C. Gutierrez Merino and E. E. Carafoli, 
The expression of plasma membrane Ca2+ pump isoforms in cerebellar granule neurons is modulated by 
Ca2+. J. Biol. Chem. 274, 1667-1676 (1999). 

5. S. Carafoli and T. Stauffer, The plasma membrane calcium pump: functional domains, regulation of the 
activity, and tissue specificity of isoform expression. J. Neurobiol. 25, 312-324 (1994). 

6. J. Lehotsky, Distribution of plasma membrane Ca2+ pump (PMCA) isoforms in the gerbil brain: effect of 
ischemia-reperfusion injury. Mol. Chem. Neuropathol. 25, 175-187 (1999). 

7. N. Kraev and E.E.  Carafoli, Identification and functional expression of the plasma membrane calcium 
ATPase gene family from Caenorhabditis elegans. J. Biol. Chem. 274, 4254-8 (1999). 

8. M.G. Wheatly, Calcium homeostasis in Crustacea: the evolving role of branchial, renal, digestive and 
hypodermal epithelia. J. Exp. Zool. 283, 277-284 (1999). 

9. Z. Zhang, D. Chen and M.G. Wheatly, Cloning and characterization of sarco/endoplasmic reticulum Ca2+-
ATPase (SERCA) from crayfish axial muscle. J. Exp. Biol.203, 3411-3423 (2000).

10. D. Chen, Z. Zhang, M.G. Wheatly and Y. Gao, Cloning and characterization of the heart muscle isoform of 
sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) from crayfish. J. Exp. Biol. 205, 2677-2686 (2002). 

______________________________________
* Y.P. Gao, M. Nade and M.G. Wheatly, Department of Biological Sciences, Wright State University, Dayton, 
 OH 45435 USA 



.396

42

SALINITY AFFECTS CRAYFISH PMCA  
AND NCX EXPRESSION 

Y. P. Gao and M. G. Wheatly*

1. INTRODUCTION 

Crayfish, native to freshwater, maintain body fluid concentrations above ambient by 
active uptake of ions at the gills and reabsorption from primary filtrate resulting in uri-
nary dilution.1 They also have epithelial membranes that are relatively impermeable to 
passive ion loss. The cellular model for epithelial Ca2+ uptake (influx) involves two 
stages: Ca2+ initially enters passively through epithelial Ca2+ channels (ECaC) in the 
apical membrane, then exits the basolateral membrane actively through the combined ac-
tions of the plasma membrane Ca2+-ATPase (PMCA) and a Na+/Ca2+ exchanger (NCX).2

These two energy-dependent transmembrane proteins are responsible for routine regula-
tion of intracellular Ca2+ concentration as well as mediating mass vectorial flux. We 
recently cloned a full-length PMCA3 and a partial NCX from crayfish kidney and 
explored expression patterns as a function of the molting cycle. We have shown that 
expression of both proteins increases when Ca2+ influx is elevated in pre/postmolt 
(compared with intermolt). As molting is hormonally controlled, we chose to explore 
salinity stress (70% salt water, SW) as a convenient way to alter the electrochemical 
gradient for Ca2+ across the apical membrane in intermolt crayfish and in so doing, 
elevate intracellular Ca2+ artificially. Others have conducted similar studies in fish.2-6

2. EXPERIMENTAL 

Crayfish Procambarus clarkii were obtained from Carolina Biological Supply and 
maintained in 40 L aquaria with filtered aerated water. After crayfish were transferred to 
70% salt water at room temperature, gill, liver and kidney tissues were removed from 
three animals at 1 day, 3 days, 5 days and 7 days. Total RNA was isolated from gill, 
kidney and liver utilizing the TriZol reagent (Invitrogen). 

Northern blot analysis was performed to determine the expression of PMCA3 and 
NCX in gill, liver and kidney tissues using a 1000 bp fragment corresponding to the cray-
fish PMCA3 and a 840bp fragment corresponding to the crayfish NCX as probes. 
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Figure 1. Expression of NCX and PMCA3 in gill with days after transfer to 70% salt water. 18s rRNA band
serves as the control. 

Figure 2. Expression of NCX and PMCA3 in kidney with days after transfer to 70% salt water. 18s rRNA band 
serves as the control. 
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3. RESULTS AND DISCUSSION 

The expression of PMCA3 and NCX in gill increased significantly after 1 day when 
crayfish were transferred from fresh water to 70% salt water and remained high for one 
week salinity exposure (Figure 1). Similarly, expression of PMCA3 and NCX in kidney 
increased significantly after 1 day when crayfish were transferred from fresh water to 
70% salt water and remained high for an entire week (Figure 2). Expression of PMCA3
and NCX in liver was unaffected by transfer to salt water (Figure 3). Flik et al.2 reported 
that the NCX exchanger and PMCA activities increased almost fivefold and eightfold,  
respectively, after freshwater trout were acclimated to 70% sea water. However, no 
significant difference was found in killifish.5

Figure 3. Expression of NCX and PMCA3 in liver with days after transfer to 70% salt water. 18s rRNA band 
serves as the control.  

4.  CONCLUSION 

Exposure to elevated external Ca2+ resulted in upregulation of PMCA3 and NCX in 
both gill and kidney; however, expression in liver remained unchanged. Gill and kidney 
appear to respond to elevated apical Ca2+ entry with increased basolateral efflux. The 
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liver may be pre-adapted to handle Ca2+ load in the diet and, as such, does not need to 
increased expression of basolateral export mechanisms when environmental levels are 
elevated. We will further explore these trends through protein analysis. 
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CRAYFISH EPITHELIAL CA2+

CHANNEL-LIKE GENE (ECAC)

Y.P. Gao and M.G. Wheatly*

1.  INTRODUCTION 

The crustacean molting cycle has become a model for studying Ca2+ transporting 
proteins in epithelia (gills, liver, kidney) of lobsters,1 crabs2-3 and crayfish.4-7 Crustaceans 
alternate between periods of Ca balance (intermolt), Ca loss (premolt) and impressive Ca 
uptake (postmolt cuticular mineralization). Physiological approaches have focused on the 
energy-dependent processes involved in Ca2+ influx primarily at the basolateral mem-
brane (plasma membrane calcium ATPase, PMCA and sodium/calcium exchanger, NCX) 
and to a lesser extent at the apical membrane (NHE/CaHE and NCX). Implicit in the 
accepted model for epithelial Ca2+ uptake is that entry across the apical membrane is 
primarily passive and mediated via Ca channels.  

The epithelial Ca2+ channel (ECaC) was first discovered in rat kidney in 19998 and 
then cloned from rabbit,9 human,9 and mouse kidney10, 11 as well as gill of puffer fish (ac-
cession No. AY232821) and rainbow trout (accession No. AY256348). The ECaC is an 
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human VR1
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human TRP-4XP
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apical channel involved in Ca2+ entry that serves as a gatekeeper in transcellular Ca2+

(re)absorption and in so doing plays a critical role in the maintenance of intracellular Ca2+

homeostasis. To better understand Ca2+ (re)absorption during crayfish molting, this study 
attempted to clone and functionally characterize ECaC from freshwater crayfish 
(Procambarus clarkii) tissues.  

2.  EXPERIMENTAL 

Based on published ECaC sequences, two primers were designed to target a frag-
ment of approximately 1032 bp. RT-PCR was conducted using first strand cDNA from 
postmolt crayfish kidney. 3’ and 5’ RACE systems for rapid amplification of cDNA ends 
were performed. Distribution of crayfish ECaC in different tissues and expression in 
kidney throughout the molting cycle were evaluated by quantitative PCR. 

3.  RESULTS AND DISCUSSION 

A full-length cDNA of ECaC was obtained from crayfish kidney. It consisted of 
2,687 bp with an open reading frame of 2,169 bp encoding a protein of 722 amino acids 
with a predicted molecular mass of 87 kDa. A GenBank search revealed that the crayfish 
ECaC showed high homology (60-80%) to published ECaCs from distant subgroups 
including puffer fish ECaC, rainbow trout ECaC, human ECaC, rabbit ECaC and rat 
CaT1 (Figure 1).  

Figure 1. Phylogram based on full-length sequence of ECaCs and other ion channels.  

A search in the protein database also revealed a significant but low homology (20%) 
to previously published ion channels. With primers specific to the crayfish ECaC, a 1032 
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bp product corresponding to the expected size was intensely amplified in kidney and gill 
(both Ca transporting epithelia), but no signals were detected from other tissues including 
unfertilized egg, axial muscle, cardiac muscle and liver (Figure 2A). Compared with 
intermolt, expression of crayfish ECaC increased in kidney in the premolt and the 
postmolt phases of the molting cycle (Figure 2B) associated with elevated transepithelial 
Ca flux.  

4.  CONCLUSIONS 

ECaC is upregulated in pre- and postmolt stage (compared with intermolt) associated 
with elevated renal Ca2+ (re)absorption. Basolateral PMCA3 expression exhibited a 
similar profile in other studies. Collectively these results indicate that the expression of 
genes controlling Ca entry (apical, ECaC) and exit (basolateral, PMCA) from epithelial 
cells are closely coordinated. ECaC was more abundant in epithelial tissues that effect 
Ca2+ translocation (gill, kidney) than in non-epithelial tissues.
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Figure 2A. Distribution of crayfish ECaC in a panel of crayfish tissue cDNA. Expected length of the PCR
fragments (bp) is indicated with an arrow. The amplified 18s fragment demonstrates the integrity of the cDNA
samples. E; egg, T; tail muscle, H; heart, L; liver, G; gill and K; kidney. Figure 2B. Expression of ECaC in
kidney during moulting. The amplified 18s fragment demonstrates the integrity of the cDNA samples. A;
intermolt, B; premolt and C; postmolt.  
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MODULATION OF KCNQ4 CHANNELS  
BY CHANGES IN CELL VOLUME

Charlotte Hougaard, Dan A. Klaerke, Søren-Peter Olesen,  
Else K. Hoffmann, and Nanna K. Jorgensen*

1.  INTRODUCTION AND RESULTS 

Most cell types respond to cell swelling by undergoing a regulatory volume decrease 
(RVD) response often mediated by KCl loss through separate K+ and Cl- channels. We 
have investigated the sensitivity of KCNQ4 channels toward changes in cell volume as 
well as cellular signalling pathways involved in channel regulation. KCNQ4 channels 
were expressed in HEK-293 cells and studied using the whole-cell patch-clamp technique.  

Exposing KCNQ4-expressing HEK-293 cells to a hyposmotic (200 mOsm) solution 
resulted in a rapid increase in the K+ current amplitude whereas a hyperosmotic (400 
mOsm) cell shrinkage completely abolished the current (Figure 1A). In untransfected 
HEK-293 cells virtually no K+ current was observed under iso- or hyposmotic condi-tions. 
The KCNQ channel inhibitors linopirdine and bepridil completely blocked the iso- and 
swelling-induced K+ current in KCNQ4-expresssing cells corroborating that the swelling-
induced K+ current was KCNQ4 mediated.1
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Figure 1. Modulation of KCNQ4 current by osmotic changes and cellular signalling pathways. HEK-293 cell 
stably expressing KCNQ4 channels used for experiments. Standard whole-cell patch-clamp experiments con-
ducted as described in.1 A. Effect of osmotic changes on KCNQ4 current. KCNQ4 current measured at equili-
brium potential for Cl-. Extracellular osmolarity changed by omission/addition of D-mannitol (n=16). B. PKC 
as modulator of KCNQ4 activity. PKC activated by addition of 100 nM PMA to the extracellular solution (n=6 
for PMA, n=16 for control). C. PKA as modulator of KCNQ4 channels. PKA activated or inhibited by addition 
of 8-Br-cAMP (1 mM, n=9) or Rp-cAMP (1 mM, n=5), respectively, to pipette solution, n=10 for control. D.
Role of G proteins in modulation of KCNQ4 channels. G proteins activated or inhibited by addition of GTP S
(40 µM, n=7) or GDP S (1 mM, n=6), respectively, n=10 for control. E. Role of tyrosine phosphatases in 
modulation of KCNQ4 activity. Na3VO4 (400 µM, n=5) added to the pipette solution, n=10 for control. F. Role 
of Ca2+ in modulation of KCNQ4 activity. Experiments conducted at permissive Ca2+ level (0.1 mM EGTA; 
n=16, Control) or in absence of Ca2+ (10 mM EGTA, n=7). * indicates p<0.05, student’s t-test for unpaired 
observations. NOTE: KCNQ4 current after swelling in all experiments significantly higher than under isosmotic 
conditions and swelling-induced increase in current was not significantly different in treated and untreated cells 
except in F. Data previously reported in.1

The observation that channels are activated by cell swelling in patch-clamp experi-
ments does not per se demonstrate that they are involved in RVD in intact cells. However, 
linopirdine significantly inhibited the RVD process in KCNQ4-expressing HEK-293 cells 
verifying that KCNQ4 channels are activated by cell swelling in intact cells and 
contribute to volume regulation following osmotic cell swelling.1

Modulation of KCNQ4 channel activity by cellular signalling pathways is essentially 
un-described. We investigated the possible role of classical pathways such as PKC, PKA, 
tyrosine phosphorylation, G proteins and Ca2+ as modulators of KCNQ4 activity both 
under iso- and hyposmotic conditions.1 Interference with these pathways has prominent 
effects on swelling-induced osmolyte loss and RVD in numerous cell types.2 Under 
isosmotic conditions the KCNQ4 current amplitude was increased following stimulation 
of PKA (8-Br-cAMP, Figure 1C), but reduced after activation of PKC (PMA, Figure 1B) 
or stimulation of G proteins (GTP S, Figure 1D). Although stimulation of PKA and G 
proteins modulated the KCNQ4 current, their activation is not required for normal 
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channel activity as witnessed by the lack of effect of PKA and G protein inhibitors (Rp-
cAMP, Figure 1C and GDP S, Figure 1D, respectively) on the KCNQ4 current under 
isosmotic conditions. Stimulation of either PKA, PKC or G proteins failed to affect the 
potentiation of the KCNQ4 current by cell swelling, suggesting that they are not involved 
in a signalling pathway leading to increased KCNQ4 activity following cell swelling 
(Figure 1B-D). Both the isosmotic and the swelling-activated KCNQ4 current were 
unaffected by the protein tyrosine phosphatase inhibitor Na3VO4 (Figure 1E) and the src
kinase inhibitor PP2, arguing against an important role of tyrosine phosphorylation events 
in the regulation of KCNQ4 channels. Removal of intra- and extracellular Ca2+

suppressed the KCNQ4 current under both iso- and hyposmotic conditions (Figure 1F). 
However, in the absence of Ca2+, cell swelling still produced a significant increase in the 
KCNQ4 current amplitude, demonstrating that Ca2+ is not the primary messenger 
responsible for activation of KCNQ4 channels after cell swelling. 

1.  C. Hougaard, D.A. Klaerke, E.K. Hoffmann, S-P Olesen, and N.K. Jorgensen, Modulation of KCNQ4 
 channel activity by changes in cell volume, In press: Biochim. Biophys. Acta (2003). 
2.  F. Lang, G.L. Busch, M. Ritter, H. Volkl, S. Waldegger, E. Gulbins, and D. Häussinger, Functional 
 significance of cell volume regulatory mechanisms, Physiol. Rev. 78, 247-306 (1998). 
______________________________________
* Charlotte Hougaard and Else K. Hoffmann, Biochemical Department, August Krogh Institute, Universi-
 tetsparken 13, DK-2100 Copenhagen O, Denmark. Dan A. Klaerke, Søren-Peter Olesen and Nanna K. 
 Jorgensen, Department of Medical Physiology, The Panum Institute, Blegdamsvej 3, DK-2200 
 Copenhagen N, Denmark 
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PKA PHOSPHORYLATION OF SGK  
MODULATES ADH-STIMULATED Na+

TRANSPORT IN A6 MODEL RENAL CELLS 

Nathan Kast, Nicola Perrotti and Bonnie L. Blazer-Yost 

1. ABSTRACT 

The A6 cell line, derived from the kidney of Xenopus laevis, is a well-characterized 
cell culture model of the principal cells of the mammalian distal nephron. In this high 
resistance cell line, serosal application of insulin, ADH (anti-diuretic hormone) or 
aldosterone results in a stimulation of transcellular Na+ transport.  

Previous work from our laboratories1, 2 has shown that activation of a kinase 
involved in the phosphoinositide pathway, sgk (serum glucocorticoid-induced kinase), is 
required for basal as well as hormone stimulated transport. Expression of a dominant 
negative, kinase dead, mutant of sgk abrogates the activity of the endogenous enzyme 
and results in a decrease of basal transport as well as inhibition of hormone stimulated 
transport. Conversely, over-expression of wt sgk potentiates basal and ADH-stimulated 
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Na+ transport with no effect on insulin- or aldosterone-stimulated transport, suggesting 
that activation of sgk is a rate-limiting step in the ADH-stimulated pathway but not the 
pathways stimulated in response to the other two hormones. PKA (cAMP-dependent 
protein kinase A) is activated in response to ADH stimulation and could potentially 
phosphorylate sgk. Therefore, we produced A6 cell lines stably expressing sgk-T369A, a 
form of the enzyme containing a mutation in a PKA phosphorylation site. 

The resulting cell lines exhibited normal insulin-stimulated transport (data not 
shown).  However, as shown in Figure 1, the basal transport rate as well as the natriferic 
(salt retaining) response to ADH was diminished in the cells stably expressing sgk-
T369A. These data show that expression of the mutant enzyme negatively affects ADH-
stimulated Na+ transport. The most likely explanation is that the mutant form of sgk 
competes with the wt endogenous isoform. These results, together with our previous 
findings, indicate that sgk phosphorylation by PKA is an integral and likely rate-limiting 
step in the Na+ transport response elicited by ADH. 
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Figure 1. ADH stimulated ion transport in the A6 cell line. SCC = short circuit current, a measure of net ion 
transport in high resistance epithelial monolayers.3  Parental cell lines are indicated by the triangular shapes; 
cell lines stably expressing the sgk mutant, T369A, are indicated by circular shapes. ADH (100 mU/ml) was 
added at T=0 to the cultures indicated by the filled symbols. Amiloride (10-5M) was added to all experiments at 
t=30 minutes to indicate the proportion of the transport due to net Na+ transport. Symbols are + S.E.M. The 
basal currents of the T369A cells were significantly lower than the parental line at each time point measured 
(P<0.05). The ADH-stimulated increase in current at maximum (8 min) was significantly higher in the parental 
cells than in the mutant line (P<0.005).  
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CELL VOLUME MODIFIES AN ATP-SENSITIVE  
ANION CONDUCTANCE IN CULTURED 

HIPPOCAMPAL ASTROCYTES 

Guangze Li and James E. Olson*

1.  INTRODUCTION 

Maintenance and regulation of cell volume are fundamental physiological processes. 
Previous data showed that swelling of cultured rat astrocytes in 220 mOsm medium 
activates an outwardly rectifying anion current.1 This current is considered to be mediated 
by a chloride channel that also conducts the amino acid taurine. The mechanism by which 
cell swelling activates chloride conductance is not clear; however, recent studies support 
an important role for extracellular ATP in swelling-induced amino acid efflux2 and anion 
current activation.3 Herein, we will examine the interaction between volume and ATP in 
cultured rat hippocampal astrocytes. 

2.  EXPERIMENTAL 

Hippocampal astrocytes were prepared using methods previously described for 
cerebral cortical astrocytes.4  Electrophysiological studies were performed after 2-4 
weeks in vitro. Whole cell patch clamp recordings were made from cells maintained at 
35 0.5 C. The components of isosmotic CsCl electrode and perfusion solutions were 
prepared as previously described.5 Hyposmotic perfusion solution (250 mOsm) was 
identical to isosmotic perfusion solution but contained less sucrose. Non-selective cation 
currents were eliminated by adding 1 mM TEA and 300 M NiCl2 to the perfusion 
solution. Under these conditions, Cl- is the predominant charge carrier through the 
astrocyte cell membrane.1 Membrane currents were measured in voltage-clamp mode 
every 30 sec during 90 msec voltage steps to final values ranging between -120 mV and 
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+120 mV from a holding potential of 0 mV. Membrane conductance at each time point 
was calculated by linear regression between -70 mV and +70mV and expressed relative 
to the initial conductance measured in isosmotic conditions. 

3.  RESULTS AND DISCUSSION 

Exposure to hyposmotic CsCl perfusion solution caused no change in astrocyte 
membrane anion conductance (Figure 1). Similarly, adding 100 M ATP to isosmotic 
CsCl perfusion did not alter membrane conductance. However, when cells were exposed 
to 100 M ATP in hyposmotic perfusion solution, a 48% increase in membrane 
conductance was observed within 8 min.  In contrast, adding 100 M ADP to cells in 
hyposmotic perfusion solution produced no change in membrane anion conductance (data 
not shown). Thus, extracellular ATP and hyposmotic swelling act synergistically to 
increase anion conductance of cultured hippocampal astrocytes. The lack of response 
with ADP exposure suggests P2Y receptors are not involved at the moderate degree of 
osmotic swelling shown here. 

1. J.E. Olson and G.Z. Li, Increased potassium, chloride, and taurine conductances in astrocytes during 
hyposmotic swelling. Glia, 20(Jul) 254-61 (1997). 

2. A.A. Mongin, and H.K. Kimelberg, ATP potently modulates anion channel-mediated excitatory amino 
acid release from cultured astrocytes, Am J Physiol Cell Physiol, 283(2) C569-578 (2002). 

3. M. Darby, et al., ATP released from astrocytes during swelling activates chloride channels. J Neurophysiol,
89(4) 1870-7 (2003). 

4. J.E. Olson, and D. Holtzman, Respiration in rat cerebral astrocytes from primary culture. J Neurosci Res, 
5(6) 497-506 (1980). 

5. G. Li, Y. Liu, and J.E. Olson, Calcium/calmodulin-modulated chloride and taurine conductances in 
cultured rat astrocytes, Brain Res, 925 (Jan)1-8 (2002). 
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Figure 1. Time course of ATP- and hyposmotic-activated anion conductance in cultured hippocampal
astrocytes.  Data are shown for cells exposed to hyposmotic perfusion solution (triangles), 100 M ATP in
isosmotic perfusion solution (squares), or 100 M ATP in hyposmotic perfusion solution (circles). Values are
the mean SEM for 4 independent determinations. * indicates values significantly different from 1.0. (p<0.05). 
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ADH-STIMULATED Na+ TRANSPORT:   
INTERACTION BETWEEN THE cAMP/PKA AND 

PHOSPHOINOSITIDE SIGNALING PATHWAYS 

Charity Nofziger and Bonnie L. Blazer-Yost* 

The biochemical pathways stimulated in response to hormones such as aldosterone, 
anti-diuretic hormone (ADH), and insulin in principle cells found in the renal distal 
nephron remain unresolved. These hormones maintain salt and water homeostasis and 
may, therefore, play a predominant role in metabolic diseases such as essential 
hypertension. Due to this role, it is vital that the hormone-stimulated signaling pathways 
be elucidated to the fullest extent. 
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Figure 1. Effect of LY294002 on basal and ADH-stimulated Na+ retention. Short-circuit current (SCC) is a 
measure of net ion flux. 100 mU/ml ADH was added at t=0 and 10-5 M amiloride was added at t=30. Filled 
circles indicate ADH alone; n=20. Open circles indicate LY294002 (50 µM) addition 30 min. prior to ADH; 
n=12. Symbols are shown as means ± S. E.   

The A6 cell line from Xenopus laevis kidney, serves as a model for the principle cells by 
maintaining a high transepithelial resistance (>1000 /cm2), and by displaying amiloride-
sensitive ion transport. Changes in net transepithelial ion flux can be accurately measured 
in such lines using the short-circuit current electrophysiological technique.1 The A6 cell 
line displays a basal transepithelial current and responds to both steroid (aldosterone) and 
peptide (ADH and insulin) stimulation with an increase in transcellular Na+ flux. This 
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flux is mediated via the apical membrane epithelial Na+ channel (ENaC), a multimeric 
protein channel specifically inhibited by low concentrations (10-5 M) of amiloride. It is 
known that ADH increases Na+ reabsorption via the cAMP/protein kinase-A (PKA) 
pathway, whereas aldosterone and insulin initiate their effects on ENaC via the 
phosphoinositide (PI) pathway. In addition, the salt-retaining actions of the various 
hormones have additive effects on Na+ transport, suggesting that ADH and insulin are 
independently causing increases in Na+ retention. However, recent studies indicate that 
there may be cross-talk between the two pathways.   
 Previous data from our laboratory have shown that a specific inhibitor of 
phosphoinositide-3-kinase (PI3-kinase), LY294002, blocks basal, aldosterone, and 
insulin-stimulated Na+ transport.2, 3 Figure 1 shows that addition of ADH to LY294002-
pretreated tissue leads to either a potentiation of ADH-mediated Na+ reabsorption or to 
the restitution of the inhibited basal current.  

Whereas the ADH-stimulated transport in control A6 cells is virtually all Na+ flux, 
the ADH response in LY294002-treated A6 cells is not exclusively amiloride sensitive, 
thus, implying that the inhibition of PI3-kinase may activate additional ion transport 
systems. We hypothesize that this LY294002-mediated potentiation in the ADH response 
may be caused by Cl- secretion—most likely through the apical cystic fibrosis 
transmembrane regulator (CFTR). Therefore, we utilized an inhibitor of CFTR—5-nitro-
2-(3-phenylpropylamino)-benzoic acid (NPPB). Cells pretreated with both amiloride and 
LY294002 responded to ADH with an NPPB-sensitive and amiloride-insensitive transport 
(data not shown). 
 These data suggest a complex interaction between the signaling pathways control-
ling transepithelial Na+ reabsorption. We propose both the PI and PKA pathways may 
converge at some point before ENaC, perhaps as early as cAMP or PI3-kinase, or as late 
as serum, glucocorticoid-induced kinase (sgk).4 In either case, further studies are needed 
to unveil the route(s) the three hormones use to control salt and water homeostasis via 
ENaC.

1.  H. H. Ussing and K. Zerahn, Active transport of sodium as the source of electric current in the short-
 circuited isolate frog skin,  Acta. Physiol. Scand. 23, 110-127 (1951). 
2.  R. D. Record, L.L. Froelich, C.J. Vlahos and B.L. Blazer-Yost, Phosphatidylinositol 3-kinase activation is 
 required for insulin-stimulated sodium transport in A6 cells, Am. J. Physiol. Endocrinol. Metab. 274,
 E611-E617 (1998). 
3.  B. L. Blazer-Yost, T.G. Paunescu, S.I. Helman, K.D. Lee and C.J. Vlahos,  Phosphoinositide 3-kinase is 
 required for aldosterone regulated sodium reabsorption.,  Am. J. Physiol. Cell Physiol. 277, C531-C536 
 (1999). 
4.  B. L. Blazer-Yost and C. Nofziger, The role of the phosphoinositide pathway in hormonal regulation of 
 the epithelial sodium channel, Abstract, International Cell Symposium, Dayton, OH (Sep 20-25, 2003). 
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EFFECT OF ALDOSTERONE ON Na+ TRANSPORT  
IN A MODEL RENAL EPITHELIAL CELL LINE  

A proteomic approach      

Puneet Souda, Frank Witzmann and Bonnie L. Blazer-Yost*

1. ABSTRACT 

  Aldosterone, a principle hormone controlling salt and water balance in vertebrates, 
acts by altering the expression of defined proteins in transporting epithelial cells. While 
several aldosterone-induced proteins have been identified, the mechanism of hormone 
action as well as the key, rate-limiting steps involved in the pathway remain unknown.  
 A proteomics approach was used to identify the differential expression of proteins in 
epithelial cells treated with aldosterone (2.7 x 10-6 M) for 12 hours. The A6 cell line 
derived from the kidney of Xenopus laevis, serves as a model renal epithelial cell line for 
studying transport phenomenon and was used in the experiments. Two series of experi-
ments consisted of a matchset containing 10 control and 7 aldosterone-treated samples 
and a second matchset with 6 control and 6 aldosterone-treated samples. The solubilizing 
conditions were optimized to produce a fraction consisting mainly of membrane and 
cytoskeletal proteins.1, 2 The separatory component of the analysis involved Immobilized 
pH Gradient (IPG) strips as the first dimension and sodium dodecyl sulfate 
polyacrylamide gel electroporesis (11-19% non-linear gradient gels) in the second 
dimension. Running conditions for the first dimension were optimized using 24 hours 
passive rehydration of 24 cm IPG strips followed by 120,000 volt-hours for isoelectric 
focusing. The second dimension was conducted on 20cm x 25cm large format gels with 
the ability to resolve >5000 proteins which were scanned using a transmission 
densitometer and analyzed using PDQuest image analysis software. The protein spots 
were digested using trypsin and spotted on a mass spectrometer plate for identification.  
   Results showed consistent repression of a protein with an iso-electric point (pI) of 9 
and molecular weight of 34 kDa in both matchsets. This protein was identified as the tail 
domain of moesin, using Matrix Assisted Laser Desorption Ionization-Time of Flight 
(MALDI-TOF) mass spectrometer with more than 99% accuracy. 
 In the first matchset, the average optical densities (OD) of the protein spots were 
5970.8 and 427.9, respectively, a 13.95 fold decrease in the presence of aldosterone. In 
the second matchset, the average ODs for the same spot were 1479.2 (control) and 56.6 
(aldosterone), a 26.13 fold decrease. 
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Figure 1. A representative image of matchset showing downregulation of spot 7505 identified as FERM tail 
domain of moesin. Graph: first 6 vertical bars represent spot intensity for spot 7505 in 6 control cells; next 6 
vertical bars represent spot intensity in 6 aldosterone-treated cells. The spot is represented inside the small 
square indicated by arrow.  

     
    The protein consistently repressed is actually a partial protein consisting of the 
FERM (band four-point-one, ezrin, radixin, moesin group) tail domain of moesin. The N-
terminal FERM domain of moesin binds to the membrane and a C-terminal F-actin 
binding segment of moesin binds to the cytoskeleton.3, 4 The down-regulation of moesin 
FERM tail domain suggests that under control conditions, a specific proteolytic 
degradation of the moesin protein occurs and aldosterone inhibits this cleavage reaction. 
To our knowledge, this is the first description of such a protoeolytic cleavage occurring in
vivo. Although these data are preliminary, they suggest a mechanism whereby aldosterone 
may inhibit protein turnover.    
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UPREGULATION OF NCX PROTEIN IN 
HEPATOPANCREAS AND ANTENNAL GLAND OF 

FRESHWATER CRAYFISH ASSOCIATED WITH 
ELEVATED CA2+ FLUX

La’Tonia M. Stiner, Yongping Gao and Michele Wheatly* 

1. INTRODUCTION 

The molting cycle of the freshwater crayfish Procambarus clarkii has emerged as an 
ideal model to study cellular/molecular mechanisms of Ca2+ homeostasis because of its 
ability to maximally absorb Ca2+ from a Ca2+ deficient environment.1 Freshwater contains 
only 1 mM Ca2+ as opposed to the 10 mM Ca2+ afforded by marine environments. The 
model is based on a negligible net transepithelial Ca2+ flux during intermolt that changes 
to vectorial Ca2+ flux around ecdysis. During premolt, 20% of cuticular Ca2+ is reab-
sorbed for deposition into CaCO3 disks and the remainder is excreted. Postmolt is char-
acterized by net environmental Ca2+ uptake rates of 2-10 mmol/kg/h and remobilization 
of stored Ca2+. Both sources are subsequently used for the calcification of a new exo-
skeleton. The Ca2+ transporting epithelia are the gills, antennal gland (kidney), hepato-
pancreas (liver) and cuticular hypodermis. Arthropod molting is coordinated by the 
steroid ecdysone and unknown environmental cues. Previous studies have shown a 
marked increase in basolateral Ca2+ pump expression during postmolt, suggesting that 
Ca2+ transporting proteins are upregulated during periods of elevated transepithelial Ca2+

uptake. Kinetic studies suggest that the NCX is the primary extrusion mechanism for 
basolateral Ca2+ efflux. Therefore, we propose that the NCX may be upregulated during 
premolt and postmolt compared with intermolt in hepatopancreas and antennal gland. 

2. EXPERIMENTAL 

2.1. Western Blotting

 Frozen tissue was ground to a powder and combined with extraction buffer. The 
sample was homogenized with a Dounce homogenizer and 18, 21, and 23 gauge needles. 
Homogenates were centrifuged for 1 hr at 13,000 x g at 4oC. The supernatant was 
retained and the pellet was stored at –80oC. The supernatant was further cleared by 
centrifugation at 13,000 x g for 30 min at 4oC. Cleared samples were stored at –80oC.
Proteins were separated on an 8% SDS-PAGE gel and transferred to polyvinyl-lidene 
fluoride (PVDF) membranes. Membranes were blocked for 1 hr in a nonfat dry 
milk/TTBS (Tris buffered saline/Tween-20) and incubated overnight with our homolo-
gous NCX antibody (1:1000) in milk/TTBS soln. Membranes were rinsed twice and 
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washed for 15 min in a milk/TTBS soln at RT. An HRP-conjugated 2o Ab was incubated 
for 1 hr in a milk/TTBS soln at RT. Blots were rinsed twice and washed for 15 min with 
milk/TTBS, followed by the application of the chemilumi-nescence reagent (ECL 
Amersham Pharmacia). Blots were photographed via Fuji LAS-3000.  

3. RESULTS  

3.1 Western Blotting 

UPREGULATION OF NCX PROTEIN IN HEPATOPANCREAS AND ANTENNAL GLAND 

Figure 2. Coomassie stained gels as an equal loading control: (A) hepatopancreas; (B) antennal gland.

4.  DISCUSSION 

 Our Western analysis (Figure 1) shows an increase in NCX protein levels in premolt 
and postmolt compared to intermolt in both the hepatopancreas and antennal gland. In 
hepatopancreas, both the 120 and 70 kDa bands were visible. However, the 120 kDa band 
was less intense, mostly likely due to degradation by proteases. Hepatopancreatic NCX 
expression appears greater in postmolt than premolt which could be due to the greater 
role the digestive system plays in ingestion of dietary Ca2+ immediately after ecdysis. An-
tennal gland analysis has revealed only a 70 kDa band, which is in direct agreement with 

Figure 1. Western blots of calcium transporting epithelia during intermolt, premolt and postmolt: (A) hepato-
pancreas; (B) antennal gland. In both tissues, NCX expression is greater in premolt and postmolt compared to 
intermolt.  
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the primary literature. The 120 kDa band was undetectable and shown not to contain the 
active portion of the protein. In this case, NCX expression appears to be greater in 
premolt than postmolt.  
 Coomassie stained gels were used as an equal loading control since commercially 
available internal control antibodies did not react with crayfish proteins (Figure 2). 
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in nitric oxide-mediated sodium/hydrogen 

exchanger regulation, 152–154 
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extracellular space determination in, 272–

274
free amino acids in, 274, 275, 276 
glycine in, 274, 275, 276, 288–289 
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cotransport, 15 
Laplace equation, 266 
Lavendustin, 302 
Leak channels, 7 
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Phosphatidylserine, in erythrocyte apoptosis, 211, 

212, 213, 214, 215 
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expression in, 398–401 
PMCA (plasma membrane Ca2+-ATPase)
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