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   Preface    

 With almost 600 reviews, transient receptor potential (TRP) channels arguably represent 
today’s most extensively reviewed pharmacological targets. The literature on TRP channels 
is vast and still growing: It has exploded from a mere 21 papers in 1995 to over 2,000 in 
the past 2 years. Yet, even the most studied TRP channels like TRPV1 continue to surprise: 
as Bernd Nilius points it out in his Introduction, “We are still at the beginning of the 
beginning.” 

 Over the past decade, both gain- and loss-of-function mutations in TRP channels (so-
called TRP channelopathies) have been identi fi ed in human disease states ranging from 
focal segmental glomerulosclerosis (TRPC6) and familial episodic pain syndrome (TRPA1) 
through brachyolmia and hereditary arthropathy of hand and feet (TRPV4) to mucolipido-
sis type-4 (TRPML1) and amyotrophic lateral sclerosis and parkinsonism/dementia com-
plex (TRPM7). These  fi ndings imply a therapeutic potential for drugs targeting TRP 
channels in a wide variety of diseases, many with no existing satisfactory treatment options. 
Indeed, a number of potent, small molecule TRPV1, TRPV3, and TRPA1 antagonists have 
already entered clinical trials, and many more are in preclinical development. 

 The TRP superfamily of ion channels in humans is a diverse family of 28 cation chan-
nels with varied physiological functions. Their name stems from their similarity on the 
sequence level to the original  trp  gene from  Drosophila  which, when mutated, resulted in a 
transient receptor potential in the presence of continued exposure to light. Overall, few 
generalizations can be made about TRP channels. Most family members share a low level 
of structural similarity, but some channels are very highly homologous to each other (e.g., 
TRPC3 and TRPC7; TRPV5 and TRPV6). Many TRP channels form functional channels 
as homotetramers, though heteromultimerization is not uncommon. The latter phenome-
non may have important implications for drug discovery. 

 Consistent with their diverse structure, TRP channels also serve diverse functions 
including afferent sensory functions (mechanical, chemical, thermal, noxious, etc.) as well 
as efferent mechanisms (of growth control, cellular differentiation, vasoregulation, media-
tor release, etc.). While most family members are cation channels with limited selectivity for 
calcium, both calcium- (TRPV5 and TRPV6) and sodium-selective (TRPM4 and TRPM5) 
family members exist. In addition, some TRP channels transport noncanonical cations such 
as iron (TRPML1), magnesium (TRPV6), or zinc (TRPA1). 

 Of the 28 TRP channels discovered until today, seven sense hot or warm temperatures 
(TRPV1 to TRPV4, TRPM2, TRPM4, and TRPM5), whereas two (TRPA1 and TRPM8) 
are activated by cold. Together, these channels, referred to as “thermoTRPs,” cover a wide 
temperature range with extremes that fall between 10°C (TRPA1) and 53°C (TRPV2). 
The temperature sensor is believed to be associated with the C terminus. In support of this 
model, swapping the C-terminal domain of TRPV1 with that of TRPM8 was shown to 
change the temperature sensitivity of TRPV1 from hot to cold. 

 Animal data and human genetic studies have shown that TRP channel dysfunction 
(“TRP channelopathy”) can cause various pathological conditions. In fact, the TRML 
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(mucolipin) and TRPP (polycystin) families were named after the human diseases they 
are associated with (mucolipidosis and polycystic kidney disease, respectively). The 
founding member of the M (melastatin) family, TRPM1, was identi fi ed via comparative 
analysis of genes that distinguish benign nevi and malignant melanoma. The A (ankyrin) 
family has only one known member (TRPA1), and its name refers to the unusually high 
number of ankyrin repeats at the N terminus of the channel protein. Mammalian TRP 
channels that are most similar to those in  Drosophila  are referred to as canonical (TRPC). 
Last, the V (vanilloid) family came into existence by expression cloning of the capsaicin 
receptor TRPV1. 

 The aim of these volumes is ambitious: They open with a series of “state-of-the-art” 
minireviews on the most interesting TRP channels (from TRPA1 to TRPV4), followed by 
a collection of cookbook-like protocol chapters describing various methodologies (ranging 
from capsaicin inhalation test in humans through rodent models of anxiety to stroke, can-
cer, diabetes, and experimental colitis models) relevant to TRP channel research. Pain mod-
els (TRPs = “Targets for Relief of Pain”) were previously detailed in our  Analgesia: Methods 
and Protocols  volume in the  Methods in Molecular Biology  series. Here, we focus on non-pain 
models in keeping with the alternative interpretation of TRPs: “Truly Remarkable 
Proteins.” 

 It is our hope that this book will be useful for graduate students in academic laborato-
ries as well as for scientists developing new drugs at Pharma and clinicians interested in 
novel drugs in the pipeline.  

Long Branch, NJ, USA Arpad Szallasi
Debrecen, Hungary Tamás Bíró 
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Arpad Szallasi and Tamás Bíró (eds.), TRP Channels in Drug Discovery: Volume I, Methods in Pharmacology and Toxicology, 
DOI 10.1007/978-1-62703-077-9_1, © Springer Science+Business Media, LLC 2012

    Chapter 1   

 Introduction to TRPs: A Quest for Novel Drug Targets       

     Bernd   Nilius         

  Abstract 

 This introduction lists TRP channels as possible pharmaceutical targets and will also refer to some 
methodological and still scienti fi c caveats. First, it will be highlighted which scienti fi c problems are still 
necessary to solve, including permeation, gating regulation. This part leads to the methodological aspect 
of the book. Second, the well-known problem of evaluating expression of several TRP channels in organs 
which need to be affected will be shortly discussed. Third, natural compounds as evolutionary important 
small molecules to modify TRP functions will be added. Last, some important diseases which might have 
priority as drug targets, focused on neurodegenerative diseases, will be mentioned.  

  Key words:   TPR channels ,  Methodological caveats ,  Drug targets ,  Neurodegenerative diseases    

 Transient receptor potential (TRP) non-selective cation chan-
nels are probably expressed in all organs of our body (Fig.  1 ), in 
all cell types but still hide to us many of their speci fi c or modula-
tory functions. They wait to be understood by the thousands of 
TRP channel-researchers around the world to be bene fi cially 
used for the whole society in many aspects, including targeting 
human diseases.  

 Billions of small molecules wait in the drug libraries for poten-
tial use in treating diseases or improving the quality of life, pre-
sumptuously labeled as serving mankind. Not surprisingly, having 
all these compounds and synthesizing more and more, the quest 
for “mankind-serving” targets is a moral and economical issue. 
And, of course, knowing already many targets, the adventure of a 
novel potentially interesting gene family encoding target proteins 
is more than welcome and provides kind of a fascination to both 
industry and academia. In this “hunting” scheme, TRP channels 
exactly  fi t in. They are polymodal, multifunctional, probably serve 
many cells to do their respective, mostly specialized job, and, especially, 
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they are unknown and provide still a white area at least in the 
well-developed research world on ion channels. When the  fi rst trp 
gene was cloned as a protein of unknown function  (  1  ) , involved in 
phototransduction in drosophila  (  2  ) , nobody expected such a 
revolution in channel physiology. On the contrary, most of the 
academic world was biased that this might be the key to open the 
mystery of the still unknown store operated Ca 2+  entry channels 
(CRACs, SOCs, SOCEs, CCEs, you name it). Knowing now more 
about it, STIMs and ORAIs have shown up, we should sensitively 
consider this too fast enthusiasm as a warning signal! Frankly, we 
tend to believe that we understand a lot about the 28 mammalian 
TRPs, but we are still at the beginning of the beginning and are 
confronted with many mysteries. Just starting, as required for a 
channel protein, we do not understand yet the regulation of per-
meation. Is the pore of many TRPs in fact a dynamic structure 
contributing to gating much more than the known  α -pore of 
classical channels? Do agonists dilate the pore? Might TRP channels 
possess other pathways for ion conduction as shown for voltage-
activated potassium and sodium channels as an ion permeation 

  Fig. 1.    All organs in our body express TRP channel. An ancient view on the organs of our body Anatomie: Méthodique ou 
Organographie humaine, from J. Salandiéere, Paris 1829 (from the free collection of Historial Anatomie   http://www.nlm.
nih.gov/exhibition/historicalanatomies/browse.html#V    ).       

 

http://www.nlm.nih.gov/exhibition/historicalanatomies/browse.html#V
http://www.nlm.nih.gov/exhibition/historicalanatomies/browse.html#V
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pathway through the voltage-sensing domain (S1–S4) of the channel, 
the  ω -pore  (  3–  5  ) . Is there only one pore in a TRP homo- or het-
eromer? Continuing with gating: What creates the gating diversity 
of TRP channels? Is it the weak voltage dependence? Is it the high 
sensitivity to membrane lipids such as PIPs? What causes the 
intriguing activation of some TRP channels by heat or cold? Are all 
thermoTRPs both cold and heat activated? Is it the high promiscuity 
of many TRP channels to accessory proteins, and if yes, what are 
these accessory proteins? We still have very, very little insight into 
the universe of TRP-interacting proteins, and even have not yet 
identi fi ed a reliable b-subunit of any TRP channel what is so crucial 
for the much better known siblings of, e.g., the voltage gated cat-
ion channels. Needless to mention: TRPs play a crucial role in many 
diseases  (  6–  11  ) . This is highly convincing for hereditary diseases. It is 
much also convincing for acquired diseases but more controversial. 
And even if we agree that TRPs cause hereditary channelopathies, 
it does not mean that we understand their disease-causing 
dysfunctions. 

 Another problem related to tools and methods: many of us just 
consider TRP channels as kind of less selective Ca 2+  channels. 
Importantly, most of the TRP channels have in fact a small Ca 2+  
selectivity and the “fractional Ca 2+  current” is often less than 5%. 
We need to measure this “fraction” to check which amount of Ca 2+  
is really contributing to the current (for methods see, e.g.,  (  12,   13  ) . 
Importantly, the fractional Ca 2+  current through TRPs might be 
also regulated! All TRPs trigger depolarization! Therefore, we 
cannot simply characterize the functional role of a TRP channels 
by Ca 2+  imaging. We also need to carefully interpret Flipper results. 
In addition, a revival of the “single channel measurement” culture 
as described so brilliantly in the Neher/Sakmann book  (  14  )  is a 
cultural MUST for a TRP (electro)physiologist. 

 Having said this hopefully not depressing but activating view, 
a book on methods to approach TRPs as pharmacological targets 
in acquired and hereditary diseases, supervised and designed by 
the most effective TRP book editor I have ever met, Arpad 
Szallasi, is very timely and important, although probably in heavy 
competition with the many TRP books that appeared already in 
the last 5 years, especially a book in the same line focused on 
methods  (  15  ) . 

 In this sense, this book is a bolt attempt to label the “unknown” 
with a sign of a “target”. Of course, there are many encouraging 
examples, but mainly on TRPV1. Ironically, so many functions 
have been attributed to TRPV1, e.g., in the central nervous system, 
the development of cerebellar Purkinje cells and hippocampal 
pyramidal neurons, their contribution to glutamatergic synapse 
stabilization and function as important player in the neonatal cere-
bellar cortex and in the re fi nement of synaptic plasticity. It came as 
a big surprise that TRPV1 is probably even not expressed in these 
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brain areas  (  16,   17  ) . This causes another problem? Do we really 
know where the TRP channels that we wish to target are 
really located? 

 We are already in the middle of the problems: We need tools. 
So far, we have probably relied too much on classical knockout 
studies. It is time to rely on more intelligent transgenics such as 
tissue speci fi c knockouts, conditional knockouts, we need more 
reporter animals for all TRPs, etc. Also, the so widely used knock-
down by gene silencing, siRNA, small hairpin RNA methods are 
often less convincing because of the already mentioned problem of 
controlling the protein down regulation with suf fi ciently selective 
tools. So, we really need better and more speci fi c antibodies. 
A problem discussed in the book? And as such a wonderful dream 
for a “TRPist”! If we have tools, small molecular weight inhibitors 
or activators, acting speci fi cally or at least controllable, we would 
face as a  fi rst requirement revisiting data from knockout experi-
ments. This is a must before we can jump into de fi ning a new drug 
as targeting a TRP for bene fi cial reasons. 

 Even when we claim knowing what TRPs are doing (Ca 2+  entry 
and depolarization), we do not know how. The reliable action of 
channel function and the correct localization of channels rely on 
innumerous interactions with channel-associated proteins. What 
do we know about accessory proteins of TRPs and what are 
the required methods? This book will also refer to this problem.    We 
know signalplexes in which TRPs function or channelosomes 
 (  18–  20  ) , but even no clear  β -subunit is so far de fi ned for a TRP 
channel (is Pacsin3 such a subunit for TRPV4)  (  21,   22  )  At least, 
targeting TRPs requires our knowledge about associated proteins 
their dynamic and functional interaction with the channel. Helpful, 
the recent database on accessory TRP proteins, worthwhile to 
check regularly   http://trpchannel.org/     (see also  (  23,   24  ) )! 

 There is another inherent problem: TRPs have a fair and an 
ugly face. Activation or inhibition can be bene fi cial for a function 
in one organ (e.g., block of TRPM4 might counteract heart 
arrhythmias) but at the same time causes an increased histamine 
release in mast cells and adrenaline release in chromaf fi n cells 
potentiating probably allergic reactions and cause hypertension, 
respectively. And, block of TRPM4 might be even protective 
against spinal cord hemorrhage. Similar examples can be given for 
possible all TRP channels. Therefore, choosing a TRP as drug target 
has to be critically weighted with effects in other tissues as the 
targeted cells.    This again efforts our knowledge about the func-
tional role of TRPs  (  25–  28  ) .    Or, downregulation of TRPC3 may 
prevent heart hypertrophy, a desired drug target, but also impairs 
synaptic plasticity by a reduced spine formation, as seen in mental 
retardation, in particular  Rett Syndrome   (  29,   30  )  and impairs moto-
control  (  31,   32  ) . TRPV1 is now identi fi ed as an antiepilepto-
genic target. Nerve growth factor (NGF) upregulates TRPV1 

http://trpchannel.org/
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expression and triggers epileptogenesis. Also the endocannabinoid 
anandamide (AEA) activates TRPV1 endogenously and AEA levels 
are increased in epilepsy. Activation of TRPV1 also triggers apop-
totic neuronal death in chronic epilepsy  (  33  ) . See also that TRPV1, 
in cooperation with the endocannabinoid system, in fl uences 
GABAergic and glutamatergic synapses and play a modulatory 
function on dopamine transmission. Through these mechanisms 
TRPV1 and endocannabinoids may have an important in fl uence 
on various neurobiological processes (e.g., control of movement, 
motivation/reward) and, particularly, on different pathologies 
affecting these processes like basal ganglia disorders, schizophrenia, 
and drug addiction  (  34  ) . But again, is TRPV1 really expressed in 
the CNS  (  16,   17  ) ? 

 Just another example: The “biogenesis” model for MLIV 
pathogenesis suggests that TRPML1 modulates postendocytic 
junk delivery to lysosomes by regulating interactions between late 
endosomes and lysosomes. Effects of TRPML1 loss on hydrolytic 
activity have a cumulative effect on lysosome function, resulting in 
a lag between TRPML1 loss and full manifestation of MLIV  (  35  ) . 
Disruption of the TRPML1 channel causes also a defective 
autophagy, which results in oxidative stress and impaired synaptic 
transmission  (  36,   37  ) . Thus, TRPML1 is a target for treatment of 
neuro-degenerative diseases and even Mucolipidosis type IV 
patients. And what about the iron permeation of TRPML1? A new 
drug target? Are the respective pathways really cleared up  (  38,   39  )  ? 
We have to know the channel function in the correct lipid environ-
ment. A very promising example is now the development of patch-
ing intracellular organelles, such as lysosomes  (  40,   41  ) . 

 Of course, the pharmaceutical industry focuses on small 
molecules, which are synthesized in vitro and screened with high 
power methods. Natural compounds teach us a lot about TRP 
channels. The problem seems to be that they are dif fi cult to syn-
thesize, but is there not a huge intellectual quest for natural com-
pounds? Since more than 5,000 years, mankind  fi ghts for spices 
added to our food. And so many of them are just wonderful TRP 
channel modulators  (  42  ) . Interestingly, some natural compounds 
which have been used in traditional medicine as antidepressants 
have TRP channels as targets. One of these compounds is  Incensole  
acetate which is released by the burning of resin from the  Boswellia  
plant has been used for religious and cultural ceremonies for mil-
lennia. It activates TRPV3, which is expressed in the brain and 
causes anxiolytic-like and antidepressive-like behavioral effects 
 (  43,   44  ) .  St. John’s Wort  has been used medicinally for over 
5,000 years. Relatively recently, one of its phloroglucinol derivatives, 
 hyperforin , an antidepressive compound, has been identi fi ed as 
effective activator of TRPC6  (  45,   46  ) . Hyperforin has been shown 
to have cognitive enhancing, memory facilitating properties and 
has probably neuroprotective effects  (  47  ) . Many more examples 
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can be given  (  48  ) . However, estimations are done that are less 
than 1% of all blooming plants have ever been tested for natural 
compounds which might be useful as medical compounds although 
all these molecules have past a more than 3.5 billions of years last-
ing evaluation procedure in evolution! 

 To close up, again a new book about TRP channels focused on 
TRPs as drug targets and the required methods (see also  (  15  ) )! 
Why is this all so important? I will just close to pin-point one new 
and exciting  fi eld of TRP functions, the brain, which requires so 
much re fi ned new methods and we need them in our survey on 
TRPs as drug targets, as recently published  (  49  ) . TRPs as analgesic 
targets (the starting point of this explosive worldwide quest for 
TRP modulators), as targets for bladder diseases, skin diseases, 
respiratory diseases, heart failure/hypertrophy, but also for heredi-
tary humans diseases (see  (  10  ) ) has been identi fi ed. However, seen 
the huge social impact, I will focus shortly on the brain. Many 
discussions have been started about “age as a drug target”! TRPs 
are again on the stage. But is this hope reliable? Do we have good 
methods to tackle this exciting perspective? TRPM7 and TRPM2 
have been put forward as potential factors in neurodegenerative 
diseases including Alzheimer´s disease, Parkinson’s disease, stroke 
and diseases associated with oxidant-mediated neuronal damage 
 (  50  ) . Especially TRPM2, which is highly expressed in the striatum 
(caudate nucleus and putamen), is supposed to play a key role in 
bipolar disorders (BDs)  (  51,   52  ) . Recent case–control studies 
implicate TRPM2 conferring risk for bipolar disorder (BD) and 
genetic variants of TRPM2 have been identi fi ed to be coupled with 
BD supporting a role for this channel in the pathogenesis of this 
disorder  (  53  )  (see for a review  (  54  ) ). Mutations in TRPM2 have 
been discovered which result in rapidly inactivated channels which 
are unable to maintain sustained Mg 2+  in fl ux  (  55–  58  ) . Via another 
pathomechanisms, TRPM7 is involved in the  Familial Alzheimers 
Disease  ( FAD ) which is linked to aberrant PI(4,5)P 2  metabolism 
causing a dysregulation of this channel. The PI(4,5)P 2  turnover is 
affected by the presenilin mutants and the cellular PI(4,5)P 2  
content correlates with the contents of the 42-residue amyloid 
ß-peptide (Aß42). Thus FAD mutant presenilin generates toxic 
Aß42 levels and causes TRPM7 dysfunction  (  59  ) . Just appeared as 
a functional channel: TRPM1, the founding member of the TRPM 
family and until now mainly known as a tumor suppressor and a 
retinal channel for light perception, could be linked to a complex 
neurodevelopmental disorder characterized by severe visual impair-
ment, intellectual disability, and refractory epilepsy. This disease is 
caused by a microdeletion in chromosome 15q13.3 carrying the 
 trpm1  gene  (  60  ) . Aging increases also substantially the risk for 
ischemic brain injury elicits by a sequence of complex biochemical 
changes including oxidative stress, edema, in fl ammation, and exci-
totoxicity. TRPM2 channels are activated by such conditions and 
downregulation of this channel clearly causes a neuroprotective 
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effect in the cerebral cortex and hippocampus after brain injury, 
oxidative stress, in fl ammation and neuronal death  (  61  ) . The Ca 2+  
activated TRP channel, TRPM4, is involved in the damaging sec-
ondary events that accompany brain injury. Changes in capillary 
permeability result in the extravasation of extracellular  fl uid, of 
in fl ammatory cells and blood, thereby producing cerebral edema, 
in fl ammation and progressive secondary hemorrhage. Inhibition 
of TRPM4 channels provides bene fi cial effects in animal models of 
traumatic brain injury and ischemia associated cerebral edema and 
secondary hemorrhage  (  62  ) . Therefore, TRPM4 inhibition plays a 
neuroprotective role, reduces in brain or spinal cord lesion volume 
and produced a substantial improvement in neurological function 
 (  28  ) . But see the already mentioned negative effects! Also TRPM7 
is a potential target for neuroprotection after brain injury. 
Suppressing the expression of TRPM7 in hippocampal CA1 neu-
rons conferred resistance to ischemic cell death, preserved cell 
function and prevented ischemia-induced de fi cits in memory  (  63, 
  64  ) . Brain injury confers a major burden to Western society and 
effective treatments are urgently required! But again, what acti-
vates TRPM2 and TRPM7 under those conditions? Depletion of 
intracellular Mg 2+ , a symptom of ischemic brain injury and a reduc-
tion of extracellular Ca 2+  are both associated with poor neurologi-
cal outcome and both are conditions which activate TRPM7 and 
possibly increasing the Ca 2+  load of neuronal cells. This leads to a 
secondary injury processes and to cell death  (  65  ) . Importantly, 
TRPM7 gene variation might play a role in the risk of ischemic 
stroke  (  66  ) . These are all wonderful perspectives! But which mech-
anisms are involved? How can we really understand that TRP chan-
nels are causative in all the sketched diseases? We have to know 
more and need re fi ned methods! This is the message of this book 
and a solution of many methodical problems is offered! 

 This introduction has focused only on a few problems and I 
have tried to provocatively highlight the need to better methods 
for an in-depth understanding how TRPs function. An excellent 
overview on TRP channels as targets for hereditary and acquired 
diseases is published and is wholeheartedly recommended to all 
TRPist´s before start reading this book and searching for suitable 
methods and answers to methodical questions  (  49  ) !     
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    Chapter 2   

 TRP-Mediated Cytoskeletal Reorganization: Implications 
for Disease and Drug Development       

     Chandan   Goswami         

  Abstract 

 So far the major focus of  T ransient  R eceptor  P otential (TRP) channels in the context of pathophysiological 
disorders was centered exclusively on the ionic conductivity mediated by these channels. However, recently 
the importance of non-ionic functions of TRP channels in different pathophysiological disorders has 
emerged. Recently several physical and functional interactions of TRP channels with cytoskeletal compo-
nents have been characterized. These interactions play important roles in executing the non-ionic func-
tions and regulations of TRP channels per se. In the membranous environment, TRP channels form 
dynamic signaling complexes that include components like microtubule and actin cytoskeleton, other scaf-
folding and key regulatory components. TRP channels can also regulate the integrity and dynamics of 
different cytoskeletal systems in complex manner. In many cases, these regulations seem to be independent 
of Ca 2+  in fl ux mediated by these channels and thus have immense signi fi cance in the context of pathophysi-
ological disorders. In this review, I highlight the importance of TRP channel interactions and multi-
directional regulations with cytoskeletal components in detail. This aspect opens up new avenues to target 
TRP signaling complexes by pharmacological manners. The strategies to target TRP complexes rather 
than targeting TRP channel solely might be useful for several clinical purposes.  

  Key words:   TRPV ,  Cytoskeleton ,  Signalplex ,  Ion channels ,  Tubulin ,  Actin  

  Abbreviations  

  4aPDD    4a-phorbol-didecanoate   
  CIRB domain    Calmodulin- and IP 3 R-binding region   
  CMT2    Charcot–Marie-Tooth disease type 2   
  DRG neurons    Dorsal root ganglion neurons   
  eGFP    Enhanced green  fl uorescence protein   
  EGTA    Ethylene glycol tetraacetic acid   
  FRET    Fluorescence Resonance Energy Transfer   
  5’I-RTX    5’-iodoresiniferatoxin   
  HUVEC    Human umbilical vein endothelial cell   
  TRP Channels    Transient receptor potential channels   
  PC2    Polycystin-2   
  TRPN    NomPC-like TRP channel   
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  TRPC    Transient receptor potential canonical   
  TRPML    Transient receptor potential mucolipin   
  MAPs    Microtubule-associated proteins   
  MBP    Maltose-binding protein   
  NF200    Neuro fi lament heavy chain 200 KDa   
  OAG    1-oleoyl-2-acetyl-sn-glycerol   
  PKC    Protein kinase C   
  PKD    Polycystic kidney disease   
  PKCe    Protein kinase Ce sub type   
  RTX    Resiniferatoxin       

 

    Though the importance of cytoskeleton in different signaling 
events and cellular functions are well established, the entire arrays 
of cytoskeletal organization at the sub-membranous region and 
complexity of the cytoskeleton at the lipid environment have not 
yet been understood  (  1,   2  ) . While the presence and function of 
cortical actin cytoskeleton just beneath the plasma membrane are 
well established, the events and mechanisms by which membrane 
proteins and sub-membranous microtubule cytoskeleton regulate 
each other and execute multiple cellular functions are just emerg-
ing  (  3  ) . In that context, it is important to mention that so far 
several proteomic studies indicate that components from microtu-
bule cytoskeleton physically interact with several transmembrane 
proteins such as ion channels, pumps, and receptors  (  4–  7  ) . These 
reports are also in full agreement with the fact that tubulin, actin, 
and other cytoskeletal proteins are selectively enriched in several 
biochemical preparations which represent different membrane 
fractions  (  8–  11  ) . Even the presence of tubulin and actin is observed 
in very specialized subset of total membrane fraction, namely in the 
lipid rafts and/or in the post-synaptic density fraction of the synap-
tic membranes  (  9,   12–  14  ) . Taken together, both membrane-
associated actin and tubulin represent membrane cytoskeleton 
which is highly relevant for several signaling and provide important 
platform on which the functions of the membrane proteins are 
dependent. Surprisingly, the dynamics, biochemical characteristics, 
regulations, and functions of the sub-membranous microtubule 
cytoskeleton are still poorly understood  (  15,   16  ) . However, for 
simplicity it can be said that a small portion of the microtubule 
cytoskeletal components are selectively present in the membrane 
fraction. These components constitute different dynamic complexes 
that are primarily formed by the transmembrane proteins. Within 
these complexes, the cytoskeletal components can interact directly 
or indirectly with the membrane proteins. 

  1.  Introduction
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  T ransient  R eceptor  P otential (TRP) channels are a group of 
newly discovered non-selective cation channels that can be activated 
by several physical and chemical stimuli and are involved in several 
physiological functions  (  17–  20  ) . Dysfunction and mis-regulation 
of TRP channels have been linked with several pathophysiological 
and genetic disorders  (  21  ) . So far, research with TRPs has focused 
mainly on the ionic conductivity mediated by these channels. 
In spite of several reports demonstrating that TRP channels share 
co-localization with several cytoskeletal proteins at highly speci fi c 
sub-cellular locations, the importance of TRP-cytoskeleton cross-
talk in the context of structure–function and regulation has been 
neglected for a long time. Only in recent time, the importance of 
cytoskeletal proteins in the multi-dimensional regulation of TRP 
channels has come to light. So far, a handful of reports suggest that 
cytoskeletal proteins play an important role in the context of 
structure–function and regulation of TRP channels. In the same 
context, a number of studies have indicated that TRP channels 
physically interact with actin and microtubule cytoskeleton as well 
as with many other proteins at the plasma membrane. Therefore 
the signi fi cance of these interactions is manifested by the functional 
aspects of TRP channels. All these studies also indicate that 
cytoskeletal, vesicular and other membrane regulatory proteins 
interact with TRP channels and form scaffolds at the plasma mem-
brane which can be described as dynamic functional complexes 
central to many physiological functions. Improper structure–
function and regulation of these complexes seem to be intimately 
associated with the development of diseases and pathophysiologi-
cal conditions. Therefore these complexes represent potential, 
speci fi c and novel pharmacological targets. 

 It is noteworthy to mention that so far crosstalk between TRP 
channels with cytoskeleton has not been investigated properly 
though the indication of such crosstalk was reported long back. 
For example, it has been demonstrated that capsaicin-responsive 
DRG neurons are devoid of neuro fi lament 200 kDa protein 
(Capsaicin-responsive dorsal root ganglion (DRG) neurons cannot 
be labeled with a monoclonal antibody (RT97) that detects NF200 
kDa) though the reason for such speci fi c regulation is still not 
known  (  22,   23  ) . Nevertheless, understanding of such  fi ne regula-
tions between TRP channels and cytoskeleton has tremendous 
importance in the case of several pathophysiological disorders and 
diseases. In this review I highlight the interaction of different 
cytoskeletal proteins with TRP channels at several levels and also 
how these complexes are regulated.  
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 The importance of cytoskeleton in the context of function and 
regulation of TRP channels came from the common observation 
that these channels and speci fi c cytoskeletal proteins are co-
expressed in some specialized cells. Often these two groups of 
proteins are located at distinct subcellular structures also, a topic 
that has been discussed in detail by us recently  (  24  ) . As these sub-
cellular structures are characterized by the presence of these 
specialized proteins and/or by intricate cytoskeletal organization, 
speci fi c localization strongly suggests that TRP channels either 
interact with some of the cytoskeletal proteins and/or are involved 
with the development as well as function of these structures. For 
example, polycystine channel sub type 2 (PC2) co-localizes with 
polyglutamylated tubulin at the basal bodies/cilia of ciliated epi-
thelial cells present in mouse trachea  (  25  ) . This co-localization is 
also in agreement with the involvement of PC2 channel in ciliary 
function. PC2 forms a complex with pericentrin and this interaction 
is also required for primary cilia assembly  (  25  ) . In the same context, 
both PC1 and PC2 are present in the primary cilium of kidney cells 
 (  26  ) . PC2 channel is also localized at the primary cilia of renal 
epithelial cells  (  27  ) .  Xenopus  TRPN1 (NOMPC) localizes to the 
tip of the microtubule-based cilia in epithelial cells (kinocilial bulb) 
and tip of the inner-ear hair cells  (  28  ) . There TRPN co-localizes 
with cytoskeletal components like actin, tubulin, and Cdh23. In 
 Drosophila melanogaster , NOMPC (a member of the TRP channel 
family) localizes to the tubular body and distal cilium of 
Campaniform and Chordotonal receptor cells and is involved in 
these ciliary functions  (  29  ) . In  Drosophila , TRPN (=NOMPC) 
localizes at the distal end of mechanosensory cilia also and co-
localizes with EYS (an extracellular protein that marks the proximal 
end of the sensory cilia)  (  30  ) . TRPC6 localizes in podocytes where 
it interacts with podocin and nephrin, components that belong to 
actin cytoskeleton  (  31  ) . These examples suggest that TRP channels 
localize at the speci fi c cytoskeleton-enriched structures and share 
a special relation with the cytoskeletal components. 

 Like PC, TRPN and TRPC channels, recent results suggest 
that TRPV channels share physical and functional interactions with 
cytoskeletal components. TRPV1 and TRPV4 are reported to be 
localized at the tip of  fi lopodia in both neuronal and non-neuronal 
cells when expressed ectopically  (  24,   32,   33  ) . This is also in agree-
ment with the endogenous localization of TRPV1, TRPV4 and 
other TRP channels at the spines  (  33–  35  ) . Interestingly, expres-
sion of TRPV1 induces  fi lopodia that possess a characteristic bul-
bous head which contains negligible amount of F-actin but 
accumulates TRPV1 there  (  24,   32  ) . This phenotype resembles well 
with the expression of the non-conventional myosin II, III, V, X 
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and XV  (  24,   36–  47  ) . These similarities suggest that overexpression 
of TRPV1 may alter the function of these myosin motors and exe-
cute similar dominant-negative effects. Indeed, changes in the 
expression pattern as well as distribution of certain cytoskeletal 
proteins including non-conventional myosin motors after the ecto-
pic expression and/or activation of TRP channels have been 
reported  (  32,   48,   49  ) . Ectopic expression of TRPV1 in F11 cells 
results in altered expression as well as reorganization of non-con-
ventional myosins, namely endogenous myosinIIa and myosinIIIa 
 (  32  ) . In agreement with this, observation another study has also 
con fi rmed that overexpression of TRPC6 in transgenic mice 
resulted in an increased expression of beta-myosin heavy chain in 
cardiac tissues  (  50  ) . 

 In many cases, the development and the function of these 
specialized cells/structures are regulated by both TRP channels 
and these cytoskeletal proteins. In agreement with this, mutations 
in either TRP channels or speci fi c cytoskeletal proteins often lead 
to similar, if not same, phenotype as well as pathophysiological 
disorders and/or syndromes. Taken together, involvements of 
these two groups of proteins in common functions and occurrence 
in same cell (even in the same sub-cellular regions) are highly 
indicative of physical, functional, and genetic interactions  (  51  ) . 
As the examples are too many, it is impossible to cover all these in 
this review. However, some key examples, like multi-dimensional 
relation of TRP channels with different motor proteins are 
described here. 

 For example, as is the case in many ciliary proteins, mutations 
either in PC1 and PC2 are also involved in polycystic kidney disease 
(PKD) and result in defective localization, cilia formation and/or 
loss of  fl ow-induced Ca 2+  signaling  (  26,   52  ) . This agrees with the 
fact that PC channels are regulated by microtubule-based motor 
proteins such as KIF3a and KIF3b  (  53  ) . In a similar context, muta-
tions in either kinesin (Kif1b) or TRPV4 result in similar 
pathophysiology and development of Charcot–Marie-Tooth disease 
type 2 (CMT2) disease suggesting a strong genetic link between 
these two  (  21,   54–  57  ) . Mutations in TRP channels as well as in 
different non-conventional myosin motors are also reported to 
develop similar pathophysiological disorders and other syndromes 
like deafness and blindness. For example, both the development 
and proper function of the stereocilia of hair cells are important for 
hearing. In normal conditions, the ciliary tips of hair cells contain 
enriched amounts of endogenous TRP channels as well as several 
nonconventional myosin motor proteins, indicating that the function 
of these cells are dependent on these two groups of proteins at the 
ciliary tips. Indeed, several reports suggest that in the case of deaf-
ness, several nonconventional myosin motors (myosin I, IIA, IIIA, 
VI, VIIA and XV) are important for either development of the 
stereocilia of hair cells in the inner ear or proper localization of 
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TRP channels at the tips of these stereocilia  (  58–  60  ) . Reciprocally, 
mutations and abnormal expression–functions of several TRP 
channels, namely NompC, TRPML1, TRPML2, TRPML3, 
TRPV4, TRPV5, and TRPV6 also lead to deafness  (  30,   61–  68  ) . 

 Like auditory defects, development, polarization of retinal cells 
and proper traf fi cking of pigments in the retinal cells are involved 
in the proper light-sensing mechanisms. In case of blindness, both 
TRP channels and non-conventional myosins are involved  (  60  ) . 
Retrospectively, TRP channel was  fi rst discovered by Minke et al. 
in  Drosophila melanogaster  as the mutant was defective in light-
sensing mechanism  (  69  ) . Indeed, so far several TRP channels have 
been reported to express in retinal cells. Some of these TRP chan-
nels are involved in photo-response and essential for the light sen-
sation as mutation in these TRP channels causes different forms of 
blindness  (  70  ) . For example, mutation in TRPM1 is responsible 
for blindness as it is involved in retinal ON bipolar function 
 (  71,   72  ) . In agreement with the involvement in common func-
tions, mutations in myosin motors are also involved in blindness. 
Mutation in myosin VIIa is involved in the development of “Usher 
syndrome type 1B”  (  60  ) . In  Drosophila , Ca 2+ -activated myosin V is 
involved with the closure of the pupil and thus with the light sensa-
tion procedure  (  73  ) . Apart from the genetic interaction, recent 
reports clearly indicate physical as well as functional interactions 
between these two groups of proteins. Recently it has been reported 
that translocation of eGFP-tagged TRP-like channels to the rhab-
domeral membrane in  Drosophila  photoreceptors is myosin III 
dependent  (  74  ) . A recent proteomic screen has also identi fi ed 
myosin as an interacting protein for TRPC5 and TRPC6  (  75  ) . 
Another study showed that myosin IIa is directly phosphorylated 
by TRPM7, a cation channel fused to an alpha-kinase  (  76  ) . In the 
same notion, a recent proteomic screen has identi fi ed the heavy 
chain of myosin X and cytosolic dynein heavy chain as an interacting 
protein of TRPC3  (  77  ) . All these results suggest that TRP channels 
and some of the speci fi c cytoskeletal proteins like kinesins and 
nonconventional myosins are involved in same functions. 
However, detailed studies are needed to understand these genetic 
interactions.  

 

 In the last few years, major progress has been made to elucidate 
and further characterize the physical interaction of TRP channels 
with components from microtubule cytoskeleton like tubulin, 
microtubule associated proteins (MAPs) and different motor pro-
teins  (  3,   6,   78  ) . So far, direct physical interaction of tubulin has 
been reported for members belonging to TRPV, TRPC, and TRPP 
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channels  (  3,   6,   7,   75,   79  ) . Here I discuss the details of these 
interactions. 

 Probably the best characterization for the interaction of TRP 
channels with tubulin has been illustrated by TRPV1, alternatively 
known as capsaicin receptor (Fig.  1 ). By proteomic analysis, we 
identi fi ed tubulin as a component present in the complex formed 

  Fig. 1.    TRPV1 interacts directly with microtubule cytoskeleton and induces cellular changes upon expression as well as 
activation. ( a ) MAP-enriched tubulin (lane 1, input) was added to the MBP-TRPV1-Ct coupled with amylase resin (lane 2). 
A signi fi cant fraction of the tubulin interacts with the MBP-TRPV1-Ct. ( b ) The MBP-TRPV1-Ct directly interacts with polym-
erized microtubules. Puri fi ed tubulin dimers were incubated with GTP to form microtubules either in the presence of MBP 
only (lane 1–2) or in the presence of MBP-TRPV1-Ct (lane 3–4) or in the presence of buffer only (lane 6–7). Polymerized 
microtubules and bound proteins were subsequently separated from unpolymerized tubulin dimers or unbound proteins by 
centrifugal separation of pellet ( P ) fraction from supernatant fraction ( S ). Silver-stained gel ( left side ) and anti-MBP western 
blot analysis reveal speci fi c interaction of MBP-TRPV1-Ct ( blue arrow head  ) with polymerized microtubules. MBP alone 
does not interact with polymerized microtubules and thus do not appear in the pellet fraction. ( c ) Tubulin co-immunopre-
cipitates with TRPV1. Anti-GFP antibody was used for immunoprecipitation from F11 cells transiently expressing GFP only 
(lane 1) or GFP-TRPV1 (lane 2). Immunocomplexes were probed for TRPV1 ( left side ) and tubulin ( right side ). Presence of 
tubulin is detected only in lane 2, but not in lane 1. ( d ) Ectopic expression of TRPV1 ( green ) alters cellular morphology and 
induces multiple  fi lopodial structure. TRPV1 co-localizes with neuron-speci fi c β-tubulin subtype III ( yellow ) in such 
 fi lopodial structures. Scale bar 20 mm and 10 mm respectively.       
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with the C-terminal cytoplasmic domain of TRPV1  (  80  ) . The 
 interaction was subsequently con fi rmed by several biochemical 
approaches including co-immunoprecipitation, microtubule co-sed-
imentation, direct pull-down assay and cross-linking experiments 
 (  49,   80  ) . This interaction is direct as both puri fi ed tubulin and the 
C-terminal cytoplamic domain of TRPV1 tagged with maltose-
binding protein (MBP-TRPV1-Ct) can form a stable complex. We 
identi fi ed two short regions located within the C-terminus of 
TRPV1, namely amino acids 710–730 and 770–797 that can retain 
tubulin interaction independently  (  49  ) . In contrast, MBP-TRPV1-Nt 
failed to interact with tubulin in a direct pull-down assay  (  80  ) . Based 
on these observations, it was proposed that the tubulin interaction 
was restricted within the C-terminal cytoplasmic region of TRPV1 
only  (  49,   80  ) . However, recently it has been shown that the 
N-terminal cytoplasmic region of TRPV1 can also interact with 
tubulin  (  81  ) . This difference might be due to the experimental sys-
tems and the procedures used. Taken together, this suggests that 
there might be more than one region located in TRPV1 that can 
be involved in tubulin interaction. It might also suggest that 
TRPV1-tubulin interaction is dynamic and might be involved in 
the conformational changes.  

 The C-terminal cytoplasmic region of TRPV1 preferably inter-
acts with the β-tubulin and to a lesser extent also with the α-tubulin 
 (  49  ) . The cross-linking experiment revealed that MBP-TRPV1-Ct 
interacts with β-tubulin quickly and the entire amount of b-tubulin 
forms a high-molecular weight complex with MBP-TRPV1-Ct 
within a minute. In contrast, the MBP-TRPV1-Ct interacts with 
a-tubulin slowly and almost half of the β-tubulin fails to form 
high-molecular weight complex with MBP-TRPV1-Ct even after 
an hour. This also suggests a stronger binding of TRPV1 to the 
plus end rather than the minus end of microtubules as the plus 
ends of microtubule proto- fi laments are decorated with β-tubulin. 
It is therefore tempting to speculate that TRPV1 may act as a 
microtubule plus-end-tracking protein (+TIP) (  6  ) . However, 
whether TRPV1 can indeed serve as a plus-end-tracking protein 
remains to be explored. 

 A signi fi cant understanding about the TRPV1 interaction with 
tubulin has been derived from sequence analysis of the binding 
regions. Interestingly, there are two short tubulin-binding stretch 
sequences that reveal tubulin-binding ability. These two sequence 
stretches contain highly basic amino acids and contain very high 
isoelectric points, 11.17 and 12.6  (  49  ) . In the context of microtu-
bule interaction, these two regions can act as polycationic stretch 
sequences that can favor microtubule formation and stabilize them 
 (  82–  84  ) . Indeed, these two short stretch sequences can also interact 
with soluble tubulin as well as with polymerized microtubules  (  49  ) . 
Interestingly, if assumed to form α-helical conformation, then all the 
basic amino acids present in these two regions are projected to one 
side, suggesting potential interactions with negatively charged 
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surface. In this context, it is important to note that the C-terminal 
over-hanging regions of tubulin contain a large number of negatively 
charged glutamate (E) residues in a stretch characterized as an 
unstructured region of the tubulin and thus referred to as “E-hook”. 
Due to the presence of several negatively charged residues, the 
E-hook can be important for the interaction with the TRPV1, espe-
cially to these positively charged regions (Fig.  2 ). In agreement with 
this, previously we have demonstrated that α s β s -tubulin (protease-
digested tubulin dimers that lack approximately 45 amino acids from 
the C-terminal region including the E-hooks) does not bind to the 
MBP-TRPV1-Ct  (  49  ) . More interestingly, in many TRPV channels 
the distribution of these basic amino acids composing the tubulin-
binding regions is conserved even though the overall amino acid 
conservation is rather limited. This may suggest that tubulin interac-
tion is apparently under high evolutionary pressure and it might be 
conserved in many TRP channels. Indeed, the C-terminal cytoplasmic 
region of TRPV4 also reveals interaction with tubulin  (  33  ) . Similarly, 
the C-terminal region of the TRPV2 also interacts with puri fi ed 
tubulin (Unpublished observation). However, the exact amino acids 
of TRPV4 and TRPV2 that are involved in the tubulin interaction 
have not been determined yet.  

 It is important to note that different post-translationally 
modi fi ed tubulin, like tyrosinated tubulin (a marker for dynamic 
microtubules), acetylated tubulin, polyglutamylated tubulin, dety-
rosinated tubulin, phospho (serine) tubulin and neuron-speci fi c 
b-III tubulin (all markers for stable microtubules) interact with 

  Fig. 2.    Tubulin-binding motifs located at the C-terminus of TRPV1 are characterized by the 
presence of multiple positive charged residues. ( a ) The basic amino acids (indicated in 
 blue ) are located at one side of the putative helical wheel, where it can interact with the 
acidic C-terminus of tubulin. ( b ) The extreme C-terminus of both α- and β-tubulin contains 
highly negatively charged amino acids (indicated in  red  ) and is mostly unstructured.       
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MBP-TRPV1-Ct  (  49  ) . The same phenomenon was also observed 
with MBP-TRPV4-Ct  (  33  ) . These results strongly suggest that 
TRPV channels interact not only with soluble tubulin, but also 
with assembled microtubules which represent various dynamic 
states of the microtubules. Indeed, the puri fi ed cytoplasmic domain 
of TRPV1-Ct, TRPV2-Ct, and TRPV4-Ct co-sediment with 
polymerized microtubules also. In addition to sole binding, MBP-
TRPV1-Ct and MBP-TRPV4-Ct exert strong stabilization effect 
on microtubules. This stabilization effect of the C-terminus of 
TRPV1 and/or TRPV4 becomes especially apparent under micro-
tubules depolymerizing conditions such as in the presence of 
nocodazol or increased Ca 2+  concentrations  (  33,   80  ) . These obser-
vations  fi t well with the fact that polycations favor microtubule 
polymerization and stabilization  (  82  ) . 

 As TRPV1 represents a non-selective cation channel, the role of 
increased concentration of Ca 2+  on the properties of TRPV1–tubulin 
and/or TRPV1–microtubule complex is of special interest. Tubulin 
binding to MBP-TRPV1-Ct is sensitive to the presence of Ca 2+  
 (  80  ) . In contrast, the absence or presence of extra Ca 2+  has no effect 
on the interaction of tubulin with MBP-TRPV4-Ct  (  80  ) . 
Interestingly, the microtubules formed with MBP-TRPV1-Ct in 
the presence of Ca 2+  become ‘cold-stable’ as these microtubules do 
not depolymerize further at low temperatures  (  80  ) . The exact 
mechanisms by which Ca 2+  modulates these physio-chemical prop-
erties in vitro are not clear. In this regard, it is important to mention 
that tubulin has been shown to bind two Ca 2+  ions to its C-terminal 
sequence  (  85–  88  )  and thus Ca 2+ -dependent conformational changes 
of tubulin may underlie the observed effects of Ca 2+   (  89  ) . 

 In addition to the interaction with αβ-tubulin dimer with the 
TRPV channels, there are several reports that suggest that other 
components of the microtubule cytoskeleton also interact with the 
TRPV channels. For example, a yeast two-hybrid screen has reported 
interaction of kinesin 2 and kinesin family member 3B with the 
TRPV1  (  78  ) . Similarly, MAP7 interaction with TRPV4 has been 
demonstrated  (  90  ) . This interaction is also mapped down to the 
C-terminal cytoplasmic domain of TRPV4, especially within the 
amino acid region 798 to 809. This MAP7 interaction is involved 
in the surface expression of TRPV4. The biochemical data of direct 
interaction as well as microtubule stabilization  fi nd their correlates 
in cell biological studies. Ectopic expression of TRPV1 in dorsal 
root ganglia-derived F11 cells results in co-localization of TRPV1 
and microtubules and accumulation of endogenous tyrosinated 
tubulin (a marker for dynamic microtubules) in close vicinity to the 
plasma membrane  (  80  ) . As suggested by its preference to bind to 
the plus-end-exposed β-tubulin, TRPV1 apparently stabilizes 
microtubules reaching the plasma membrane and thereby increases 
the number of pioneering microtubules within the actin cortex. 
Similarly, TRPV4 co-localizes with microtubules at the plasma 
membrane  (  33  ) . Therefore, the stabilization of microtubules in the 
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plasma membrane induces cellular morphological changes. This 
also explains at least in part why overexpression of TRPV1 induces 
massive induction of  fi lopodial structures in neuronal as well as in 
non-neuronal cells. The mechanism for this is currently under inves-
tigation and apparently also includes alterations in the actin cytoskel-
eton. However, co-localization of TRPV1 with tubulin has been 
observed all along the  fi lopodial stalk and, of note, including the 
 fi lopodial tips  (  32,   91  ) . Tubulin and components attributed to sta-
ble microtubules (like acetylated tubulin and MAP2a/b) were also 
observed within these thin  fi lopodial structures  (  32  ) . 

 Apart from the TRPV members, few TRPC members have 
been reported to interact with tubulin. TRPC5 and TRPC6 have 
sown to form signaling complexes that contain tubulin  (  75  ) . In a 
similar manner, TRPC1 also interacts with tubulin and this inter-
action is involved with the surface expression of the channel  (  79  ) . 
A proteomic study has also reported interaction of few microtu-
bule cytoskeletal proteins, namely microtubule-associated protein 
2 (MAP2) and cytosolic dynein heavy chain with TRPC3  (  77  ) . In 
addition, physical interaction of TRPC5 with stathmin, a factor 
that causes disassembly of microtubule cytoskeleton has been 
demonstrated  (  92  ) . The interaction with stathmin is important for 
the neurite extension, growth cone function and also for synapto-
genesis. Interestingly, TRPC5 interaction with stathmin plays an 
important role in the regulation of neurite and  fi lopodial length 
also. In agreement with other TRP channels, PC1 and PC2 chan-
nels also interact with different tubulins (like α-tubulin, β-tubulin, 
γ-tubulin, acetylated α-tubulin) and the kinesin motor proteins 
KIF3A and KIF3B  (  53,   93  ) .  

 

 In the last few years, signi fi cant progress has been made to eluci-
date the regulation of microtubule cytoskeleton by TRP channels. 
This is not surprising as activation of TRP channels initiates Ca 2+  
signaling as well as many other signaling events. Indeed recent 
reports suggest that activation of TRP channels is not an all-or-
none event and thus these channels can regulate the cytoskeleton 
by both Ca 2+ -dependent as well as Ca 2+ -independent mechanisms 
 (  94  ) . Recently we have demonstrated that TRPV channels regulate 
cytoskeleton in many different manners. For example, activation of 
TRPV1 by speci fi c agonists like Resiniferatoxin (RTX) or Capsaicin 
leads to rapid destabilization of microtubules  (  48,   95  ) . Notably, 
TRPV1 activation predominantly affects the dynamic microtubules 
and not the stable microtubules. This conclusion has been drawn 
mainly due to the observation that majority of the tyrosinated 
tubulins (marker for dynamic microtubules) but not the acetylated 
or polyglutamylated tubulins (markers for stable microtubule) 
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appear as soluble tubulin after the activation  (  48  ) . Similarly, activation 
of TRPV4 also results in disassembly of microtubules  (  33  ) . Though 
the exact molecular factors and pathways involved in this microtu-
bule disassembly are not known, involvement of Cam-Ca 2+  complex 
can be speculated  (  96–  98  ) . This is due to the fact that catalytic 
amounts of Cam-Ca 2+  complex are known to cause severe micro-
tubule disassembly. However, this TRPV-induced microtubule 
disassembly can be achieved even in a Ca 2+ -independent manner, 
especially under certain conditions. For example, TRPV1 mediated 
microtubule disassembly can also be achieved in the presence of 
Ca 2+  chelators like EGTA and strong inhibitor of TRPV1, like 5’I-
RTX  (  49,   91  ) . Even expression of the N-terminal fragment of 
TRPV1 (ΔTRPV1-Nt) can cause microtubule disassembly in 
response to some speci fi c components like estrogen  (  91  ) . These 
results strongly suggest that Ca 2+ -independent pathways are also 
involved in the microtubule disassembly. However, further studies 
are needed to dissect these different signaling events in detail.  

 

 Similar to microtubule cytoskeleton, a large number of studies 
suggest that TRP channels interact with actin cytoskeleton, both 
physically and functionally. Often TRP channels physically interact 
with G-actin and other components associated with actin cytoskel-
eton. For example, members of TRPV, TRPC and PC channels are 
reported to form molecular complexes that contain actin and/or 
related components  (  33,   53,   93  ) . The interaction of TRP channels 
with actin cytoskeleton is functionally important and relevant for 
several reasons. First, actin cytoskeleton is located just beneath the 
plasma membrane and thus has enough physical proximity to 
interact with the TRP channels. Next, in many cases, TRP channels 
are present in specialized subcellular structures like at the spines, 
 fi lipodial tips, etc., that are characterized by the presence of bundled 
actin cytoskeleton  (  32–  34  ) . In addition, there are TRP channels 
(like TRPV4) that are involved in mechanosensation, a complex 
process and thus are supposed to bridge lipid bi-layer with 
sub-membranous cytoskeleton  (  7,   99,   100  ) . 

 So far TRPV4 represents the best characterized TRP channel 
in terms of multi-dimensional interaction with actin cytoskeleton. 
Based on the  fl uorescence resonance energy transfer (FRET) per-
formed in live cells, it was demonstrated that actin and TRPV4 
share a close proximity, possibly a physical interaction between 
these two  (  101  ) . This physical interaction is logical as both TRPV4 
and actin cytoskeletons are functionally involved in mechanosensa-
tion as well as in mechanical pain  (  102  ) . In agreement with that, 
recently we have demonstrated that the C-terminus of TRPV4 
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interacts directly with soluble actin as well as with polymerized 
actin  fi laments  (  33  ) . In addition, presence of a2 integrin, an actin-
binding protein in the signaling complex formed by TRPV4 has 
also been reported  (  103  ) . These interactions are also in agreement 
with the fact that TRPV4 is enriched in structures like cilia, 
 fi lopodia, focal adhesion points, dendritic spines and in lamellipo-
dia, where it can regulate the dynamics of actin cytoskeleton  (  33, 
  104–  110  ) . In the same notion, involvement of TRPV4 in the inter-
cellular junction formation in keratinocytes has been demonstrated 
 (  111  ) . In spite of these studies, the exact location on TRPV4 where 
actin or other actin cytoskeletal proteins bind with it has not been 
determined. However, we demonstrated that soluble tubulin com-
petes with soluble actin for binding on MBP-TRPV4-Ct suggest-
ing that both actin and tubulin may bind to the same site located 
on TRPV4-Ct  (  33  ) . This also suggests that TRPV4 may have a 
complex regulatory mechanism that switches it from actin cytoskel-
eton to microtubule cytoskeleton or vice versa. 

 In contrast with TRPV4, interaction of other TRPV members 
with soluble actin cytoskeleton is not well established. As TRPV1 
localizes in the actin cytoskeleton-enriched structures like at the 
 fi lopodial structures and at the dendritic spine, it is expected that 
TRPV1 interacts with actin cytoskeleton  (  32,   112  ) . However, so 
far the direct physical interaction of TRPV1 with actin has not 
been established. In contrary, it has been shown that the same 
immune complex of TRPV1 that contains tubulin actually lacks 
actin  (  80  ) . Even puri fi ed MBP-TRPV1-Ct does not interact with 
soluble actin in a condition where it interacts with tubulin  (  49  ) . 
These results apparently suggest that TRPV1 may not interact 
directly with actin cytoskeleton. However, it might be possible that 
TRPV1-actin complex is extremely dynamic in nature, needs full-
length TRPV1 (or even tetrameric structures) and dif fi cult to 
extract in soluble phase. Therefore, bio-chemical methods may not 
be suitable to con fi rm the interaction and further live cell imaging 
studies are needed. 

 Recently, few TRPC members have also been reported to 
interact with actin cytoskeleton. In a proteomic screen it has been 
shown that the signaling complex formed by TRPC5 and TRPC6 
contains actin and other actin cytoskeletal associated proteins, 
namely spectrin and myosins  (  75  ) . Among all, spectrin seems to 
be a conserved interacting protein for many TRP channels, espe-
cially for TRPC members. In agreement with that, a recent study 
demonstrated that the C-terminal cytoplasmic part of hTRPC4, 
speci fi cally amino acid residues 686 to 977 interact with aII- and 
bV-spectrin in a yeast two-hybrid assay  (  113  ) . Within this region, 
the amino acids residues 730–758 of hTRPC4 are critical for the 
interaction with spectrin  (  113  ) . This interaction was further 
con fi rmed by glutathione S-transferase pulldown and co-immu-
noprecipitation experiments. This interaction with spectrin is 
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important for the surface expression of TRPC members. Further 
deletion studies con fi rmed that amino acids 730–758 of hTRPC4 
are critical for the interaction with spectrin. This region contains 
a coiled-coil domain and is juxtaposed to the Ca 2+ /calmodulin- 
and IP 3 R-binding region (CIRB-domain) suggesting that the 
interaction with the cytoskeletal components can have in fl uence 
on other regulation as well. It is likely that spectrin interacts with 
TRPC5 also as the same sequence which is important for interac-
tion is present in TRPC5. A recent proteomic study has also 
reported the interaction of several actin cytoskeletal proteins, 
namely, spectrin a-chain, spectrin b-chain as well as co fi lin-1 as 
interacting proteins of TRPC3  (  77  ) . In the same notion, it has 
been demonstrated that TRPC4 also interacts with SESTD1, a 
previously uncharacterized protein that contains a lipid-binding 
SEC14-like domain and a spectrin-type cytoskeleton interaction 
domain  (  114  ) . TRPC4 also interacts with 4.1 protein indicating 
that TRP channels and cytoskeletal proteins indeed form complex 
membrane scaffolds. This interaction is also due to a small sequence 
located at the C-terminus of the TRPC4 which is enriched with 
positively charged residues. Due to this ionic interaction, associa-
tion of TRPC4 with membrane cytoskeleton is sensitive to high 
salt  (  115  ) .    Interaction of PC channels with actin cytoskeleton and asso-
ciated components like monomeric actin, the actin-related com-
ponents a-actinin and gelsolin have also been demonstrated 
 (  53,   93  ) . However, more studies are needed to identify the entire 
spectrum of interacting proteins belonging to actin cytoskeleton.  

 

 Being permeable to Ca 2+ , activation of TRP channels has the potential 
to regulate actin cytoskeleton. Indeed several reports suggest that 
TRP cannels regulate actin cytoskeleton by various manners. 
Interestingly, the nature of regulation and exact effect of TRPs-
mediated regulation of actin cytoskeleton depend on few factors, 
mainly on the identity of the TRP channels and the cellular system. 
Best characterization of TRP-mediated regulation of actin 
cytoskeleton has been demonstrated for TRPV channels, namely 
for TRPV4. This also  fi ts well with the involvement of TRPV4 in 
several cellular functions that are also known to require active 
participation of the actin cytoskeleton. It is noteworthy to mention 
that TRPV4 is a key molecule involved in mechanical force 
mediated biological processes. For example, TRPV4 activity is 
central to cytoskeleton-dependent/mediated regulatory volume 
decrease of cells, a process where actin-binding proteins contrib-
ute to cell volume regulatory ion channel activation  (  116–  120  ) . 
In the same notion, a recent study demonstrated that disruption 
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of the actin cytoskeleton increases the intracellular mobility of 
TRPV4-GFP and results in loss of co-localization of TRPV4 with 
actin  (  121  ) . Recently it has been reported that TRPV4 regulates 
the morphology of human umbilical vein endothelial cell (HUVEC) 
 (  122  ) . Activation of TRPV4 in this cell line causes rapid retraction 
and condensation of cells. In a similar manner, a prolonged activa-
tion also causes detachment of cells from the plates. Interestingly, 
these effects can be blocked by the ruthenium red, a TRP channel 
blocker. This suggests that TRPV4 activation alters the cytoskeletal 
integrity and dynamics and affects focal adhesion points as well as 
microtubules  (  122  ) . Indeed, recent reports also suggest that 
TRPV4 activation regulates the morphology and migration of neu-
roendocrine (GN11) cells  (  123  ) . These effects are in full agree-
ment with what has been seen in F11 cells that express TRPV4 
 (  33  ) . This cell retraction due to TRPV4 activation is partly due to 
the loss of microtubules which disrupt the balance between antero-
grade force mediated by microtubule cytoskeleton and the retro-
grade force mediated by acto-myosin components. 

 In a similar manner, functional consequence of TRPV1 on the 
actin cytoskeleton has been shown in some systems. However, the 
effect of TRPV1 on actin cytoskeleton seems to be different 
depending on the cellular systems. For example, TRPV1 activation 
may enhance actin polymerization in some cellular systems whereas 
other cellular systems may remain unaffected or reveal depolymer-
ization. Indeed it has been shown that capsaicin treatment increases 
the actin cytoskeleton, and also increases the actin  fi lament content 
in neutrophils  (  124  ) . Similarly, the effect of TRPV1 activation on 
the actin cytoskeleton has been demonstrated in sperm cells also. 
It has been shown that inhibition of TRPV1 by capsazepine during 
capacitation leads to the inhibition of actin polymerization in the 
acrosomal region  (  125,   126  ) . Another study also demonstrated 
that activation of TRPV1 in premature spermatozoa promotes 
actin cytoskeletal depolymerization and a loss of acrosome struc-
ture integrity  (  125,   126  ) . In case of F11 cells, the dorsal root gan-
glion-derived cells, activation of TRPV1 results in rapid microtubule 
disassembly but does not cause disassembly of actin or neuro fi lament 
cytoskeleton  (  48  ) . 

 Other TRP channels also reveal functional interactions with 
actin cytoskeleton. For example, TRP1 in human platelets (hTRP1) 
couples with IP3 receptor and this coupling is controlled by actin 
cytoskeleton as stabilization of the cortical actin cytoskeleton with 
pharmacological means prevents this coupling  (  127  ) . This result 
suggests that the sub-membranous actin  fi laments act as negative 
clamp which prevents constitutive coupling between TRP1 and 
IP3. In the same manner, PC2 channels regulate the morphology 
of BeWo cells that represent Human Trophoblast Choriocarcinoma 
 (  128  ) . In this cell line, PC2 co-localizes at the cytokinetic midbody 
where the dynamics of actin cytoskeleton is important for the  fi nal 
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step of the cell division. In the case of neurons, TRPC1 regulates 
growth cone dynamics by a  fi ne balance of LIM kinase and sling-
shot phosphatase activity which in turn regulates ADF/co fi lin 
 (  129  ) . This process is involved in growth cone attraction and repul-
sion. Taken together these results suggest that TRP-mediated sig-
naling events are involved in reorganization of actin cytoskeleton. 
These reorganization effects in turn control many of the cellular 
functions like acrosomal reaction, fertilization, and functional 
aspects of neurons and immune cells.  

 

 Recently there are a handful of reports that suggest a feedback 
regulation of TRP channels by the components of the cytoskele-
ton. Interestingly these feedback regulations by cytoskeleton can 
occur at the cellular level as well as at the single molecular level. At 
the cellular level, there were few studies which demonstrated that 
the functions of certain TRP channels are dependent on the status 
of the cellular cytoskeleton. Especially it has been shown that phar-
macological modulation of different cytoskeletons results in altered 
in fl ux of ions via these TRP channels. For example, a microtubule 
stabilizer drug, namely Taxol, reduces TRPV4-dependent currents 
while the microtubule-disrupting agents like Colchicine and 
Vincristine as well as actin cytoskeleton regulating drugs like 
Phalloidin (a stabilizer) or Cytochalasin B (a destabilizer) do not 
alter the TRPV4-mediated current  (  90  ) . In agreement with this, 
recently we also have demonstrated that pharmacological stabiliza-
tion of microtubules by applying Taxol results in reduction in the 
Ca 2+  in fl ux in response to 4a-phorbol-didecanoate (4aPDD) (an 
agonist of TRPV4) as measured by Ca 2+  in fl ux assay in whole cells 
 (  33  ) . Interestingly, the degree of reduction in Ca 2+  in fl ux is much 
robust in the case of second time application of 4aPDD. Notably, 
this reduction is independent of the expression or availability of the 
TRPV4 at the plasma membrane, suggesting that dynamics of the 
microtubule cytoskeleton can regulate the ion channel function. 
This hypothesis is also supported indirectly by the whole-cell 
recordings measuring the TRPV4 activation conducted by heat 
activation. This is due to the fact that activation of single TRPV4 
ion channel in response to heat is possible in whole cell recordings 
but not in a cell-free inside-out patch clamp experiments, sug-
gesting that in the latter some cellular factor is missing  (  108  ) . 
Therefore it can be speculated that components from microtubule 
cytoskeleton like α- or β-tubulin as well as MAPs might be important 
for the channel function at the single ion channel level. Similarly, 
involvement of actin cytoskeleton in the regulation of TRPV4 at 
the cellular level has been demonstrated. Pharmacological disruption 
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of actin by latrunculin-A results in loss of sensing hypotonicity and 
the onset of regulatory volume decrease  (  121  ) . Tubulin interac-
tion seems to control the Ca 2+  homeostasis via TRPC members 
present in the ER. It is important to mention that microtubule-
based motor proteins indirectly regulate the calcium-selective 
store-operated currents, a function where TRPC channels are 
involved  (  130  ) . This is due to the fact that either stabilization or 
destabilization of microtubules by pharmacological drugs like 
Taxol or nocodazole results in altered distribution of cellular 
organelles as well as availability of the TRPC channels by modulat-
ing the endoplasmic reticulum-to-plasma membrane coupling 
events  (  130,   131  ) . Ionic conductivity mediated by TRPC7 is also 
regulated by the status of the actin cytoskeleton as disruption of 
actin cytoskeleton by Cytochalasin-B results in inhibition of OAG-
activated and TRPC7-mediated currents  (  132  ) . 

 In agreement with all these reports, it has been demonstrated 
that the activity of the mechanosensitive ion channels in cultured 
sensory neurons appears to depend largely on the status of the 
cytoskeleton. Thus, disruption of actin or microtubule cytoskele-
ton by pharmacological agents greatly reduces the activity of mech-
anosensitive channels  (  133  ) . In this regard, it is important to 
mention that most of these studies involve Ca 2+  imaging and/or 
whole cell patch clamp as the read out systems and thus analyzed 
the effect of cytoskeletal alteration on a population of TRP chan-
nels in general. These studies give a partial mechanistic view of 
cytoskeletal involvement only and do not address the multidirec-
tional regulation of cytoskeleton on the ion channels, especially at 
the level of single molecules. This is simply due to the fact that 
availability of the ion channels at the plasma membrane and normal 
traf fi cking of these ion channels are limited if the cytoskeleton is 
disrupted. Therefore it remains to be established whether the 
modulation of TRP channels can occur through direct interaction 
with the cytoskeleton. 

 As mentioned, recent reports suggest that cytoskeletal compo-
nents can regulate the properties, especially the ionic conductivity 
and related behavior of TRP channels, at the single channel level 
also. This is mainly due to the fact that interactions of cytoskeletal 
components with TRP channels affect other interactions and thus 
modulate the sensitization–desensitization properties as well as 
channel opening probabilities. In most cases, sensitization–desen-
sitization of TRP channels can be modulated through phosphory-
lation–dephosphorylation events. For example, recently we have 
demonstrated that phosphorylation of MBP-TRPV1-Ct in vitro at 
S800 position by PKCe is signi fi cantly reduced due to the interac-
tion of tubulin to the MBP-TRPV1-Ct  (  91  ) . This result strongly 
suggests that microtubule dynamics is an important regulator for 
the ionic conductivity mediated by TRPV1. In this respect, it is impor-
tant to mention that S800 is a key position that regulates the 
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sensitization–desensitization of TRPV1  (  134  ) . The phosphorylation–
dephosphorylation of TRP channels can also be regulated by the 
Ca 2+ -dependent and/or independent kinases as well as by the Ca 2+  
in fl ux through the channel itself. Kinases like PKCe and other 
PKCs are also involved in the sensitization–desensitization of TRP 
channels. Physical interaction and involvement of Ca 2+ -binding/
sensing proteins like calmodulin and CamKII in the desensitiza-
tion of TRP channels have been reported  (  33,   135–  141  ) . For 
example, TRPV1 and TRPV4 interact with Calmodulin and are 
regulated by CamKII and these interactions are involved in the 
regulation of ion channels. So it is becoming prominent that TRP 
channels are modulated by Ca 2+ -dependent as well as Ca 2+ -
independent mechanisms and the Ca 2+ -independent regulation of 
TRP channels is just emerging. An example of Ca 2+ -independent 
regulation of TRP channel is the regulation of TRPC by Homer. 
It has been shown that TRPC mutants lacking the homer-binding 
site become constitutively active  (  142  ) . Even, point mutations in 
the ankyrin repeat region (supposed to be involved in protein–protein 
interaction) of TRPV4 results in constitutively active or inactive 
channel  (  21,   54–  56  ) . These examples strongly indicate that other 
scaffolding proteins and cytoskeletal components can regulate TRP 
channel though the experimental evidences are still limited. 

 However, in recent time, very few studies have addressed this 
problem and attempted to establish a direct modulatory role of the 
cytoskeleton. The best examples of such studies were performed 
on TRPP channels  (  53,   93  ) . Montalbetti and co-workers performed 
single-channel electrophysiological experiments of polycystin 
channel 2 (PC2) on reconstituted lipid bilayers. This system argu-
ably eliminates all factors except the channel-associated complex. 
Interestingly, monomeric actin, the actin-related components 
a-actinin and gelsolin, tubulin including acetylated  α -tubulin, and 
the kinesin motor proteins (KIF3A and KIF3B) are present in these 
membranes, possibly due to the direct interaction with PC2 chan-
nels  (  53,   93  ) . Disruption of actin  fi laments with cytochalasin D or 
with the actin-severing protein gelsolin activates the channel. This 
activation can be inhibited by the addition of soluble monomeric 
G-actin with ATP, which induces actin polymerization. This indicates 
that actin  fi laments, but not soluble actin, are an endogenous 
negative regulator of PC2 channels. Also microtubules regulate 
PC2 channel function only in opposing manner. Depolymerization 
of microtubules with Colchicine rapidly inhibits the basal level of 
PC2 channel activity, whereas polymerization and/or stabilization 
of microtubules from soluble tubulin with GTP and Taxol stimu-
lates the PC2 channel activity  (  93  ) . Involvement of the microtu-
bule cytoskeleton in the regulation of PC2 channel has also been 
described in vivo in primary cilia of renal epithelial cells  (  27  ) . In 
that system, addition of microtubule destabilizer (Colchicine) rapidly 
abolished channel activity, whereas the addition of microtubule 
stabilizers (Taxol) increased channel activity  (  27  ) . Similar results 
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were obtained using reconstituted lipid bilayer system, which 
reveals that both spontaneous activity and the opening probability 
of TRPP3 ion channels are increased by the addition of a-actinin, 
demonstrating that this channel can be indeed modulated by 
cytoskeleton  (  27  ) . Certainly more studies are needed to explore 
such regulations at the single level.  

 

 The direct importance of TRP channels in Ca 2+  signaling has been 
the major focus for a long time and still being investigated by many. 
However, in the last few years another aspect of TRP channels has 
emerged: the importance of Ca 2+ -independent signaling event via 
TRP channels. In this context, the signaling complexes formed by 
the TRP channels and the cytoskeletal components at the submem-
branous compartment are of high importance. Being trans-
membrane proteins, TRP channels play a central role as scaffolds at 
the sub-membranous regions on which other components are 
sequestered, interact among themselves and  fi nally form the 
functional signalplexes (Fig.  3 ). Interestingly, cytoskeletal compo-
nents are not only present in these signalplexes, but also play 
signi fi cant roles to “ fi x” the entire signalplex in the context of cel-
lular space and time. Therefore, both TRP channels and cytoskel-
etal components are involved in the “scaffolding” of the signalplexes. 
As the formation of these signalplexs needs TRP channels as trans-
membrane proteins only, the formation of the signalplexes is 
dependent on the availability of the TRP channels at the membrane 
but is largely independent of their Ca 2+  channel activity. Interestingly, 
these components also take part in the regulation of ion channel 
opening—closure properties to a large extent.  

 The coordinated regulation of different cytoskeletons and 
vesicular traf fi cking by TRP channels has immense implication in 
the context of pharmacological treatment of pathophysiology and 
several disorders. For example, TRPV1 plays an inhibitory role in 
urothelial cancer cell invasion and metastasis by altering the micro-
tubule cytoskeleton  (  143  ) . This type of understanding may allow 
targeting the cytoskeleton of cancer cells via speci fi c TRP channels 
or vice versa. In that manner, sprouting of neuronal cells, function 
of immune cells and sperm cells, etc., can be effectively modulated 
by targeting TRP-cytoskeletal complex per se. This strategy can be 
effective as expression, localization, function and regulation of 
TRP channels are speci fi c yet versatile in nature. For example, the 
complex of TRP channel with β-tubulin III can be speci fi cally 
targeted in neurons and/or in some speci fi c cancer cells where the 
expression of β-tubulin III is reported. Thus, different properties 
of the individual TRP-signalplexes can be used for the pharmaco-
logical and clinical purposes. 

  8.  Importance 
of Cytoskeletal 
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 Understanding the molecular mechanism of both Ca 2+ -
dependent and Ca 2+ -independent signaling events has importance 
in basic research and also has pharmacological as well as clinical 
interests. This is especially due to the fact that application of com-
mon microtubule-based chemotherapeutics like Taxol and Vinca 
drugs in cancer patients is known to induce strong neuropathic pain 
 (  144–  152  ) . Though certain signaling events are involved in these 
chemotherapeutics-induced pain and hyperalgesia development, 

  Fig. 3.    Ca 2+ -independent signaling events mediated by TRP channels. As TRP channels are transmembrane in nature, 
interaction of submembranous cytoskeleton and other scaffolding proteins with these channels initiate formation of 
scaffolds at the plasma membrane on which several other regulatory factors can associate and get involved in complex 
signaling events. As this scaffolding act of TRP channels is independent of their ion channel activity, such signaling events 
are dependent on the presence of TRP channels but independent of the TRP channel-mediated Ca 2+  in fl ux. These Ca 2+ -
independent signaling events can be described in several distinct steps like initiation (step b), scaffolding (step c), recruitment 
(step d), organization (step e), dynamic regulation (step f) and signaling events (step g). Though several membrane-
associated factors (like A), microtubule-associated factors (like B) and other cytosolic factors (like C, D E and F) are present 
in the cell, these components cannot form novel signaling complex as these components are either not available at the 
submembranous region or not properly sequestered there (As indicated in step a). Interaction of TRP channels with 
cytoskeleton initiates some conformational changes (step b) and results in the formation of novel scaffolds on which some 
of these key components can sequester (step c). This sequestration of these key factors facilitates recruitment and seques-
tration of several other cytosolic and membrane-associated factors on the existing TRP complex (Step d). All these associ-
ated factors adjust and  fi ne-tune their organization by further conformational changes (step e). The components sequestered 
in this complex can regulate each other and the entire signaling complex becomes dynamic (f). These complexes can also 
be further regulated by transient events like by kinase or phosphatase activity (such as by C) and result in some signaling 
events (step g).       
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the molecular mechanisms behind these pathophysiological 
symptoms are still largely unknown  (  102,   153  ) . However, changes 
in the microtubule orientation, structure and other changes have 
been reported. In that context, physical and functional interactions 
of TRP channels with microtubule cytoskeletal proteins is 
signi fi cant. A better understanding of these physical and functional 
interactions may allow targeting these pathophysiological disorders 
in a more systemic manner. This may be more useful for the appli-
cation of microtubule-based chemotherapeutics also. In future 
more studies must be conducted in these aspects.      
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    Chapter 3   

 TRPA1 in Drug Discovery       

     Jun   Chen   ,    Steve   McGaraughty   , and    Philip   R.   Kym           

  Abstract 

 TRPA1 is one of the few ion channels with human genetic validation for pain. A TRPA1 gain-of-function 
mutation is linked to familial episodic pain syndrome in humans. This milestone discovery, coupled with a 
growing preclinical literature implicating TRPA1 in multiple indications, has made TRPA1 an attractive 
therapeutic target. With extensive investment across the pharmaceutical industry, several novel nonreactive 
TRPA1 antagonist series have emerged in patents, and two TRPA1 compounds have recently advanced to 
human clinical trials. A review of the diverse roles for TRPA1 in pain signaling and other indications such 
as itch and respiratory diseases is presented along with an overview of known small molecule activators and 
antagonists of the TRPA1 receptor.  

  Key words:   TRPA1 antagonists ,  Pain ,  Respiratory disease ,  Overactive bladder ,  Itch    

 

 TRPA1, also known as ANKTM1 and p120, belongs to the transient 
receptor potential  (  1  )  superfamily, which consists of a large group 
of cation channels present in species from yeast to mammals  (  2,   3  ) . 
In mammals, there are 28 members from six subfamilies (TRPC, 
TRPV, TRPM, TRPML, TRPP, and TRPA), playing critical roles 
in physiological processes ranging from vasorelaxation, fertility, 
cell growth to sensory function. TRPA1 is the only member of the 
TRPA subfamily, and distinctively different from other TRP channels 
with an overall low sequence homology (<40% in transmembrane 
domains), a large N terminus containing many ankyrin repeat 
domains (ARD), and sensitivity to a variety of stimuli. Activation 
of TRPA1 leads to membrane depolarization and increase in intra-
cellular Ca 2+  which initiate multiple downstream signaling cascades 
that ultimately control a variety of physiological processes. 

  1.  Introduction
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  Although TRPA1 was originally cloned from cultured human lung 
 fi broblasts, it is most predominantly expressed in primary sensory 
neurons where it co-localizes with pain markers and peptidergic 
nociceptors (e.g., TRPV1, CGRP, substance P, and bradykinin 
receptors)  (  4–  7  ) . Among acutely dissociated DRG neurons, 30% 
respond to TRPA1 agonists  (  8  ) . TRPA1 expression level is increased 
in rodent models of in fl ammatory and neuropathic pain, as well as 
in avulsion-injured human DRG  (  4,   6,   9,   10  ) . Furthermore, TRPA1 
expression is increased by nerve growth factors and nociceptive sig-
nals  (  4,   11  ) . Besides its predominant expression in sensory neurons, 
TRPA1 has been reported to also be expressed in nonneuronal cells 
and tissues, including skin  (  12  ) , inner ear  (  13  ) , urinary bladder 
 (  14,   15  ) , stomach  (  16  ) , and cerebral arteries  (  17  ) .  

  A functional TRPA1 channel is predicted to be formed by four 
subunits each consisting of six transmembrane domains, a pore 
domain between helices 5 and 6, and large intracellular segments 
of cytoplasmic N- and C termini (Fig.  1 ). This overall architecture 
was recently con fi rmed by a 16 Å resolution electron microscopy 
structure of mouse TRPA1  (  18  ) . TRPA1 is a nonselective cation 
channel that can open or close in response to conformational 
changes induced by binding of reactive or nonreactive ligands, 
changes in levels of intracellular Ca 2+ , or by other modi fi cations of 
the protein. Speci fi c domains and amino acids that play an impor-
tant role in channel gating have been identi fi ed by site-directed 
mutagenesis.  

 TRPA1 is activated by electrophilic compounds such as allyl 
isothiocyante (AITC) through covalent modi fi cation. Several 
cysteine and lysine residues in the N terminus have been identi fi ed 
as covalent modi fi cation sites, including C415, C422, and Cys622 
in mTRPA1 and C621, C641, C665, and K711 in hTRPA1 

  1.1.  Expression

  1.2.  Structure–Function

  Fig. 1.    TRPA1 structural scheme and domains critical for function. See text for 
abbreviation.       
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(NM_007332)  (  19,   20  ) . The quadruple mutation in hTRPA1 
(C621S/C641S/C655S/K711Q) was found to reduce, but did 
not eliminate AITC sensitivity, indicating contributions from other 
yet unidenti fi ed residues  (  21  ) . Another observation is that only 
one residue is in equivalent position of human and mouse channels 
(e.g., C622 in mTRPA1 and C621 in hTRPA1), suggesting that 
covalent modi fi cation may differ across species. 

 TRPA1 contains a large number (at least 12) of ARD in its N 
zterminus. ARDs are responsible for the difference in heat sensitiv-
ity between Drosophila TRPA1 and hTRPA1, and these domains 
are also involved in modulating sensitivity to chemical irritants and 
cytosolic Ca 2+   (  22  ) . The complex regulation of TRPA1 channel 
gating that is mediated by changes in intracellular Ca 2+  has been 
shown to involve several different structural domains. Cytosolic 
Ca 2+  activates the channel by binding to residues of an EF-hand 
domain in the N terminus (e.g., S468 and T470 in human TRPA1) 
 (  23,   24  ) . Permeation Ca 2+  ions potentiate, and then desensitize the 
channel through binding to an acid residue in the putative selectivity 
 fi lter (D918 in rat TRPA1)  (  25  ) . Several residues in the S5 domain 
(S876/T877 in mouse TRPA1) were identi fi ed as critical sites for 
menthol binding  (  26  ) . In a previous study, we found that thioami-
nals covalently modi fi ed channel proteins but produced species-
speci fi c effects: activation of rat TRPA1, but block of human 
TRPA1. The opposite gating was attributed to residue difference 
in several S6 residues: A946 and M949 in rat TRPA1 were shown 
to be responsible for channel activation, and equivalent residues in 
human TRPA1 (S943 and I946) resulted in channel block  (  21  ) . 
Therefore these residues may constitute a part of the gating 
machinery of TRPA1.   

 

 The most striking property of TRPA1 is its activation by a plethora 
of stimuli, including electrophilic agonists, nonelectrophilic agonists, 
and physiological stimuli. This property ful fi lls its role as a broad 
chemosensor to changes in external and internal environment. 

  Many electrophilic compounds present in pungent natural prod-
ucts or chemical irritants activate TRPA1 by reacting with nucleo-
philic residues in the channel (Fig.  2 ). Some of the natural products 
that have shown to activate TRPA1 include allyl isothiocynate 
(AITC) from mustard oil, cinnamaldehyde from cinnamon, allicin 
from raw garlic, and isovelleral from the fungus  Lactarius vellereus  
(Fig.  2 )  (  5,   27,   28  ) . Their pungency and deterrent power are 
largely mediated through TRPA1  (  29  ) . Additionally, TRPA1 can 
be activated by a large number of reactive environmental irritants, 

  2.  TRPA1 Activators

  2.1.  Electrophilic 
Agonists
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such as acrolein from cigarette smoke, isothiocyanates from 
industry waste, CN from tear gas, acetaldehyde from alcohol, 
hyperchlorite from bleach, and ozone from air pollutants  (  29–  32  ) . 
In spite of their different structures and origins, these compounds 
are all electrophilic and activate TRPA1 through a common mech-
anism, covalent modi fi cation of key cysteine, and lysine residues 
localized in the N terminus of the channel (Fig.  1 )  (  19,   20,   33  ) .    An 
increasing number of potential endogenous ligands have also been 
identi fi ed, including lipid peroxidation products (e.g., 
4-hydroxynonenal), cyclopentenone prostaglandin metabolites 
(e.g., 15-d-PGJ 2 ), and reactive oxygen species (e.g., H 2 O 2  and 
nitric oxide) and reactive nitrogen species (nitric oxide)  (  34,   35  ) . 
These molecules have the potential to nonselectively modify 
proteins, but their proalgesic and pro-in fl ammatory effects are 
largely attributed to TRPA1.   

  An increasing number of structurally diverse, nonreactive TRPA1 
agonists have also been identi fi ed, including arachidonic acid, 
URB597, farnesyl thiosalicylic acid, trinitrophenol,  fl ufenamic 
acid, d-9-THC, 2-APPB, diclofenac, iso fl urane, and PF-4840154 
(Fig.  2 )  (  27,   36–  40  ) . The apparent lack of chemical reactivity sug-
gests that they activate TRPA1 through noncovalent interactions, 
but the exact mechanism has not been elucidated.  

  Physiological stimuli that activate TRPA1 include changes in intra-
cellular Ca 2+ , hypertonicity, and arguably noxious cold. Ca 2+  is an 
important regulator of TRPA1 function and has complex effects: 

  2.2.  Nonelectrophilic 
Agonists

  2.3.  Physiological 
Stimuli

  Fig. 2.    TRPA1 agonists.       
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intracellular Ca 2+  directly activate TRPA1 via binding to an 
N-terminal EF-hand domain  (  24  ) ; while permeating Ca 2+  potenti-
ates and desensitizes the channel  (  25  ) . Hypertonicity activates 
both recombinant and native TRPA1 in DRG neurons, implicating 
a possible role of TRPA1 in mechanosensation  (  41  ) . Bradykinin 
activates TRPA1 indirectly through the phospholipase C pathway, 
and its nociceptive effect is reduced in TRPA1-de fi cient mice 
 (  27,   29  ) . TRPA1 can also be activated downstream of Mas-related 
G protein-coupled receptors, which mediated histamine-independent 
itch  (  42  ) . It was reported originally that noxious cold activated 
TRPA1  (  4  ) , but this issue remains controversial  (  43,   44  ) .   

 

 To date, several antagonists (HC-030031, AP18, A-967079, and 
Chembridge-5861528) have been utilized as tools for probing 
TRPA1 function and therapeutic utility  (  45–  49  ) . The broad inter-
est in TRPA1 antagonists is noted by the large number of patents 
 fi led in recent years (>20 patents since 2007). 

  Covalent modi fi cation is the most important mechanism for TRPA1 
activation, but not all electrophilic compounds are TRPA1 agonists. 
Amgen and Abbott have independently identi fi ed a series of reac-
tive, thioaminal containing compounds that function as human 
TRPA1 antagonists (Fig.  3 )  (  21,   50  ) . The blocking effect is depen-
dent on the electrophilic nature of the compounds, since removing 
the reactive sulfur atom of the compounds or the key cysteine resi-
dues in the channel abolishes inhibition. Interestingly, the same 
compounds activate the rat channel. Therefore, covalent modi fi cation 
can lead to different functional consequences; whether channels 
open or close depends not only on their respective proteins (e.g., 
rat and human TRPA1), but also on the nature of speci fi c chemical 
adducts formed by electrophilic compounds. These compounds are 
useful tools in studying TRPA1 structure–function, but the species-
speci fi c effects limit their potential for advancement.  

 In contrast to thioaminals, compounds from an oxime series 
have more consistent effects across species  (  46,   49,   51  ) . AP18 was 
the  fi rst reported antagonist within this series, with IC 50  of 3.1  μ M 
and 4.5  μ M on human and rat TRPA1, respectively  (  46  ) . Abbott 
independently identi fi ed the same chemotype from a high through-
put screen  (  52  ) . Subsequent medicinal chemistry efforts led to the 
identi fi cation of oxime A-967079 (IC 50 : 67 nM on hTRPA1 and 
290 nM on rat TRPA1) that represented the  fi rst potent and selec-
tive TRPA1 antagonist that demonstrated good oral bioavailability 
 (  51  ) . Although the  α ,  β -unsaturated oxime functionality could 
potentially react with nucleophiles, neither AP18 nor A-967079 

  3.  Antagonists

  3.1.  Electrophilic 
Antagonists
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was found positive in a battery of reactivity assays including 
glutathione assay, La antigen-based ALARM NMR or ALARM-MS 
 (  51  ) . Furthermore, block of TRPA1 by A-967079 was reversible. 
Taken together, these data suggest that some oximes may not 
covalently modify the channel, or that they could covalently 
modify the channel but in a rapidly reversible manner.  

   Several natural products exhibit inhibitory effects on TRPA1 (Fig.  4 ). 
Caffeine suppresses human TRPA1 activity at millimolar concentra-
tions  (  1  ) . Although it is relatively weak and it activates, rather than 
blocks mouse TRPA1, caffeine has served as an important starting 
point for the construction of potent TRPA1 antagonists described in 
patents from Hydra and Glenmark. Menthol blocks mouse TRPA1 
at high concentrations (e.g., 300  μ M) and activates at lower concen-
trations (e.g., 10  μ M). It exhibits only an agonist effect on human 
TRPA1 across a range of concentrations  (  26  ) . It will be interesting 
to explore whether menthol can be used as a building block for the 

  3.2.  Nonreactive 
Antagonists

  3.2.1.  Naturally Occurring 
Antagonists

  Fig. 3.    Electrophilic antagonists.       

  Fig. 4.    Natural antagonists.       
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discovery of future potent antagonists. Resolvin D1, a naturally 
occurring anti-in fl ammatory lipid, blocked mouse TRPA1 with IC 50  
of 69 nM  (  53  ) . In behavioral testing, Resolvin D1 blocked nocicep-
tive responses evoked by cinnamaldehyde and formalin. Interestingly, 
Resolvin D1 is even more potent in inhibiting TRPV3 and TRPV4 
(IC 50 : 28.9 nM and 8.1 nM, respectively). It is not clear whether 
Resolvin D1 interact with these channels directly or through an 
indirect mechanism. Nonetheless, these results suggest the existence 
of endogenous TRPA1 antagonists.   

  Hydra Biosciences was the  fi rst to patent potent TRPA1 antago-
nists that incorporate the xanthine alkaloid core that is present in 
caffeine (Fig.  5 ). Building off the purine core at the N7 methyl 
group with an arylated amide functionality led to signi fi cant gains 
in TRPA1 potency (HC-030031 IC 50  < 5–20  μ M, WO2007073505). 
Further manipulation by changing the aryl group from phenyl to 
thiazole, and appending a second aryl functionality attached to 
aliphatic pyrrolidine capping group led to exceptionally potent 
TRPA1 antagonists (Example 1 IC 50  4 nM, WO2010/075353). 
Transposition of the lipophilic side chain to the C8 position of the 
purine heterocycle also leads to TRPA1 antagonists of reasonable 
potency (Example 1 IC 50  497 nM, WO2010/132838).  

  3.2.2.  Pharmaceutical 
Nonelectrophilic Antagonists

  Fig. 5.    Hydra antagonists.       
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 Glenmark Pharmaceuticals also  fi led patents for TRPA1 antago-
nists based on the caffeine xanthine alkaloid core (Fig.  6 ). The 
Glenmark approach has been focused on modi fi cation of the xan-
thine ring to create several new classes of TRPA1 antagonists. 
Reversal of the 6-5 purine core to a 5-6 phthalimide system main-
tained TRPA1 potency (Example 17 IC 50  < 250 nM, 
WO2009/118596). In addition, replacement of the bicyclic purine 
core with the tricyclic imidazopurinone maintains potency at TRPA1 
(Example 8 IC 50  < 500 nM, WO2009/144548). TRPA1 potency is 
also maintained when the  fi ve membered imidazole fragment of the 
purine core is replaced with a variety of different heterocycles, includ-
ing phenyl (US2009325987), isothiazole (WO2010/109328), pyr-
role (WO2010/109287), thiophene (WO2010/109334), pyridine 
(WO2010/004390), and imidazolone (WO2011/114184).  

 TRPA1 antagonists featuring greater structural diversity have 
been reported by Janssen and Merck (Fig.  7 ). Janssen has described 

  Fig. 6.    Glenmark antagonists.       
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  Fig. 7.    Janssen and Merck antagonists.       

a class of highly potent biaryl pyrimidines that contain a pyrrolidine 
carboxamide side chain (Example IC 50  3 nM, WO2010/141805). 
They have also described a second lead series based on the tricyclic 
thioxodihydroindenopyrimidinone core (Compound 29 IC 50  
13 nM, WO2009/147079). Merck has described a lower molecu-
lar weight lead series based on a hydroxy-substituted aminodecalin 
core (Example, IC 50  19 nM, WO2011/043954). This lead series 
demonstrates more attractive drug-like properties (MW 263, cLog 
P 4.1) than many previously described antagonists.     

 

 Evidence for TRPA1 contributions to pain starts with the observa-
tion that local application of “natural” TRPA1 agonists trigger 
spontaneous pain in humans  (  54  )  and induce nocifensive behaviors 
in animals  (  29  ) . TRPA1 is expressed in small- and medium-sized 
peptidergic primary afferent somatosensory neurons that express 
TRPV1 and receptors for calcitonin gene-related peptide, sub-
stance P, and bradykinin, which are key mediators/transmitters in 
nociceptive signaling  (  5,   7,   29  ) . TRPA1 expression is increased in 
these sensory neurons in humans with an avulsion injury as well as 
in animal models of neuropathic and in fl ammatory pain  (  7,   10  ) . 
Recently, a gain-of-function mutation in TRPA1 was linked to 
familial episodic pain syndrome in humans, providing strong vali-
dation of TRPA1 in human pain states  (  55  ) . 

  TRPA1 is a key chemosensor for many pungent natural products 
and environmental irritants including AITC from horse radish, 
cinnamaldehyde from cinnamon, allicin from garlic, acrolein from 
cigarette smoke, and ozone from air pollutants  (  56,   57  ) . These 
agents trigger tissue irritation and a burning sensation. TRPA1 is 

  4.  TRPA1 
Involvement 
in Pain

  4.1.  Chemical 
Nociception
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activated indirectly by bradykinin, a mediator of neurogenic 
in fl ammation  (  27  ) . In behavioral experiments, TRPA1 −/−  mice lost 
aversion to oral AITC, and had diminished nocifensive responses to 
hind paw injection of AITC and intraplantar bradykinin  (  29,   58  ) .  

  Gene ablation (TRPA1 −/− ) studies have examined TRPA1 contri-
butions to mechanical nociception. In uninjured rats, mechanical 
thresholds were not different between wild type and knockout 
animals, nor was there an impairment in the development of 
mechanical hyperalgesia after an in fl ammatory injury  (  46,   59  ) . 
However, mechanical sensitization typically induced by mustard 
oil injection was not observed in TRPA1 −/−  mice  (  59  ) , and a 
TRPA1 antagonist (AP18) did not reduce mechanical hyperalge-
sia in in fl amed knockouts despite effectiveness in wild types  (  46  ) . 
Mechanically activated currents in small diameter primary afferent 
neurons were also signi fi cantly reduced in amplitude in TRPA1 −/−  
animals compared to wild types  (  60  ) . Another study demonstrated 
that TRPA1 −/−  animals had less sensitivity to low-intensity mechan-
ical stimuli compared to wild-type mice, and responses to high-
intensity (noxious) mechanical stimulation were appreciably 
impaired  (  58  ) . Hypertonic solutions were also found to activate 
recombinant and endogenously expressed rat TRPA1  (  41  ) ; Taken 
together, a possible role for TRPA1 in mechanotransmission was 
suggested by these studies. 

 Using the skin-nerve preparation, it was found that TRPA1 in 
normal skin are necessary for mechanotransmission in several types of 
primary afferent  fi bers including slowly adapting C- fi bers, A δ - fi ber 
mechanonociceptors, and slowly adapting A β - fi bers  (  61  ) . HC-030031 
did not alter the responses of C- and A- fi bers to low-intensity mechan-
ical stimulation of normal skin  (  62  ) ; however, it reduced the respon-
siveness of C- fi bers once the stimulus force was increased into the 
high-intensity range. Similarly, with an in vivo preparation, systemic 
administration of A-967079 reduced the responses of spinal wide 
dynamic range (WDR) and nociceptive speci fi c neurons to high-
intensity mechanical stimulation in uninjured rats as well as in rats 
with an osteoarthritic (OA) or in fl ammatory injury  (  49  ) . In contrast, 
the transmission of low-intensity mechanical stimulation was impeded 
by A-967079 only following an in fl ammatory injury and was not 
altered in uninjured animals. The combined data suggest that TRPA1 
factors into high-intensity mechanotransmission under both normal 
and pathological conditions, but shifts to include lower intensity 
stimulation following an in fl ammatory injury. The lowering of 
mechanical thresholds could be linked to TRPA1 up-regulation and/
or sensitization by in fl ammatory mediators such as bradykinin and 
prostaglandins  (  27,   33  ) . 

 The physiological data underscore effects of TRPA1 antagonists 
on mechanical sensitivity in behavioral assays. Responses to mechan-
ical stimuli in in fl amed and neuropathic rats were decreased by 

  4.2.  Mechanical 
Nociception
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systemic administration of HC-030031 and Chembridge-5861528 
 (  47,   48,   63  ) . Intraplantar injection of AP18 attenuated mechanical 
hyperalgesia in wild type but not in knockout mice  (  46  ) . Intrathecal 
delivery of A-967079 or Chembridge-5861528 attenuated second-
ary mechanical sensitivity following capsaicin or formalin injection 
 (  64  ) . However, these data are contrasted by the observations that 
A-967079 did not attenuate mechanical hypersensitivity in models 
of neuropathic and in fl ammatory pain, and TRPA1-speci fi c anti-
sense oligodeoxynucleotides. Thus, although the majority of data 
points to a role for TRPA1 in mechanosensation in uninjured and 
sensitized states, some inconsistencies still need to be explained.  

  The role of TRPA1 in noxious cold sensation is highly controver-
sial  (  43,   44  ) . Channel activation by noxious cold has been reported 
in several studies  (  4,   65  ) , but has been disputed or attributed to an 
indirect intracellular Ca 2+ -mediated mechanism  (  5,   24  ) . TRPA1-
de fi cient mice were shown to be less responsive to acetone-medi-
ated evaporative cooling, cold plate, and tail immersion than 
wild-type animals  (  58,   65  ) ; while other studies showed normal 
cold sensitivity in knockout mice  (  29,   66  ) . Injection of A-967079 
or HC-030031 did not produce de fi cits in the cold plate test in 
uninjured mice, but attenuated cold allodynia in models of neuro-
pathic pain  (  51,   67  ) . HC030031 also reversed paclitaxel-mediated 
cold hyperalgesia in diabetic rats, and this effect may have been 
related to the increased expression of TRPA1 that was triggered by 
the overproduction of mitochondrial H 2 O 2 . TRPA1-speci fi c anti-
sense oligodeoxynucleotides were ef fi cacious in attenuating cold 
allodyia in in fl ammatory and neuropathic pain models  (  7  ) . These 
data suggest that TRPA1 plays a role in cold allodynia under 
disease states. It has also been suggested that TRPA1 may play a 
role in cold sensing in visceral sensory neurons, but not in cutane-
ous nociceptors  (  68,   69  ) .  

  TRPA1 is not considered a heat-activated channel and thus there 
are limited studies in this area. Genetic ablation of TRPA1 or 
antagonism of the receptor with HC-030031 does not alter 
responses to noxious heat stimulation in uninjured animals  (  47, 
  58  ) . However, HC-030031 was found to decrease thermal hyper-
algesia in the paclitaxel model of chemotherapy-induced neuro-
pathic pain  (  63  ) . Interestingly, HC-030031 also reduced cold and 
mechanical hypersensitivity in this model, and this effect was likely 
mediated through proteinase-activated receptor 2 (PAR2)-related 
sensitization of neurons containing TRP receptors including 
TRPA1  (  63  ) . Additionally, injection of TRPA1 agonists enhances 
WDR neuronal responses to heat stimulation in naive rats  (  70,   71  ) . 
This effect may not be surprising since topical application of AITC 
or CA can trigger burning pain and thermal hyperalgesia, which 
could be attributed to indirect sensitization of TRPV1  (  54  ) .  

  4.3.  Cold Nociception

  4.4.  Heat Nociception
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  In addition to effects on evoked stimulation, evidence suggests 
that TRPA1 may be involved in nonevoked discomfort or pain. 
Nonevoked pain is observed in the majority of patients with chronic 
injury and is a primary reason for seeking medical care. Spontaneous 
 fi ring of WDR neurons is elevated in injured animals and likely 
re fl ects injury-related sensitization and possibly nonevoked pain 
 (  72,   73  ) . Injection of A-967079 reduced “heightened” spontane-
ous  fi ring of WDR neurons in in fl amed rats  (  49  ) . Interestingly, 
elevated spontaneous  fi ring of WDR neurons in OA rats was not 
decreased by injection of A-967079. The differential effect of 
A-967079 on spontaneous  fi ring in in fl amed and OA rats was pos-
tulated to be related to the degree of in fl ammation on the days of 
neuronal recording.   

 

  Respiratory diseases have become a signi fi cant public health 
burden and unmet medical need. TRPA1 has been linked to air-
way sensitization, chronic cough, asthma, and Chronic Obstruction 
of Pulmonary Diseases (COPD)  (  74–  76  ) . The airways are inner-
vated by sensory neurons that express TRPA1 in vagal and trigemi-
nal nerves, which are responsible for transducing noxious stimuli 
into pain signals, and for mediating protective behaviors (sneezing, 
cough, and respiratory depression). A plethora of airway irritants 
activate TRPA1, including acrolein from cigarette smoke, ozone 
(air pollutants), isocyanate (industrial waste), and tear gas (chemi-
cal warfare)  (  56,   57  ) . Transient TRPA1 activation by exogenous 
irritants evokes pain and protective re fl ex (sneezing, cough, and 
respiratory depression, avoidance), therefore providing a protec-
tive alert to eliminate exposure to irritants and limit damage to the 
body. However, persistent channel activation by endogenous 
ligands causes or aggravates existing airway irritation. Asthma, 
COPD, and rhinitis are associated with increased levels of reactive 
oxygen species (H 2 O 2 ), lipid peroxidation production (e.g., 
4HNE), and pro-in fl ammatory mediators (e.g., bradykinin and 
nerve growth factors)  (  77,   78  ) . These agents activate TRPA1 
directly (e.g., H 2 O 2 , 4HNE), indirectly (bradykinin), or increase 
TRPA1 surface expression (nerve growth factors). In turn, the 
heightened TRPA1 activity leads to the release of neurotransmitters 
and cytokines, further promoting neurogenic in fl ammation  (  56  ) . 

 In guinea pig, aqueous extracts from cigarette smoke, acrolein, 
and crotonaldehyde induce neurotransmitter release, tracheal 
plasma extravasation, and bronchi contraction. These effects are 
inhibited by TRPA1 antagonist HC-030031  (  56  ) . In mice, airway 
exposure to oxidants (hypochlorite and H 2 O 2 ) evokes respiratory 
depression manifested as a reduction in breathing frequency and 
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increased end expiratory pause, which were abolished by genetic 
deletion  (  31  ) . In an ovalbumin-induced mouse asthma model, 
genetic ablation and treatment with HC-030031 signi fi cantly 
reduced the induction of cytokines, chemokines, neurotransmit-
ters, as well as leukocyte in fi ltration and airway hyperactivity  (  32  ) . 
While these results are encouraging, many respiratory diseases are 
chronic, multifaceted disorders that involve in fl ammatory path-
ways. For example, asthma is associated with acute and chronic 
in fl ammation of the airway mucosa, as well as airway remodeling. 
Chronic obstructive pulmonary disease (COPD) is characterized 
by activated in fl ammation pathways that lead to destruction of the 
lung over time. It remains to be seen whether TRPA1 antagonists 
can alleviate symptoms and reverse disease progression in 
in fl ammatory-mediated respiratory diseases, and it is unclear 
whether a TRPA1 antagonist will offer more bene fi ts than current 
therapies (e.g., anti-in fl ammatory drugs and bronchodilators) and 
other emerging mechanisms. Nonetheless, respiratory diseases rep-
resent an exciting frontier to be explored for TRPA1 antagonists.  

  The involvement of TRPA1 in bladder activity is implied by its 
expression pattern and the effect of TRPA1 agonists and antago-
nists on bladder function. TRPA1 is expressed on C- fi ber bladder 
afferents and urothelial cells  (  14,   15  ) . The expression of TRPA1 is 
signi fi cantly increased in overactive bladder conditions in both rats 
and humans  (  14,   79  ) . AITC and cinnamaldehyde increase basal 
bladder pressure and reduce voided volume in naive rats  (  15  ) . 
Furthermore, injections of either a TRPA1 antisense oligodeoxy-
nucleotide or antagonist (HC-030031) were both shown to 
attenuate bladder overactivity induced by spinal cord injury  (  79  ) . 
Collectively these studies suggest that TRPA1 may be involved in 
bladder function under normal and pathological conditions.  

  Itch is a major complaint in patients with skin, kidney, diabetic, and 
neurological disorders  (  80  ) . Ironically, many medical treatments 
evoke itch, limiting their clinical usage. For example, patients 
treated with opioids and local anesthetics frequently experience 
itch  (  81  ) . The antimalaria drug chloroquine causes intolerable itch, 
which is resistant to current treatment of antihistamines. A recent 
study found that TRPA1 knockout mice exhibited diminished itch 
response to chloroquine and the endogenous pruritogen BAM8-
22  (  42  ) . Since chloroquine and BAM8-22 evoke itch through two 
separate Mar-related G protein-coupled receptors (MrgprA3 and 
MrgprC11), TRPA1 may be a downstream integrator of multiple 
histamine-independent pathways. 

 Besides expression in pruritic sensory neurons, TRPA1 is 
detected in nonneuronal cells from human skin  (  12  ) . RT-PCR and 
western blot demonstrated robust TRPA1 expression in primary 
culture of epidermal keratinocytes, melanocytes, and  fi broblasts. 
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Immunohistochemisty of human samples localized TRPA1 in the 
basal layer of the epidermis, dermis, and epithelium of hair follicle. 
These results suggest that TRPA1 expressed in the skin may directly 
participate in itch responses.   

 

 The recent  fi nding that a gain-of-function mutation of TRPA1 
causes familial episodic pain syndrome in humans is a major milestone 
for TRPA1 research, establishing TRPA1 as one of two ion channels 
with human genetic validation for pain  (  55  ) . This result, coupled 
with a growing preclinical literature implicating TRPA1 in multiple 
indications, has made TRPA1 an attractive therapeutic target. With 
extensive investment across the pharmaceutical industry, several 
novel nonreactive TRPA1 antagonist series have emerged in pat-
ents, and two TRPA1 compounds have recently advanced to human 
clinical trials. In February 2011, Glenmark announced the entry of 
the  fi rst TRPA1 antagonist into Phase I trials. GRC 17536 is 
reported to be highly potent (IC 50  < 10 nM), selective, and orally 
available. It is claimed to be ef fi cacious in in fl ammatory and neuro-
pathic pain, and ef fi cacious in airway in fl ammation from an asthma 
model. In January 2012, Cubist Pharmaceuticals/Hydra 
Biosciences announced entry of CB-625 into Phase I trials. CB625 
is reported to be a highly potent, selective TRPA1 antagonist with 
ef fi cacy in surgically induced and in fl ammatory mediated pain in 
animal models. Positive outcomes from these and other clinical 
trials would galvanize additional TRPA1 drug discovery efforts.      
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    Chapter 4   

 Canonical    Transient Receptor Potential Channel Expression, 
Regulation, and Function in Vascular and Airway Diseases       

     Brij   B.   Singh ,          Christina   M.   Pabelick   , and    Y.  S.   Prakash      

  Abstract 

 The physiological function of all cells is uniquely regulated by changes in cytosolic Ca 2+  levels. Although 
several mechanisms increase cytosolic Ca 2+  levels, Ca 2+  in fl ux across the plasma membrane upon the release 
of Ca 2+  from the internal stores is one of the major mechanisms in most nonexcitable cells and in some 
excitable cells. Such Ca 2+  channels, which are activated by intracellular Ca 2+  store depletion are referred to 
as store-operated Ca 2+  entry (SOCE) channels and have been shown to be essential for many biological 
functions including  fl uid and enzyme secretion, immune regulation, hypertension, pulmonary function, 
neurosecretion, synaptic plasticity, and vascular diseases. Canonical transient receptor potential (TRPCs) 
have been proposed as components of the store-operated Ca 2+  channel (SOCC) which mediates SOCE. 
TRPC channels are nonselective cation channels, present in a signaling complex where they interact with 
key proteins critical for their regulation. In this regard, there is increasing recognition that Ca 2+  entry via 
SOCE channels plays critical roles in the lung, particularly for vascular and airway function. Indeed, regu-
lation/targeting of TRPC channels appear to be important in normal vascular and airway physiology as 
well as pathophysiology of lung diseases. In this chapter, we brie fl y summarize the current state of knowl-
edge regarding expression, regulation, and function of TRPC channels in the vasculature and the respira-
tory system.  

  Key words:   Calcium signaling ,  SOCE ,  TRPC channels ,  SOCE and lung function    

 

 Stimulation of cells using various agonists or pharmacological 
agents leads to an increase in intracellular Ca 2+  ([Ca 2+ ] i )  (  1,   2  ) . This 
increase in [Ca 2+ ] i  results from both release of Ca 2+  from intracel-
lular stores as well as Ca 2+  in fl ux across the plasma membrane. 
Increased [Ca 2+ ] i  thereby regulates many fundamental process such 
as gene expression, cell proliferation and apoptosis, secretion, and 
muscle contraction  (  3–  5  ) . Although release of intracellular Ca 2+  
stores is critical especially for the initial [Ca 2+ ] i  response especially 
at the local level, it is the in fl ux of external Ca 2+  which is always 

  1.  Introduction
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essential for the global and sustained response. Thus, Ca 2+  in fl ux is 
not only essential for re fi lling the internal stores, but can also 
contribute towards regulating/ fi ne tuning a host of critical bio-
logical processes. 

 The  fi rst step in this process is always the binding of a hormone 
or a growth factor to its receptor, which is localized at the plasma 
membrane. Activation of these receptors regulates breakdown of 
phosphatidylinositol-4,5-bisphosphate (PIP 2 ) into inositol 
1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG) by the enzyme 
phospholipase C (PLC)  (  2,   6  ) . The release of Ca 2+  from the intra-
cellular stores (endoplasmic reticulum or its specialized counter-
part in muscle, the sarcoplasmic reticulum) is generally signaled by 
the formation of small mediators such as IP 3 . In addition, Ca 2+  
in fl ux can be signaled by second messengers such as cyclic nucleotides 
and DAG; however, in classical messenger pathway, DAG does not 
appear to be the primary mediator of activated Ca 2+  entry (Fig.  1 ). 
In most instances, the signal for Ca 2+  entry is somehow derived 
from IP 3 -mediated depletion of Ca 2+  from intracellular stores, a 
process called “capacitative Ca 2+  entry (CCE)” or “store-operated 
Ca 2+  entry (SOCE)  (  7  ) .” Identi fi cation of transient receptor poten-
tial channel (TRPCs) as nonselective Ca 2+  channels and Orai as a 
selective Ca 2+  channel (discussed in other chapters in this book) 
opens up new avenues for biological research, since these channels 

  Fig. 1.    Schematic representation of TRPC modulation, exempli fi ed by TRPC1 and TRPC3. In response to agonist stimulation, 
production of IP 3  (via PLC-catalyzed PIP2 degradation) results in release of intracellular Ca 2+  stores from IP 3  receptor chan-
nels. Additional Ca 2+  release may occur via ryanodine Receptor (RyR) channels. PLC additionally stimulates the DAG-PKC 
pathway. Enhanced Ca 2+  release results due to the depletion of intracellular stores, triggers store-operated Ca 2+ entry that 
is critically mediated by the Ca 2+  sensor STIM1 on the ER membrane. Channels such as TRPC1 are stimulated by IP 3 R and 
STIM1 in response to depleted intracellular Ca 2+  stores. Additional stimulation may involve PKC, while CaM generally is 
inhibitory. Channels such as TRPC3 are also stimulated by factors such as IP 3 , IP 3 R, RyR, and additionally by DAG (but not 
PKC). Thus a number of interactive cascades triggered by agonist stimulation and altered intracellular Ca 2+  regulation can 
differentially modulate TRPC activity. Additional factors not shown here, but discussed in the text include RhoA, the 
cytoskeletal matrix, and other signaling intermediates.       
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are critical for regulating key biological processes  (  4,   8–  10  ) . In 
addition, although these channels have been attributed in few 
diseases to date, it is anticipated that both TRPC and Orai family 
of ion channels have an extraordinarily important role in basic 
cellular function as well as in diseases as highlighted in this review. 
However, in this chapter we will focus our attention on the regula-
tion and functional importance of TRPC channels as it relates to 
vascular function and disease.   

 

 The TRP family of ion channels comprises of 28 members (divided 
into TRPC, TRPV, TRPM, TRPML, and TRPA subfamilies). In 
order to be functional in modulating Ca 2+  entry, TRPC channel 
proteins have to be associated with other signaling molecules 
 (  11,   12  ) . In  Drosophila , the TRP channels are associated in a sig-
nalplex, which provides a unique platform to modulate its channel 
activity. The key component of the  Drosophila  signalplex is INAD, 
which exhibits  fi ve PDZ protein domains and interacts with multiple 
proteins such as calmodulin, PLC, G-protein, and protein kinase C. 
Similarly, mammalian TRPC channels have also been shown to 
interact with multiple proteins (STIM1, Orai1, G α q/11, PMCA, 
SERCA, IP 3 Rs, RyRs Homer, Caveolin1, calmodulin, GPCRs, 
receptor tyrosine kinases, NFkappaB, PLCg, PLCb, NCX1, Na + /
K + /ATPase, NHERF, and others  (  13,   14  ) ). However, a scaffold 
protein that can be similar to INAD has not yet been identi fi ed. 
Also it is not clear if all these proteins are always attached to TRPC 
channels, or are recruited in a more dynamic fashion, when the 
channel is either activated or inactivated. 

 Recent research has indicated that TRPC channels are assembled 
into lipid raft domains, which are not only critical for the function 
of TRPC channels, but are also important in the assembly and 
retention of TRPC proteins within the plasma membrane. 
Moreover, interplay between this signalplex could be essential for 
regulating fundamental biological function exhibited by TRPC 
channels. Interestingly, mutations in the  Drosophila  INAD not 
only decrease Ca 2+  entry, but also alter the localization of all the 
corresponding interacting proteins. Thus, it could be anticipated 
that disruption of the mammalian TRPC signalplex could also lead 
to altered localization of TRPC channels and its associated 
proteins, thereby disrupting Ca 2+  signaling as observed in  Drosophila  
signalplex. Although multiple reviews have been published on 
TRPC channels, few of these reviews have explored the implica-
tions of TRPC channel interactions with a multitude of proteins. 
Thus, in this chapter we will focus on a couple of these interactions 
and discuss the functional implications of such interactions 
(summarized in Fig.  1 ). 

  2.  TRPC Channel 
Assembly 
and Functional 
Importance 
of the Signalplex
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  Ca 2+  entry is critical for cellular responses, but excessive Ca 2+  in fl ux 
is toxic to cells. Therefore, Ca 2+  channels have evolved an intrinsic 
activation/inactivation mechanism to regulate Ca 2+  entry. Similar 
to voltage-gated Ca 2+  channels, TRPC proteins are also known to 
interact with a Ca 2+  sensor protein “calmodulin.” We and other 
investigators have shown that the C-terminus of TRPC is essential 
for calmodulin binding  (  15,   16  )  that is involved in Ca 2+ -dependent 
feedback inhibition of the TRPC channels by acting as a Ca 2+  sen-
sor 15 . Although it has been shown that deletion of this calmodulin-
binding domain signi fi cantly decreases the inactivation of the 
TRPC channel, other possibilities cannot be ruled out which are 
(1) deletion of the calmodulin-binding domain from the C-terminus 
of TRPC protein could limit/inhibit its interaction with other 
regulatory proteins necessary for channel inactivation, primarily 
Homer or other unknown proteins, (2) deletion of the C-terminus 
could alter the stability of the TRPC1 channel thereby increasing 
Ca 2+  entry, and (3) could inhibit TRPC phosphorylation as 
observed with other TRPV channels  (  17  ) . Beside identi fi cation of 
the calmodulin-binding domain in the TRPC channels, no studies 
have been performed to indicate the amino acids critical for this 
regulation. In voltage-gated channels, calmodulin exerts two 
opposing effects on individual channels. It can initially promote 
(facilitation) and subsequently inhibit (inactivation) channel 
opening, via Ca 2+ -transduction capabilities of calmodulin  (  18  ) . 
Ca 2+  release-activated Ca 2+  currents (I crac ) were also shown recently 
to be activated in a similar fashion by calmodulin  (  19  ) . Calmodulin 
has four EF hand motifs, which can each bind to a Ca 2+  ion. Ca 2+  
binding to its amino-terminal lobes initiates channel inactivation 
while Ca 2+  binding to the carboxyl-terminal lobe induces facilita-
tion of voltage-gated channels. Since TRPCs functionally interact 
with calmodulin, it is possible that mechanism(s) similar to voltage-
gated or I crac  channels could also be present in TRPC channels 
(mainly TRPC1 and 3). Thus, it would be interesting to study and 
understand the dual role of calmodulin in TRPCs activation/
inactivation. Also, multiple calmodulin-binding sites have been 
identi fi ed on various TRPCs; however, only few of these sites have 
been shown to have a functional implication. Thus, it could be 
hypothesized that one or more calmodulin-binding domains pres-
ent on the TRPC channels could be associated with the retention 
of calmodulin protein and only upon stimulation the calmodulin 
could detach from its original binding site and would interact with 
its regulatory site in order to control Ca 2+  in fl ux. If such a phenom-
enon occurs, then inhibition/facilitation of the movement of calm-
odulin could be used to manipulate Ca 2+  in fl ux in various 
pathological conditions and more research is needed to fully under-
stand the role of calmodulin in Ca 2+  entry.  

  2.1.  Regulation 
of TRPCs Via 
Calmodulin
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  TRPC channels conduct relatively large Na + , Ca 2+ , Ba 2+ , and Sr 2+  
inward currents and little outward current up to +40 mV  (  20  ) . 
Although TRPC channels could be classi fi ed into two different 
groups depending on their mode of activation (store versus receptor 
operated), in physiological conditions all TRPC channels are acti-
vated by G-protein coupled mechanism. It has been also shown 
that the TRPC3/6/7 subfamily could also be gated by diacylglyc-
erol (DAG)  (  21  ) . TRPC3, TRPC6, and TRPC7 form a structural 
and functional subfamily of DAG-sensitive cation channels, coupling 
receptor/PLC-signaling pathways to cation entry. Although these 
TRPC proteins (3, 6, and 7) are generally classi fi ed as the DAG-
responsive subfamily, it is still a highly contentious issue as to 
whether DAG can be regarded as the physiological activator of 
native channel complexes, while there is no doubt that all members 
of the TRPC3/6/7 subfamily can principally be activated by DAG. 
As deduced from pharmacological inhibition of DAG lipase and 
DAG kinase, it appears that endogenously generated DAG is 
suf fi cient for channel activation  (  22  ) . Most notably, receptor ago-
nists and DAGs do not display additive effects on TRPC3 and 
TRPC6 current amplitudes, suggesting that the same TRPC chan-
nels are activated by DAG and by PLC-linked receptors and that 
DAG may be the decisive second messenger generated by PLC. 
However, so far a direct interaction of DAG with TRPC3/6/7 
proteins has not been demonstrated. Further, TRPC3/6/7 activa-
tion by C1 domain-containing proteins, such as chimeras, 
MUNC13s, RasGRPs, and even DAG kinases, cannot be excluded 
and deserves experimental clari fi cation. 

 Several  s tudies have shown that TRPC channels interact with 
IP 3  and ryanodine receptor (IP 3 R, RyR)  (  23–  25  ) . TRPC3–IP 3 R 
interaction has been shown to be critical for gating of the TRPC3 
channel. Kiselyov et al.  (  24  )  demonstrated that depletion of 
intracellular Ca 2+  stores activated single channels in the plasma 
membrane of cells stably transfected with TRPC3. On excision, 
channel activity was lost but could be restored by IP 3 . With more 
extensive washing, restoration of channel activity required addition 
of both IP 3  and the IP 3  receptor. These results suggest that 
expressed TRPC3 is gated by IP 3 -liganded IP 3  receptors, consis-
tent with the conformation coupling model  (  7  ) . Full-length IP 3 R 
coupled to silent TRPC3 channel in intact cells did not activate 
them until stores were depleted of Ca 2+ . However, constructs con-
taining the IP 3 -binding domain activated TRPC3 channels in un-
stimulated cells and restored gating of TRPC3 by IP 3  in excised 
plasma membrane patches  (  23  ) . Thus, it has been concluded that 
the N-terminal domain of the IP 3 R functions as a gate and is 
suf fi cient for the activation of TRPC3. Interestingly, it has been 
shown that TRPC3 can be activated by ryanodine receptors (RyRs), 
thus contributing towards gating of the TRPC3 channel  (  24  ) . 
Coupling of TRPC3 to IP 3 R or RyRs in the same cells was found 
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to be mutually exclusive, suggesting that clustering and segregation 
of TRPC3–IP 3 R and TRPC3–RyR complexes in plasma membrane 
microdomains was essential for Ca 2+  entry by different agonists 
 (  24,   25  ) . Overall, these previous data demonstrate a complex, 
multiprotein mediated gating and activation mechanism for 
TRPC channels.  

  TRPC1 is known to be phosphorylated by PKC  (  26  ) , whereas 
TRPC3 activity is shown to be inhibited by PKC  (  27  ) . Both pharma-
cological (PKC antagonist) or genetic (kinase-defective mutant) 
manipulations show that inhibition in TRPC1 phosphorylation 
decreased Ca 2+  entry, indicating that PKC phosphorylation of 
TRPC1 is an important determinant of Ca 2+  entry in human 
endothelial cells. Phosphorylation of TRPC1 and resulting Ca 2+  
entry were found to be functionally essential for the increase in 
permeability induced by thrombin in con fl uent endothelial mono-
layers. In contrast, two functional phosphorylation sites have been 
identi fi ed in TRPC3, which are activated by different protein 
kinases. Protein kinase G (PKG) inactivates TRPC3 by direct 
phosphorylation on Thr-11 and Ser-263 sites, whereas protein 
kinase C (PKC) inactivates TRPC3 by phosphorylation on Ser-
712. Point mutations at PKG phosphorylation sites (T11A-S263Q) 
of TRPC3 reduced phorbol-12-myristate-13 acetate inhibition by 
inhibiting the PKG activity. Thus, overall it suggests that the inhib-
itory action of PKC on TRPC3 is partly mediated through PKG, 
which was observed in multiple cells. Furthermore, OAG-induced 
(Ca 2+ ) i  rise was also inhibited by the addition of PKC and PKG 
agonists. Importantly, the PMA inhibition on OAG-induced (Ca 2+ ) i  
rise was signi fi cantly reduced by PKG inhibitors, suggesting an 
important role of PKG in the PMA-induced inhibition of TRPC 
channels in endothelial cells. Although it is possible that different 
TRPC channels could be regulated by different kinases, it remains 
to be seen if other cells that have functional TRPC1–TRPC3 channels 
are either inhibited or activated via these kinases. The Src kinase 
was found to be essential for the activation of TRPC3 by muscar-
inic receptors  (  28  ) ; however, no direct evidence with regard to the 
phosphorylation of TRPC3 channel was been established. On the 
other hand, the Src family kinase Fyn does indeed bind to TRPC6 
and regulate its activity  (  29  ) . The interaction involves the SH2 
domain of Fyn and the N-terminal region of TRPC6, which result 
in tyrosine phosphorylation of TRPC6 and showed increased 
channel activity. TRPC6 activity is also regulated by a CaMK 
II-dependent phosphorylation  (  30  ) . However it remains to be seen 
if the kinase directly interacts with the channel. In addition, the 
phosphorylation state of the TRPC channels can also be regulated 
by various phosphates, and although till date no phosphates have 
been identi fi ed that interacts with TRPC channels, it could be 
speculated that these phosphates could also have a signi fi cant role 
in the regulation of TRPC-mediated channel activity. 
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 The N-terminus of IP 3 Rs is able to activate TRPC1, TRPC3, 
and TRPC4  (  16,   31  ) . Interestingly, IP 3 R peptides compete with 
calmodulin for binding to TRPC channels, and addition of 
calmodulin prolongs the interval between Ca 2+  release from intra-
cellular stores and activation of Ca 2+  in fl ux  (  16,   32  ) . These  fi ndings 
suggest a model in which calmodulin blocks IP 3 R-dependent acti-
vation of the channel. However, deletion of the calmodulin-
binding sequences in TRPC1 did not result in spontaneously active 
channels as observed in Homer knockout mice, but rather showed 
an increased Ca 2+  in fl ux. Since calmodulin binding af fi nity increases 
with elevated Ca 2+ , this mechanism may be important for certain 
adaptations and be in fl uenced by cytosolic Ca 2+  or release of Ca 2+  
from intercellular stores. Additionally, since both Homer and calmod-
ulin bind at the C-terminus of TRPC1 channel, there could be 
competition between the two proteins, and depending on the need 
and the complexity of the cell, different proteins may be bound to 
regulate Ca 2+  in fl ux accordingly. Overall these  fi ndings indicate a 
high degree of complexity of TRPC activation and regulation in 
biologically relevant systems allowing for multiple modes of regu-
lation. However, further research is needed to con fi rm these inter-
actions under more dynamic conditions involving activation/
inactivation of these TRPC channels.  

  Using large-scale RNA-interference screens on cellular signaling 
proteins, two groups have identi fi ed STIM proteins (stromal 
interaction molecule 1 and 2) as the most important regulators of 
SOCE  (  33,   34  ) . Identi fi cation of STIM, as the missing link involved 
in transmitting the message of ER store depletion to the PM-SOCC 
apparatus, provided an answer for the most perplexing mysteries in 
store-operated Ca 2+  signaling biology. STIM1 and STIM2 are both 
single-pass transmembrane proteins with N-terminal Ca 2+  binding 
EF-hands (canonical and hidden) and SAM (sterile alpha motif) 
domain located either extracellular or in the ER lumen. On the 
other hand, the C-terminus domain of STIM1 is localized to the 
cytoplasm and is shown to contain the ERM (ezrin–radixin–
moesin) and coiled-coil protein interacting domains  (  35,   36  ) . 
STIM1 has been shown to be glycosylated and associated with the 
PM  (  37–  39  ) ; however, the precise role of PM-STIM1 in SOCE 
remains unclear  (  40  ) . In addition, STIM1 is shown to be phospho-
rylated  (  37  ) , predominantly at serine residues, and this appears to 
be important for SOCE regulation during cell division  (  41,   42  ) . 
Similarly STIM2, which is about 45% identical with STIM1, has 
also been identi fi ed as a second modulator of Ca 2+  signaling; how-
ever, recent reports indicate that STIM2 is primarily involved in 
maintaining basal Ca 2+ , rather than initiating SOCE  (  40  ) . 
Functionally, STIM1 in the ER responds to the changes in ER Ca 2+  
levels via reversible binding of Ca 2+  with its EF-hand domain. 
Following depletion of ER Ca 2+ , STIM1 undergoes homotypic 
interactions and forms oligomeric clusters (puncta) at the ER–PM 
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junctions. The STIM1 puncta at the peripheral ER can thus 
physically associate with SOCC that are present in the plasma 
membrane thereby activating SOCE  (  33,   43–  48  ) . Although 
identi fi cation of the ER Ca 2+  sensor, STIM1, has revolutionized 
our understanding of SOCE, questions of what the importance of 
STIM1 puncta is, and how they are stabilized and recruited to sites 
of ER in opposition to the PM are still unsolved mysteries. Whether 
the composition of the PM at these junctional sites in fl uences the 
speci fi city of STIM1 recruitment is not known. Thus, information 
on the identity of the ER–PM junction sites, at subplasma mem-
brane regions, where STIM1 clusters translocate and associate with 
the PM-SOCC to activate SOCE is warranted. Nevertheless, 
identi fi cation of STIM1 as a critical regulator of SOCE channels 
has provided novel insight into their activation paradigms. 

 Recent studies have demonstrated an obligatory role of STIM1 
in activating TRPC channels and regulating SOCE. In this context, 
STIM1 activation of TRPC1 channel has been extensively studied. 
Physiologically, the interaction between STIM1 and TRPC1 is 
dynamic and reversible and is regulated by the status of ER Ca 2+  
stores such that, upon agonist-mediated store-depletion STIM1–
TRPC1 interaction is increased. However, following agonist clear-
ance and subsequent re- fi lling of the ER stores the STIM1–TRPC1 
complex dissociates to a resting state  (  49  ) . Although the precise 
control of this interaction cycle is not established, the kinetics 
underlying the homomultimeric clustering of STIM1 appears to be 
a prime driving force. STIM1 has been shown to associate with 
TRPC1 in a complex containing Orai1; however, independently 
their regulation by STIM1 is distinct, since functional interaction 
sites for STIM1 are different  (  50,   51  ) . STIM1 binds to native 
TRPC channels as ef fi ciently as it binds with ectopically expressed 
channels. With regard to STIM–TRPC associations, there seems to 
be a preference. STIM1 interacts with TRPC1, C2, C4, and C5 
but does not seem to interact with TRPC3, C6, and C7. It has 
been suggested that although STIM1 does not directly bind to 
certain TRPC channels it is still able to in fl uence their function 
indirectly since, native SOCCs can constitute heteromeric TRPC 
assemblies. This distinction in the activation mechanism of TRPC 
channels could provide an explanation as to why TRPC1/C4/C5 
are deemed as candidates for store depletion, whereas TRPC3/
C6/C7 are mainly believed to be dependent on second messenger 
system. Similarly, TRPC1 has been shown to functionally interact 
with Orai1 channels and Orai1 channels have been shown to be 
regulators of TRPC channels  (  52,   53  ) . In addition, SOCE via the 
TRPC channels has been shown to be both Orai1 dependent and 
Orai1 independent  (  54,   55  ) , suggesting that positioning of speci fi c 
channels along with precise interactions with other molecules at 
cellular compartments could co-ordinate Ca 2+  entry. Overall, these 
results suggest that depending on the cell type and the need of 
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Ca 2+  signal, these interactions could have additive effect on the 
regulation of TRPC channels and that Ca 2+  channels are more 
complex that requires multiple proteins for the generation of Ca 2+  
currents. In addition, compartmentalization of these key proteins 
could also play a signi fi cant role in these functional interactions 
and many of the TRPC interacting proteins have been shown to be 
partitioned in both lipid raft and nonlipid raft fractions  (  13  ) .   

 

 TRPC channels have been shown to interact with many regulatory 
and scaffolding proteins. Thus, it can be anticipated that some of 
these proteins will play an important role in PM retention as well 
as targeting of TRPCs to the membrane. Moreover, since TRPC 
channels have the inherent ability to form multimeric channels 
(homomeric and heteromeric), selective association between dif-
ferent subtypes can generate a plethora of different channel with 
very different functional characteristics and thereby can ultimately 
regulate numerous biological functions. However, in order for 
TRPC channels to be functional they have to be targeted to the 
PM and associate with their regulatory proteins. 

  Lipid rafts are planar domains in the PM that are rich in sphingolipids, 
cholesterol, plasmenylethanolamine, and arachidonic acid giving 
them a liquid-ordered state that is in stark contrast to the surround-
ing highly disordered phospholipid bilayer 13 . One biophysical 
property of lipid rafts is that they are resistant to low temperature 
detergent solubilization with nonionic detergents. Caveolae are a 
subclass of lipid rafts containing a family of integral membrane pro-
teins, caveolins that cause them to take the form of  fl ask-shaped 
invaginations of the PM  (  9,   13,   56  ) . Lipid rafts and caveolae have 
been shown to play an important role in the regulation of various 
cellular functions including organization of cell signaling 
machinery such as receptor tyrosine kinases (RTKs) and GPCRs, 
establishment of cell polarity, cholesterol transport, and endocyto-
sis. Since Ca 2+  signaling cascade, such as PIP 2 , G  α q/11 , muscarinic 
receptors, PMCA, and IP 3 R-like protein, and Ca 2+  signaling events 
such as receptor-mediated turnover of PIP 2  have also been local-
ized to caveolar microdomains in the plasma membrane, it is likely 
that caveolae are important in regulating Ca 2+  in fl ux. 

 An interesting study showed that agonist-stimulated Ca 2+  
signal originates in speci fi c areas of the PM that are enriched in 
caveolin-1 and that disruption of lipid raft domains not only disrupts 
these Ca 2+  signals, but signi fi cantly decreases Ca 2+  in fl ux. Caveolae 
have been now identi fi ed as the primary sites of Ca 2+  wave initia-
tion and previous studies have suggested that caveolae function as 
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receptacles for the PM-bound Ca 2+  signaling machinery  (  57  ) . 
Crosstalk between endoplasmic reticulum and caveolae has also 
been observed in endothelial cells, where IP 3 R agonists generate 
Ca 2+  waves that initiate at caveolin-1-rich edges of the cell  (  57  ) . 
Furthermore, B cell activation is initiated in lipid rafts, also 
accompanied by release of Ca 2+  from the IP 3  gated stores and after 
store depletion STIM1 protein has been shown to associate with 
caveolar lipid raft domains  (  49,   58  ) . Thus, lipid rafts could very 
well serve as platforms for Ca 2+  signaling, as well as the sites for the 
localization of various Ca 2+  channels  (  13,   56  ) . Interestingly, in 
addition to G-protein coupled receptors G q/11 , phospholipase C 
are known to be present in lipid    raft domains, suggesting that 
proteins necessary for TRPC1 activation are grouped together to 
effectively coordinate signaling. Thus, it has been proposed that 
caveolae may regulate spatial organization of Ca 2+  signaling by 
contributing to the assembly of Ca 2+  signaling complex as well as 
the site of Ca 2+  entry. 

 TRPC1 is known to be localized in caveolin-scaffolding lipid 
raft domains of the PM where it could associate with other signal-
ing proteins mainly IP 3 R, Caveolin-1, calmodulin, PMCA, and 
G  α q/11  (  14  ) . Although multiple putative caveolin-binding domains 
both in the N- and C-terminal regions of the TRPC1 gene have 
been identi fi ed, their functional importance is yet to be deter-
mined. However, it has been noted that TRPC1 which lacks the 
N-terminal Caveolin-1-binding domain does not get traf fi cked to 
the PM and shows signi fi cant decrease in Ca 2+  in fl ux. Additionally, 
this site has been observed to be conserved in all TRPC channels, 
but it remains to be seen if other TRPC channels also require 
caveolin-1 for their traf fi cking or recruitment to the PM. Expression 
of the mutant Cav1 (lacking its protein scaffolding and membrane 
anchoring domains) also shows disruption in PM localization of 
TRPC1 as well as signi fi cant decrease in Ca 2+  in fl ux upon store 
depletion. This effect was not due to a generalized disruption of 
PM lipid raft domains, since staining with cholera toxin is retained. 
Moreover, cholesterol depletion and re-introduction has shown to 
have a profound effect on TRPC1-dependent endothelin-evoked 
arterial contraction, implying TRPC1 regulation by cholesterol is 
critical in vascular pathology  (  59  ) . Thus, overall, interaction 
between TRPC1 N-terminus with Caveolin-1 appears to play a 
critical role in the functional expression of this protein in the PM 
with TRPC1 function depending on the presence of cholesterol, or 
at least the integrity of cholesterol-rich caveolae. There is much 
that is still unknown about the extent that lipid raft domains and 
lipid raft function affect Ca 2+  signaling. Some questions that remain 
unanswered are whether intracellular traf fi cking of TRPC channels 
depends to some degree on lipid raft-mediated processes in cells, 
and whether caveolins are also responsible for the turnover of 
TRPC1 protein (endocytosis). In this regard, it may not be just 
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TRPC channels that are modulated by caveolar structures. TRPV 
channels localized to caveolae/lipid rafts could be activated via 
endocannabinoids present in lipid rafts. Nonetheless, it is clear that 
caveolae/lipid raft-mediated pathways are important components 
of Ca 2+  signaling and traf fi cking of TRPC1 channels.  

  The SNARE superfamily of proteins has become one of the most 
extensively studied elements of intracellular traf fi cking. The roles 
of these proteins in membrane traf fi cking, docking, and fusion 
include the establishment of tight membrane contacts and the 
formation of a scaffold to support the secretory machinery. Among 
the most important and ubiquitous SNARE proteins are VAMPs, 
transmembrane proteins located in the vesicular membranes, and 
SNAP-25, which contains a region of palmitoylated cysteines by 
which it associates with the PM  (  60  ) . In addition to other modula-
tors of vesicular traf fi cking such as PI3-kinase, caveolin-1, PLC γ , 
and likely PIP 2  itself, TRP channels may also associate with SNARE 
proteins. Indeed, vesicular traf fi cking is emerging as a key mecha-
nism for regulating PM expression and function of TRP channels. 

 A newly discovered mechanism of TRPC channel insertion is 
exocytotic insertion of these channels into the PM. A number of 
proteins involved in vesicular traf fi cking are known to interact with 
TRP channels, which include stathmin, VAMP2, syntaxin, SNAP, 
and NSF, all of which could contribute to PM insertion of TRPC 
channels. An initial yeast two-hybrid screen revealed that the 
N-terminus of TRPC3 interacts with the SNARE proteins mainly 
VAMP2 and a-soluble  N -ethylmaleimide-sensitive factor attach-
ment protein ( α SNAP). Moreover, co-immunoprecipitations assays 
indicate that other SNARE complex protein such as SNAP23, 
Syntaxin1, and NSF also interact with TRPC3 channels. 
Interestingly agonist stimulation of cells, but not passive store 
depletion, resulted in PM translocation of TRPC3 that is dependent 
on its association with SNARE complex proteins. For example, 
cleavage of VAMP2 with tetanus toxin signi fi cantly decreases PM 
TRPC3 expression  (  61  ) . These  fi ndings indicate that activation of 
TRPC3 by agonist stimulation involves exocytosis of subplas-
malemmal vesicles containing TRPC3 into the plasma membrane. 
Moreover, these data indicate that TRPC3 is present in readily 
available pools of vesicles that can fuse with the PM immediately 
upon agonist stimulation, enhancing Ca 2+  in fl ux. Here it is inter-
esting to note that TRPC3 directly interacts with  α SNAP, which 
could be involved in rapid endocytosis of vesicles and thus termi-
nation of Ca 2+  in fl ux. 

 Another mode of TRPC3 regulation is via PLCg which also 
interacts with the N-terminus of TRPC3. However, unlike VAMP2, 
PLCg does not affect PM expression of TRPC3 in response to 
agonist stimulation. Interestingly, TRPC5 is also shown to be 
present in vesicles and PLCg is critical for its insertion into the PM 
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 (  62  ) . Stimulation of tyrosine kinase growth factor receptors resulted 
in PM insertion of TRPC5 via PI3K and the Rho GTPase Rac1. 
Activated Rac1 seems to be critical for the fusion of TRPC5 with the 
PM. Similarly, TRPC6 translocates to the PM upon stimulation of the 
GPCR muscarinic M3 receptor and with the lipid 1-oleoyl-2-acetyl-
 sn -glycerol (OAG)  (  63  ) . Overall, it can be summarized that TRPC 
channels are present in vesicles and PM insertion may involve a 
Ca 2+ -mediated step that requires SNARE proteins or activation of 
cell surface receptors.  

  A number of studies in different cell types have reported that 
multiple cytoskeleton-associated mechanisms can regulate activa-
tion of TRPC channels. Small molecular GTP-binding proteins 
that are involved in vesicular traf fi cking such as Rac1 and Rho-
GTPase interact with many TRPC channels. Interaction of TRPs 
with components of the cytoskeleton (actin) and microtubules 
(tubulin) could serve as a stable anchor for retaining the channels 
in speci fi c PM locations. Additions of agents which modify actin 
and tubulin severely disrupt PM localization of TRPC channels 
 (  25,   64  ) . It could be hypothesized that dynamic interactions with 
cytoskeletal components, mainly actin and microtubules, provide a 
system for traf fi cking of channel to and from the PM. Remodeling 
of these pathways can either promote or limit access of the vesicles 
to the PM. Cytoskeletal interactions can also relocate required 
molecular components that are involved in regulating their func-
tion or traf fi cking in close proximity to TRP channels. For example 
TRPC4 and TRPC5 interaction with spectrin links the channels to 
the cytoskeleton via ezrin  (  16  ) . 

 Myosin light chain kinase is also known to regulate TRPC5 
function, although it is not clear whether this involves direct effects 
on TRPC5 or is mediated via regulation of the cytoskeleton. There 
is dynamic recruitment of proteins that regulate the cytoskeleton, 
e.g., RhoA recruitment has been reported during TRPC1 channel 
activation. Actin polymerizing agents cause internalization of 
TRPC3. Importantly, cytoskeletal components also interact with 
PIP 2  and thus changes in PIP 2  levels signi fi cantly affect the status 
of the underlying cytoskeleton. Vesicular traf fi cking, including 
internalization as well as exocytosis, is regulated via compartmen-
talized changes in plasma membrane PIP 2 –cytoskeletal interac-
tions. Notably, proteins involved in vesicle fusion as well as ezrin 
are enriched in lipid raft domains. Since PIP 2  is relatively enriched 
in lipid raft domains, it is interesting to speculate that these plasma 
membrane lipid microdomains can coordinate traf fi cking as well as 
regulation of TRP channels. Inhibition of actin polymerization by 
cytochalasin D or latrunculin A completely disorganizes the actin 
network and fully blocks SOCE. Importantly, store-dependent 
movement of STIM1 has also been shown to be dependent on 
microtubule organization  (  65  )  .   

  3.3.  TRPC Interaction 
with Cytoskeleton 
Proteins
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 Expression and potential roles of TRPC channels in regulating 
vascular structure and function have been relatively well studied. 
Both vascular endothelial cells and smooth muscle cells express a 
variety of TRPC channels that appear to serve a number of func-
tions of the vasculature under normal conditions, as well as to con-
tribute to the pathophysiology of several diseases both in the 
systemic and pulmonary circulations. 

  Vascular endothelial cells appear to express all seven members of 
the TRPC subfamily  (  66  ) , although understanding of their roles 
and interactions is far from complete. A large body of work on 
TRPCs in the endothelium is based on nonprimary endothelial 
cells where the culturing process may in fl uence the pro fi le of 
expressed proteins. Furthermore, current knowledge on TRPCs in 
endothelial cells is based on both systemic and pulmonary vascular 
endothelium from both human and nonhuman species, where 
TRPC isoform expression (and even function) may depend on the 
vascular bed, the species itself, and the environment (normal vs. 
disease state). Additionally, heterogeneity in TRPC expression 
even within a vessel, and the oligomerization of TRPC isoforms 
further confound interpretation. Nonetheless, the roles of TRPC1, 
3, 4, and 6 in endothelial cells have been explored to a larger extent 
than TRPC2 and TRPC7. 

 TRPC1 expression has been demonstrated in both pulmonary 
 (  67–  69  )  and systemic  (  26,   70–  72  )  endothelial cells, and is gener-
ally considered to be involved in Ca 2+  in fl ux (which may have the 
downstream effect of regulating vascular permeability by disrupt-
ing the adherens junction)  (  66,   73  ) . In this regard, with the more 
recent recognition of STIM1 as a key regulator of store-operated 
Ca 2+  entry (SOCE) and plasma membrane Orai1 being the 
putative Ca 2+  entry channel  (  74–  78  ) , the exact role of TRPCs as 
in fl ux channels per se has been made more complicated  (  41  ) . One 
model suggests a heterodimer of TRPC1 and TRPC4 which then 
complexes with STIM1 and Orai1 in regulating SOCE  (  76,   79  ) . 
However, other studies have independently shown that reduced 
expression of either TRPC isoform does not in fl uence SOCE  (  80  ) , 
while STIM1 suppression  (  41  )  does not affect in fl ux via these 
isoforms. Here, one factor that could potentially explain these dis-
crepant results is the physical location of TRPCs in the plasma 
membrane, particularly within caveolae  (  81,   82  ) . For example, 
Malik and colleagues have demonstrated that the constitutive 
caveolar protein caveolin-1 helps functionally link TRPC1 with IP 3  
receptor channels in the endoplasmic reticulum of pulmonary 
artery endothelial cells  (  83  ) , thereby helping regulate Ca 2+  in fl ux. 
Whether caveolin-1 interact with STIM1 within this setting to 
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in fl uence in fl ux via TRPC1 has not been examined in vascular 
endothelium per se, but has been demonstrated in other cell systems 
 (  9,   56,   84  ) . The link between TRPC1 and the ER in vascular 
endothelium appears to be also important in regulating receptor-
operated Ca 2+  in fl ux. For example, in human pulmonary artery 
endothelial cells, TRPC1-IP 3  receptor interaction regulates thrombin 
and VEGF-induced Ca 2+  in fl ux  (  85,   86  ) . This pathway may play a 
role in the enhanced vascular permeability in the presence of 
in fl ammation, especially in the lung leading to pulmonary edema. 

 TRPC3 has been found in endothelial cells of several vascular 
beds  (  87–  93  )  and is considered an oxidant-sensitive channel  (  66, 
  73  )  that helps regulate redox sensitivity (important in generation 
of atherosclerotic disease). As with TRPC1, TRPC3 can also form 
hetero-multimeric channels with TRPC4 in regulating (Ca 2+ ) i   (  94  ) . 
Relevant to disease, data from coronary artery endothelial cells 
suggest that reduction in Ca 2+  in fl ux due to blunted TRPC3 expres-
sion may be important in generation of atheromas  (  89,   95  ) . 
Conversely, relevant to malignant hypertension, TRPC3 expres-
sion is increased in renal arteries  (  90  ) , with the assumption that the 
resultant elevated Ca 2+  in fl ux somehow impairs renovascular tone 
and the downstream effects on the endocrine system. In addition 
to being a component of heteromultimeric in fl ux channels (as ear-
lier), TRPC4 by itself appears to be important as a mediator of 
SOCE in endothelial cells (but see  (  80  ) ). For example, endothe-
lium-dependent relaxation of the aorta is impaired in TRPC4 
knockout mice, while Ca 2+  in fl ux in endothelial cells when stimu-
lated with standard agonists such as ACh or ATP (important for 
downstream nitric oxide generation) is suppressed in the absence 
of TRPC4  (  71  ) . As with TRPC1, TRPC4 is also important for 
vascular permeability, in fl uencing thrombin-induced Ca 2+  in fl ux 
 (  96,   97  ) . However, what is not known is whether TRPC4 
independently regulates SOCE, or only within the setting of inter-
actions with other TRPC isoforms. 

 Compared to other isoforms, the role of TRPC5 in endothelial 
cells is somewhat unique. In aortic endothelial cells, TRPC5 trans-
locates to the plasma membrane in response to stimulation by 
lysophosphatidylcholine, subsequently modulating Ca 2+  in fl ux 
 (  62,   98  ) . Furthermore, one study found that TRPC5 is sensitive to 
NO (via nitrosylation)  (  99  ) , but has not been found to be the case 
in another study  (  100  ) . Nonetheless, the relevance of TRPC5 may 
lie in atherosclerotic disease wherein activation of TRPC5 in 
response to lysophosphatidylcholine prevents endothelial cell 
migration and thus impairs re-endothelialization of the injured 
vessel  (  98  ) . The role of NO in TRPC5 modulation in the setting 
of atherosclerosis is not known. TRPC6 has been shown to be a 
mediator of receptor-operated Ca 2+  in fl ux in endothelial cells of 
different vascular beds  (  98,   101,   102  ) , responding to factors such 
as RhoA  (  102  )  and bradykinin  (  103  ) . Furthermore, TRPC6 
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appears to be important in angiogenesis, working with TRPC3 in 
its response to VEGF  (  101,   104,   105  ) . From the above brief 
discussion, it is clear that TRPC channels can serve a variety of 
endothelial cell functions including NO generation, permeability, 
migration, and angiogenesis. While there is much to learn about 
TRPCs in vascular disease, it is also clear that modulation of TRPC 
channels in the endothelium (which may be technically feasible via 
an intravascular administration of inhibitors or drug delivery 
mechanisms) should be an important area for drug discovery in 
cardiovascular disease.  

  The relevance of TRPCs in vascular smooth muscle again lies in 
their modulation of vascular tone as well as vascular remodeling in 
the setting of a variety of diseases in both the systemic and 
pulmonary circulations. As with endothelial cells, multiple TRPC 
isoforms have been found in the smooth muscles of different 
vascular beds and appear to again be involved in a variety of func-
tions  (  66,   73,   106–  113  ) . 

 In contrast to a role in SOCE in endothelial cells, TRPC1 has 
been generally recognized as modulating receptor-operated Ca 2+  
entry (ROCE) in smooth muscle  (  114–  118  ) . Well-known vaso-
constrictors such as endothelin-1  (  116  )  and angiotensin II  (  115  )  
activate Ca 2+  in fl ux via this latter mechanism using TRPC1. Whether 
TRPC1 is involved in SOCE per se especially in vascular smooth 
muscle has not been  fi rmly established. In vitro, TRPC1 overexpres-
sion enhances Ca 2+  in fl ux following store depletion and vasocon-
striction of rat pulmonary artery  (  119  )  and in cerebral arteries  (  120  ) . 
However, data from intact aortic or cerebral arteries argue against 
a role for TRPC1 in SOCE  (  121  ) . Regardless, TRPC1 appears to 
be important in vascular remodeling, e.g., with angiotensin II 
exposure  (  122  )  or with pulmonary artery smooth muscle prolifera-
tion  (  123  )  relevant to pulmonary hypertension. Interestingly, the 
association between angiotensin II and smooth muscle growth in 
coronary artery appears to involve SOCE and interactions with 
STIM1  (  124  ) . These discrepant data are dif fi cult to reconcile unless 
more information is obtained regarding other proteins (including 
other TRPC isoforms) that could potentially interact with TRPC1 
in modulating Ca 2+  in fl ux. The role of TRPC3 in vascular smooth 
muscle as a receptor-operated channel is also different than in 
endothelial cells, being sensitive to constrictors such as endothe-
lin-1  (  88  )  and mediated by DAG  (  125,   126  ) . More recent data 
suggest that TRPC3 may be indirectly involved in vasodilation, by 
virtue of its inhibition by an NO/PKG pathway, at least in carotid 
artery  (  127  ) . As with TRPC1, elevated levels of TRPC3 have also 
been associated with angiotensin II-associated hypertension, at 
least in rats  (  128  ) . 

 Compared to endothelium, the function of TRPC4 in vascular 
smooth muscle has been examined only to a limited extent. 

  4.2.  TRPCs in Vascular 
Smooth Muscle
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As with endothelium, TRPC4 may interact with other TRPC 
isoforms in modulating Ca 2+  in fl ux in response to constrictors 
such as endothelin-1 (e.g., in cerebral artery)  (  129  )  or in 
response to mechanical stimulation (e.g., in aorta)  (  130  ) . 
Whether these functions of TRPC4 are important in regulation 
of vascular tone or in vascular remodeling still remains to be 
established. However, limited data in the dog suggest that 
TRPC4 (potentially interacting with other TRPC isoforms) may 
be important in cerebral vasospasm following subarachnoid hem-
orrhage  (  129  ) . The role of TRPC5 has been largely studied in 
the cerebral circulation  (  129,   131  ) , where this isoform appears 
to mediate SOCE, potentially interacting with TRPC1. 
Furthermore, as in endothelial cells TRPC5 is activated by lyso-
phosphatidylcholine  (  132,   133  ) . However, rather than modulating 
vascular tone, TRPC5 appears to be involved in smooth muscle 
cell proliferation, which may be of relevance in vascular remodel-
ing in the setting of hypertension. 

 TRPC6 has been relatively well studied in vascular smooth 
muscle  (  134–  144  ) , initially reported to response to adrenergic 
stimulation  (  142  ) , being activated by diacylglycerol. TRPC6 is also 
activated by a number of vasoconstrictors including angiotensin II 
 (  145  ) , vasopressin  (  141,   143  ) , and serotonin  (  141  ) . Unlike other 
isoforms, TRPC6 may be particularly important in re fl ex vasocon-
striction in response to mechanical stretch  (  146  ) . However, it is 
unclear whether mechanical stretch directly activates Ca 2+  in fl ux via 
TRPC6 or whether this channel is indirectly activated by virtue of 
other agents (e.g., angiotensin II) which may rise upon mechanical 
stimulation. Separately, TRPC6 appears to be important in the 
pulmonary circulation in the setting of enhanced smooth muscle 
proliferation  (  147,   148  )  and has been reported to be upregulated 
in idiopathic pulmonary hypertension. Even under normal circum-
stances, TRPC6 is involved in hypoxic pulmonary vasoconstriction 
 (  149  ) , an important feature of the pulmonary circuit in maintenance 
of ventilation-perfusion matching. As with TRPC3, in vascular 
smooth muscle, TRPC7 appears to be a receptor-operated channel 
 (  150  ) , potentially interacting with TRPC3 or TRPC6 in modulat-
ing Ca 2+  in fl ux  (  66  ) . However, there is currently no information on 
the role of TRPC7 in normal vascular function or in diseases.  

  From the brief discussion earlier, it is clear that the vascular expresses 
a variety of TRPC isoforms all with complex roles that contribute 
to vascular structure and function. There is now increasing evi-
dence that many of these isoforms, working in combination or 
independently, contribute to a number of diseases either by virtue 
of modulating (Ca 2+ ) i  or by altering vascular structure. While it is 
beyond the scope of this chapter to detail the current body of 
information in this area, some points are highlighted here. 

  4.3.  TRPCs in 
Vascular Disease
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 Growth and proliferation of vascular smooth muscle is a key 
factor in conditions such as atherosclerotic disease, hypertension 
(both systemic and pulmonary), and vascular restenosis following 
percutaneous angioplasty or in  fi stulas  (  151–  156  ) . Here, there is 
clearly a correlation between elevated [Ca 2+ ] i  levels (especially long 
term) and enhanced proliferation  (  155,   157–  159  ) . TRPCs, by virtue 
of being in fl ux channels (be it receptor- or store-operated) can 
in fl uence [Ca 2+ ] i  and thus contribute to proliferation. For example, 
as discussed earlier, TRPC1 in coronary, renal, and cerebral arteries 
and TRPC5 in the venous system have been implicated in the 
systemic circulation. Pulmonary artery smooth muscle prolifera-
tion is associated with elevated TRPC6, while other studies have 
found elevated TRPC3 to be contributory. From a functional per-
spective, altered TRPC isoform expression may alter vascular tone 
or reactivity. Here, TRPC1 and TRPC6, by virtue of modulating 
vascular smooth muscle membrane potential may contribute to 
vasoconstriction. Both isoforms are also activated by common 
vasoconstrictor agonists. Additional contributions (depending on 
the vascular bed) may come from TRPC1 and TRPC7. Hypoxic 
pulmonary vasoconstriction involves TRPC6 relevant to pulmo-
nary hypertension. Furthermore, TRPC6 may contribute to 
myogenic tone, important in autoregulation, especially in the 
cerebral circulation. Relevant to disease, TRPC1 and TRPC4 may 
contribute to cerebral vasospasm.   

 

 Compared to relatively detailed examination of TRPCs in the 
vasculature, there is currently limited information on the role of 
TRPCs in normal function of the airway or in respiratory diseases 
not involving the pulmonary vasculature (see  (  114,   160–  163  )  for 
review). Akin to vascular endothelium and smooth muscle, airway 
epithelial cells and airway smooth muscle are key elements regu-
lating structure and function. There is currently very little informa-
tion on TRPC isoform-regulated regulation of airway epithelial 
function. Both TRPC4 and TRPC6 are expressed in human 
bronchial epithelium  (  164  ) , and TRPC6 expression is increased in 
epithelia of patients with cystic  fi brosis  (  165  ) , and could poten-
tially interact with the CFTR protein in controlling Ca 2+  within 
the epithelium. 

 A few studies have examined TRPC isoforms in airway smooth 
muscle and their potential involvement in diseases such as asthma 
and COPD (see  (  114,   160,   162,   163,   166–  169  )  for review). 
Similar to vascular smooth muscle, studies in humans, pigs, and 
guinea pig all show the expression of TRPC1, TRPC3, TRPC4, 
TRPC5, TRPC6, and TRPC7 in airway smooth muscle, albeit to 

  5.  TRPCs in the 
Respiratory System
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different levels  (  164,   170–  174  ) . However, the majority of functional 
studies have focused on TRPC3. Interestingly, unlike in vascular 
smooth muscle, TRPC3 and not TRPC1 is the major component 
of native nonselective cation channels and thus contributes to 
elevation of [Ca 2+ ] i  in response to agonist stimulation and with 
store depletion  (  169,   175  ) . Limited data demonstrate that TRPC3 
regulates resting membrane potential in airway smooth muscle, 
with siRNA-induced TRPC3 suppression resulting in lowering of 
membrane potential  (  169,   175  ) . Here, the relative importance of 
membrane potential in this cell type compared to the vasculature 
may be different, thus making the functional importance of TRPC3 
at baseline also different. In contrast to TRPC3, TRPC1 does not 
play a role in airway smooth muscle membrane potential. 
Furthermore, TRPC3 is also involved in [Ca 2+ ] i  responses to bron-
choconstrictor agonists such as acetylcholine  (  169,   171  ) . In addition 
to allowing Ca 2+  entry, TRPC3 may also modulate local Ca 2+  levels, 
especially in the proximity of the plasma membrane, thus in fl uencing 
other mechanisms such as Na + /Ca 2+  exchange or membrane poten-
tial which may have the downstream effect of enhancing in fl ux via 
L-type Ca 2+  channels  (  176  ) . Here, a recent discovery has been the 
localization of TRPC3 to caveolae in human airway smooth muscle 
cells  (  56,   84  ) , which introduces a new level of complexity in terms 
of TRPC3 regulation that is currently unexplored. Nonetheless, the 
fact that TRPC3 may work via both store- and receptor-operated 
mechanisms suggests a role for this protein in maintaining in fl ux 
over sustained periods following agonist stimulation. 

 Given the multiple effects of TRPC3 on [Ca 2+ ] i  there has been 
some exploration of altered TRPC3 expression and function in 
airway diseases. Here, a few studies have reported increased TRPC3 
expression in airways of patients with asthma  (  169,   175,   177  ) . 
Separately, the pro-in fl ammatory cytokine TNFa has been shown 
to upregulate TRPC3 expression in human airway smooth muscle 
 (  171  ) . Furthermore, siRNA suppression of TRPC3 results in 
blunting of TNFa-induced enhancement of [Ca 2+ ] i  and thus airway 
contractility  (  171  ) . 

 There is evidence that TRPC1 may be important in airway 
smooth muscle cell proliferation  (  162  ) , and thus a contributor to 
airway thickening and hyper reactivity in diseases such as asthma, 
with TRPC1 suppression attenuating SOCE as well as cell prolif-
eration  (  123  ) . While TRPC4 has been shown to be involved in 
pulmonary artery smooth muscle cell proliferation, a similar role 
in airway has not been demonstrated. Furthermore, it is currently 
not known whether either of these isoforms works independently 
or in collaboration in modulating airway cell proliferation, or 
whether they in fact directly in fl uence mechanisms that control 
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proliferation. Compared to other isoforms, TRPC6 is considered 
to be important in asthma and COPD  (  160  ) , although the exact 
mechanisms are still unclear. Mice lacking TRPC6 show substan-
tially less numbers of in fl ammatory cells in the airway in response 
to allergen challenge  (  178  ) , suggesting a role for this isoform in 
allergic airway in fl ammation, relevant to asthma. In this regard, 
TRPC6 may be involved in the Ca 2+  response of neutrophils to 
chemokines such as CXCL1 or CXCL8, as well as neutrophil 
migration in response to CXCL2  (  178  ) . In a similar vein, TRPC6 
expression is increased in lung macrophages in COPD patients 
 (  179  )  (while other isoforms may not be substantially altered). 
TRPC6 is also expressed in airway smooth muscle  (  171  ) . However, 
the airways of mice lacking TRPC6 actually show higher airway 
reactivity to methacholine in models of allergen sensitization and 
challenge  (  180  ) , which may be partly explained by a compensatory 
increase in TRPC3 within the airway. Thus, the role of TRPC6 in 
the airway remains far from complete.  

 

 In conclusion TRPC channels are present within signaling micro-
domains that are necessary for their function. Interaction of TRPC 
proteins with a multitude of other PM-bound, lipid raft-associated 
and intracellular proteins could facilitate or inhibit Ca 2+  entry via 
TRPCs, thereby contributing to the heterogeneity of spatiotem-
poral [Ca 2+ ] i  changes necessary for cellular physiology. Further, 
protein–protein interaction in the traf fi cking of TRPC channels by 
different stimuli provides for sophisticated control of in fl ux. 
Additionally as nonselective channels, TRPCs can contribute 
towards “cell plasticity” necessary for Ca 2+ -dependent functions. 
Interestingly, modulation of TRPC channel upon stimulation 
could have a signi fi cant impact on the regulation of Ca 2+  signaling, 
which could be modi fi ed in certain pathological conditions. Here, 
the diverse expression and regulation of TRPCs in cells of the 
vasculature and airways indicate the importance of these proteins 
in health and disease (summarized in Table  1 ). Thus, pharmaco-
logical intervention to regulate TRPC channel expression and 
activity should be a key avenue for treatment of vascular and airway 
pathologies and pathophysiologies.       

  6.  Conclusion
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    Chapter 5   

 TRPM2 Function and Potential as a Drug Target       

     Barbara   A.   Miller           

  Abstract 

 The TRPM subfamily of transient receptor potential channels includes a number of members which are 
involved in cell proliferation or cell survival. TRPM2, the second member to be cloned, has a key role in 
the response to oxidative stress. After exposure to oxidant stress, TNF α , concanavalin A, or amyloid 
 β -peptide, ADP-ribose is produced, which binds to a NUDT9-H domain in the C terminus and is a key 
regulator of channel opening and calcium in fl ux. The important roles of TRPM2 isoforms in cell prolifera-
tion and oxidant-induced cell death have been well established in divergent cell types using a broad range 
of techniques including overexpression, channel knockout, depletion, or inhibition, and calcium chelation. 
Related to its central role in oxidative stress-induced cell injury, TRPM2 has been shown to mediate a 
number of disease processes. TRPM2 is involved in regulation of metabolism in diabetes (insulin secretion, 
 β -cell injury, and insulin resistance), and obesity. It has a role in in fl ammation, immunity, and cancer. 
Modulation of TRPM2 may be able to ameliorate a number of these disease processes as well as those 
resulting from ischemia–reperfusion injury, vascular endothelial damage, and traumatic brain injury. 
A review of the involvement of TRPM2 in these physiological and pathophysiological processes, and its 
tremendous potential as a drug target is presented below.  
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 TRPM subfamily members are among the  fi rst TRP channels 
shown to have roles in cell proliferation and survival, including 
TRPM2  (  1,   2  ) , TRPM4  (  3  ) , TRPM5  (  4  ) , TRPM7  (  5,   6  ) , and 
TRPM8  (  7,   8  ) . The TRPM subfamily was named after the  fi rst 
described member, TRPM1 or melastatin. TRPM1 is expressed on 
melanocytes and expression levels correlate inversely with mela-
noma aggressiveness and metastatic potential, suggesting that it 
functions as a tumor suppressor  (  9–  11  ) . TRPM2, the second mem-
ber of the TRPM2 channel to be cloned, is a 1,503 amino acid 
protein  (  12  ) . It is expressed in many cell types including brain, 
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hematopoietic cells, heart, vascular smooth muscle, endothelial 
cells, lung, and the endocrine system  (  2,   12–  16  ) . TRPM2 channels 
are permeable to sodium, potassium, and calcium. Extracellular 
signals which activate TRPM2 include oxidative stress, TNF α , 
amyloid  β -peptide, and concanavalin A  (  1,   15,   17,   18  ) . 

 Stimulation with these extracellular signals results in a common 
activation pathway, production of ADP-ribose (ADPR), which 
activates TRPM2 by binding to the TRPM2 C-terminal NUDT9-H 
domain (Fig.  1 )  (  2,   18–  21  ) . This NUDT9-H domain has a very 
low level of ADPR pyrophosphatase activity. Cyclic adenosine 
diphosphoribose (cADPR) potentiates the effects of ADPR on 
TRPM2 at low concentrations and also can gate TRPM2 by itself 
 (  19  ) . Nicotinamide adenine dinucleotide (NAD) may also induce 
TRPM2 opening, but the predominance of evidence suggests that 
activation by NAD may not be direct, but instead through conver-
sion to or contamination by ADPR. ADPR may arise from mito-
chondria  (  20  )  or through activation of poly (ADPR) polymerase 
(PARP)  (  22,   23  ) . PARP-1 attaches ADPR polymers to produce 

  Fig. 1.    Mechanisms of TRPM2 activation and induction of cell death by H 2 O 2 . H 2 O 2  activates production of ADP-ribose 
(ADPR) in the mitochondria and through activation of PARP/PARG. The increase in ADPR activates TRPM2 by binding to the 
C-terminal NUDT9-H domain. Ca 2+  in fl ux ensues, which enhances calmodulin (CAM) binding to TRPM2 and further channel 
opening. [Ca 2+ ] i  rises, and in association with other oxidative stress-induced signals results in activation of extrinsic and 
intrinsic cell death pathways, leading to caspase-3 activation and PARP cleavage and inactivation (Printed with permission 
from Transient Receptor Potential Channels, 2011, pg 535, Chapter 29 TRP Channels as Mediators of Oxidative Stress, BA 
Miller and W Zhang, Fig. 29.1).       
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long and branched poly (ADPR) molecules, which are then 
degraded into free ADPR by poly (ADR-ribose) glycohydrolase 
(PARG)  (  24,   25  ) . TRPM2 is also positively regulated by intracel-
lular calcium  (  26–  28  ) . Interaction of ADPR with TRPM2 supports 
limited calcium entry through TRPM2. The subsequent increase 
in Ca 2+ -bound calmodulin enhances calmodulin binding to an 
IQ-motif in the N terminus of TRPM2, providing positive feedback 
for TRPM2 activation and increased Ca 2+  in fl ux  (  28  ) . TRPM2 with 
mutant ADPR binding sites can be activated by intracellular calcium 
concentration [Ca 2+ ] i , and it may be activated in a wide range of 
physiological situations through this mechanism  (  27  ) . Recently, 
strong inhibition of TRPM2 currents by extra- or intracellular 
acidi fi cation has been reported, and this suggests a mechanism for 
limitation of [Ca 2+ ] i , under conditions of lower pH, which often 
occur in in fl ammation or ischemia  (  29–  31  ) .  

 Naturally occurring TRPM2 isoforms resulting from alterna-
tive splicing have been described (Fig.  2 ). These include TRPM2-L 
(full length or wild type), TRPM2-S (short)  (  32  ) , TRPM2- Δ N 
 (  17  ) , TRPM2- Δ C  (  17  ) , and TRPM2-TE  (  33  ) . Because TRP chan-
nels including TRPM2 function as tetramers, isoforms can coas-
sociate and levels of isoform expression can in fl uence TRPM2-L 
function. TRPM2-S has a deletion of four of six C-terminal trans-
membrane domains, the putative calcium pore, and the entire C 
terminus  (  32  ) . TRPM2-S suppresses Ca 2+  in fl ux through TRPM2-L 

  Fig. 2.    Schematic representation of TRPM2 isoforms. Membrane spanning domains 1–4 
and the putative pore region including transmembrane domains 5–6 are indicated. CCR 
represents the coiled coil region which may mediate protein/protein interactions. NUDT9-H 
represents the NUDT9 ADP-ribose hydrolase domain (Printed with permission from 
Transient Receptor Potential Channels, 2011, pg 537, Chapter 29 TRP Channels as 
Mediators of Oxidative Stress, BA Miller and W Zhang, Fig. 29.2, Springer).       
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and inhibits cell death induced by oxidative stress when cells are 
exposed to high concentrations of H 2 O 2   (  32  ) . The mechanism of 
inhibition is not known, but one possibility is that TRPM2-S asso-
ciates TRPM2-L, altering the tertiary structure of the tetramer and 
reducing ion permeability. New data suggest that TRPM2-S expres-
sion may reduce cell viability compared to TRPM2-L when cells 
are exposed to low, physiological concentrations of H 2 O 2  (Chen 
et al. manuscript in preparation). TRPM2- Δ N has deletion of 
amino acids 538–557 from the N terminus, and does not respond 
to H 2 O 2  or ADPR, suggesting that this deletion disrupts channel 
gaiting or assembly  (  17  ) . TRPM2- Δ C results from deletion of 
nucleotides encoding amino acids 1,292–1,325 in the C terminus 
of TRPM2-L  (  17  ) . TRPM2- Δ C has decreased af fi nity for ADPR, 
and cells expressing this deletion do not respond to ADPR. 
However, they do respond to H 2 O 2 , suggesting that oxidative 
stress may activate TRPM2 through mechanisms independently of 
ADPR. TRPM2-TE was identi fi ed by Orfanelli et al.  (  33  )  when 
they were searching for antisense transcripts in melanoma in order 
to identify new tumor suppressor genes, using a software program 
called AntiHunter. TRPM2-TE transcripts encode either a 218 
amino acid protein or a 184 amino acid protein including the  Δ C 
deletion (TRPM2-TE- Δ C). Expression of TRPM2-TE is thought 
to result following hypomethylation of a CpG island in the TRPM2 
C terminus, and TRPM2-TE is highly expressed in tumor cells 
including melanoma and lung compared to normal tissue. 
Coexpression of TRPM2-TE and TRPM2-L protected cells from 
apoptosis. At this point, little is known about the mechanisms 
thorough which alternative splicing is regulated in vivo, or the 
physiological functions and interactions of these isoforms.  

 A number of reports have examined the mechanisms through 
which TRPM2 isoforms are involved is modulation of cell death. 
In oxidative stress, increased reactive oxygen species (ROS) enhance 
ADPR production, activating TRPM2-L, increasing [Ca 2+ ] i  and 
susceptibility to cell death. Downstream signaling pathways were 
explored in the human monocytic cell line U937  (  34  ) . Procaspases 
8, 9, 3, and 7 were cleaved, and apoptosis inducing factor (AIF) 
was translocated from the inner mitochondrial membrane to the 
nucleus  (  25,   34  ) . PARP, an important enzyme in DNA repair, was 
inactivated. These data demonstrate that reduced cell viability 
involves both the extrinsic (caspase 8) and intrinsic (caspase 9) sig-
naling cascades. Data suggest a feedback loop in which although 
TRPM2 is activated by PARP involvement in ADPR production, 
TRPM2 activation in turn results in PARP cleavage and inactiva-
tion. The rise in [Ca 2+ ] i  is an important part of the cell death cas-
cade, because inhibition of the rise in [Ca 2+ ] i  with the intracellular 
Ca 2+  chelator BAPTA blocked caspase and PARP cleavage and 
enhanced cell viability  (  34  ) . Oxidative stress results from a distur-
bance in the balance between oxidants and antioxidants, and can 
lead to tissue injury depending on severity and duration  (  2,   35  ) . 
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Oxidative stress plays an important role in tissue damage in a large 
number of physiological processes including in fl ammation and 
ischemia–reperfusion injury, and disease processes including 
diabetes mellitus, autoimmune disorders, cardiovascular disease, 
neurodegenerative disorders, cancer, and aging  (  34–  40  ) . The 
mechanisms through which TRPM2 mediates most of these pro-
cesses need to be better understood. Nevertheless, these data sug-
gest that because of the important role of TRPM2 in mediating 
cell survival in oxidative stress, targeting TRPM2 will have 
signi fi cant implications for therapy of a number of diseases. At 
present, TRPM2 inhibitors lack speci fi city of action, and knowl-
edge of therapeutic potential of TRPM2 relies on knockout mice 
and in vitro coexpression with dominant negative isoforms or 
depletion with siRNAs. Current knowledge of TRPM2 function in 
speci fi c tissues and pathological conditions and its potential as a 
drug target is presented in this review.  

 

 Type 2 diabetes is one of the most common metabolic diseases in 
the world, and cardiovascular disease is the leading cause of mortal-
ity in diabetes. Elevations in glucose and/or free fatty acids contrib-
ute to production of ROS, and the resultant oxidative stress is 
thought to play an important role in  β -cell death and development 
of diabetes types 1 and 2  (  41,   42  ) . Because of low expression of 
antioxidant enzymes, particularly glutathione peroxidase and cata-
lase  (  43  ) ,  β  cells have reduced capacity for protection from ROS. 
TRPM2 is expressed in pancreatic  β  cells  (  44,   45  ) . Bari et al. 
demonstrated a requirement for calcium entry inhibitable by 
 N -(p-amylcinnamoyl) anthranilic acid (ACA) in hydrogen-peroxide-
induced  β -cell death  (  44  ) . The currents exhibited biophysical 
properties characteristic of TRPM2. Using short interfering RNA 
and a knockout mouse, TRPM2 was also shown to have a dual role 
in  β  cells as a plasma membrane Ca 2+  in fl ux channel and as an intra-
cellular lysosomal Ca 2+ -release channel, both activated by intracellu-
lar ADPR  (  45  ) . Release of Ca 2+  from lysosomes is important for 
phosphatidylserine redistribution from the inner plasma membrane 
to the cell surface  (  46  ) , where it serves as a recognition ligand for 
elimination of apoptotic cells. These reports strongly link TRPM2 to 
H 2 O 2 -induced  β -cell death  (  47  ) . A key role for TRPM2 in insulin 
secretion in pancreatic  β  cells has also been demonstrated. Using 
isolated  β  cells, TRPM2 knockout mice showed impaired insulin 
secretion in response to high glucose and incretin hormones  (  48  ) . 

 Insulin resistance is a characteristic of type 2 diabetes and is casu-
ally associated with obesity. Because oxidative stress and in fl ammation 
play a major role in insulin resistance, we examined the role of 
TRPM2 in glucose metabolism. Work from our and collaborating 
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laboratories showed that TRPM2 deletion protected mice from 
developing diet-induced obesity and insulin resistance (manuscript 
submitted). TRPM2 knockout mice demonstrated signi fi cantly 
reduced weight gain on a high fat diet compared to their wild type 
littermates (Fig.  3 ), through a mechanism involving increased 
energy expenditure and increased insulin sensitivity. The roles of 
TRPM2 in enhancement of oxidative stress induced  β -cell injury, 
diet induced obesity, and insulin resistance suggest depletion of 
TRPM2 may be a novel therapy to treat type 2 diabetes. Although 
reduced TRPM2 function may impair insulin secretion, this may 
also be bene fi cial because chronic hyperinsulinemia may exacerbate 
obesity and insulin resistance  (  49  ) .   

 

 An important function of granulocytes and monocytes is the 
generation of ROS, including H 2 O 2 , known as the respiratory 
burst, to eliminate invading pathogens, which is accompanied by 
an increase in [Ca 2+ ] i . Monocytes and macrophages interact with 
lipopolysaccharide (LPS), the major outer membrane component 
of bacteria, resulting in production of ROS, proin fl ammatory 
cytokines, and chemokines which are part of the in fl ammatory 
response. When produced in excessively large quantities, this can 

  3.  TRPM2 Function 
in In fl ammation 
and Immunity

  Fig. 3.    Body weights of TRPM2 knockout (KO, from GlaxoSmithKline) mice and their wild type (WT) littermates during 
28 weeks of feeding either normal chow (10 mice/group) or a high fat diet of 55 % fat by calories (HFF, 18 mice/group).       
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lead to lethal septic shock. A role for TRPM2 in neutrophil activation 
was proposed nearly 10 years ago  (  17,   50,   51  ) . In granulocytes, 
transmembrane CD38 converts extracellular NAD +  to ADPR, and 
both ADPR and H 2 O 2  participate in TRPM2 activation, mediating 
increased [Ca 2+ ] i  through Ca 2+  in fl ux. Recently, a requirement for 
TRPM2 in LPS-induced cytokine production was demonstrated in 
human monocytes  (  52  ) . This was dependent on Ca 2+  in fl ux. 
Incubation of human monocytes with LPS resulted in upregula-
tion of TRPM2 mRNA and ADPR-induced membrane currents. 
Downregulation of TRPM2 in monocytes with shRNA resulted in 
reduced rise in [Ca 2+ ] i , and reduced production of IL-6, IL-8, 
IL-10, and TNF- α  in response to LPS. H 2 O 2  also activated TRPM2 
in microglia, the host macrophages found in the central nervous 
system  (  53  ) . In TRPM2 knockout mice, Ca 2+  in fl ux through 
TRPM2 was shown to control the ROS-induced signaling cascade 
responsible for chemokine production  (  40  ) . Chemokines are 
chemotactic cytokines which mediate recruitment of in fl ammatory 
cells to in fl amed sites. In the U937 human monocytic cell line, 
H 2 O 2  evoked Ca 2+  in fl ux to activate the tyrosine kinase Pyk2 and 
amplify Erk signaling through Ras GTPase. This resulted in nuclear 
translocation of NF- κ B and production of the chemokine interleu-
kin-8 (CXCL8)  (  40,   54  ) . In monocytes from TRPM2-de fi cient 
mice, Ca 2+  in fl ux and production of macrophage in fl ammatory 
protein-2 (CXCL2), the mouse homolog of CXCL8, in response 
to H 2 O 2  were impaired, leading to reduced in fl ammation  (  40  ) . 
TRPM2 depletion attenuated neutrophil in fi ltration and ulceration 
in colitis induced by dextran sulfate sodium (DSS), and TRPM2 
knockout mice were largely protected from DSS-mediated colitis. 
This model has many similarities to human ulcerative colitis. These 
results suggest that TRPM2-dependent release of CXCL2 from 
macrophages contributes to neutrophil accumulation in the colon 
of DSS-treated mice. Of note, DSS-induced macrophage recruit-
ment, and T-cell, NK-cell, and dendritic-cell recruitment were not 
impaired in TRPM2 knockout mice. These experiments suggest 
that inhibition of TRPM2 function may be a therapeutic approach 
to treat a number of in fl ammatory diseases, particularly those trig-
gered by CXCL8. Other in fl ammatory diseases in which CXCL8 is 
involved, but the role of TRPM2 has not yet been explored, include 
rheumatoid arthritis, in fl ammatory liver disease  (  55  ) , and chronic 
obstructive pulmonary disease  (  54,   56  ) . 

 However, ROS also are involved in host defense by promoting 
bacterial killing and production of cytokines. TRPM2 knockout 
mice were extremely susceptible to Listeria monocytogenes 
infection, which was lethal  (  57  ) . TRPM2 knockout mice had 
reduced levels of IL-12, IFN γ , and NOS-inducible monocytes, but 
retained IFN γ  responsiveness, which when given supplementally 
reversed the lethal phenotype. These data suggested that complete 
suppression of TRPM2-L may result in susceptibility to speci fi c 
severe infections including Listeria due to weakened immunity.  
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 Production of ROS is a major cause of cell death in ischemic–
reperfusion injury  (  38  ) . This type of injury may affect a number of 
organs, including cardiac myocytes in both animal models and 
patients post ischemia/reperfusion. TRPM2 mRNA and protein 
are expressed in cardiac myocytes  (  13,   38,   58  ) . In rats, H 2 O 2  acti-
vated TRPM2 through increased ADPR/NAD +  formation, lead-
ing to sodium and calcium overload in mitochondria and myocyte 
apoptosis through mitochondrial membrane disruption, cytochrome 
c release, and caspase 3-dependent chromatin condensation and 
fragmentation  (  38  ) . H 2 O 2  exposure also resulted in PARP-induced 
(ATP)  i  /NAD +  depletion, increased membrane permeabilization, 
and necrotic cell death. Whereas inhibition of either TRPM2 or 
PARP partially inhibited death, inhibition of both completely 
prevented ultrastructural changes and myocyte death in vitro. 

 The vascular endothelium regulates the passage of cells from 
blood to tissues, and is a target of oxidative stress. ROS are impor-
tant mediators of vascular barrier dysfunction at sites of in fl ammation 
and injury, and increase endothelial barrier permeability and local 
edema formation. TRPM2 is expressed in human pulmonary artery 
endothelial cells, and mediates the H 2 O 2 -induced increase in 
endothelial permeability through enhanced Ca 2+  entry  (  16  ) . H 2 O 2  
decreased trans-monolayer transendothelial electrical resistance, 
indicating opening of interendothelial junctions. Overexpression of 
TRPM2-L enhanced H 2 O 2 -induced Ca 2+  entry and the transend-
othelial electrical resistance decrease. In contrast, Ca 2+  entry and the 
transendothelial electrical resistance decrease in response to H 2 O 2  
were inhibited by TRPM2 depletion or overexpression of the domi-
nant negative splice variant TRPM2-S. Of note, suppression of 
TRPM2 resulted in only a 50 % reduction in transendothelial elec-
trical resistance response to H 2 O 2 , suggesting that up to half of the 
increased permeability induced by H 2 O 2  may be due to other medi-
ators. These data suggest that TRPM2 is a potential therapeutic 
target to protect against endothelial barrier disruption in oxidant 
injury, which would reduce subsequent edema, as well as cardiac 
myocyte death in ischemic–reperfusion injury  (  16,   39,   59  ) .  

 

 TRPM2 is expressed widely in brain and although many of its 
roles in neuronal tissue remain to be clari fi ed, it has been shown 
to modulate oxidative stress-induced tissue damage. The striatum 
is highly vulnerable to ischemia/reperfusion injury  (  60  ) . Rat striatal 
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cells express TRPM2, and a novel short TRPM2 transcript that is 
expressed only in the striatum of human brain  (  61  ) . Differences in 
function of this short isoform compared to TRPM2-L are not 
known. In primary striatal cultures, H 2 O 2  induced an increase in 
[Ca 2+ ] i  and cell death, which was inhibited by dominant negative 
TRPM2-S or by depletion of endogenous TRPM2 with siRNA 
 (  15  ) . Amyloid  β -peptide is the main component of senile plaques 
in Alzheimer’s disease, and may also mediate neuronal injury 
through generation of oxidative stress  (  62  ) . Striatal cells were also 
protected from amyloid  β -peptide-induced [Ca 2+ ] i  rise and cell 
death by TRPM2 depletion or inhibition  (  15  ) . TRPM2-S did not 
reduce ROS in H 2 O 2  or amyloid  β -peptide treated cells, suggest-
ing that neuroprotective effects of TRPM2-S are mediated by 
direct inhibition of ROS-induced TRPM2 activation  (  15,   63  ) . 
Recently, a report showed increased TRPM2 mRNA and protein 
in cortical and hippocampal neurons in rat brains after 3–5 days 
following traumatic brain injury  (  64  ) . Previously, rat TRPM2 
transcripts were also found to be elevated in a time-dependent 
manner following transient middle cerebral artery occlusion  (  65  ) . 
These data suggest that TRPM2 may contribute to neuronal cell 
death post-traumatic brain injury and ischemic injury. TRPM2-L 
and TRPM2-S isoforms were both expressed in pyramidal neu-
rons of the hippocampus but not in astrocytes  (  66  ) . Astrocytes 
expressed TRPV4; they are thought to express TRPM2 under oxi-
dative stress. Exposure to low doses of H 2 O 2  resulted in preferen-
tial damage to pyramidal neurons, which was reduced by exposure 
to antioxidants. However, in these experiments, blockers of 
TRPM2 channels clotrimazole,  N -(p-amylcinnomoyl) anthranilic 
acid, or  fl ufenamic acid failed to protect pyramidal neurons from 
H 2 O 2 -induced damage and actually increased damage caused by 
mercaptosuccinate or buthionine sulfoximine, which enhance 
endogenous ROS production  (  66  ) . These data suggest that either 
these inhibitors are ineffective in blocking TRPM2 at the concen-
trations used, that H 2 O 2 -induced Ca 2+  in fl ux is not the sole 
determinant of cell viability, or their lack of speci fi city plays a role 
in an unknown manner. In a recent report, blockade of channel 
opening inhibited Ca 2+  in fl ux, but did not correlate with protec-
tion from cell death  (  67  ) . While TRPM2 isoforms are involved in 
H 2 O 2 -induced cell death and are important and potentially widely 
applicable drug targets, more will need to be learned about the 
mechanisms through which they cause cell death to develop a 
rational therapeutic approach. This is particularly relevant since 
genetic variants of the TRPM2 gene have recently been reported 
which may confer susceptibility to developing Western Paci fi c 
amyotrophic lateral sclerosis and parkinsonism-dementia  (  68  )  or 
bipolar disorder  (  69  ) .  
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 Oxidative stress is a major molecular mechanism for carcinogenesis. 
Excess reactive oxygen and nitrogen species can cause single- and 
double-strand DNA breaks and other DNA modi fi cations as well 
as epigenetic alterations, followed by selection of proliferation of 
successfully adapted cells in speci fi c environments  (  70  ) . These 
events may contribute to oncogene activation or tumor suppressor 
inactivation. In addition, roles for modulation of [Ca 2+ ] i  in cancer 
cell proliferation  (  71  )  and in tumor metastasis  (  72  )  have been pro-
posed. Although TRPM2 is likely to have a role in carcinogenesis 
because of its functions in oxidative stress and calcium modulation, 
little is known about its roles at this time. Two TRPM2 isoforms, 
TRPM2-AS (antisense) and TRPM2-TE (tumor enriched), were 
identi fi ed in a search to  fi nd antisense transcripts to novel tumor 
suppressor genes in melanoma  (  33  ) . TRPM2-TE and TRPM2-AS 
were highly expressed in tumor cells including melanoma, lung 
cancer, and breast cancer cell lines compared to normal tissue. 
Overexpression of TRPM2-L or functional knockout of TRPM2-TE 
increased melanoma susceptibility to cell death. In contrast to the 
above observation, knockdown of TRPM2 with siRNA was found 
to inhibit the growth of prostate cancer but not of noncancerous 
cells  (  73  ) . In prostate cancer, TRPM2 was also found to be local-
ized to the nucleus in a clustered pattern, which was also not 
observed in normal cells. Evidence supports the conclusion that 
TRPM2 isoforms have important roles in cell proliferation and 
survival, but more information is needed about their function in 
different cancers to understand how inhibitors or enhancers can be 
best used for effective tumor treatments.  

 

 TRPM2 is an ion channel with critical roles in regulating cellular 
responses to oxidative stress, TNF α , and several other activators. 
Factors which modulate endogenous activation in addition to 
extracellular signals include the quantity of different TRPM2 
isoforms expressed, subcellular localization, and interaction with 
second messengers and other proteins, many of which still need to 
be identi fi ed. As the understanding of TRPM2 activation mecha-
nisms has grown, so has the understanding of the complexity of its 
regulation and the number of physiological and pathological 
pathways in which it is involved. Inhibition of TRPM2 activation 
has tremendous potential as a future drug target to ameliorate a 
number of disease processes including obesity, diabetes, autoimmune 
disorders, ischemia–reperfusion injury, vascular endothelial damage, 
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traumatic brain injury, and cancer. However, while potential 
therapeutic applications are huge, potential issues with depletion, 
such as reduction in innate immunity in mice, are also recognized. 
Application of the full therapeutic potential of TRPM2 requires a 
more complete understanding of TRPM2 in vivo function, activa-
tion mechanisms, and the downstream pathways it modulates.      
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    Chapter 6   

 The Ca 2+ -Activated Monovalent Cation-Selective Channels 
TRPM4 and TRPM5       

     Barbara   Colsoul   ,    Miklos   Kecskes   ,    Koenraad   Philippaert   ,    Aurelie   Menigoz   , 
and    Rudi   Vennekens        

  Abstract 

 In this review we summarize the current data on the ion channels TRPM4 and TRPM5. These proteins 
are to date the only molecular candidates for the class of Ca 2+ -activated cation channels (CAN channels). 
They form monovalent cation-selective and Ca-impermeable ion channels, which are activated by a rise of 
the cytosolic Ca 2+  concentration. They have been described in a plethora of tissues, and their physiological 
importance is only now being explored since knockout mice have become available.  

  Key words:   TRPM4 ,  TRPM5 ,  Ca 2+  activated non-selective cation channels ,  TRP ion channels , 
 Membrane depolarization    

 

 TRP ion channels are important signaling proteins involved in 
many physiological processes. In this review we will focus on the 
role of TRPM4 and TRPM5. They are two closely related mem-
bers of the TRPM subfamily, named after its  fi rst characterized 
member melastatin, a putative tumor suppressor protein  (  1  ) . 
TRPM4 and TRPM5 are structurally much related to each other 
showing ~40% amino acid homology. Based on homology they are 
both thought to contain six transmembrane regions and assemble 
in tetramers. In contrast to the other proteins in the TRP family, 
TRPM4 and TRPM5 are the only two known TRP channels that 
are activated by increase in intracellular calcium and are imperme-
able for calcium and only permeable for monovalent cations. This 

  1.  Introduction
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makes them to date the only molecular candidates for the class of 
calcium-activated calcium-impermeable monovalent cation chan-
nels (CAN channels). 

 CAN channels with properties reminiscent of TRPM4 or 
TRPM5 were  fi rst described in cardiac myocytes  (  2  ) , but have since 
been described in a wide range of excitable cells including several 
neuron types  (  3–  7  ) , vascular and smooth muscle cells  (  8–  10  ) , and 
in endocrine pancreatic tissue  (  11  ) . They have also been found in 
non-excitable cells such as red blood cells  (  12,   13  ) , exocrine cells 
from the pancreas  (  14–  16  ) , brown adipocytes  (  17,   18  ) , kidney epi-
thelial cells  (  19  ) , cochlear hair cells  (  20  ) , and vascular endothelial 
cells  (  21–  23  ) . These CAN channels have not yet been proven to be 
TRPM4 or TRPM5. However, they have been identi fi ed and char-
acterized in several cases. 

  The cloning of TRPM4 was  fi rst described in 2001  (  1  )  after 
screening human cDNA libraries with an expressed sequence tag. 
A 4.0-kb long cDNA fragment was found to encode a predicted 
protein of 1,040 aa. This was mapped to the 19q13.32 region 
spanning 54 kb in the human genome. Later, additional TRPM4 
encoding sequences were found that were different in size com-
pared to the originally described variant. A longer sequence with 
an additional 174 N-terminal residues  (  24  )  as well as a shorter 
variant of 678 aa was found  (  25  ) . These three splice variants are, 
respectively, named TRPM4a for the 1,040 aa protein  fi rst 
described, TRPM4b for the 1,214 aa full length clone, and 
TRPM4c for the shortest splice variant encoding for 678 aa  (  26  ) . 
In subsequent screening also the mouse ortholog for TRPM4a 
and TRPM4b was found on chromosome 7  (  27  )  together with 
additional splice variants  (  25  ) . There is no clear functional differ-
ence between the identi fi ed splice variants and for most functional 
analysis of the TRPM4 protein, either the human or murine full-
length clone of TRPM4b is used. TRPM4 is a widely expressed 
protein present in most adult tissues but abundantly expressed in 
the heart, prostate, colon, and kidneys. TRPM4 was also found to 
be endogenously expressed in HEK-293 cells  (  24  )  and CHO-cells 
 (  28  )  and was characterized as a Ca 2+  activated nonselective cation 
channel mediating cell membrane depolarization. 

 The TRPM5 gene was  fi rst identi fi ed in a functional analysis of 
chromosomal region 11p15.5  (  29  )  and consists of a 4.5 kb mRNA 
transcript that was identi fi ed and expressed in several tissues. Two 
alternative splice variants were found: the longest one has 1,165 aa 
and six predicted transmembrane domains whereas the second 
variant lacks exon 18, leading to a premature stop codon after 872 
aa. The murine variant of TRPM5 has also been identi fi ed on chro-
mosome 7 with a highly conserved exon–intron structure com-
pared to the human gene. Unlike the human TRPM5, however, 
the mouse clone does not have an alternative splice variant. 

  1.1.  Gene Expression
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Expression has been proven in a broad range of tissues including 
brain, spleen, lung, kidney, and heart  (  30  ) . A restricted expression 
of TRPM5 was found in taste tissue, stomach, and small intestine 
 (  31  ) . In taste cells, TRPM5 is acting as a modulator of bitter, sweet, 
and amino acid (unami) taste  (  32  ) .    TRPM5 was reported to be a 
voltage-modulated and Ca 2+ -activated monovalent selective cation 
channel and is activated by PLC β 2 in a Ca 2+ -independent manner 
in taste cells  (  33  ) .  

  Non-selective cation channels activated by intracellular Ca 2+  are 
important in Ca 2+  signaling and membrane excitability. TRPM4 and 
TRPM5 are molecular candidates for this kind of channels: they are 
expressed in many tissues, behave in a similar manner, and have 
similar unitary conductances of 25 and 23 pS, respectively  (  24,   33  ) . 
There are, however, several differences between the two channels 
such as the different Ca 2+  sensitivity and time course of activation 
 (  34  ) . The Ca 2+  concentration for half-maximal current activation in 
whole cell patch clamping for TRPM4 is 20.2 ± 4.0  μ M whereas 
TRPM5 has an EC 50  of 0.7 ± 0.12  μ M. Also, the current amplitude 
of TRPM4 was largely reduced by [Ca 2+ ] i  concentrations above 
300  μ M and no such observation was made with [Ca 2+ ] i  concentra-
tions up to 1mM on TRPM5. The Ca 2+  sensitivity is greatly reduced 
in inside-out patches where the EC 50  concentration is 167 ± 11  μ M 
for TRPM4 and 2.3 ± 0.3  μ M for TRPM5  (  34  )  although there is a 
large variety in the reported values for Ca 2+  sensitivity  (  35  ) . This 
observation indicates that the loss of a cytosolic factor or changes in 
the phosphorylation state of the channels can lead to a strongly 
reduced Ca 2+  sensitivity. The currents of both TRPM4 and TRPM5 
in response to voltage ramps show outward recti fi cation but is more 
pronounced in TRPM4  (  25,   33,   36  ) . This voltage dependency 
might be a common feature in TRPM channels as it has been 
reported not only for  (  37  )  and TRPM4 but also for TRPM8  (  37  ) . 
It has been hypothesized that gating and modulation of TRPM4 
and TRPM5 are essentially dependent on the weak voltage depen-
dency  (  38  ) , as has been described for other TRP channels  (  39  ) . In 
an overexpression system, there is a fast decrease of the inward cur-
rents observed after reaching the initial peak amplitude. The desen-
sitization of TRPM5 after Ca 2+ -induced activation is a consistent 
observation and may play a role in sensory adaptation  (  33,   35,   36  ) . 
The rundown of the current is observed following intracellular Ca 2+  
dialysis not only in whole cell recording mode but also in perforated 
patch recordings after activation by a bath-applied Ca 2+ -ionophore, 
arguing that the rundown is not exclusively due to the washout of 
cytosolic signaling molecules  (  35  ) . 

 Activation of TRPM4 and TRPM5 is also temperature depen-
dent  (  40  ) : warm temperatures promote the activation of the chan-
nel. This is in line with the observed temperature-dependent taste 
sensation mediated by TRPM5  (  41  )  (see below).  

  1.2.  Voltage 
Dependency and Ca 2+  
Activation
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  Both TRPM4 and TRPM5 are activated by an increase in intracellular 
Ca 2+  but are impermeable to Ca 2+ . The pore of both channels is thus 
selective for monovalent cations but poorly discriminates between 
K + , Na + , Cs + , or Li + . Both ion channels are virtually impermeable to 
divalent cations such as Ca 2+  or Mg 2+ . The selectivity  fi lter for 
TRPM4 has been identi fi ed in a study using chimeric ion channels 
with the pore sequence of TRPV6, a distantly related Ca 2+  perme-
able ion channel  (  42  ) . The chimeric channel provides the same gat-
ing properties as TRPM4 but is Ca 2+  permeable. The region between 
the  fi fth and the sixth transmembrane domain of TRPM4 and the 
homologous region of TRPM5 contains a stretch of 5–6 acidic 
amino acid residues responsible for the ion selectivity  (  43  ) .  

  PI(4,5)P 2  has been indicated as an important cofactor in the activa-
tion of TRPM5  (  44  )  and TRPM4  (  45  )  and depletion of PIP 2  could 
be the reason for the rundown of the current amplitude over time. 
There is a rescue of the TRPM4 current decay observed by the appli-
cation of PIP 2  to the cell, indicating that PIP 2  hydrolysis is indeed 
the reason for the current rundown in both TRPM4 and TRPM5 
 (  46  ) . However, TRPM4 but not TRPM5 shows a second phase of 
activation after a variable delay of 250 ± 40 s even without loading 
the cell with PIP 2   (  34  ) . Ca 2+  is an important factor in the TRPM5 
activation and also a brief elevation of intracellular IP 3  can gate 
TRPM5 channels in intact taste cells but not in inside-out patches 
 (  47  ) , suggesting that the IP 3  receptor could be the missing link in 
the signaling transduction between PLC and TRPM5  (  48  ) . Ca 2+  
release from the SR through the IP 3  receptor can activate TRPM4 
without Ca 2+  in the extracellular solution  (  49,   50  ) . TRPM4 cannot 
be directly activated by PIP 2 , but application of PIP 2  greatly increases 
the Ca 2+  sensitivity and gives a drastic shift of the voltage depen-
dency of activation towards negative potentials, strongly increasing 
the open probability at physiological membrane potential  (  45  ) . 

 In addition ATP can help to restore the Ca 2+  sensitivity of TRPM4 
in inside-out patches when MgATP is applied to the cytosolic side of 
the membrane  (  51  ) . ATP plays an important role in maintaining the 
Ca 2+  sensitivity of TRPM4 channels, although ATP has been found 
to block TRPM4 channel activity  (  52  ) . ATP blocking the channel 
could explain not only these apparent contradictory  fi ndings but also 
priming it for reactivation by Ca 2+ , whereby the Ca 2+  removes ATP 
and allows for channel opening. It is, however, unclear whether the 
inhibitory ATP binding site and the facilitating binding site on 
TRPM4 are identical  (  53  ) . Furthermore, TRPM5 was found to be 
blocked by extracellular acidi fi cation. A fast reversible block of the 
channel and a slower irreversible inactivation of TRPM4 were seen 
under the same circumstances. The amino acid residues responsible 
for the blocking by lower pH were identi fi ed and are conserved 
between human and mouse TRPM5, indicating an evolutionary con-
served regulating role, but are not found in TRPM4  (  54  ) .  

  1.3.  Ion Selectivity

  1.4.  Cellular 
Modulation of TRPM4 
and TRPM5
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  Selective blocking agents of these ion channels can be used for 
speci fi c current identi fi cation in primary cells. Most identi fi ed com-
pounds show, however, a poor selectivity between TRPM4 and 
TRPM5 (and other ion channels). Spermine is identi fi ed as an 
intracellular blocking agent of TRPM4  (  52  )  but is equally potent 
to block TRPM5 currents  (  34  ) . Furthermore, Flufenamic acid 
(FFA) blocks both TRPM4 (EC 50  of 2.5  μ M) and TRPM5 (EC 50  
of 24.5  μ M) and also clotrimazole is shown to inhibit both chan-
nels. Some compounds have been shown to inhibit TRPM4 but 
not TRPM5. Decavanadate has been found to modulate TRPM4 
by introducing a dramatic shift in voltage dependency, which 
results in an increased open probability at negative potentials. It 
also interferes with the ATP gating of TRPM4 but has no effect on 
TRPM5  (  53  ) . MBP-104 not only was found to block TRPM4 but 
is also an activator of CFTR, making it hard to identify TRPM4 
speci fi c currents using MBP-104 in primary tissue. 9-Phenanthrol, 
another hydroxytricyclic compound, provides a reversible pharma-
cological block of TRPM4 without effects on CFTR or TRPM5, in 
this way giving a clear tool for identifying TRPM4 currents in 
native cells  (  55  ) . The speci fi city of 9-phenanthrol has also been 
shown in smooth muscle cells, where the compound has no effect 
on TRPC3, TRPC6, or other channels  (  56  ) . Triphenylphosphine 
oxide has been identi fi ed as an inhibitor of TRPM5 without block-
ing TRPM4, TRPV1, or TRPA1 and can therefore be considered 
as a relative selective blocker for TRPM5  (  57  ) . Activation of 
TRPM5 is possible with arachidonic acid and in this way taste sig-
naling is modulated  (  58  ) .  

  The expression of both TRPM4 and TRPM5 was shown in several 
different tissues, but there is much less known about the functional 
role of these channels in native tissues. These data are summarized in 
Tables  1  (TRPM4) and  2  (TRPM5). There is evidence for a TRPM4-
like current in cardiac myocytes  (  69  ) : a Ca 2+ -activated nonselective 
cation channel (CAN channel) was functionally identi fi ed with a 
unitary conductance of 25 ± 0.6 pS and a voltage-dependent activa-
tion. These observations, together with expression data in ventricu-
lar cells showing expression of TRPM4 and TRPM5, suggest strongly 
one of these channels as the carrier of that current. As a current 
decrease was observed upon addition of intracellular ATP and extra-
cellular FFA was found to have an EC 50  of 5.5  μ M on the observed 
current (which is far below the EC 50  value for TRPM5 but close to 
the TRPM4 EC 50 ), the identi fi ed current might be TRPM4.   

 It has been shown in mast cells that TRPM4 is functionally 
active by comparing the results of wild type and  Trpm4  −/−  ani-
mals  (  61  ) . The detected current had a single-channel conduc-
tance of 25.3 ± 0.7 pS and a linear voltage dependency. There 
was clear Ca 2+  dependency and ion selectivity similar to TRPM4 
as assessed in TRPM4-overexpressing HEK cells. There were no 

  1.5.  Pharmacology

  1.6.  Endogenous 
TRPM4 and TRPM5 
Currents



   Table 1 
  TRPM4      

 Tissue  Species/cell lines  Method  Proposed function  References 

 Pituitary gland  Human  RT-PCR   (  59  )  

 Lung  Human  RT-PCR   (  59  )  

 Liver  Human fetal liver  RT-PCR 
 Northern blot 

  (  59  )  
  (  24  )  

 Kidney  Human  RT-PCR   (  59  )  

 Chromaf fi n cells  Mouse  Functional KO study  Regulation of blood 
pressure 

  (  60  )  
 Immunostaining 

 Skeletal muscle  Human  Northern blot 
 RT-PCR 

  (  24  )  

 Spleen  Human  RT-PCR 
 Northern blot 

  (  59  )  
  (  24  )  

 Adipose tissue  Human  RT-PCR   (  59  )  

 Macrophages 

 Mast Cells  Mouse  RT-PCR 
 Functional KO study 
 Immunostaining 

 Degranulation, 
migration 

  (  61  )  

 Bone  Human  RT-PCR   (  62  )  

 Prostate  Human  RT-PCR 
 Northern blot 

  (  25  )  
  (  24  )  

 Bladder  Urothelium cells  RTP-PCR 
 Western blot 

  (  63  )  

 Taste cells  Mouse taste cells  RT-PCR  Unknown   (  64  )  

 Pancreas  Several beta cell 
lines; alpha cell 
line INR1G9; 
mouse and 
human islets 

 RT-PCR, immunopre-
cipitation; western 
blot; 
immuno fl uorescence 

 Controversy   (  36,   61, 
  65,   66  )  

 HEK-293 cells  Northern blot   (  24  )  

 CHO cells  Immunoblot RT-PCR 
 Functional data 

  (  28  )  

 Cardiac myocytes  Human 
 Rat 
 Mouse 

 Functional data(patch 
clamp) 

 Genetic analysis 
 RT-PCR 
 PCR, Western blot 

 Ca(2+)-activated 
non-selective cation 
channel 

 Electrical conductance 
 Contributor in transient 

inward current 
 Same as in rat 

  (  67  )  
  (  68  )  
  (  69  )  
  (  70  )  

 Vascular smooth 
muscle 

 Rat  RT-PCR  Myogenic tone, 
Bayliss effect 

  (  71  )  

 Peripheral blood 
mononuclear cells 

 Human  RT-PCR   (  36,   59  )  
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   Table 2 
  TRPM5   

 Tissue  Species/cell lines  Method  Proposed function  References 

 Pituitary (fetal) 
brain 

 Human 
 Mice 

 RT-PCR 
 Northern blot 

  (  29,   59  )  
  (  30  )  

 Fetal kidney  Human 
 Mice 

 Northern blot 
 RT-PCR 

  (  29  )  
  (  30,   59  )  

 Fetal liver  Human  RT-PCR 
 Northern blot 

  (  59  )  
  (  29  )  

 Testes  Human 
 Mice 

 Northern blot   (  29  )  
  (  30  )  

 Enteroendocrine 
cells 

 Duodenum 
 Ilium 
 Jejunum 
 Stomach 

 Human 
 Mice 

 Mice 
 Mice 
 Mice 

 RT-PCR 

 Immunostaining 
 Northern blot 

 Northern blot 

 Sensing nutrients   (  72  )  

  (  73,   74  )  
  (  29  )  

  (  73  )  

 Intestine  Human  RT-PCR   (  59  )  

 Prostate  Human  RT-PCR 
 Northern blot 

  (  59  )  
  (  29  ) ) 

 Olfactory tissue  Mice  Immunostaining   (  75  )  

 Taste cells  Mouse taste cells  Northern blot; in 
situ hybridization; 
immunostaining 

 Transduction of 
sweet, bitter 
and umami 
taste responses 

  (  31,   32,   73, 
  76  )  

 Pancreas  INS-1; MIN6; 
mouse and 
human islets 

 RT-PCR; 
immuno fl uorescence 

 Positive regulation of 
glucose-stimulated 
insulin secretion 

  (  36,   77, 
  78  )  

 Heart  Human 
 Mice 

 RT-PCR 
 Northern blot 

  (  29,   59  )  
  (  30  )  

 Peripheral blood 
mononuclear 
cells 

 Human  RT-PCR   (  59  )  

such currents measured in cells isolated from  Trpm4  −/−  mice 
under the same experimental conditions. Similar results were 
obtained in dendritic cells  (  79  )  where an outwardly recti fi ed, 
Ca 2+ -activated current was carried by TRPM4. The conduc-
tance was measured to be 22.1 ± 0.6 pS and there was no selec-
tivity for K +  compared to Na + . These currents were also absent in 
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 Trpm4  −/−  animals. Perforated patch recordings and pharmacological 
block were used to identify TRPM4 channel activity in smooth 
muscle cells  (  49,   56  ) . 

 In taste cells, an outward rectifying current was observed upon 
release of intracellular Ca 2+  with IP 3 . This current was absent in 
 Trpm5  −/−  mice  (  47  ) . The ionic selectivity was in agreement with 
the selectivity for TRPM5 in overexpression systems and the cur-
rent was activated by raising the intracellular Ca 2+  level. The 
TRPM5 channels in taste cells also show time-dependent activa-
tion and are voltage dependent. 

 Finally, in  β  cells from pancreatic islets, a Ca 2+  activated cation 
current was identi fi ed. This current shares many of the properties 
of TRPM5 as assessed in overexpression systems, including a bell-
shaped dependency on intracellular Ca 2+  levels, weak voltage 
dependence, and selectivity properties. Moreover, in cells isolated 
from  Trpm5  −/−  mice, this current was largely absent, indicating that 
it is at least partly dependent on the presence of a functional 
TRPM5 protein  (  77  ) .   

 

 Using molecular techniques, TRPM4 and TRPM5 have been 
detected in large numbers of tissues including those of the cardio-
vascular system. In humans and rodents, TRPM4 has been detected 
in every cell type of the heart  (  80  ) , and also in vascular endothe-
lium and smooth muscle. The expression of TRPM5 is more 
restricted but the channel is also shown to be expressed in heart 
tissue, albeit at a low level  (  59  ) . Since the cloning of TRPM4 by 
Launay et al .   (  24  ) , the function of the channel has been described 
in several physiological and pathological processes in the cardiovas-
cular system. In short, TRPM4 is involved in progressive familiar 
heart block type 1  (  81  ) , in hypertension and hypertrophy  (  60,   70  ) , 
and recently found as a possible candidate causing arrhythmia  (  82  ) . 
It is also expressed in vascular smooth muscle (VSM) and has a 
critical role in pressure-induced membrane depolarization  (  71  ) . 
The role of TRPM5 in cardiovascular system is poorly investigated. 
In this chapter, we focus on the results dealing with the role of 
TRPM4 in the cardiovascular system. 

  Progressive familiar heart block type I (PFHBI) is a cardiac bundle 
branch disease in the His–Purkinje system that shows autosomal-
dominant inheritance. The  fi rst paper, published by Kruse et al .,  
shows connection between TRPM4 and PFHBI. They identi fi ed 
the mutation c19. G → A in the  Trpm4  gene at chromosomal locus 
19q13.3 in three branches of a large South African family  (  68  ) . 
Cellular expression studies showed that the c.19G → A missense 

  2.  Functional Role 
of TRPM4 and 
TRPM5 in the 
Cardiovascular 
System

  2.1.  Progressive 
Familiar Heart Block I
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mutation reduced the deSUMOylation of the TRPM4 channel. 
The resulting SUMOylatied mutant TRPM4 channel caused 
impaired endocytosis and led to elevated TRPM4 channel density 
at the cell surface. One year later, Liu et al .  investigated one Lebanese 
and two French families with autosomal-dominant isolated cardiac 
conduction blocks  (  83  ) . They again found missense mutations in 
the  Trpm4  gene in each family and these mutations again caused an 
increased TRPM4 channel density at the cell surface. However, it 
has to be noted that this result was the outcome of the investigation 
of 12 candidate genes from the linked genomic interval which con-
tains about 300 genes, therefore mutations in other genes cannot 
be excluded. However, these results clearly suggest the participa-
tion of the TRPM4 channel in heart block disease, where the 
increased channel density is the result of the SUMOylation, which 
blocks the ubiquitylation or the outcome of traf fi cking defects or 
probably both, but the molecular mechanism remains unclear. They 
showed that TRPM4 was prominently expressed in Purkinje  fi bers 
and play an important role in heart conductance. It is hypothesized 
that the increased TRPM4 channel density would inhibit conduc-
tion by increasing the membrane leak conductance. This would 
depolarize the cellular resting membrane potential, and thereby 
limit the driving force for Ca 2+  entry in Purkinje cells, but the pre-
cise mechanism remains to be determined  (  68  ) .  

  A role of TRPM4 in blood pressure regulation and cardiac hyper-
trophy has recently been suggested in several studies.  Trpm4  is 
expressed in several organs involved in blood pressure regulation 
such as kidney, heart, adrenal glands, and VSM. Mathar et al .  
showed a mild, but stable blood pressure increase in  Trpm4  −/−  mice 
 (  60  ) : an average increase of about 10 mmHg is present during 
both the resting and active period and is not due to changes in 
locomotor activity. Furthermore, heart rate, cardiac output, ejec-
tion fraction, and cardiac contractility are not changed in  Trpm4  −/−  
mice. However, those mice show increased plasma epinephrine 
levels and increased urinary excretion of catecholamine products. 
The source of this epinephrine was then shown to be the chromaf fi n 
cells in the medulla of the adrenal gland. 

 Cardiac hypertrophy is an adaptive process that occurs in 
response to increased physical stress on the heart. A common rea-
son for cardiac hypertrophy is high blood pressure or heart valve 
stenosis. Recently, several TRP channels including TRPC1, TRPC3, 
and TRPC6 have been shown to be related to various aspects of 
cardiac hypertrophy  (  70  ) . The  fi rst report about functionally active 
TRPM4 in sino-atrial node (SAN) cells was from Demion et al. 
They identi fi ed a CAN which is permeable for Na +  and K +  but does 
not conduct Ca 2+ , could be activated by intracellular Ca 2+ , and 
inhibited by intracellular ATP, FFA, and glibenclamide. Finally, 
they identi fi ed this channel as the TRPM4 molecule  (  84  ) . As a follow 

  2.2.  Hypertension 
and Hypertrophy



112 B. Colsoul et al.

up, Guinamard et al .  showed a higher expression of this channel in 
cardiomyocytes of spontaneously hypertensive rats (SHR), a model 
of hypertension and cardiac hypertrophy. They also found an 
increase in the TRPM4 current activity in myocytes from SHR rats 
 (  69  ) . While mechanisms underlying the onset of hypertrophy are 
still not clear, intracellular Ca 2+  levels appear to be a major compo-
nent of the process. Thus, the contribution of TRPM4 is likely 
supported, but the mechanism how TRPM4 may modify this Ca 2+  
signaling or modify the known signaling cascades (NFAT, JNK, 
ERK) involved in triggering hypertrophy still remains to be deter-
mined. In addition, the higher blood pressure in  Trpm4  −/−  mice 
and the increased expression of  Trpm4  in hypertensive rats show a 
possible side effect which needs to be clari fi ed.  

  Local control of cerebral blood  fl ow is regulated by myogenic 
constriction of resistance arteries; this regulation was described 
originally as the Bayliss effect. A stretch of the muscle membrane 
opens a stretch-activated ion channel. The cells become depolar-
ized and this results in a Ca 2+  signal. It is generally hypothesized 
that TRPC6 and TRPM4 are involved in the VSM depolarization 
as mechano-sensitive ion channels  (  71,   85,   86  ) . Earley and co-
workers presented a detailed analysis of the role of TRPM4 in 
VSM in several studies. In detail, they found that pressure-induced 
VSM cell depolarization was attenuated by TRPM4 antisense oli-
godeoxynucleotides application downregulating the channel sub-
unit expression. The same result has been found with intact vessels, 
measured in vessel chamber  (  49,   56,   71,   87–  90  ) . Moreover, 
9-phenanthrol hyperpolarized the membrane from −40 to −70 mV, 
leading to the abolishment of the myogenic tone  (  56  ) . Furthermore, 
in vivo suppression of TRPM4 using antisense technology 
decreases myogenic constriction in cerebral arteries and leads to a 
higher cerebral blood  fl ow both at resting and at elevated mean 
arterial pressure, con fi rming a role for TRPM4 in myogenic con-
striction and cerebral blood  fl ow regulation  (  91  ) . Later, it was 
shown that TRPM4 activation during pressure-induced depolar-
ization is protein kinase C (PKC) dependent. Indeed, stimulation 
of PKC activity increased the intracellular Ca 2+  sensitivity of 
TRPM4  (  90  ) , as it was found previously by others in HEK293 
cells overexpressing TRPM4  (  51  ) . A recent paper shows the trans-
location of TRPM4 to the plasma membrane during PKC activa-
tion in live-cell confocal imaging experiments. Using a green 
 fl uorescein protein (GFP) tagged TRPM4, they showed that PKC 
activation with phorbol 12-myristate 13-acetate (PMA) increased 
about threefold the levels of TRPM4-GFP protein on the cell sur-
face. Furthermore, they proved that this translocation was inde-
pendent of PKC-alpha and PKC-beta activity but was inhibited by 
blockade of PKC-delta with rottlerin  (  88  ) . Taken together, it has 

  2.3.  TRPM4 
and Myogenic Tone
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become clear that TRPM4 has a critical role in VSM depolarization 
as a mechano-sensitive ion channel together with PKC-delta 
activation. However, it should be mentioned that the Bayliss effect 
was not changed in  Trpm4  −/−  mice,  (  60  )  and the mechano-sensitivity 
of TRPM4 was not reported by other authors.  

  Cardiac arrhythmia can occur in a wide variety of conditions when 
the intracellular Ca 2+  concentration is increased, which is attributed 
to the activation of a transient inward current. This inward current 
could be three different intracellular Ca 2+ -sensitive currents: the 
Na + –Ca 2+  exchange current, a Ca 2+  activated chloride current, or a 
Ca 2+ -activated non-selective cation current. Functional characteriza-
tion of CAN channels in human atrial cardiomyocytes using the 
patch-clamp technique showed that this channel is likely TRPM4  (  67  )  
The exact role of the channel in cardiac function remains unclear, 
but it may be involved in an arrhythmogenic mechanism in situations 
of intracellular Ca 2+  overload or cytoplasmic ATP depletion, generat-
ing a delayed after-depolarization. Interestingly, a recent study shows 
that hypoxia and reoxygenation-induced early after-depolarizations 
could be abolished by the TRPM4 inhibitor 9-phenanthrol, sug-
gesting involvement of TRPM4 in early after-depolarizations and 
arrhythmias  (  92  ) . Recently, another study showed evidence that 
TRPM4 could participate in triggering arrhythmia together with 
purinergic signaling  (  82  ) . They reported that during early-ischemic 
events, ATP/UTP binding to P2Y2 purinergic receptors activates 
TRPC3/7 channels, and the release of Ca 2+  could also activate 
TRPM4. In these papers, it is likely con fi rmed that the TRPM4 may 
somehow participate in the generation of cardiac arrhythmia, but we 
are far away from understanding its precise role. 

 In conclusion, the role of TRPM4 in the cardiovascular system 
has been extensively investigated in the past decade, such as in car-
diac conduction block, hypertension, cardiac hypertrophy, myo-
genic tone regulation, and arrhythmia. The importance of TRPM4 
channel in the treatment of several cardiac diseases is clear. However, 
its function in different diseases and different cell types remains 
largely to be characterized in detail and needs to be elucidated 
further for potential pharmaceutical targeting.   

 

  Taste transduction, via the recognition of the  fi ve basic tastes salty, 
sour, bitter, sweet, and umami, plays an important role in the 
 evaluation of the nutritious value, toxicity, sodium content, and 
acidity of food  (  93  ) . For example, sweet, bitter, and umami taste 
compounds each activate taste GPCRs that are expressed in discrete sets 

  2.4.  TRPM4 
and Arrhythmias

  3.  TRPM4, TRPM5, 
and Glucose 
Sensing in Taste 
Tissue and the 
Pancreas

  3.1.  Functional Role 
for TRPM5 in Taste
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of taste receptor (type II) cells. These GPCRs activate heterotrimeric 
GTP-binding proteins ( α -gustducin), resulting in functional inter-
action with PLC β 2, formation of IP 3 , and release of Ca 2+  from 
intracellular stores. This  fi nally leads to the release of ATP by ATP-
permeable gap junction hemichannels composed of pannexin 1  (  94, 
  95  ) . TRPM5 has been shown to play an essential role in this pro-
cess. TRPM5 is expressed selectively in a subset of taste receptor 
cells, along with the taste signaling molecules  α -gustducin, G  γ 13 , 
phoshpolipase C- β  2  (PLC β  2 ), and IP 3 R3  (  31,   73  ) . Deletion of 
TRPM5 results in an impaired sensitivity to bitter, sweet, and umami 
tastes, although there is some debate whether some additional path-
ways, next to the TRPM5-dependent pathway, exist  (  32,   96,   97  ) . 
Indeed, whereas one study shows complete abolishment of behav-
ioral responses to sweet, bitter, and umami tastes in  Trpm5  −/−  mice 
 (  32  ) , other studies detect some residual activity in response to these 
components  (  96,   97  ) . The bitter tastant nicotine has been shown to 
activate both TRPM5-dependent and TRPM5-independent path-
ways  (  98  ) . This last pathway, which involves the nicotinic acetylcho-
line receptor, is however not a common one for bitter compounds 
as the bitter tastant quinine acts only through the TRPM5-
dependent pathway  (  98  ) . Interestingly,  Trpm5  −/−  mice have been 
shown to develop preferences for glucose over amino acid solutions 
independent of taste quality and caloric load, an effect associated 
with the ability of a given nutrient to regulate glucose metabolism 
and stimulate brain dopamine centers  (  99  ) . 

 Activation of TRPM5 in taste receptor cells occurs downstream 
of IP 3 -mediated Ca 2+  release  (  47  ) . Indeed, brief elevation of either 
intracellular IP 3  or Ca 2+  is suf fi cient to gate TRPM5-dependent 
currents in intact taste cells, but only intracellular Ca 2+  is able to 
activate TRPM5-dependent currents in excised patches  (  47  ) . The 
activation of TRPM5 allows Na +  in fl ux and depolarization of the 
membrane potential, a feature necessary for the consequent release 
of ATP. In fact, elimination of TRPM5 current prevents the secre-
tion of ATP from taste cells and this release can be restored when 
the membrane is depolarized by other means such as elevated K +  
 (  100,   101  ) . Since the gap junction hemichannel pannexin 1, 
responsible for the ATP release, can be opened by membrane 
depolarization or by elevation of intracellular Ca 2+   (  102  ) , it can be 
concluded that both the IP 3 -mediated Ca 2+  release and the TRPM5-
mediated membrane depolarization are responsible for the ATP 
release in response to stimulation of taste receptor cells  (  100  ) . 
Finally, it is shown that TRPM5 can be activated by arachidonic 
acid, a fatty acid that is released from diacylglycerol (DAG) and 
2-arachidonicglycerol, molecules generated downstream of PLC β  2  
after stimulation by taste components  (  58  ) . The physiological role 
of this phenomenon remains, however, unclear. 

 As TRPM5 is an essential component of taste signaling, it can be 
expected that modulation of TRPM5 in fl uences taste perception. 
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TRPM5 channel activity can be modulated by heat: the channel is 
activated by increasing temperatures between 15 and 35 °C and this 
heat activation is due to a temperature-dependent shift of the volt-
age-activation curve to negative potentials  (  40  ) . In line with this, 
TRPM5-dependent sweet taste responses in mouse gustatory nerves 
are strongly enhanced by heating, a feature lost in  Trpm5  −/−  mice 
 (  40  ) . This temperature sensitivity of TRPM5 might underlie certain 
effects of taste, such as enhanced sweetness perception at high tem-
peratures and thermal taste (a phenomenon whereby heating or 
cooling of the tongue evokes sensations of taste in the absence of 
tastants)  (  40  ) . Furthermore, the bitter tastant quinine dose-depend-
ently inhibits TRPM5 currents and abolishes the gustatory response 
of sweet-sensitive gustatory nerves in WT but not in  Trpm5  −/−  mice 
 (  103  ) . This inhibition of TRPM5 by bitter compounds constitutes 
the molecular basis of bitter–sweet taste interactions, whereby bitter 
tastants directly inhibit the sweet transduction pathway. 

 There is converging evidence that, in addition to its well-recognized 
texture and odor components, the  fl avor of fat includes a taste 
component and that fat, as a consequence, may also be  considered 
as a basic taste quality  (  93,   104  ) . For example, it has been shown 
that mice show a preference for linoleic acid emulsions  (  105  ) . 
A recent study reports that the polyunsaturated long-chain free 
fatty acid linoleic acid depolarizes taste cells  (  64  ) . This occurs via 
an increase in intracellular Ca 2+  that is dependent on the PLC path-
way. Furthermore, linoleic acid activates a monovalent cation-
selective current in taste cells that is most likely mediated by 
TRPM5 as the current can be abolished by the TRPM5 antagonist 
TPPO and is largely reduced in  Trpm5  −/−  cells  (  64  ) . These data 
suggest that fatty acids can activate taste cells in a manner similar to 
sweet, bitter, and umami tastes. Interestingly, the preferences for 
linoleic acid and soybean oil emulsions are lost in  Trpm5  −/−  mice 
 (  64,   106  ) , although the soybean oil preference could be partially 
recovered by extensive experience  (  106  ) . 

 Finally, very little is known about a possible role for TRPM4 in 
taste transduction. Interestingly, the channel is expressed in mouse 
taste cells  (  64  ) . Furthermore, taste cells seem to have a second type 
of CAN channels. This current shows many features (including low 
sensitivity to Ca 2+ , block by free ATP, and a conductance of ~30 pS) 
reminiscent of heterologously expressed TRPM4  (  47  ) . However, 
as this current could not be measured in the whole-cell mode by 
uncaging IP 3  or Ca 2+   (  47  ) , it remains unclear what function TRPM4 
might have in taste receptor cells.  

  Both TRPM4 and TRPM5 have been suggested to in fl uence insu-
lin release from pancreatic beta cells. The secretion of insulin by 
the pancreatic  β  cell is a complex process driven by electrical activ-
ity and oscillations of the intracellular Ca 2+  concentration, [Ca 2+ ] i  
 (  107  ) . Indeed, ATP produced by the glucose metabolism closes 

  3.2.  Functional Role 
for TRPM4 and TRPM5 
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ATP-sensitive K +  channels, allowing depolarization of the 
membrane potential and activation of L-type Ca 2+  channels. This 
leads to Ca 2+  increase and secretion of insulin-containing vesicles 
 (  108–  111  ) . As insulin is the only glucose-lowering hormone, its 
secretion is essential for glucose homeostasis. Although Ca 2+ -
activated non-selective cation channels had been described in beta 
cells from the pancreas, their contribution to the electrical activity 
and insulin release was unclear  (  112–  114  ) . With  Trpm4  −/−  and 
 Trpm5  −/−  mice available, their possible role in pancreatic beta cells 
could be  analyzed in a more direct way. 

 The role of TRPM4 in insulin release is quite controversial. 
Protein expression and channel activity are detected in several beta 
cell lines such as INS-1, HIT-T15, RINm5F,  β -TC3, and MIN-6 
 (  65,   66  ) . Furthermore, expression of TRPM4 protein was detected 
in mouse pancreatic islets and human beta cells  (  66  ) . Ca 2+  increase 
and insulin secretion of INS-1 cells after stimulation by glucose, AVP 
(arginine–vasopressin, a Gq-coupled receptor agonist in  β -cells), or 
glyburide (glibenclamide) were decreased when TRPM4 was inhib-
ited by the dominant-negative construct  Δ N TRPM4  (  65,   66  ) , sug-
gesting that depolarizing currents generated by TRPM4 are an 
important component in the control of intracellular Ca 2+  signals nec-
essary for insulin secretion. Furthermore, Ca 2+ -dependent exocytosis 
might cause dynamic translocation of TRPM4-containing vesicles to 
the plasma membrane, a regulatory mechanism that would allow beta 
cells to regulate the electrical activity in response to glucose and other 
nutrients  (  65  ) . However,  Trpm4  −/−  mice show no defect in glucose-
induced insulin secretion from pancreatic islets or in glucose toler-
ance after an intraperitoneal injection of glucose  (  61  ) , suggesting that 
TRPM4 is not involved in glucose-induced Ca 2+  signaling and insulin 
release.    Further studies are required to elucidate whether TRPM4 
might be involved in G q - or G s -receptor-coupled signaling pathways, 
for example, during stimulation with, e.g., glucagon or GLP-1. 

 In contrast to TRPM4, the function of TRPM5 in insulin release 
is more established. The channel is expressed in beta cells from 
mouse and human pancreatic islets  (  36,   77  ) . Moreover, TRPM5-
channel activity is an important constituent of the Ca 2+ -activated 
non-selective monovalent cation channel measured in murine  β  cells 
 (  77  ) . The channel plays an important role in glucose-induced elec-
trical activity: whereas normal WT islets display three types of  V  m  and 
Ca 2+  oscillations (slow, mixed, or fast) in response to glucose, dele-
tion of TRPM5 leads to a speci fi c lack of fast glucose-induced  V  m  
and Ca 2+  oscillations. TRPM5 contributes to the slow depolarization 
in the slow interburst interval of the glucose-induced electrical activ-
ity, in this way shortening the interburst interval and leading to faster 
glucose-induced oscillations in  V  m  and Ca 2+   (  77  ) . Why TRPM5 is 
only functionally relevant in a (fast-oscillating) subpopulation of the 
islets remains unclear. Fast Ca 2+  oscillations are shown to be more 
ef fi cient than slow oscillations in triggering exocytosis of secretory 
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vesicles and insulin release  (  115  ) . In agreement with this, two 
independent laboratories show that glucose-induced insulin release 
is impaired in isolated pancreatic islets from  Trpm5  −/−  mice  (  77,   78  ) . 
This beta cell dysfunction leads to lower plasma insulin levels and 
impaired glucose tolerance after both oral and intraperitoneal glu-
cose challenges  (  77,   78  ) . The relevance of this prediabetic pheno-
type during conditions of higher insulin demand (such as pregnancy, 
obesitas, aging, etc.) remains to be shown. However, it is interesting 
to note that  Trpm5  expression is negatively correlated with blood 
glucose concentrations in the small intestine of diabetic patients 
 (  116  ) . Moreover, TRPM5 variants are associated with prediabetic 
phenotypes in subjects at risk for type 2 diabetes. TRPM5 SNPs 
were related to not only insulin secretion, plasma glucose, and 
GLP-1 levels but also to insulin sensitivity  (  117  ) . How these TRPM5 
variants might affect insulin sensitivity remains elusive, as  Trpm5  −/−  
mice show a normal insulin tolerance test  (  77  ) . Furthermore, the 
functional impact of these mutations on TRPM5 channel activity has 
not been clari fi ed yet. However, these data indicate a possible link 
between TRPM5 and type 2 diabetes mellitus. 

 Less is known about a possible role for TRPM4 and TRPM5 
in the secretion of other hormones by the pancreatic islet. Indeed, 
next to the insulin-secreting beta cells, the islet of Langerhans 
comprises several other cell types such as glucagon-releasing  α  cells 
and somatostatin-producing  δ  cells. TRPM4 is expressed in the 
alpha cell line INR1G9  (  66  )  and TRPM5 is shown to be expressed, 
albeit to a low level, in alpha cells from murine islets  (  77  ) . TRPM4 
inhibition decreased the magnitude of intracellular Ca 2+  signals and 
glucagon secretion in response to several agonists such as AVP and 
high K +  in the alpha cell line INR1G9, suggesting a function for 
this channel in glucagon secretion  (  118  ) . However, more experi-
ments are required to elucidate the exact function of TRPM4 (and 
TRPM5) in this process.   

 

  Trpm4  and  Trpm5  mRNA are detected in the central nervous sys-
tem. RT PCR experiments showed  Trpm4  and  Trpm5  expression in 
brain and spinal cord extracts from mouse and rat  (  24,   119,   120  ) . 
The Allen Brain Atlas con fi rmed these results in mouse by In Situ 
 Hybridization  and showed different levels of expression according 
to the structures:  Trpm4  is expressed at a quite high level in hip-
pocampus and hypothalamus, and at a reduced level in the olfactory 
bulb, cerebellum, pons, and cortex.  Trpm5  is highly detectable by  ISH  
and using reporter mice in the olfactory bulb and to a lesser extent 
in the thalamus  (  75  )  .  So far, it seems that  Trpm4  and  Trpm5  expres-
sion in brain is mainly in neurons although the protein expression 

  4.  TRPM4 
and TRPM5 
in the Central 
Nervous System
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has not been described. This expression pattern might suggest a 
profound physiological and pathophysiological role for both chan-
nels in the CNS. However, the physiological roles of these two 
channels in neuronal cells remain quite unclear. For instance, 
although TRPM4 and TRPM5 can be detected by  ISH  in the spinal 
cord of young and adult mice, until now nothing is known about 
these channels in this structure. In this section, we will focus on the 
role of TRPM4 and TRPM5 only in brain neurons. 

  Some brain neurons present a speci fi c  fi ring behavior called burst 
 fi ring. This spiking behavior is characterized by a sustained  fi ring 
activity. Such a burst  fi ring activity is involved in different brain 
processes like reward circuit, short-term memory in an emotional- 
and experience-dependent learning context, and respiratory rhythms 
regulation. CAN currents play a role in brain as a key player of sus-
tained  fi ring activity mechanisms  (  121  ) . TRPM4 and TRPM5 are 
considered as the candidate channels underlying CAN currents and 
might in this way contribute to many brain processes  (  24,   33  ) . 

 So far, the most investigated process of burst  fi ring behavior in 
which TRPM4 plays a role is in pre-Bötzinger Complex (preBötC) 
neurons  (  122  ) . The preBötC is involved in the respiratory rythmo-
genesis  (  123  ) . These neurons are characterized by an oscillating 
activity and by the synchronization of their burst  fi ring. Only 20% 
of these neurons present a pacemaker activity, meaning that most 
of the neurons generate inspiratory drive potentials by evoking 
post-synaptic currents that depend on intrinsic membrane proper-
ties  (  124  ) . I (CAN)  has been proposed to be the candidate to amplify 
glutamatergic synaptic drive by transforming the glutamatergic 
synaptic inputs to membrane depolarization  (  122,   125  ) . Pace et al. 
showed that Ca 2+  in fl ux was able to induce some plateau potentials, 
and external Na +  substitution and FFA exposure attenuated those 
plateau potentials. I (CAN)  activation by glutamatergic inputs could 
be direct (via NMDAR Ca 2+  in fl ux) or indirect (via mGluR induced 
IP 3 -dependent Ca 2+ -release or AMPAR activation of voltage-gated 
Ca 2+  channels). Crowder et al. detected  Trpm4  and  Trpm5  expres-
sion by RT-PCR in preBötC neurons and showed that excess PIP 2  
augmented the inspiratory drive potential. This effect was modu-
lated by FFA application  (  120  ) . Although in these neurons both 
 Trpm4  and  Trpm5  are expressed, the electrophysiological charac-
teristics of the I (CAN)  are more reminiscent of TRPM4. Indeed, the 
current can be blocked by Gd³ +  at 30  μ M and the application of a 
negative pressure in the patch pipette can activate the current, 
which resembles the behavior of TRPM4 in myocytes. TRPM4 
current could be activated by Ca 2+  waves in the soma and generate 
inspiratory bursts by boosting glutamatergic synaptic inputs. 

 More recently, a novel pathway of activation of TRPM4 has 
been described: the Epac/cAMP pathway. Epac agonist application 

  4.1.  TRPM4, TRPM5, 
and Burst Firing
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on preBötC neurons sensitized Ca 2+  mobilization from IP 3  internal 
Ca 2+  stores that stimulated TRPM4 and potentiated bursts of 
action potentials  (  50  ) . It remains unclear, however, whether 
TRPM4 activity itself is regulated by this mechanism. 

 This mechanism of activation via glutamatergic synaptic inputs 
and the role of TRPM4/5 in burst  fi ring activity might be con-
served in other brain structures. Mrejeru et al. have described a 
similar mechanism in dopaminergic (DA) neurons of substantia 
nigra  (  126  ) . Those neurons present two different behaviors: tonic 
 fi ring and bursts of action potentials. They showed by electrophysi-
ology that NMDA currents recruit an I (CAN)  current capable of gen-
erating a plateau potential. This I (CAN)  can be blocked by FFA and 
9-phenanthrol application. Since mRNA expression of  Trpm2  and 
 Trpm4  has been detected by RT-PCR ( Trpm5  could not be 
detected), they hypothesized TRPM4 to be the channel involved 
in the burst  fi ring behavior. Although TRPM4 current has not 
been directly recorded in dopaminergic neurons, and the speci fi city 
of FFA and 9-phenanthrol on brain slices has not been determined 
yet, Mrejeru et al. provide the  fi rst evidences that TRPM channels 
(TRPM2 and TRPM4) are expressed in substancia nigra neurons 
and could be part of the reward circuit by boosting NMDA  currents 
during burst  fi ring. 

 The neurons of the lateral nucleus of amygdala also display a 
sustained  fi ring activity. The graded increase in  fi ring is linked to an 
I (CAN)  and is blocked by FFA application  (  127  ) . The Allen Brain Atlas 
shows  Trpm4/5  mRNA expression in amygdala, leading to the con-
clusion that either one or two channels are involved in burst  fi ring 
activity in the lateral nucleus and then are part of the mechanism for 
sustaining information about novel items in a short-term memory in 
the context of emotional- and experience-dependent learning. 

 Although no direct evidence of TRPM4 or TRPM5 currents 
are now available, similar process of sustained  fi ring activity depen-
dent on I (CAN)  exists in diverse structures such as the motoneurons 
of the nucleus ambiguous, the layer II neurons of the entorhinal 
cortex  (  128  ) , the blanes cells of the olfactory bulbs  (  75  ) , indicat-
ing possible new roles for TRPM4 and TRPM5 in  fi ring behavior 
in brain physiology.  

  TRPM4 is thought to underly the boosting of NMDA current in 
DA neurons  (  126  ) . Since those neurons are vulnerable to neuro-
degeneration, this I (CAN)  boost mechanism may also explain the 
high sensitivity of DA neurons for excitotoxicity. In this case, 
TRPM4 could be considered as a potential drug target in Parkinson 
disease. 

 TRPM4 and TRPM5 might also be key players in epilepsy. An 
epileptic seizure is composed of recurrent bursts of intense  fi ring. 
Schiller recorded I (CAN)  on neocortex slices treated with bicuculline 

  4.2.  TRPM4, TRPM5, 
and Pathophysiology



120 B. Colsoul et al.

    1.    Xu XZ, Moebius F, Gill DL, Montell C 
(2001) Regulation of melastatin, a TRP-
related protein, through interaction with a 
cytoplasmic isoform. Proc Natl Acad Sci USA 
98:10692–10697  

    2.    Colquhoun D, Neher E, Reuter H, Stevens 
CF (1981) Inward current channels activated 
by intracellular Ca in cultured cardiac cells. 
Nature 294:752–754  

    3.    Magistretti J, Alonso A (2002) Fine gating 
properties of channels responsible for persis-
tent sodium current generation in entorhi-
nal cortex neurons. J Gen Physiol 120: 
855–873  

    4.    Shalinsky MH, Magistretti J, Ma L, Alonso 
AA (2002) Muscarinic activation of a cation 
current and associated current noise in ento-
rhinal-cortex layer-II neurons. J Neurophysiol 
88:1197–1211  

    5.    Liman ER (2003) Regulation by voltage and 
adenine nucleotides of a Ca 2+ -activated cation 
channel from hamster vomeronasal sensory 
neurons. J Physiol 548:777–787  

    6.    El-Sherif Y, Wieraszko A, Banerjee P, 
Penington NJ (2001) ATP modulates Na +  
channel gating and induces a non-selective 
cation current in a neuronal hippocampal cell 
line. Brain Res 904:307–317  

    7.    Simard JM, Chen M (2004) Regulation by 
sulfanylurea receptor type 1 of a non-selective 
cation channel involved in cytotoxic edema of 
reactive astrocytes. J Neurosurg Anesthesiol 
16:98–99  

    8.    Kim CJ, Weir BK, Macdonald RL, Zhang H 
(1998) Erythrocyte lysate releases Ca 2+  from 
IP3-sensitive stores and activates Ca(2+)-
dependent K +  channels in rat basilar smooth 
muscle cells. Neurol Res 20:23–30  

    9.    Eto W et al (2003) Intracellular alkalinization 
induces Ca 2+  in fl ux via non-voltage-operated 
Ca 2+  channels in rat aortic smooth muscle 
cells. Cell Calcium 34:477–484  

    10.    Miyoshi H, Yamaoka K, Gar fi eld RE, Ohama K 
(2004) Identi fi cation of a non-selective cation 
channel current in myometrial cells isolated from 
pregnant rats. P fl ugers Arch 447:457–464  

    11.    Sturgess NC, Carrington CA, Hales CN, 
Ashford ML (1987) Nucleotide-sensitive ion 
channels in human insulin producing tumour 
cells. P fl ugers Arch 410:169–172  

    12.    Rodighiero S, De Simoni A, Formenti A 
(2004) The voltage-dependent nonselective 
cation current in human red blood cells stud-
ied by means of whole-cell and nystatin-per-
forated patch-clamp techniques. Biochim 
Biophys Acta 1660:164–170  

to induce seizure  (  129  ) . This current was unaffected by changing 
chloride concentrations but was sensitive to intracellular Ca 2+  
changes and was blocked by FFA application. This I (CAN)  is acti-
vated by Ca 2+  in fl ux through NDMA receptors and voltage-gated 
Ca 2+  channels. This is the  fi rst direct evidence that I (CAN)  is involved 
in a pathological process. Indeed this current could support sus-
tained seizure-like events  (  129  ) . Interestingly, the mechanism 
seems to be similar to what has been described in the preBötC and 
substantia nigra neurons. Further investigation in  Trpm4  −/−  and 
 Trpm5  −/−  mice could improve the understanding of the pathophys-
iological process leading to epileptic seizure.       

  Acknowledgments 

 The authors are supported by the FWO-Vlaanderen en het 
Bijzonder Onderzoeksfonds (KU Leuven). We thank Prof. Em. 
Bernd Nilius and all the members of the Laboratory of Ion Channel 
Research for inspiring discussions.  

   References 



1216 The Ca2+-Activated Monovalent Cation-Selective Channels TRPM4 and TRPM5

    13.    Kaestner L, Bernhardt I (2002) Ion channels 
in the human red blood cell membrane: their 
further investigation and physiological rele-
vance. Bioelectrochemistry 55:71–74  

    14.    Gogelein H, Pfannmuller B (1989) The non-
selective cation channel in the basolateral 
membrane of rat exocrine pancreas. Inhibition 
by 3 ¢ ,5-dichlorodiphenylamine-2-carboxylic 
acid (DCDPC) and activation by stilbene dis-
ulfonates. P fl ugers Arch 413:287–298  

    15.    Gray MA, Argent BE (1990) Non-selective 
cation channel on pancreatic duct cells. 
Biochim Biophys Acta 1029:33–42  

    16.    Suzuki K, Petersen OH (1988) Patch-clamp 
study of single-channel and whole-cell K +  cur-
rents in guinea pig pancreatic acinar cells. Am 
J Physiol 255:G275–G285  

    17.    Ringer E, Russ U, Siemen D (2000) Beta(3)-
adrenergic stimulation and insulin inhibition 
of non-selective cation channels in white adi-
pocytes of the rat. Biochim Biophys Acta 
1463:241–253  

    18.    Halonen J, Nedergaard J (2002) Adenosine 
5  -monophosphate is a selective inhibitor of 
the brown adipocyte nonselective cation 
channel. J Membr Biol 188:183–197  

    19.    Hurwitz CG, Hu VY, Segal AS (2002) A 
mechanogated nonselective cation channel in 
proximal tubule that is ATP sensitive. Am J 
Physiol Renal Physiol 283:F93–F104  

    20.    Van den Abbeele T, Tran Ba Huy P, Teulon J 
(1996) Modulation by purines of calcium-
activated non-selective cation channels in the 
outer hair cells of the guinea-pig cochlea. 
J Physiol 494(Pt 1):77–89  

    21.    Suh SH, Watanabe H, Droogmans G, Nilius 
B (2002) ATP and nitric oxide modulate a 
Ca(2+)-activated non-selective cation current 
in macrovascular endothelial cells. P fl ugers 
Arch 444:438–445  

    22.    Watanabe H et al (2002) Heat-evoked activa-
tion of TRPV4 channels in a HEK293 cell 
expression system and in native mouse aorta 
endothelial cells. J Biol Chem 277: 
47044–47051  

    23.    Csanady L, Adam-Vizi V (2003) Ca(2+)- and 
voltage-dependent gating of Ca(2+)- and 
ATP-sensitive cationic channels in brain capil-
lary endothelium. Biophys J 85:313–327  

    24.    Launay P et al (2002) TRPM4 is a Ca 2+ -
activated nonselective cation channel mediat-
ing cell membrane depolarization. Cell 109: 
397–407  

    25.    Nilius B et al (2003) Voltage dependence of 
the Ca 2+ -activated cation channel TRPM4. 
J Biol Chem 278:30813–30820  

    26.    Montell C et al (2002) A uni fi ed nomencla-
ture for the superfamily of TRP cation 
 channels. Mol Cell 9:229–231  

    27.    Murakami M et al (2003) Identi fi cation and 
characterization of the murine TRPM4 channel. 
Biochem Biophys Res Commun 307: 522–528  

    28.    Yarishkin OV et al (2008) Endogenous 
TRPM4-like channel in Chinese hamster 
ovary (CHO) cells. Biochem Biophys Res 
Commun 369:712–717  

    29.    Prawitt D et al (2000) Identi fi cation and 
characterization of MTR1, a novel gene with 
homology to melastatin (MLSN1) and the trp 
gene family located in the BWS-WT2 critical 
region on chromosome 11p15.5 and showing 
allele-speci fi c expression. Hum Mol Genet 
9:203–216  

    30.    Enklaar T et al (2000) Mtr1, a novel biallelically 
expressed gene in the center of the mouse distal 
chromosome 7 imprinting cluster, is a member 
of the Trp gene family. Genomics 67:179–187  

    31.    Perez CA et al (2002) A transient receptor 
potential channel expressed in taste receptor 
cells. Nat Neurosci 5:1169–1176  

    32.    Zhang Y et al (2003) Coding of sweet, bitter, 
and umami tastes: different receptor cells 
sharing similar signaling pathways. Cell 
112:293–301  

    33.    Hofmann T, Chubanov V, Gudermann T, 
Montell C (2003) TRPM5 is a voltage-modu-
lated and Ca(2+)-activated monovalent selec-
tive cation channel. Curr Biol 13:1153–1158  

    34.    Ullrich ND et al (2005) Comparison of func-
tional properties of the Ca 2+ -activated cation 
channels TRPM4 and TRPM5 from mice. 
Cell Calcium 37:267–278  

    35.    Liu D, Liman ER (2003) Intracellular Ca 2+  
and the phospholipid PIP2 regulate the taste 
transduction ion channel TRPM5. Proc Natl 
Acad Sci USA 100:15160–15165  

    36.    Prawitt D et al (2003) TRPM5 is a transient 
Ca 2+ -activated cation channel responding to 
rapid changes in [Ca 2+ ] i . Proc Natl Acad Sci 
USA 100:15166–15171  

    37.    Rohacs T, Lopes CM, Michailidis I, Logothetis 
DE (2005) PI(4,5)P2 regulates the activation 
and desensitization of TRPM8 channels through 
the TRP domain. Nat Neurosci 8:626–634  

    38.    Nilius B et al (2005) Gating of TRP channels: 
a voltage connection? J Physiol 567:35–44  

    39.    Voets T et al (2004) The principle of 
 temperature-dependent gating in cold- and heat-
sensitive TRP channels. Nature 430: 748–754  

    40.    Talavera K et al (2005) Heat activation of 
TRPM5 underlies thermal sensitivity of sweet 
taste. Nature 438:1022–1025  



122 B. Colsoul et al.

    41.    Talavera K et al (2007) In fl uence of tempera-
ture on taste perception. Cell Mol Life Sci 
64:377–381  

    42.    Nilius B et al (2005) The selectivity  fi lter of 
the cation channel TRPM4. J Biol Chem 
280:22899–22906  

    43.    Owsianik G, Talavera K, Voets T, Nilius B 
(2006) Permeation and selectivity of TRP 
channels. Annu Rev Physiol 68:685–717  

    44.    Suh BC, Hille B (2005) Regulation of ion 
channels by phosphatidylinositol 4,5-bisphos-
phate. Curr Opin Neurobiol 15:370–378  

    45.    Nilius B et al (2006) The Ca 2+ -activated cat-
ion channel TRPM4 is regulated by phos-
phatidylinositol 4,5-biphosphate. EMBO J 
25:467–478  

    46.    Zhang Z, Okawa H, Wang Y, Liman ER 
(2005) Phosphatidylinositol 4,5-bisphosphate 
rescues TRPM4 channels from desensitiza-
tion. J Biol Chem 280:39185–39192  

    47.    Zhang Z, Zhao Z, Margolskee R, Liman E 
(2007) The transduction channel TRPM5 is 
gated by intracellular calcium in taste cells. 
J Neurosci 27:5777–5786  

    48.    Hisatsune C et al (2007) Abnormal taste per-
ception in mice lacking the type 3 inositol 
1,4,5-trisphosphate receptor. J Biol Chem 
282:37225–37231  

    49.    Gonzales AL, Amberg GC, Earley S (2010) 
Ca 2+  release from the sarcoplasmic reticulum 
is required for sustained TRPM4 activity in 
cerebral artery smooth muscle cells. Am J 
Physiol Cell Physiol 299:C279–C288  

    50.    Mironov SL, Skorova EY (2011) Stimulation 
of bursting in pre-Botzinger neurons by Epac 
through calcium release and modulation of 
TRPM4 and K-ATP channels. J Neurochem 
117:295–308  

    51.    Nilius B et al (2005) Regulation of the Ca 2+  
sensitivity of the nonselective cation channel 
TRPM4. J Biol Chem 280:6423–6433  

    52.    Nilius B et al (2004) Decavanadate modulates 
gating of TRPM4 cation channels. J Physiol 
560:753–765  

    53.    Nilius B, Prenen J, Voets T, Droogmans G 
(2004) Intracellular nucleotides and 
polyamines inhibit the Ca 2+ -activated cation 
channel TRPM4b. P fl ugers Arch 448: 70–75  

    54.    Liu D, Zhang Z, Liman ER (2005) 
Extracellular acid block and acid-enhanced 
inactivation of the Ca 2+ -activated cation chan-
nel TRPM5 involve residues in the S3-S4 and 
S5-S6 extracellular domains. J Biol Chem 
280:20691–20699  

    55.    Grand T et al (2008) 9-Phenanthrol inhibits 
human TRPM4 but not TRPM5 cationic 
channels. Br J Pharmacol 153:1697–1705  

    56.    Gonzales AL, Garcia ZI, Amberg GC, Earley 
S (2010) Pharmacological inhibition of 
TRPM4 hyperpolarizes vascular smooth 
   muscle. Am J Physiol Cell Physiol 299: 
C1195–C1202  

    57.    Palmer RK et al (2010) Triphenylphosphine 
oxide is a potent and selective inhibitor of the 
transient receptor potential melastatin-5 ion 
channel. Assay Drug Dev Technol 8:703–713  

    58.    Oike H et al (2006) Arachidonic acid can func-
tion as a signaling modulator by activating the 
TRPM5 cation channel in taste receptor cells. 
Biochim Biophys Acta 1761: 1078–1084  

    59.    Fonfria E et al (2006) Tissue distribution  pro fi les 
of the human TRPM cation channel family. 
J Recept Signal Transduct Res 26: 159–178  

    60.    Mathar I et al (2010) Increased catecholamine 
secretion contributes to hypertension in 
TRPM4-de fi cient mice. J Clin Invest 120: 
3267–3279  

    61.    Vennekens R et al (2007) Increased IgE-
dependent mast cell activation and anaphy-
lactic responses in mice lacking the 
calcium-activated nonselective cation channel 
TRPM4. Nat Immunol 8:312–320  

    62.    Abed E et al (2009) Expression of transient 
receptor potential (TRP) channels in human 
and murine osteoblast-like cells. Mol Membr 
Biol 26:146–158  

    63.    Yu W, Hill WG, Apodaca G, Zeidel ML 
(2011) Expression and distribution of tran-
sient receptor potential (TRP) channels in 
bladder epithelium. Am J Physiol Renal 
Physiol 300:F49–F59  

    64.    Liu P, Shah BP, Croasdell S, Gilbertson TA 
(2011) Transient receptor potential channel 
type M5 is essential for fat taste. J Neurosci 
31:8634–8642  

    65.    Cheng H et al (2007) TRPM4 controls insu-
lin secretion in pancreatic beta-cells. Cell 
Calcium 41:51–61  

    66.    Marigo V et al (2009) TRPM4 impacts 
Ca(2+) signals during agonist-induced insulin 
secretion in pancreatic beta-cells. Mol Cell 
Endocrinol 299(2):194–203  

    67.    Guinamard R et al (2004) Functional charac-
terization of a Ca(2+)-activated non-selective 
cation channel in human atrial cardiomyo-
cytes. J Physiol 558:75–83  

    68.    Kruse M et al (2009) Impaired endocytosis of 
the ion channel TRPM4 is associated with 
human progressive familial heart block type I. 
J Clin Invest 119:2737–2744  

    69.    Guinamard R et al (2006) Functional expres-
sion of the TRPM4 cationic current in ven-
tricular cardiomyocytes from spontaneously 
hypertensive rats. Hypertension 48:587–594  



1236 The Ca2+-Activated Monovalent Cation-Selective Channels TRPM4 and TRPM5

    70.    Guinamard R, Bois P (2007) Involvement of 
transient receptor potential proteins in cardiac 
hypertrophy. Biochim Biophys Acta 1772: 
885–894  

    71.    Earley S, Waldron BJ, Brayden JE (2004) 
Critical role for transient receptor potential 
channel TRPM4 in myogenic constriction of 
cerebral arteries. Circ Res 95:922–929  

    72.    Nakamura E et al (2010) New frontiers in gut 
nutrient sensor research: luminal glutamate-
sensing cells in rat gastric mucosa. J Pharmacol 
Sci 112:13–18  

    73.    Perez CA, Margolskee RF, Kinnamon SC, 
Ogura T (2003) Making sense with TRP 
channels: store-operated calcium entry and 
the ion channel Trpm5 in taste receptor cells. 
Cell Calcium 33:541–549  

    74.    Kokrashvili Z et al (2009) Release of endog-
enous opioids from duodenal enteroendo-
crine cells requires Trpm5. Gastroenterology 
137:598–606, 606 e1-2  

    75.    Lin W et al (2007) Olfactory neurons express-
ing transient receptor potential channel M5 
(TRPM5) are involved in sensing semiochemi-
cals. Proc Natl Acad Sci USA 104:2471–2476  

    76.    Kaske S et al (2007) TRPM5, a taste-signaling 
transient receptor potential ion-channel, is a 
ubiquitous signaling component in chemosen-
sory cells. BMC Neurosci 8:49  

    77.    Colsoul B et al (2010) Loss of high-frequency 
glucose-induced Ca 2+  oscillations in pancre-
atic islets correlates with impaired glucose tol-
erance in Trpm5 −/−  mice. Proc Natl Acad Sci 
USA 107:5208–5213  

    78.    Brixel LR et al (2010) TRPM5 regulates glu-
cose-stimulated insulin secretion. P fl ugers 
Arch 460:69–76  

    79.    Barbet G et al (2008) The calcium-activated 
nonselective cation channel TRPM4 is essen-
tial for the migration but not the maturation of 
dendritic cells. Nat Immunol 9:1148–1156  

    80.    Watanabe H et al (2008) TRP channel and 
cardiovascular disease. Pharmacol Ther 118: 
337–351  

    81.    Mills RW, Milan DJ (2010) TRPM4-linked 
isolated cardiac conduction defects: bad 
traf fi cking causes electrical gridlock. Circ 
Cardiovasc Genet 3:311–313  

    82.    Vassort G, Bideaux P, Alvarez J (2010) Could 
early ischemic arrhythmia triggered by puri-
nergic activation of the transient receptor 
potential channels be prevented by creatine? 
Exp Clin Cardiol 15:e104–e108  

    83.    Liu H et al (2011) Gain-of-function muta-
tions in TRPM4 cause autosomal dominant 
isolated cardiac conduction disease. Circ 
Cardiovasc Genet 3:374–385  

    84.    Demion M, Bois P, Launay P, Guinamard R 
(2007) TRPM4, a Ca 2+ -activated nonselective 
cation channel in mouse sino-atrial node cells. 
Cardiovasc Res 73:531–538  

    85.    Morita H et al (2007) Membrane stretch-
induced activation of a TRPM4-like nonselec-
tive cation channel in cerebral artery myocytes. 
J Pharmacol Sci 103:417–426  

    86.    Brayden JE, Earley S, Nelson MT, Reading S 
(2008) Transient receptor potential (TRP) 
channels, vascular tone and autoregulation of 
cerebral blood  fl ow. Clin Exp Pharmacol 
Physiol 35:1116–1120  

    87.    Gonzales AL, Earley S (2012) Endogenous 
cytosolic Ca(2+) buffering is necessary for 
TRPM4 activity in cerebral artery smooth 
muscle cells. Cell Calcium 51(1):82–93  

    88.    Garcia ZI, Bruhl A, Gonzales AL, Earley S 
(2011) Basal protein kinase Cdelta activity is 
brequired for membrane localization and 
activity of TRPM4 channels in cerebral artery 
smooth muscle cells. Channels (Austin) 5: 
210–214  

    89.    Crnich R et al (2010) Vasoconstriction result-
ing from dynamic membrane traf fi cking of 
TRPM4 in vascular smooth muscle cells. Am 
J Physiol Cell Physiol 299:C682–C694  

    90.    Earley S, Straub SV, Brayden JE (2007) Protein 
kinase C regulates vascular myogenic tone 
through activation of TRPM4. Am J Physiol 
Heart Circ Physiol 292: H2613–H2622  

    91.    Reading SA, Brayden JE (2007) Central role 
of TRPM4 channels in cerebral blood  fl ow 
regulation. Stroke 38:2322–2328  

    92.    Simard C, Salle L, Rouet R, Guinamard R 
(2012) TRPM4 inhibitor 9-phenanthrol 
abolishes arrhythmias induced by hypoxia and 
reoxygenation in mouse ventricle. Br J 
Pharmacol 165(7):2354–2364  

    93.    Chaudhari N, Roper SD (2010) The cell biol-
ogy of taste. J Cell Biol 190:285–296  

    94.    Dando R, Roper SD (2009) Cell-to-cell com-
munication in intact taste buds through ATP 
signalling from pannexin 1 gap junction hemi-
channels. J Physiol 587:5899–5906  

    95.    Huang YJ et al (2007) The role of pannexin 1 
hemichannels in ATP release and cell-cell 
communication in mouse taste buds. Proc 
Natl Acad Sci USA 104:6436–6441  

    96.    Damak S et al (2006) Trpm5 null mice 
respond to bitter, sweet, and umami com-
pounds. Chem Senses 31:253–264  

    97.    Eddy MC et al (2011) A conditioned aversion 
study of sucrose and SC45647 taste in TRPM5 
knockout mice. Chem Senses 37(5): 391–401  

    98.    Oliveira-Maia AJ et al (2009) Nicotine acti-
vates TRPM5-dependent and independent 



124 B. Colsoul et al.

taste pathways. Proc Natl Acad Sci USA 106: 
1596–1601  

    99.    Ren X et al (2010) Nutrient selection in the 
absence of taste receptor signaling. J Neurosci 
30:8012–8023  

    100.    Huang YA, Roper SD (2011) Intracellular 
Ca(2+) and TRPM5-mediated membrane 
depolarization produce ATP secretion from 
taste receptor cells. J Physiol 588: 2343–2350  

    101.    Romanov RA, Rogachevskaja OA, Khokhlov 
AA, Kolesnikov SS (2008) Voltage depen-
dence of ATP secretion in mammalian taste 
cells. J Gen Physiol 132:731–744  

    102.    Locovei S, Wang J, Dahl G (2006) Activation 
of pannexin 1 channels by ATP through P2Y 
receptors and by cytoplasmic calcium. FEBS 
Lett 580:239–244  

    103.    Talavera K et al (2008) The taste transduction 
channel TRPM5 is a locus for bitter-sweet 
taste interactions. FASEB J 22:1343–1355  

    104.    Laugerette F et al (2007) Do we taste fat? 
Biochimie 89:265–269  

    105.    Laugerette F et al (2005) CD36 involvement 
in orosensory detection of dietary lipids, 
spontaneous fat preference, and digestive 
secretions. J Clin Invest 115:3177–3184  

    106.    Sclafani A, Zukerman S, Glendinning JI, 
Margolskee RF (2007) Fat and carbohydrate 
preferences in mice: the contribution of alpha-
gustducin and Trpm5 taste-signaling proteins. 
Am J Physiol Regul Integr Comp Physiol 
293:R1504–R1513  

    107.    MacDonald PE, Rorsman P (2006) 
Oscillations, intercellular coupling, and insu-
lin secretion in pancreatic beta cells. PLoS 
Biol 4:e49  

    108.    Drews G, Krippeit-Drews P, Dufer M (2010) 
Electrophysiology of islet cells. Adv Exp Med 
Biol 654:115–163  

    109.    Henquin JC (2009) Regulation of insulin 
secretion: a matter of phase control and ampli-
tude modulation. Diabetologia 52:739–751  

    110.    Henquin JC, Nenquin M, Ravier MA, Szollosi 
A (2009) Shortcomings of current models of 
glucose-induced insulin secretion. Diabetes 
Obes Metab 11(Suppl 4):168–179  

    111.    MacDonald PE, Rorsman P (2007) The ins 
and outs of secretion from pancreatic beta-
cells: control of single-vesicle exo- and endo-
cytosis. Physiology (Bethesda) 22:113–121  

    112.    Leech CA, Habener JF (1998) A role for Ca 2+ -
sensitive nonselective cation channels in regu-
lating the membrane potential of  pancreatic 
beta-cells. Diabetes 47:1066–1073  

    113.    Roe MW et al (1998) Characterization of a 
Ca 2+  release-activated nonselective cation cur-
rent regulating membrane potential and 

[Ca 2+ ] i  oscillations in transgenically derived 
beta-cells. J Biol Chem 273:10402–10410  

    114.    Sturgess NC, Hales CN, Ashford ML (1987) 
Calcium and ATP regulate the activity of a 
non-selective cation channel in a rat insuli-
noma cell line. P fl ugers Arch 409:607–615  

    115.    Berggren PO et al (2004) Removal of Ca 2+  
channel beta3 subunit enhances Ca 2+  oscilla-
tion frequency and insulin exocytosis. Cell 
119:273–284  

    116.    Young RL et al (2009) Expression of taste 
molecules in the upper gastrointestinal tract 
in humans with and without type 2 diabetes. 
Gut 58:337–346  

    117.    Ketterer C et al (2011) Genetic variation 
within the TRPM5 locus associates with pre-
diabetic phenotypes in subjects at increased 
risk for type 2 diabetes. Metabolism 
60(9):1325–1333  

    118.    Nelson PL et al (2011) Regulation of Ca(2+)-
entry in pancreatic alpha-cell line by transient 
receptor potential melastatin 4 plays a vital 
role in glucagon release. Mol Cell Endocrinol 
335:126–134  

    119.    Yoo JC et al (2010) Cloning and characteriza-
tion of rat transient receptor potential-
melastatin 4 (TRPM4). Biochem Biophys Res 
Commun 391:806–811  

    120.    Crowder EA et al (2007) Phosphatidylinositol 
4,5-bisphosphate regulates inspiratory burst 
activity in the neonatal mouse preBotzinger 
complex. J Physiol 582:1047–1058  

    121.    Rubin JE, Hayes JA, Mendenhall JL, Del Negro 
CA (2009) Calcium-activated nonspeci fi c cat-
ion current and synaptic depression promote 
network-dependent burst oscillations. Proc Natl 
Acad Sci USA 106: 2939–2944  

    122.    Pace RW, Mackay DD, Feldman JL, Del 
Negro CA (2007) Inspiratory bursts in the 
preBotzinger complex depend on a calcium-
activated non-speci fi c cation current linked 
to glutamate receptors in neonatal mice. 
J Physiol 582:113–125  

    123.    Feldman JL, Del Negro CA (2006) Looking 
for inspiration: new perspectives on respira-
tory rhythm. Nat Rev Neurosci 7:232–242  

    124.    Del Negro CA et al (2005) Sodium and cal-
cium current-mediated pacemaker neurons 
and respiratory rhythm generation. J Neurosci 
25:446–453  

    125.    Mironov SL (2008) Metabotropic glutamate 
receptors activate dendritic calcium waves and 
TRPM channels which drive rhythmic respira-
tory patterns in mice. J Physiol 586: 2277–2291  

    126.    Mrejeru A, Wei A, Ramirez JM (2011) 
Calcium-activated non-selective cation cur-
rents are involved in generation of tonic and 



1256 The Ca2+-Activated Monovalent Cation-Selective Channels TRPM4 and TRPM5

bursting activity in dopamine neurons of the 
substantia nigra pars compacta. J Physiol 
589:2497–2514  

    127.    Egorov AV, Unsicker K, von Bohlen und 
Halbach O (2006) Muscarinic control of 
graded persistent activity in lateral amygdala 
neurons. Eur J Neurosci 24:3183–3194  

    128.    Zhu ZT, Munhall A, Shen KZ, Johnson SW 
(2004) Calcium-dependent subthreshold 

oscillations determine bursting activity 
induced by N-methyl-D-aspartate in rat sub-
thalamic neurons in vitro. Eur J Neurosci 
19:1296–1304  

    129.    Schiller Y (2004) Activation of a calcium-acti-
vated cation current during epileptiform 
 discharges and its possible role in sustaining 
seizure-like events in neocortical slices. 
J Neurophysiol 92:862–872    



127

Arpad Szallasi and Tamás Bíró (eds.), TRP Channels in Drug Discovery: Volume I, Methods in Pharmacology and Toxicology, 
DOI 10.1007/978-1-62703-077-9_7, © Springer Science+Business Media, LLC 2012

    Chapter 7   

 The Emerging Role of TRPM7 in the Regulation 
of Magnesium Homeostasis       

     Vladimir   Chubanov   ,    Jonathan   T.   Eggenschwiler   ,  Lillia   V.   Ryazanova , 
   Thomas   Gudermann   , and    Alexey   G.   Ryazanov        

  Abstract 

 TRPM7 and its closely related protein TRPM6 are unique bifunctional molecules consisting of a kinase 
domain fused to an ion channel. The ion channel belongs to the transient receptor potential (TRP) family 
of ion channels, TRPM subfamily, while the kinase domain belongs to a family of atypical protein kinases 
called alpha kinases that are known to phosphorylate substrates within alpha helices. Recent evidence 
 suggests that TRPM6 and TRPM7 are involved in the regulation of cellular and whole body Mg 2+  balance. 
Mutations in human TRPM6 were found to cause hypomagnesemia. De fi ciency in TRPM7 inhibits cell 
proliferation, and this growth defect can be rescued by supplementation with high concentrations of Mg 2+ . 
In this review, we discuss the role of TRPM6 and TRPM7 in the regulation of Mg 2+  homeostasis. We pres-
ent evidence that TRPM7 is involved in the regulation of Mg 2+  in fl ux into proliferating cells, while the 
TRPM7–TRPM6 complex is involved in the regulation of whole body Mg 2+  balance.  

  Key words:   TRPM7 ,  TRPM6 ,  Channel kinases ,  TRP channels ,  Alpha kinases ,  Mg 2+  homeostasis , 
 Cell proliferation    

 

 Until recently, little was known about the mechanisms that con-
trol magnesium homeostasis. An advance in our understanding of 
the regulation of cellular and whole body Mg 2+  balance came from 
the discovery of the channel kinase TRPM7 and its genetically 
related protein, TRPM6 (Fig.  1 ). TRPM7 and TRPM6 are unusual 
bifunctional molecules that have a unique structure; they are ion 
channels fused to a protein kinase. Among known ion channels, 
only TRPM6 and TRPM7 are covalently coupled to kinase 

  1.  Introduction
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domains  (  1–  6  ) . The ion channel portion shows high homology 
to other melastatin-related TRP (TRPM) channels (reviewed in 
 (  2,   7–  9  ) ). The kinase domains of TRPM6 and TRPM7 are 
classi fi ed as alpha kinases (Fig.  1 ), a family of atypical protein 
kinases that do not display homology to conventional eukaryotic 
protein kinases  (  6,   10  ) .  

 Recent evidence suggests that TRPM6 and TRPM7 channels 
regulate Mg 2+  homeostasis in vertebrates. The  fi rst indication that 
channel kinases were involved in the regulation of Mg 2+  homeo-
stasis came from the observation that TRPM7 can function as a 
Mg 2+ -permeable channel regulated by intracellular Mg 2+  and 
Mg-ATP  (  1  ) . It was also found that TRPM7-de fi cient lymphoid 
cells cannot grow, but can be rescued by supplementation with 
Mg 2+   (  11  ) . Further evidence came from the identi fi cation of 
mutations in TRPM6 that are linked to hypomagnesemia with 
secondary hypocalcemia (HSH), a disorder characterized by very 
low levels of Mg 2+  in serum  (  3,   4  ) . HSH manifests itself in early 
infancy with generalized convulsions and increased neuromuscu-
lar excitability leading to muscle spasms. Another important 
 fi nding was the demonstration that TRPM6 cannot ef fi ciently 
form functional channels by itself and assembles with TRPM7 to 
form heteromeric channel complexes on the cell surface  (  5  ) . 
These observations suggest that TRPM7, which is ubiquitously 
expressed, is involved in the regulation of cellular Mg 2+  homeo-
stasis, while TRPM6, expressed predominantly in the intestine 
and kidney epithelium, is involved in the regulation of systemic 
Mg 2+  balance. 

 The role of TRPM6 was extensively overviewed in a number of 
recent articles  (  8,   9,   12,   13  ) . The scope of this chapter is to discuss 
recent  fi ndings supporting a view that TRPM7 plays a crucial role 
in the regulation of cellular and systemic Mg 2+  balance.  

  Fig. 1.    Phylogenetic trees of TRPM channels and alpha kinases, including TRPM7 and TRPM6.       
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 Mg 2+  is the second-most abundant intracellular cation and is essen-
tial for a normal cellular physiology. In healthy subjects, serum 
Mg 2+  concentrations are maintained in a narrow range (0.7–
1.1 mM). Less than 1% of total body Mg 2+  is in circulation, 50–60% 
is stored in the bones and the rest is found in intracellular compart-
ments  (  14  ) . Mg 2+  homeostasis is tightly balanced by absorption in 
the intestine and renal excretion. Diminished dietary Mg 2+  uptake 
or excessive renal excretion leads to a depletion of Mg 2+  from the 
bones and soft tissues, reduction of serum Mg 2+  levels (hypomag-
nesemia), and secondary changes in metabolism of Ca 2+ , K +  and 
inorganic phosphate  (  14  ) . The clinical importance of Mg 2+  was 
underscored by numerous studies which have shown that hypo-
magnesemia is a frequent  fi nding in patients subjected to drug 
therapy (diuretics, aminoglycosides, immuno-suppressive, and 
antitumor drugs)  (  15–  19  ) . In addition, a growing number of com-
mon disorders (e.g., diabetes, osteoporosis, chronic kidney disease, 
asthma, several tumor types) are associated with a misbalance in 
Mg 2+   (  15,   20–  24  ) . Severe forms of acquired or inherited hypomag-
nesaemia induce secondary defects in the cardiovascular system, 
motor activity and behavior, and can be fatal if not properly treated 
 (  12,   14,   16,   25,   26  ) .  

 

 TRPM7 has been functionally characterized in heterologous 
expression systems where it behaves as a constitutively active chan-
nel that is highly permeable to divalent cations such as Mg 2+  and 
Ca 2+   (  1  ) . Remarkably, endogenous TRPM7-like currents have been 
detected in all cell types examined. The TRPM7 channel pore is 
believed to be composed of a homo-oligomeric tetramer  (  27,   28  ) . 
TRPM7 elicits very small (few pA) inward currents at physiological 
negative membrane potentials and large outward currents (up to 
several nA) at positive potentials. It has been shown that the chan-
nel activity of TRPM7 is regulated by Mg 2+ , Mg-ATP, PIP2, pH, 
cAMP, polyamines, osmolarity and mechanical stress  (  1,   11,   29–
  38  ) . While the physiological relevance for these modulations is not 
yet understood, current evidence indicates that the sensitivity of 
TRPM7 to Mg 2+  is central for its role in vivo  (  39,   40  ) . External 
Mg 2+  was found to be a permanent blocker of the TRPM7 channel 
pore  (  1,   7,   41  ) . Several recent studies  (  7,   41  )  showed that a short 
amino acid stretch of the predicted pore-loop forms an ion “selec-
tivity  fi lter” in TRPM7. In particular, E1047 and Y1049 residues 
of mouse TRPM7 were found to be essential for the high divalent 
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cation permeability of the channel. Of note, neutralization of the 
negatively charged E1047 (E1047Q mutation) is suf fi cient to 
eliminate the permeation Mg 2+  block suggesting that E1047 inter-
acts directly with ionized Mg 2+   (  7,   41  ) . 

 The TRPM7 channel is inhibited by intracellular Mg 2+  and 
Mg-ATP in a negative feedback loop  (  1  ) . Internal Mg 2+  and 
Mg-ATP suppress TRPM7 channel activity through a nucleotide-
binding site located in the kinase catalytic domain synergistically 
with another Mg 2+  binding site(s)  (  11,   32  ) . Recent studies  (  39  )  
with TRPM7 gene-modi fi ed mice suggest that the kinase/Mg 2+ /
Mg-ATP-interdependent modulations of TRPM7 currents play an 
important role in vivo (discussed below). However, exact molecu-
lar mechanisms underlying the sensitivity of TRPM7 to Mg 2+  and 
Mg-ATP remain to be determined.  

 

 A temporal and reversible pharmacological targeting of either 
kinase or channel domains of TRPM7 may be indispensable in 
overcoming of the current experimental limitations. However, 
chemical compounds inhibiting the TRPM7 kinase are not yet 
produced. Until recently, only a few synthetic modulators of 
TRPM7 channel were available (Table  1 ), including a subset of 
unspeci fi c ion channel blockers like 2-aminoethoxydiphenyl borate 
(2-APB)  (  42–  48  ) . Recently, efforts of independent groups resulted 
in a subset of TRPM7 inhibitors such as carvacrol, NDGA, AA861, 
MK886, Nafamostat, Waixenicin A, Quinine, CyPPA, Dequalinium, 
NS8593, SKA31, UCL 1684 and NS8593 (Table  1 ). Interestingly, 
unlike other TRPM7 inhibitors (Table  1 ), NS8593 and Waixenicin 
A act on TRPM7 in a Mg 2+ -dependent manner  (  42–  48  )  which may 
be instrumental in studying mechanisms of TRPM7 sensitivity to 
intracellular Mg 2+ . Thus, a pharmacological targeting of TRPM7 
channels is feasible, and future studies testing the experimental and 
therapeutic potential of drugs targeting TRPM7 are awaited.   

 

 TRPM7, and its close relative TRPM6, were initially discovered 
and cloned while searching for proteins containing kinase domains 
similar to eukaryotic elongation factor 2 kinase, or eEF2K (Fig.  1 ) 
 (  6,   49,   50  ) . Five mammalian proteins containing eEF2K-like kinase 
domains were identi fi ed  (  6  ) . These kinases were unique because they 
displayed no homology to conventional protein kinases  (  6,   51  ) . 
Furthermore, unlike conventional protein kinases that phosphorylate 

  4.  Pharmacological 
Inhibition of 
TRPM7 Channel

  5.  Functional 
Characterization of 
the TRPM7 Kinase



1317 TRPM7 and Magnesium Homeostasis 

substrates within  β -turns, loops or irregular structures  (  52  ) , the 
existing evidence suggests that these enzymes phosphorylate amino 
acids located within alpha-helices; therefore, they were named 
“Alpha kinases”  (  10, 53  ) . Since their initial discovery, a large num-
ber of alpha kinases have been identi fi ed in various phylogenetic 
groups and are particularly prevalent in unicellular protozoans 
 (  54  ) . 

 A comparison of the X-ray crystal structures of murine TRPM7 
and  Dictyostelium  Myosin Heavy Chain Kinase A (MHCKA) alpha 
kinase domains demonstrated that the architecture of alpha kinase 
domains is highly conserved  (  55,   56  ) . Most of the invariant resi-
dues identi fi ed in this domain are either directly involved in cataly-
sis or associate with catalytic sites  (  54  ) . Several conserved residues 
in TRPM7’s active site, K1646, D1775, D1765, and Q1767, are 
important for Mg-ATP binding  (  56  ) . One equivalent residue in 
the active site of MHCKA, D765, was found to be phosphorylated 
suggesting that the alpha kinase catalytic mechanism differs from 
that of conventional eukaryotic protein kinases  (  55  ) . This residue 
may serve as a phosphotransfer intermediate in a novel two-step 
catalytic mechanism that is in contrast to the direct phosphate 
transfer used by conventional protein kinases. 

   Table 1 
  Compounds inhibiting TRPM7   

 Inhibitor  IC 50  ( μ M) a   Description     of effects  References 

 2-APB  178  Reversible  Prakriya et al.  (  43  ) , Li et al.  (  42  )  

 Carvacrol  306  Reversible  Parnas et al.  (  44  )  

 NDGA  n.d.  Tested    only at 10 and 20  μ M  Chen et al .   (  45  )  

 AA861  n.d.  Tested only at 10 and 40  μ M  Chen et al .   (  45  )  

 MK886  n.d.  Tested only at 10  μ M  Chen et al .   (  45  )  

 Quinine  n.d.  Reversible, tested only at 30  μ M  Chubanov et al.  (  46  )  

 CyPPA  n.d.  Reversible, tested only at 30  μ M  Chubanov et al.  (  46  )  

 Dequalinium  n.d.  Reversible, tested only at 30  μ M  Chubanov et al.  (  46  )  

 SKA31  n.d.  Reversible, tested only at 30  μ M  Chubanov et al.  (  46  )  

 UCL 1684  n.d.  Reversible, tested only at 30  μ M  Chubanov et al.  (  46  )  

 Nafamostat  617  Reversible, voltage and 
extracellular divalents dependent 

 Chen et al.  (  47  )  

 Waixenicin A  7.0  Irreversible, [Mg 2+ ] i  dependent  Zierler et al.  (  48  )  

 NS8593  1.6  Reversible, [Mg 2+ ] i  dependent  Chubanov et al.  (  46  )  

   a IC 50  values were determined for recombinant TRPM7 in patch-clamp measurements in the absence of internal Mg 2+   
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 TRPM7 kinase activity may also regulate downstream pathways 
by phosphorylating substrate proteins. Annexin 1 was the  fi rst 
known substrate of TRPM7  (  57  ) . TRPM7 phosphorylates annexin 
A1 at Ser5  (  57  ) , a modi fi cation identi fi ed by several groups in 
different cell lines  (  58–  60  ) . Recent data indicate that the phospho-
rylation of annexin A1 at Ser5 disrupts the ability of its N-terminal 
alpha-helix to interact with membranes and the S100A11 protein 
 (  61  ) . Since there are many studies suggesting that annexin A1 has 
anti-proliferative activity  (  62–  66  )  and is downregulated in many 
cancers  (  67–  71  ) , the phosphorylation of annexin A1 by TRPM7 
may promote cell proliferation. 

 The amino acid residues preferred at each position surrounding 
the TRPM7 phosphorylation site were determined using a compre-
hensive peptide library screening approach  (  72  ) . The TRPM7 phos-
phorylation motif is characterized by preference for hydrophobic 
residues at +1 position, aromatic residues or Met at the −2 and +2 
positions, as well as selectivity for basic residues at the −1, +3, and 
+4 positions. This information was utilized to predict other TRPM7 
protein substrates. The predicted TRPM7 substrates include mem-
brane proteins and G-protein coupled receptors such as TRPM2, 
opsin 4, G-protein coupled receptor GPR31, type-1 angiotensin II 
receptor (AT1), and  α -2C adrenergic receptor. 

 In addition, the kinase domains of TRPM7 and TRPM6 have 
been shown to cross-phosphorylate subunits within the homo/het-
ero-tetramer  (  5,   9  ) . The functional consequences of substrate phos-
phorylation and cross-phosphorylation have yet to be determined. 

 Accumulating evidence suggests that the TRPM7 kinase 
domain may play a role in Mg 2+ -sensitivity of the TRPM7 channel. 
While the kinase domain of TRPM7 is dispensable for channel 
function, loss of kinase activity decreases TRPM7’s sensitivity to 
inhibition by Mg 2+  and Mg-ATP  (  11  ) . Deletion of the kinase 
domain enhances the sensitivity of the channel to inhibition by 
Mg 2+ . It is still unclear how the kinase domain directs TRPM7’s 
capacity to be regulated by intracellular Mg 2+ .  

 

 Early studies by Rubin et al. set out to determine which components 
of conventional tissue culture media were indispensable for cell pro-
liferation. Aside from serum, the only constituent found to be essen-
tial was Mg 2+   (  73,   74  ) . Most intracellular Mg 2+  is bound to proteins, 
phospholipids, nucleic acids, and nucleotides like ATP and GTP. 
As a cell grows and divides, it must double these components as well 
as Mg 2+  content  (  75,   76  ) . This explains why the levels of intracel-
lular Mg 2+  are is so closely tied to the ability of cells to prolif-
erate. Further studies investigating speci fi c requirements for Mg 2+  
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 during the cell cycle revealed that Mg 2+  is vital throughout G1, 
a period where all cellular constituents are doubled  (  77  ) . While Mg 2+  
restriction inhibits cell proliferation, supplementation with high 
levels of Mg 2+  has been shown to promote growth  (  78  ) . 

 Recent  fi ndings suggest that TRPM7 plays an important role in 
regulating magnesium homeostasis during cell cycle progression  (  2, 
  39  ) . B lymphoma cells lacking TRPM7 are incapable of proliferat-
ing in the presence of physiological concentrations of Mg 2+  (1 mM) 
in the culture medium. Supplementation of growth media with 
high Mg 2+  (10–15 mM) can restore their proliferative capacity  (  11  ) . 
Follow-up studies revealed that TRPM7 is also required for prolif-
eration of osteoblasts, epithelial, and endothelial cells  (  39,   79–  81  ) . 

 TRPM7 was found to be upregulated in several cancer types, 
including breast and pancreatic adenocarcinoma  (  82,   83  )  suggest-
ing that TRPM7 may be essential for tumor growth. Consistent 
with this, depletion of TRPM7 halted the growth of breast and 
pancreatic adenocarcinoma cells and induced senescence  (  82,   83  ) . 

 One important target of Mg 2+  in cell growth is thought to be 
the PI3K/AKT/mTOR pathway  (  40,   84,   85  ) . Andrew Scharenberg’s 
laboratory showed that B lymphocytes lacking TRPM7 arrest in the 
G0 phase of the cell cycle and cease to accumulate cell mass when 
cultured with normal levels of Mg 2+   (  11,   86  ) . This is paralleled by a 
down-regulation of PI3K–AKT signaling and accumulation of the 
CDK inhibitor p27kip1  (  86,   87  ) . Reconstitution of TRPM7-
de fi cient B lymphocytes with wild-type TRPM7 restored their pro-
liferative capacity, as did exogenous expression of the Mg 2+  transporter 
SLC41A1/A2, MagT1, or Mg 2+  supplementation  (  88  ) . 

 Deletion of the TRPM7 gene or the kinase domain of TRPM7 
both result in embryonic lethality in mice  (  39  ) . Embryonic stem 
cells isolated from TRPM7  Δkinase/Δkinase  or TRPM7 −/−  blastocysts fail 
to proliferate at physiological concentrations of Mg 2+   (  39  ) . The 
growth arrest phenotype of TRPM7 −/−  ES cells can be completely 
rescued with high levels of Mg 2+ . These data suggest that the regu-
lation of intracellular Mg  2+  concentrations is dependent upon 
TRPM7’s channel domain. However, it remains unclear whether 
the alpha kinase domain of TRPM7 is involved in the regulation of 
cell cycle progression.  

 

 The roles of TRPM7 and TRPM7-related invertebrate channels in 
the living organism have been investigated by a number of  labora-
tories using mouse, zebra fi sh,  Xenopus, C. elegans , and  Drosophila . 

  Trpm7  null mutant mice die during early development, arrest-
ing during gastrulation stages (embryonic day 6.5–7.5;  (  89  ) ) and 
conditional mutagenesis indicated that TRPM7 is required within 
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the embryo proper. Mouse mutants lacking the kinase region of 
TRPM7 ( Trpm7     Δkinase/Δkinase  ) also die during embryonic develop-
ment  (  39  ) . Such mutants arrest shortly after e7.5 and, although 
they execute early gastrulation events, they are noticeably smaller 
than control embryos by e7.5. The reason for the arrest of  Trpm7  −/−  
and  Trpm7     Δkinase/Δkinase   mutants remains to be investigated. 

 We found that Mg 2+  levels are reduced in the plasma, bone, 
and urine of  Trpm7     Δkinase/+   heterozygote mice. Importantly, a sub-
stantial fraction of  Trpm7     Δkinase/+   animals died shortly after placing 
them on a Mg 2+ -de fi cient diet, whereas wild-type control mice 
were unaffected. These Trpm7  Δkinase/+  mice showed behavioral 
defects indicative of Mg 2+ -de fi ciency (clasping, tremors, and sei-
zures) on a Mg 2+ -de fi cient diet. Collectively, these data indicate 
that an important aspect of mammalian TRPM7 function is a regu-
lation of Mg 2+  homeostasis. 

 Using conditional mutagenesis, the authors found that TRPM7 
is differentially required depending on tissue developmental stage. 
Jin et al.  (  89  )  reported that a conditional disruption of TRPM7 in 
developing thymocytes and mature T cells suppressed thymocyte 
differentiation and reduced the number of T cells without affect-
ing intracellular Mg 2+  levels  (  89  ) . Jin et al. suggested that TRPM7 
is not involved in Mg 2+  homeostasis in T cells. However, it is 
unclear whether these experiments were performed on proliferat-
ing or non-cycling T cells. As discussed above, numerous studies 
have established that proliferating cells are critically dependent 
from Mg 2+  uptake unlike to non-proliferating cells capable to func-
tion with excising reserves of intracellular Mg 2+  which was esti-
mated up to 17–20 mM  (  90  ) . Accordingly, TRPM7 may be 
functionally redundant in non-cycling cells such as resting T cells. 

 TRPM7 also appears to regulate Mg 2+  homeostasis in zebra fi sh 
and  Xenopus . Different mutations in zebra fi sh  Trpm7  have been 
identi fi ed  (  91–  93  ) . Such mutants undergo early morphogenesis 
normally but exhibit a number of defects including loss of touch 
responsiveness, defective melanin synthesis and apoptotic death of 
melanophores, defective cell cycle progression in the exocrine 
pancreas epithelium, and lethality in late larval life  (  91–  93  ) . 
Zebra fi sh  Trpm7  mutants exhibit reduced total levels of both Mg 2+  
and Ca 2+   (  94  ) , and addition of supplemental Mg 2+ , but not Ca 2+ , 
partially rescued melanophore survival and proliferation in the 
exocrine pancreas  (  93,   95  ) . Knock-down of Xenopus TRPM7 
transcripts revealed that the channel, together with the non-
canonical Wnt pathway, regulates Rac-mediated cell polarity and 
migration during gastrulation  (  96  ) . Importantly, the TRPM7-
de fi cient phenotypes of Xenopus can be suppressed by increasing 
the levels of Mg 2+  (but not Ca 2+ ) or by overexpressing the Mg 2+  
transporter SLC41A2. This work indicates that TRPM7-mediated 
in fl ux of Mg 2+  plays an important role in directing polarized cell 
migration in Xenopus. This work suggests that TRPM7-mediated 
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in fl ux of Mg 2+  plays an important role in the development of a 
wide range of vertebrates. 

 The roles of TRPM7-related proteins have also been studies in 
invertebrate species.  Drosophila  harbors a single TRPM family 
member which, in contrast to mammalian TRPM6 or TRPM7, 
does not comprise an enzyme domain.  Drosophila trpm  is expressed 
in the equivalent of mammalian kidneys, the Malpighian tubules. 
 Trpm  mutants develop slowly as larvae and arrest as prepupae with 
morphological defects in the Malpighian tubules  (  97  ) . Unexpectedly, 
 trpm -de fi cient larvae show increased Mg 2+  levels in the body when 
raised on Mg 2+ -enriched diets, suggesting that  Drosophila  TRPM 
controls homeostatic removal Mg 2+  from the hemolymph (blood) 
by the Malpighian tubules. 

 In  C. elegans , there are three TRPM channels. Two of these, 
GON-2 and GTL-1, are expressed in the intestine and regulate 
Mg 2+  homeostasis, while the third, GTL-2, acts within the  excretory 
cell to mediate the excretion of excess Mg 2+   (  98,   99  ) .    Interestingly, 
 gon-2/gtl-1  double mutant worms show diminished body Mg 2+  
and display a growth defect, which is suppressed by increasing 
dietary Mg 2+ , but not Ca 2+   (  98  ) . 

 Collectively, the data support an idea that TRPM7 plays a role 
in Mg 2+  uptake and this function is evolutionarily conserved.  

 

 Based on the aforementioned  fi ndings, the following model for a 
cellular role of TRPM7 can be suggested. During cell growth and 
division a substantial amount of additional Mg 2+  is required for 
synthesis of new macromolecules and metabolites resulting in 
reduced levels of free Mg 2+ . This, in turn, will cause activation of 
TRPM7 channel and in fl ux of Mg 2+  from the extracellular space. 
Once Mg 2+  levels are re-adjusted, TRPM7 will be inactivated. This 
Mg 2+ -dependent feedback loop ensures that the optimal level of 
intracellular Mg 2+  is maintained by TRPM7.  

 

 Recent experiments with cultured cells and studies with genetically 
modi fi ed mice have revealed that the channel kinase TRPM7 plays 
essential role in both cellular and systemic Mg 2+  homeostasis. 

 A role of the kinase in Mg 2+  balance is less understood. Several 
TRPM7 substrates have been identi fi ed in vitro. Whether TRPM7 
targets these substrates in vivo has not yet been determined.      

  8.  Current Model 
for TRPM7 and the 
Regulation of Mg 2+  
Homeostasis

  9.  Concluding 
Remarks
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    Chapter 8   

 TRPM8 Channels as Potential Therapeutic Targets for Pain, 
Analgesia, and Thermoregulation       

     David   D.   McKemy          

  Abstract 

 The perception of temperature is critical in not only acute responses to changes in the environment but 
also fundamental in regulating homeostatic mechanisms like core body temperature. The somatosensory 
system detects changes in ambient temperature via the coordinated efforts of thermosensory nerves 
expressing temperature-sensitive members of the TRP family of ion channels. These channels respond over 
a wide range of temperatures that covers the entire perceived spectrum from comfortably warm to pain-
fully hot and from pleasingly cool to excruciatingly cold. Many of these channels are receptors for natural 
products that elicit distinct psychophysical sensations, such as the heat associated with capsaicin and the 
cold felt with menthol, the latter in fl uential in the discovery of TRPM8, the  fi rst TRP channel shown to 
be responsive to cold temperatures. TRPM8, a member of the melastatin TRP channel subfamily, is a 
receptor for a number of cold mimetics such as menthol and icilin, and is activated by temperatures that 
range from innocuous cool (26–15°C) to noxious cold (<15°C). In vivo, TRPM8 is the predominant 
mammalian cold sensor and is involved in most, if not all, aspects of cold thermal transduction, including 
the transduction of innocuous cool and noxious cold, hypersensitivity to cold caused by in fl ammation, 
nerve injury or chemotherapeutic toxicity, regulation of core body temperature, and provides the analgesic 
effect produced by cold or chemical cooling compounds. This chapter describes the physiological roles 
attributed to TRPM8 and highlights some potential uses of both TRPM8 antagonists and agonists in the 
treatment of pain and metabolic homeostasis.  

  Key words:   TRPM8 ,  Cold ,  Pain ,  Temperature ,  Allodynia ,  Menthol ,  Analgesia ,  Ion channel , 
 Somatosensation ,  Nociception    

 

 Our perception of cold is initiated when the skin is cooled by as 
little as 1°C from the customary skin temperature of 32°C. This is 
generally a pleasant sensation, but once temperatures approach 
10°C, the perception of cold pain is felt, with qualities richly 

  1.  Introduction
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described as sharp, stinging, throbbing, aching, and pricking. 
Indeed, when subjects are asked to provide such verbal descriptors 
for the sensation of a noxious cold stimulus versus that of noxious 
heat, a wider range of words are used for the former  (  1  ) . For exam-
ple, only “burning” was used to describe heat pain by more than 
half of the subjects tested, whereas cold pain prompted at least half 
of the subjects to use at least four descriptor words to describe the 
sensation  (  1  ) . Thus, the perception of cold generates a diverse, and 
perhaps more ambiguous, range of sensations compared to heat. 

 In addition, the temporal aspect of cold pain is remarkably dis-
tinct from that of heat. Subjects exposed to either noxious heat or 
cold report that the pain is felt even after the stimulus is removed, 
presumably due to the time needed for subcutaneous skin to return 
to basal temperatures. However, this delay in pain cessation is 
signi fi cantly different between the two stimuli with the perception 
of heat pain ending after about 5 s, whereas cold pain lasts for up 
to 14 s after stimulus removal  (  1  ) . Temporal cessation of innocu-
ous warmth and cool is similar to that of noxious heat, observa-
tions that has led to the postulate that nociceptive cold nerve 
endings are dispersed deeper in the skin compared to those of other 
thermosensitive nerve  fi bers. 

 At the level of the afferent nerve, a subset of both A δ - and 
C- fi bers from either the dorsal root ganglion (DRG) or trigeminal 
ganglia (TG) respond to cold temperatures with thermal thresh-
olds for activation ranging from below 30°C to near freezing. Cold 
 fi bers account for only 15% of all somatosensory afferents, but 
within this population there is signi fi cant diversity in the types of 
neurons that respond to cold as well as an expansive range of cold 
activation thresholds. Most cold-sensitive neurons are also sensi-
tive to the cooling compound menthol, a cyclic terpene alcohol 
found in mint leaves  (  2  ) . It has been well appreciated since antiq-
uity that moderate concentrations of menthol induce a pleasant 
cool sensation, such as that felt when using menthol-containing 
products. Indeed, menthol is intertwined in mythological lore and 
named after the naiad Menthe, a fresh water nymph who was 
beloved by Hades yet was transformed into a plant by Persephone, 
Hades wife, in a  fi t of jealous rage  (  3  ) . Hades was still attracted to 
Menthe so gave the plant a delightful smell that becomes more 
robust when crumbled or ground, much in the manner Persephone 
was to have treated Menthe. This of course is the story behind 
the plant we know as mint or peppermint and the nymph’s name 
gives the origin of the word menthol. 

 This lore highlights the pleasant aspect of menthol on our 
senses, but when present at higher doses menthol can be noxious, 
causing burning, irritation, and pain  (  4  ) . In in fl uential studies 
conducted by Hensel and Zotterman in the middle of the twenti-
eth century, it was shown for the  fi rst time that menthol likely 
elicits a sensation of “cool” by shifting the threshold temperature 
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for activation of lingual cold  fi bers towards warmer temperatures 
 (  5  ) . Furthermore, if the temperature of the tongue was main-
tained at supraphysiological temperatures near 40°C, menthol-
induced impulses were not observed, thereby suggesting that 
menthol stimulation was temperature dependent. Indeed, they 
hypothesized that menthol exerted its actions on “an enzyme” 
that was involved in the activation of these nerves by cold  (  5  ) . 
Consistent with this postulate, topical application of menthol to 
the skin of healthy human subjects evokes cold hypersensitivity by 
sensitizing cold-sensitive C- fi bers in a manner that mimics cold 
allodynia (pain to stimuli that are normally felt as pleasant or 
innocuous) observed in patients with neuropathies of various eti-
ologies, and this approach has become a suitable model for human 
studies into cold hypersensitivity  (  6,   7  ) . Indeed, in a patient with 
a small- fi ber neuropathy whose principal complaint was cold allo-
dynia, responsiveness of C- fi bers to menthol and cold was 
signi fi cantly enhanced  (  8  ) . 

 At the cellular level, a small fraction of neurons from either the 
DRG or TG respond to cold temperatures with thresholds for acti-
vation initiated below 30°C. Such stimuli evoke a robust calcium 
in fl ux  (  9  )  similar to that caused by menthol  (  10  ) . Indeed there is a 
strong correlation between menthol and cold sensitivity in vitro 
 (  10–  12  ) . Electrophysiological recordings  fi rst showed that cooling 
generates an inward cation current when DRG neurons are held at 
negative membrane potentials, with an average temperature thresh-
old near 29°C  (  13  ) . This threshold shifted to warmer temperatures 
when the recordings were conducted in the presence of menthol, 
as was predicted in Hensel and Zotterman’s original hypothesis 
 (  5  ) . Similar responses are observed in cultured TG neurons and 
both menthol and cold evoke rapidly activating, nonselective cat-
ion conductances that are characterized by strong outward 
recti fi cation  (  10  ) . Thus, menthol has been most useful in identify-
ing and describing mechanisms of cold sensing in both acute and 
pathological settings. Moreover, this ubiquitous cold mimetic was 
critical in identifying the predominant cold sensor in mammals, 
TRPM8  (  10,   14  ) .  

 

 Two independent groups using different experimental approaches 
concurrently cloned TRPM8 from sensory afferents, identifying it 
as a cold- and menthol-sensitive ion channel  (  10,   14  ) . The  fi rst 
strategy used menthol-induced Ca 2+  in fl ux in heterologous cells as 
a functional readout to expression clone a complementary DNA 
(cDNA; a synthesized copy of an RNA transcript) for a cold recep-
tor from rat TG neurons  (  10  ) . The second strategy searched for 

  2.  The Cloning 
of TRPM8
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TRP channel-like transcripts expressed in mouse DRG neurons 
and tested these recombinant channels for temperature sensitivity 
 (  14  ) . With these divergent approaches, both groups simultane-
ously identi fi ed TRPM8 (also referred to as trp-p8 or CMR1), a 
member of the melastatin channel subfamily  (  15  ) . Of note, TRPM8 
had previously been identi fi ed as a transcriptional marker of pros-
tate epithelia cancer cells  (  16  ) . 

 In addition to menthol, a number of natural and synthetic 
chemicals have been shown to activate TRPM8  (  17  ) , including 
the natural cooling product in eucalyptus, eucalyptol, as well as 
the synthetic chemical icilin (AG-3-5), the latter a much more 
potent TRPM8 agonist that was originally described as a “super-
cooling” compound  (  10,   18  ) . A number of menthol-derived com-
pounds also activate TRPM8, with WS-12 being the most potent 
known agonist to date  (  19  ) . However, very little is known of 
endogenous TRPM8 activators with only lysophospholipids pro-
duced by the activity of calcium-independent phospholipases 
(iPLA2   ) shown to potentiate TRPM8-mediated responses  (  20, 
  21  ) . Regardless of the ligand, the effect of chemical activators of 
TRPM8 is to shift the temperature gating curve of the channel so 
that it is more likely to open at warmer temperatures (see Fig.  1 ). 
Thus, TRPM8 ligands can be considered as channel modulators, 
shifting temperature sensitivity of the channel with the end result 
of channel activation still dependent upon the as yet unknown 
temperature-dependent gating mechanism of this and other 
 thermosensitive TRP ion channels.  

 Biophysically, cold- and menthol-evoked TRPM8 currents 
have surprisingly similar properties to those recorded in both 
 cultured DRG and TG neurons using similar experimental paradigms. 

  Fig. 1.    Menthol shifts the temperature sensitivity of TRPM8. In a heterologous cell 
( Xenopus oocyte ) expressing recombinant rat TRPM8 channels, inclusion of menthol in 
the bath solutions causes a leftward shift in the temperature–response pro fi le of cold-
evoked TRPM8 currents.       
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These include ion selectivity, menthol potency, and voltage 
dependence of membrane currents induced by either cold or men-
thol  (  10  ) . Like almost all TRP channels, recombinant TRPM8 is a 
nonselective cation channel that displays strong outward recti fi cation 
and has relatively high selectivity for calcium and little selectivity 
among monovalent cations  (  10,   14  ) . More remarkably, TRPM8 
currents are also evoked by temperature decreases with an activa-
tion temperature threshold of ~26°C in heterologous cells, with 
activity increasing somewhat linearly in magnitude down to 8°C. 
The physical mechanism of temperature sensing by TRPM8, as well 
as other thermosensitive TRP channels, is unclear. These channels 
are weakly voltage dependent  (  10,   22,   23  ) , and temperature has 
been shown to affect channel open probability in response to volt-
age changes, whereas a change in the channel’s ability to sense volt-
age affects its thermal gating  (  24–  26  ) . For instance, when positively 
charged residues in the fourth transmembrane domain (S4) and the 
S4–S5 linker domain of the channel are neutralized, the number of 
gating charges was reduced, suggesting localization of a voltage 
sensor  (  26  ) . However, several studies have shown that tempera-
ture-, agonist-, and voltage-dependent gating work allosterically 
as distinct activation domains for each have been identi fi ed  (  24, 
  27–  30  ) . For example, phosphatidylinositol 4,5-bisphosphate 
(PIP 2 )- and phospholipase C (PLC)-mediated adaptation leads to 
a change in the voltage dependence of the channel but does not 
alter thermal sensitivity or menthol dose–response relationships 
 (  30  ) . This, as well as recent evidence of the dissociation of thermal 
and voltage gating in TRPV1, suggests that the mechanisms of 
 activation of TRPM8 by cold and by voltage, although related, are 
separate processes  (  25,   30,   31  ) . 

 Interestingly, the broad range of temperatures that activate 
TRPM8 spans what are considered both innocuous cool (~30–
15°C) and noxious cold (<15°C) in animal behavioral studies and 
human psychophysics  (  1,   32  ) . Nonetheless, the relatively warm 
activation threshold of recombinant TRPM8 channels was sug-
gested to preclude the channel from mediating responses to nox-
ious cold temperatures. However, care must be taken in such 
assumptions when the context of channel expression in vivo is con-
sidered. As with all neuronal environmental sensors, the channel’s 
active site is predominantly the peripheral nerve terminal, in this 
case in cutaneous structures such as the skin, and surface skin tem-
peratures are considerably colder than those recorded subcutane-
ously. For example, Morin and Bushnell correlated subcutaneous 
skin temperatures (recorded at a site 1 mm below the skin surface 
near the epidermal–dermal boundary) in humans and found that 
when a subfreezing temperature of −5°C was applied to the skin 
for 30 s, subcutaneous temperatures were reduced to only ~17°C 
 (  1  ) . Thus, in order for temperatures near the nerve terminal to 
reach the activation threshold for TRPM8 (~26°C), surface skin 
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temperatures need to be near that considered noxious cold. When 
considered in this context, the ranges of temperatures that activate 
TRPM8 in vitro are more re fl ective of a noxious cold sensor than 
one detecting innocuous cool. 

 In both TG and DRG, TRPM8 is expressed in <15% of small-
diameter sensory neurons, consistent with the proportion of neu-
rons shown to be cold and menthol sensitive in neuronal cultures 
 (  10,   14,   33–  35  ) . TRPM8 transcripts are more abundant in trigem-
inal versus dorsal root ganglia, and those expressing this channel 
have a diverse neurochemical phenotype, suggesting that distinct 
subsets of TRPM8 neurons may mediate different aspects of cold 
sensing  (  10,   14,   33,   34  ) . A cohort of mouse TRPM8 neurons are 
both A δ  and C- fi bers based on co-expression with neuro fi lament 
200 (NF200) and peripherin, respectively, as well as in the location 
of their peripheral terminals in structures such as the tooth  (  34  ) . 
Thus,  fi rst and second cold pain sensations are likely dependent on 
TRPM8 activation  (  36  ) . Moreover, a fraction of TRPM8 neurons 
also express the nociceptive markers TRPV1 and calcitonin gene-
related peptide (CGRP), further supporting a role for this channel 
in cold nociception  (  33,   34  ) . Thus, TRPM8 de fi nes a small and 
discrete population of sensory afferents that innervate tissues 
known to be highly sensitive to cold and nociceptive stimuli.  

 

  As stated above, TRPM8 becomes active at innocuous tempera-
tures below 26°C in vitro, and the steep temperature dependence 
of TRPM8 currents extends its activity into the noxious range, 
reported to begin at temperatures lower than 15°C in psychophys-
ical and animal studies  (  1,   32,   37  ) . Thus, it was conjectured 
whether TRPM8 mediates detection of innocuous cool, noxious 
cold, or both. Insights into these and other questions regarding 
the role of this channel in vivo came to light in 2007 when three 
independent groups reported on the phenotype of genetically 
modi fi ed mice lacking functional TRPM8 channels  (  12,   38,   39  ) . 
These elegant studies not only provided the  fi rst evidence that 
TRPM8 is the principle sensor of cold temperatures in mammals 
but also highlighted some of the dif fi culties in evaluating animal 
behavior to cold thermal stimuli  (  40  ) . 

 One of the characteristic dif fi culties in analyzing cold-evoked 
animal behaviors using traditional methods, such as the thermal 
plate, is that rodents seem little bothered by cold in comparison to 
the robust responses generated by noxious heat. In the standard 
paw withdrawal assay, where measurements such as number of paw 
lifts or latency to lifts are recorded, previous reports have found 

  3.  Physiological 
Roles of TRPM8

  3.1.  Innocuous 
or Noxious Cold
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rodents to be poorly responsive. For example, in rats placed on a 
surface chilled to 5°C, latencies of longer than 1 min have been 
observed  (  32,   41  ) . Moreover, there is signi fi cant variability in these 
behaviors between research studies. In the analyses of control mice 
in the three TRPM8 knockout studies, the time to paw withdrawal 
at near freezing temperatures ranged from 5 to 50 s (5, 20, and 
50 s) between the three studies  (  12,   38,   39  ) . Moreover, in cold 
plate assays, Colburn et al. found that TRPM8-nulls exhibit longer 
paw withdrawal latencies at 0°C than their wild-type littermates 
 (  38  ) , whereas no differences in behavioral responses were observed 
in the two other mouse lines under similar experimental conditions 
 (  12,   39  ) . These signi fi cant differences in animal behavior highlight 
the dif fi culty of these assays and demonstrate the need for addi-
tional experimental paradigms. 

 One informative behavioral assay used to assess cold behav-
iors is acetone evaporative cooling in which nocifensive licking 
and  fl inching behaviors are recorded in response to a droplet of 
acetone applied to the hindpaw  (  12,   38,   39,   42  ) . Skin surface 
temperature drops to approximately 17°C and evokes a robust, 
yet transient, nocifensive response that is diminished in TRPM8 −/−  
mice. Another novel paradigm is the use of the classical cold 
plate assay with lightly restrained mice, a method allowing for 
easier measurements of paw latency that removes the burden of 
weight distribution which seems to complicate traditional cold 
plate assays  (  43,   44  ) . Additionally, this assay reduces whole body 
exposure to cold and subsequent reduction in mobility as seen in 
the cold plate assay. However, the acts of habituating the ani-
mals, particularly mice, to being restrained can be problematic. 
Using this assay, Gentry et al. found that TRPM8 −/−  animals had 
signi fi cantly longer withdrawal latencies than wild-type mice 
when their hindpaws were placed on a 10°C plate (WT = ~15 s, 
TRPM8-KO = ~29 s)  (  43  ) . 

 Perhaps the most robust and commonly used assay for cold 
sensitivity is the two-temperature plate test, an experimental sys-
tem used to analyze all three TRPM8-null lines  (  40  ) . In these 
assays, animals are presented with a choice between two surfaces 
that are independently thermally controlled with one held typi-
cally near 30°C, the preferred thermal clime of wild-type mice 
 (  45,   46  )  and the other test surface set to a range of temperatures. 
When both surfaces are set to the same temperature, mice will 
explore and spend equal time on both surfaces. However, once 
the temperature of one surface is shifted to colder temperatures 
(or hot), wild-type mice show a preference for the 30°C side. In 
the case of mice lacking functional TRPM8 channels, there are 
robust de fi cits in their ability to show preference for the warmer 
side, yet discrepancies emerged as to the exact temperature ranges 
affected  (  40  ) . Bautista et al. showed that TRPM8-nulls display no 
preference until temperatures near 10°C, where they do increase 
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their time on the 30°C side, but not to the levels exhibited by 
wild-type mice  (  12  ) . However, Colburn et al. found that their line 
of TRPM8-nulls were incapable of discriminating temperatures 
below 5°C  (  38  ) . 

 It has yet to be determined if these differences are due to 
methodology or genetic background, but this highlighted one 
important caveat for the preference assay. Although two mouse 
lines lacking functional TRPM8 were shown to spend more time 
on the plate held at 30°C than the one held at 10°C or lower  (  12, 
  39,   47  ) , it is not clear if this was due to a drive to avoid an unpleas-
ant stimulus, or an equally compelling attraction towards a com-
fortably warm environment. The latter input is likely vital for 
thermoregulatory mechanisms involved in the maintenance of 
body temperature and the absence of this input from warm  fi bers 
when the animals are standing on the cold surface would promote 
them to actively seek a warmer environment. Therefore, while 
TRPM8 −/−  mice are unable to detect the noxious cold signal, they 
are still attracted to the warm surface, thereby showing a prefer-
ence for this surface in the likely absence of any cold inputs. To 
support this hypothesis, avoidance behaviors were assessed in the 
two-temperature plate test,  fi nding that when the number of times 
an animal crosses from the 30°C surface to the test surface and 
back again is quanti fi ed, wild-type mice show a precipitous drop in 
the number of crossing events as one plate is cooled  (  47  ) . At nox-
ious cold temperatures (<15°C), wild-type animals will essentially 
sample the cold surface once and then largely never return, whereas 
TRPM8-nulls continue to sample the cold surface without aver-
sion, even at a highly noxious temperature of 5°C  (  47  ) . Thus, 
even when TRPM8 −/−  mice are showing a strong preference for 
the warmer surface over one held at a noxious cold temperature, 
they display no aversion to the cold and continue to sample it 
without reservation. These and other data strongly suggest that 
TRPM8 has the unique property amongst thermally gated TRP 
channels in that it is necessary for the perception of both innocu-
ous and noxious stimuli.  

  Injury greatly impacts thermosensation, resulting in heightened 
sensitivity to temperatures already perceived as painful (hyperal-
gesia) and the novel perception of pain to stimuli that are nor-
mally felt as pleasant or innocuous (allodynia). Indeed, menthol 
is commonly used as a mechanism to mimic cold allodynia in 
human subjects  (  6,   48  ) . Thus, in light of the established role of 
TRPM8 in acute cold pain, one outstanding question regarding 
TRPM8 is whether or not the channels serve a role in cold-
evoked hypersensitivity under different pathological conditions 
 (  37  ) . To address this, researchers have used several models to 
assess the involvement of TRPM8 in injury-evoked hypersensi-
tivity to cold, including peripheral in fl ammation, neuropathic 

  3.2.  Injury-Induced 
Cold Hypersensitivity
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nerve injury, and toxicity associated with chemotherapeutics 
 (  49  ) . Under each experimental setting, animals (rodents and 
humans) become increasingly sensitive to cold, and analyses of 
TRPM8-null mice have clearly shown that these behaviors are 
dependent on TRPM8. Peripheral in fl ammation is classically 
studied in rodents after unilateral intraplantar injection of com-
plete Freund’s adjuvant (CFA) into the hindpaw and an assess-
ment of any resulting change in sensitivity that usually occurs 
within the  fi rst 24-h postinjection. Using the acetone evapora-
tive cooling assay, several groups have shown that mice become 
increasingly sensitive to cold within the  fi rst day of the injection, 
a condition that persists for several days but is dependent on 
expression of TRPM8 channels  (  32,   38,   42  ) . Similarly, cold neu-
ropathies induced by irritation of the sciatic nerve using the 
chronic constriction injury model (CCI)  (  50  ) , or after systemic 
injection of the platinum-based chemotherapeutic oxaliplatin 
 (  51  ) , a key drug in the treatment of colorectal cancer, have also 
been shown to be TRPM8 dependent  (  38,   42,   52,   53  ) . Lastly, 
pharmacological antagonism of TRPM8 channels can alleviate 
cold allodynia in both in fl ammatory and neuropathic pain mod-
els  (  42  ) . Taken together, these results suggest that TRPM8 may 
mediate the majority of cold allodynia and hyperalgesia. However, 
how injury alters cold sensitivity at either the cellular or molecu-
lar level, via TRPM8, is currently unclear.  

  In light of the role of TRPM8 in cold hypersensitivity, an inter-
esting paradox has emerged which further implicates the channel 
in a diverse range of physiological functions: TRPM8 is also 
involved in cooling-mediated analgesia. Cold packs and cooling 
compounds, such as menthol, have long been used for their anal-
gesic properties in treatment of both acute and chronic pain 
symptoms  (  4,   54  ) . Under most conditions, cold clearly is helpful 
in reducing pain by limiting the extent of in fl ammation after 
acute injury as well as quelling the hyperactivity of nociceptive 
nerve  fi bers. However, there is intriguing data suggesting that 
activation of TRPM8 may lead to pain relief under certain estab-
lished acute and chronic pain conditions. The  fi rst indication that 
TRPM8 may serve this role arose when Proudfoot et al. demon-
strated that topical application of cold or cooling compounds 
produces a temporary analgesic effect mediated by TRPM8-
expressing afferents in the CCI and CFA injury models  (  55  ) . 
It was found that treating injured rats with cool temperatures or 
either topical or intrathecal menthol or icilin largely abolished 
both thermal (heat) and mechanical hypersensitivity in both the 
in fl ammatory and neuropathic pain models. The analgesia per-
sisted for over 30 min after which the animals regained their 
hypersensitivity at levels similar to before the cool stimuli and 
cold mimetics were applied. It is important to note that only 

  3.3.  Analgesia 
by Cooling
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modest cooling ( ³ 16°C) and low doses of cooling compounds 
produced analgesia, and when more robust stimuli were applied 
to the injured hindpaws, the animals showed cold sensitization. 
More strikingly, when TRPM8 expression was reduced by molec-
ular methods, this form of analgesia was abolished. An indepen-
dent study in TRPM8 −/−  mice further con fi rmed a role for TRPM8 
in cooling-mediated analgesia, in this case in the formalin pain 
test which evokes acute pain followed by in fl ammation  (  39  ) . 
When formalin was injected into the hindpaws of wild-type mice, 
cooling to 17°C produced a marked decrease in pain behaviors 
(licking and lifting hindpaws) during the acute pain phase  (  39  ) . 
However, TRPM8 −/−  mice did not behave similarly in that they 
continued to show nocifensive responses even after exposed to 
the cool surface and were indistinguishable from wild-type ani-
mals that were not exposed to cool temperatures. Together, these 
data indicate that TRPM8 is mediating the analgesia provided by 
cool temperatures and cooling compounds, suggesting that 
 modest activation of TRPM8 afferent nerves can serve as an 
endogenous mechanism to promote pain relief.  

  In addition to the roles of TRPM8 in somatosensation and 
nociception, the channel is also involved in thermoregulation 
and homeostatic mechanisms. The channel’s involvement in 
thermoregulation would not be entirely unexpected in light of 
evidence that other temperature-sensitive ion channels, particu-
larly TRPV1, play a role in regulating body temperature as well 
 (  56–  59  ) . Moreover, intravenous administration of icilin induces 
a robust thermogenic type behavior characterized as “wet dog 
shakes”  (  18  )  as well as induces a signi fi cant increase in core 
body temperature, mimicking exposure to cold, effects that are 
absent in TRPM8 −/−  animals  (  39,   42,   60,   61  ) . The TRPM8 
dependence    of the icilin-induced changes in core temperature is 
not due to a general de fi ciency in the ability of these animals to 
respond to chemical thermal-mimetics, as TRPM8-nulls do 
mount an appropriate hypothermic response to capsaicin injec-
tions  (  42  ) . 

 In addition to TRP channel agonists’ leading to changes in 
thermoregulatory behaviors, antagonists also produce reciprocal 
alterations in core temperatures. Blockade of TRPV1 channels 
induces a robust and reproducible hyperthermic response, suggest-
ing that the absence of input from heat  fi bers induced thermoregu-
latory mechanisms to generate heat  (  58,   59  ) . Similarly, 
pharmacological blockade of TRPM8 channels leads to a dramatic 
hypothermic response in wild-type mice but has no effect in 
TRPM8-nulls  (  42  ) . Thus, emerging evidence strongly supports a 
fundamental role of thermosensory afferent neurons in controlling 
thermoregulatory mechanisms via the activity of temperature-sensitive 
TRP ion channels.   

  3.4.  Regulation of Core 
Body Temperature
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  Temperature sensation is dynamic and like other sensory systems 
can easily adapt to different stimuli, a process observed in both 
psychophysical and cellular assays. Similarly, cold- or menthol-
induced TRPM8 currents adapt or desensitize in a calcium-dependent 
manner during prolonged stimulation  (  10,   30  ) . In addition to 
Ca 2+  sensitivity, TRPM8 adaptation is also temperature dependent, 
meaning less adaptation is observed at colder temperatures, 
and that channel activity can be recovered, but only when the cell 
is returned to temperatures near that of skin (~32°C)  (  10,   30  ) . 
These observations suggest that a Ca 2+ - and temperature-depen-
dent process mediates adaptation at the cellular and channel level. 
TRPM8 activity is also highly sensitive to plasmalemmal levels of 
the PIP 2   (  30,   62,   63  ) . These observations led to the hypothesis 
that adaptation occurs as a result of TRPM8-mediated Ca 2+  entry 
leading to activation of PLC, thereby promoting breakdown of 
PIP 2 , a hypothesis con fi rmed when it was shown that Ca 2+ - and 
receptor-independent activation of PLC, in addition to PLC-
independent reductions in PIP 2  levels, leads to TRPM8 adaptation 
 (  30,   63  ) . Adaption does not alter either menthol or cold sensitivity 
of the channel but shifts the voltage dependence of TRPM8 cur-
rents indicative of a change in channel gating  (  30  ) . At the molecu-
lar level, a number of amino acid residues have been identi fi ed in 
the carboxy-terminal domain of the channel, adjacent to the sixth 
transmembrane domain, that appear to be involved in PIP 2 ’s effects 
on TRPM8  (  63  ) . Interestingly, these residues are near the highly 
conserved TRP box of the channel and are found in other PIP 2 -
sensitive TRPM channels including TRPM4 and TRPM5  (  64  ) . 

 In addition to phosphoinositides, lysophospholipids, and poly-
unsaturated fatty acids, products of phospholipase A2 (PLA2) have 
also been found to modulate TRPM8 channel activity  (  20,   21  ) . 
Inhibition of the Ca 2+ -independent isoform of PLA2 (iPLA2) 
largely abolished cold and icilin responses in cultured DRG neu-
rons but surprisingly only slightly diminished channel activation by 
menthol  (  65  ) . PLA2 enzymes cleave glycerophospholipids to gen-
erate equimolar amounts of lysophospholipids and polyunsaturated 
fatty acids. When the former is added to TRPM8 channels, the 
temperature threshold for activation was shifted towards warmer 
temperatures, much in the way menthol acts, whereas the latter 
products, such as arachidonic acid, inhibited activation by tem-
perature, icilin, and menthol  (  65  ) . Even though equimolar amounts 
of each of the counter-acting products are released by PLA2 activ-
ity, the greater potency of the various lysophospholipids leads over-
all to positive modulation of channel function  (  21,   65  ) . Moreover, 
in vivo, lysophospholipids were shown to increase cold sensitivity 
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in a TRPM8-dependent manner  (  43  ) . While it is not clear how 
increased PLA2 activity leads to modulation of TRPM8 function 
physiologically, these results are intriguing in that they are the  fi rst 
insights into endogenous pathways that may regulate channel func-
tion in tissues that express TRPM8 but are not exposed to changes 
in temperature, such as the prostate, or in tissues like muscle and 
bladder which are innervated by TRPM8-expressing afferents, but 
where thermal stimuli are unlikely to be relevant.  

  In addition to direct effects of PIP 2  breakdown, increased kinase 
activity has also been suggested to modulate TRPM8 channel func-
tion  (  66,   67  ) . A consequence of PIP 2  breakdown is the generation 
of diacylglycerol (DAG) and inositol trisphosphate (IP 3 ), which are 
second messengers that promote protein kinase C (PKC) activity. 
Phosphorylation is a common mechanism whereby channel activ-
ity is modulated, and increased PKC activity causes decreased 
TRPM8 membrane currents. Interestingly, PKC activation does 
not lead to increased incorporation of phosphate on TRPM8 but 
rather a decrease in phosphorylation. Thus, the PKC-mediated 
effects are not due to direct phosphorylation of TRPM8, but that 
PKC plays a role upstream of channel phosphorylation. 

 When intracellular pH increases to supraphysiological levels, 
TRPM8 activity is inhibited. These effects of pH are thought to be 
mediated intracellularly, but there is disagreement on the effects of 
pH on cold-, menthol-, and icilin-evoked currents. One study 
reported that menthol’s ability to activate TRPM8 is unaffected by 
pH, but that cold and icilin responses are inhibited  (  68  ) , whereas 
another also found that icilin was less effective in activating TRPM8 
at high pH, but in contrast, menthol-evoked responses were also 
suppressed  (  69  ) . 

 Lastly, polyphosphates, an inorganic polymer comprised of tens 
to hundreds of phosphates linked by phosphoanhydride bonds, has 
been shown to form a complex with TRPM8 and modulate channel 
activity. These long phosphate chains are known to associate with a 
number of membrane proteins and modulate their activity. For 
TRPM8 it was observed that channel activity was inhibited in het-
erologous cells expressing TRPM8 after enzymatic breakdown of 
polyphosphates by the exopolyphosphatase scPPX1  (  70  ) . In an 
intriguing set of studies, it was shown that scPPX1-mediated reduc-
tion in polyphosphates blocked menthol and cold-evoked channel 
activity of puri fi ed TRPM8 channels reconstituted into planar lipid 
bilayers even in the presence of PIP 2 . Thus, it seems likely that either 
cell-to-cell variation in temperature thresholds for cold, or altered 
sensitivity due to experience and pathological state of the neuron, 
may be a result of TRPM8 regulation via cellular levels of PIP 2 , 
protons, or kinase activity. This level of channel modulation may 
also account for the complexity and variability in cold-evoked tem-
perature responses observed both in vivo and in vitro.   

  4.2.  Other Regulators
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 A growing list of cooling compounds has been shown to activate 
TRPM8 with various potencies and ef fi cacies. Indeed one of the 
weakest TRPM8 agonists is menthol with a half effective concentra-
tion in the mid micromolar range  (  10  ) . Insights into the mechanism 
of menthol activation came out of a large study which used high-
throughput screening of several thousand random TRPM8 mutants 
to search for clones that affected menthol sensitivity without altering 
thermal gating  (  71  ) . Important amino acid residues that are deter-
minants of menthol sensitivity were found in the S2 and the 
C-terminal TRP domain of the channel, and analysis of these mutants 
showed that gating by cold and cold mimetics could be separated, as 
well as the effects of voltage and PIP 2  on channel function. The lat-
ter was of interest as basic residues in the TRP domain had been 
implicated in the effects of PIP 2   (  63  ) , yet mutations in this region 
affected menthol sensitivity without alter PIP 2   (  71  ) . 

 The most potent TRPM8 agonist is WS-12  (  19  ) , which is one 
of many cooling compounds that came out of an extensive synthesis 
and evaluation program by Wilkinson Sword Ltd. intent on devel-
oping confectionary compounds that did not have the minty sensa-
tions associated with menthol  (  2,   72  ) . In addition, another cooling 
compound icilin (also known as AG-3-5) was identi fi ed in the early 
1980s which bears little resemblance to menthol structurally but is 
more potent and effective in activating TRPM8  (  10,   18  ) . Of note, 
when given intravenously, icilin will induce the characteristic shiver-
ing or “wet dog” shakes as well as an increase in core body tempera-
ture as noted above. Interestingly, the mechanism whereby icilin 
activates TRPM8 is different than that of menthol or cold in that it 
requires a coincident rise in cytoplasmic calcium, either via perme-
ation through the channel or by release from intracellular stores, in 
order to evoke TRPM8 currents  (  73  ) . This requirement of a cal-
cium rise for TRPM8 activity is not needed for cold- or menthol-
induced responses, suggesting the channel can be activated by 
multiple mechanisms. Additionally, a critical amino acid was 
identi fi ed, which when mutated renders icilin incapable of activat-
ing TRPM8. This residue was located between the second and third 
 trans -membrane domains of the channel, a region known to be 
important for capsaicin sensitivity of TRPV1  (  74  ) . Moreover, this 
region is also near sites identi fi ed as important for menthol activa-
tion of TRPM8 channels  (  71  ) , suggesting a conserved mechanism 
for ligand activation of these thermosensitive TRP channels. 

 While various compounds activate TRPM8, a more rele-
vant class of molecules that may be of use clinically is those 
that antagonize or block the channel. Unfortunately, many 
TRPM8 antagonists that have been identi fi ed to date also antag-
onize the heat-gated channel TRPV1, suggesting a conserved 
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mechanisms amongst thermosensitive channels  (  75  ) . Capsazepine, 
 N -(4-tert-butylphenyl)-4-(3-chloropyridin-2-yl)piperazine-1-
carboxamide (BCTC), and Thio-BCTC, known TRPV1 antagonists, 
were found to inhibit TRPM8 activity using a  fl uorometric 
imaging plate reader (FLIPR) assay  (  69  ) . This is in addition to 
capsazepine’s known roles as a TRPV1 antagonist with nonspeci fi c 
activity on voltage-gated calcium channels and nicotinic acetyl-
choline receptors  (  76–  79  ) . BCTC has also been shown to be a 
TRPA1 agonist  (  80  ) .  N -(3-aminopropyl)-2-{[(3-methylphenyl) 
methyl)oxy}- N -(2-thienylmethyl)benzamide hydrochloride salt 
(AMTB) is a TRPM8 blocker in cellular assays  (  81  ) , and applica-
tion of it intravenously was able to diminish the frequency of 
volume-induced bladder contractions, without any effects on 
contraction. These results suggest that TRPM8 afferents are 
good targets for treating overactive and painful bladder conditions. 
Finally, clotrimazole, an anti-fungal medication, was shown in a 
recent study to activate TRPV1 and TRPA1 (consistent with its 
commonly reported side effects of irritation and burning), while 
also serving as a potent TRPM8 antagonist  (  82  ) . Together, 
these antagonists present a range of pharmacological tools to 
regulate TRPM8 function, yet each of these compounds has 
off-target effects and, while of interest pharmacologically, these 
results complicate the search for selective agents for these channels 
that are such good targets for drug discovery. 

 However, a robust and selective TRPM8 antagonist, PBMC 
(1-phenylethyl-4-(benzyloxy)-3-methoxybenzyl(2-aminoethyl)car-
bamate), was recently described  (  42  ) . In vitro, PBMC is the most 
potent TRPM8 antagonist reported to date and inhibits both 
chemical and thermal channel activation. Indeed, the IC 50  was less 
than 1 nM, a dosage approximately 100-fold lower than the most 
potent TRPM8 antagonist reported to date, CTPC  (  44,   75  ) . Unlike 
other TRPM8 antagonists, no cross-reactivity with both TRPV1 
and TRPA1 was observed, and the two-orders-of-magnitude higher 
af fi nity of PBMC makes this compound a more amenable reagent 
in the study of TRPM8 channel function. This latter point was vali-
dated when it was shown that this antagonist inhibited acute cold 
sensitivity, attenuated injury-induced cold hypersensitivity, as well 
as induced a striking hypothermic response that contrasts the hyper-
thermia evoked by TRPM8 activation with icilin  (  42  ) .  

 

 The elucidation of TRP channels as molecular detectors of ther-
mal stimuli addressed a fundamental issue in sensory transduction: 
how are thermal stimuli converted into neuronal activity? These 
proteins have now become interesting and potentially valuable 
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drug targets for a range of conditions from pain, visceral organ 
function, and thermal homeostasis. Currently, we are at the begin-
ning in our understanding of how modulation of TRPM8 can be 
bene fi cial clinically. Both direct genetic evidence and indirect data 
from the effects of menthol and cooling clearly show that the 
channel serves a fundamental role in sensory physiology. Indeed 
the breadth of the in vivo properties of TRPM8 are surprising, 
raising the fundamental question of how can a single sensor of 
environmental stimuli lead to such a diverse assortment of func-
tions, ranging from acute cold detection, injury-evoked hypersen-
sitivity, and analgesia. One likely hypothesis is that while TRPM8 
enables neurons to respond to cold, the cellular context of chan-
nel expression is the  fi nal determinant of our perception, and that 
there may be distinct and nonoverlapping TRPM8-mediated neu-
ral pathways that are segregated into transducing temperature, 
pain, and analgesia  (  83  ) . Nonetheless, the identi fi cation of TRPM8 
established the  fi rst molecular detector of cold stimuli and 
con fi rmed Hensel and Zotterman’s half-century-old hypothesis 
for how menthol makes us feel cool.      
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    Chapter 9   

 TRPML Channels in Function, Disease, 
and Prospective Therapies       

     David   A.   Zeevi          

  Abstract 

 The transient receptor potential mucolipin (TRPML) subfamily of transient receptor potential cation 
channels consists of three members (TRPML1-3) that function at various stages of endocytosis. 
Conventional research in the TRPML  fi eld suggests that dysfunction along these endocytic stages under-
lies the severe psychomotor impairment in mucolipidosis type IV (MLIV). However, recent studies 
 intimate that TRPMLs may be implicated in other neuropathological disorders as well. This review follows 
the historical development of TRPML research from the clinical description of the  fi rst MLIV patient until 
present-day characterization of TRPML1-based defects in MLIV on the molecular and cell biological 
 levels. In addition, the aberrant role of TRPML3 in  varitint-waddler  mouse pathology is elucidated and 
the normal function of the protein and its paralogs are described. TRPML electrophysiology, pharmacol-
ogy, and animal models are discussed and TRPML-associated systemic and neurological disorders, not 
including MLIV, are also addressed. Recently, a number of prospective TRPML-based therapies have been 
proposed in the treatment of these disorders. These prospects are carefully considered here as well. 
Altogether, the aforementioned descriptions aim to highlight the transformation of TRPML research from 
a single discipline, single gene, and single disorder  fi eld into a multidisciplinary, multigene endeavor with 
wide application to therapeutic treatment of several neurobiological disorders.  

  Key words:   TRP channels ,  TRPML ,  Mucolipidosis type IV ,  Varitint-waddler ,  Membrane traf fi cking , 
 Endocytosis ,  Lysosomal exocytosis    

 

 Arguably, the TRPML story began in the year 1945 with the 
 publication of a genetic study describing the discovery of the 
 varitint-waddler  mouse. The  varitint-waddler  is, as the authors 
of the original study put it, “just what [its] name implies”  (  1  ) . 
Variable coat color and a “duck-like walk” comprised the easily 
identi fi able external features of this haphazard by-product of 

  1.  Introduction: 
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genetic crosses. However, further investigation revealed that the 
 varitint-waddler  ( Va ) mouse is also deaf, demonstrates acute 
 circling behavior, and is generally not viable when homozygous for 
a dominant  Va  allele  (  1  ) . Some years later, another genetic study 
identi fi ed a milder phenotypic version of the  Va  mouse, termed 
 varitint-waddler-J (VaJ) , that presented with deafness but also 
 featured less exaggerated pigmentation defects and no abnormal 
circling behavior  (  2  ) . These seminal studies correctly predicted 
that, despite the unusual heterogeneity of features in the  Va  or  VaJ  
phenotypes, all heritable traits are linked to a single causative 
monogenic allele. However, this single genetic determinant would 
not be identi fi ed until close to six decades after the original descrip-
tion of the  varitint-waddler  mouse. 

 In the meantime, the TRPML narrative developed further in 
1974, with the publication of a case report describing a “hitherto 
undescribed form of mucolipid storage disease”  (  3  ) . The report 
described an infant, born to parents of European Jewish descent, 
displaying congenital corneal opacity and progressive motor impair-
ment together with unique biochemical  fi ndings that led the authors 
to classify the patient as the  fi rst identi fi ed case of mucolipidosis type 
IV (MLIV; MIM 252650). Subsequent studies identi fi ed MLIV as a 
genetic disorder of autosomal recessive inheritance with increased 
incidence in the Ashkenazi Jewish population. Patients were identi fi ed, 
clinically, by corneal opaci fi cation, retinal degeneration, and psycho-
motor impairment that appeared, typically, within the  fi rst 1.5 years 
of life  (  4  ) . 

 Eventually, as awareness of MLIV increased worldwide, the 
clinical spectrum of MLIV symptoms grew as well. It was found 
that although psychomotor impairment is severe and it appears in 
most MLIV patients early in life, the disease progression is very 
slow and reaches an apparent steady-state level that allows patients 
to live with a lengthened and presently unde fi ned life expectancy 
 (  5  ) . In addition, although eye, muscle, and cognitive dysfunction 
are considered primary indications of MLIV onset, some milder 
cases of the disease, lacking in one or two of these abnormalities, 
have been identi fi ed  (  6  ) . Moreover, many but not all MLIV patients 
also suffer from iron de fi ciency anemia  (  7  ) . Thus, from a diagnos-
tic standpoint, identi fi cation of MLIV has relied upon other more 
common features of the disorder. For example, elevated blood gas-
trin levels, resulting from constitutive achlorhydria, were identi fi ed 
in all severely affected MLIV patients together with a characteristi-
cally thin corpus collosum in MRIs  (  7  ) . Also, in the era prior to the 
identi fi cation of the genetic determinant of MLIV, patient diagno-
sis relied heavily upon MLIV-speci fi c ultrastructural abnormalities 
of affected patients’ cells  (  5,   8  )  (see later for a more detailed 
description of these abnormalities). Hence, from a clinical perspec-
tive, the need to identify a genetic determinant for MLIV patho-
genesis grew enormously during the ensuing decades since the 
disorder was  fi rst described.  



1619 TRPML Channels in Function, Disease, and Prospective Therapies 

 

 With the development of molecular genetic tools, towards the end 
of the twentieth century, came the necessary breakthroughs in the 
search for the MLIV-associated gene. In 1999 a linkage study, 
involving DNA derived from Ashkenazi Jewish families affected by 
MLIV, narrowed the search down to a 1.5-cM region on chromo-
some 19p. This same study identi fi ed two MLIV-associated founder 
haplotypes in the Ashkenazi Jewish population that together com-
prised 95% of MLIV-associated alleles in Ashkenazi Jews. The more 
frequent major haplotype was found in 73% of Ashkenazi chromo-
somes, whereas the less frequent minor founder haplotype was 
identi fi ed in 23% of the same pool of chromosomes  (  9  ) . One year 
later and 26 years after the description of the  fi rst MLIV patient, 
positional candidate gene sequencing identi fi ed deleterious muta-
tions in the  MCOLN1  gene. The major haplotype was linked to a 
splice site mutation in the acceptor site of  MCOLN1  intron 3 and 
the minor haplotype was linked to a partial gene deletion removing 
exons 1–6 and part of exon 7 (out of 14  MCOLN1  exons)  (  10–  12  ) . 
Both of these mutations led to a signi fi cant reduction in mRNA 
expression  (  12  )  and, more importantly, to complete absence of 
coding protein  (  13,   14  ) . Additional loss-of-function mutations 
were also identi fi ed in  MCOLN1  and these mutations were gener-
ally associated with non-Jewish haplotypes. Indeed, only 70–80% 
of described MLIV patients are from Ashkenazi Jewish descent 
 (  15  ) . Other MLIV patients possess various missense, nonsense, 
and short insertion/deletion mutations that have been summa-
rized elsewhere  (  6  ) . Overall, the heterozygote carrier frequency, in 
the Ashkenazi Jewish population, for both the major and minor 
MLIV mutations is ~1:100  (  16  ) . The identi fi cation of this rela-
tively high carrier frequency has led to the successful establishment 
of carrier screening programs, in countries around the world with 
high concentrations of Ashkenazi Jews, to prevent the incidence of 
MLIV in at-risk couples  (  5  ) . 

 The  MCOLN1  gene encodes a protein called mucolipin 1 or 
transient receptor potential mucolipin 1 (TRPML1). The 
TRPML1 protein is an integral membrane protein, 580 amino 
acids long, and features six predicted transmembrane domains 
(TM) with striking similarity to the transient receptor potential 
(TRP) superfamily of cation channels in the pore-forming TM5–
TM6 regions. Upon identi fi cation of the TRPML1-encoding 
gene, sequence-based searches immediately identi fi ed TRPML1 
as a founding member of a novel subfamily of TRP channels 
because two very similar TRPML1 paralogs are also  present in 
humans and other vertebrates. These proteins were  designated 
mucolipin-2/TRPML2 (566 a.a.) and mucolipin-3/TRPML3 
(553 a.a.) and their encoding genes were designated  MCOLN2  
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and  MCOLN3 , respectively  (  10  ) . All three proteins share a similar 
6 TM structure and a highly conserved TRP-like channel pore in 
their TM5 and TM6 regions as well. 

 Two years after the identi fi cation of  MCOLN1  via positional 
candidate gene methodology, a similar approach led to the 
identi fi cation of the  varitint-waddler -associated gene. A linkage 
study narrowed the  VaJ  causative allele to a 0.14-cM region on 
mouse chromosome 3  (  17  ) . Subsequently, all three genes located 
in this region were sequenced and novel missense mutations were 
identi fi ed in the  mcoln3  gene, of  VaJ  and  Va  mice, that did not 
appear in any parental controls or other inbred or wild-derived 
mice  (  18  ) .  Mcoln3  encodes a 553 amino acid murine homologue 
of human TRPML3. The severely affected  Va  mice were shown to 
have an A419P substitution in their predicted TM5 of TRPML3 
and the mildly affected  VaJ  mice were shown to possess an addi-
tional I362T missense mutation that segregated in  cis  with A419P. 
These initial  fi ndings led the authors to speculate that the A419P 
 substitution in murine TRPML3 is either a gain-of-function or 
dominant-negative loss-of-function mutation that is lethal to ear 
inner hair cells unless combined in  cis  with the I362T intragenic 
suppressor mutation  (  18  ) .  

 

 Following its identi fi cation, the elucidation of TRPML3’s role in 
 varitint-waddler  pathogenesis has been fairly straightforward.  Va  
and  VaJ  mice present with readily identi fi able ear hair cell, organ of 
Corti, and skin melanocyte degeneration  (  18–  20  ) . Electro-
physiological recordings with heterologously expressed TRPML3-
A419P indicated that the mutant  Va -implicated channel is 
constitutively active, cell surface expressed, and conducts Ca 2+  with 
robust inward rectifying currents  (  20–  23  ) . These robust inward 
rectifying currents are identi fi ed in outer hair cells of  Va  mice  (  19  )  
and, in general, they are thought to overload TRPML3-A419P-
expressing cells with Ca 2+  to effectively cause apoptosis  (  24  ) . In 
contrast, the wild-type TRPML3 channel was found not to be 
 constitutively active, but rather carefully regulated by extracellular 
Na +  and H +   (  22,   25  ) . Moreover, the constitutively active TRPML3-
A419P channel was shown to possess signi fi cant changes in bio-
physical conductance properties that are not present in the wild-type 
channel  (  25,   26  ) . Altogether, these  fi ndings argue that the A419P 
substitution, in TM5 of the TRPML3 channel pore, is a gain-
of-function mutation that transforms TRPML3 into a cytotoxic 
protein that induces apoptosis in all mutant channel expressing cells 
(namely hair, cochlear, and melanoycte cells)  (  18,   20,   23  ) . This 
tissue-selective degeneration leads to the characteristic vestibular, 
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hearing, and pigmentation defects in  varitint-waddler  mice. It has 
also been suggested that the  VaJ  mice feature a milder phenotype 
due to the reduced cell surface expression of the constitutively active 
I362T-A419P  cis  TRPML3 mutant therein  (  22  ) . 

 With the initial identi fi cation of TRPML3 as the cause of 
 deafness in  varitint-waddler  mice came the possibility that the  fi rst 
hair cell mechanotransductory channel had been discovered  (  27  ) . 
However, as seen in the previous paragraph, the  Va -associated 
mutation in TRPML3 is a gain-of-function toxic variant. Moreover, 
a recent study describing a TRPML3 loss-of-function mouse, fea-
turing a missing channel pore, did not present with any auditory 
de fi cits  (  28  ) . Thus, until further evaluation of TRPML3 loss-
of-function animal models is performed, it is yet unknown whether 
TRPML3 loss of function leads to any gross pathological abnor-
malities in mammalian organisms.  

 

 Ultrastructural pathology is found in cells from all MLIV patients 
together with loss-of-function mutations in TRPML1  (  29  ) . The 
characteristic cytological abnormalities in MLIV consist of hetero-
geneous lysosomal bodies that appear as laminar electron-dense 
inclusions and/or granulated amorphic vacuoles  (  15  ) . These char-
acteristic lysosomal inclusions are found in every analyzed tissue 
and organ from MLIV patients and they principally indicate MLIV 
as a lysosomal storage disorder. Early biochemical studies with cul-
tured  fi broblasts from MLIV patients identi fi ed storage of various 
gangliosides, neutral lipids, phospholipids, and mucopolysaccha-
rides  (  30–  35  ) . However, unlike in other “classical” lysosomal 
 disorders (such as Tay–Sachs or Gaucher disease), no de fi ciency in 
any particular hydrolase activity is detected in TRPML1-de fi cient 
cells  (  36  ) . Rather, MLIV cells feature a profound membrane 
traf fi cking defect whereby endocytosed membrane markers are 
excessively transported from late endosomes towards lysosomes and 
delayed in their ef fl ux from these organelles to the trans-Golgi 
 network  (  34  ) . Lysosomal degradation of these endocytosed com-
ponents takes place, but at an altered rate and pattern  (  37  ) . These 
features of MLIV pathology correlate well with the clinical presen-
tation of the disease. During the months that ensue from birth, as 
intracellular biochemicals slowly accumulate in nerve and brain 
 tissue (the organs most severely affected by lysosomal storage), 
MLIV patients slowly begin to suffer from physical and mental dis-
abilities that manifest acutely towards the end of their  fi rst year of 
life. This impaired psychomotor condition continues to deteriorate 
until lysosomal accumulation/degradation of heterogeneous 
hydrophobic and hydrophilic compounds reaches a steady-state level. 
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At this stage, residual slow-acting lysosomal hydrolyzing machinery 
takes hold in patient brain and nerve cells to allow survival of even 
the most severely affected MLIV patients for decades  (  15  ) . 

 Recently, it has also been proposed that MLIV cells store various 
cations in late endosomal/lysosomal compartments. These stored 
ions include Fe 2+   (  38  ) , Zn 2+   (  39  ) , and Ca 2+   (  40  ) . In addition, pro-
tons are also suspected to be stored in TRPML1-de fi cient cells  (  41  ) , 
although this assertion has been debated extensively (see below). On 
the other hand, given that MLIV storage is also auto fl uorescent 
 (  42  ) , suggesting lipofuscin accumulation; heavy metal storage in 
lysosomal compartments is not a remote possibility  (  43–  45  ) . This 
assertion also correlates with aberrant autophagic machinery that is 
apparent in MLIV, as evident by the appearance of immature 
autophagosomes in TRPML1-de fi cient cells and enhanced accumu-
lation of polyubiquitin and insoluble p62  (  46,   47  ) . 

 Although clinical disorders, stemming from TRPML2 and/or 
TRPML3 loss of function have yet to be described in humans, it is 
interesting to note that shRNA knockdown of these proteins leads 
to pathological phenotypes reminiscent of MLIV. Indeed, ultra-
structural analysis of TRPML2 and TRPML3-depleted cells 
revealed lysosomal inclusions, similar to that in TRPML1-de fi cient 
cells, which suggest a common function for these proteins in the 
regulation of membrane traf fi cking  (  14  ) . This observation may 
ultimately lead to successful treatment of TRPML1-associated dis-
orders (see below).  

 

 During the past decade, the search for treatments of MLIV has 
focused on gaining a better understanding of TRPML1 function. 
At present, four different animal models (two knockout mice, one 
 Drosophila , and one  C. elegans  model) have been described to aid 
in this endeavor and provide a “testing ground” for potential 
 therapeutic strategies. 

 TRPML1 knockout mice (TRPML1 −/− ) effectively recapitulate 
most of MLIV pathology. At ~6 months of age, TRPML1 −/−  mice 
present with delayed motor milestones and reduced gating that 
deteriorates to hind-limb paralysis by ~8.5 months postpartum. 
Retinal degeneration is observed but not corneal opacities. 
Characteristic MLIV-like ultrastructural storage pathology is also 
detected in TRPML1 −/−  nervous tissue  (  48  ) . A different TRPML1 −/−  
mouse model features elevated plasma gastrin levels and constitu-
tive hypochlorhydria that is detected together with ultrastructural 
parietal cell pathology similar to that in MLIV patients  (  49,   50  ) . 
Biochemically, TRPML1 −/−  mice were shown to store gangliosides 
throughout their central nervous system and the storage material in 

  5.  TRPML Animal 
Models of MLIV



1659 TRPML Channels in Function, Disease, and Prospective Therapies 

their brains was auto fl uorescent  (  51  ) . In addition, macroautophagy 
appears to be aberrantly affected in TRPML1 −/−  mice just as in 
MLIV patients. Autophagic markers, LC3-II and polyubiquitin, 
accumulate in TRPML1 −/−  mouse neuronal cell culture together 
with p62 aggregates in insoluble protein fractions. This autophago-
somal accumulation in TRPML1 −/−  cells is proposed to result from 
decreased degradation in the autophagic pathway rather than 
upregulated autophagic machinery  (  46  ) . Altogether, these  fi ndings 
suggest that TRPML1 −/−  mice will serve as invaluable tools, in the 
future, for testing MLIV-indicated therapies. 

 Other models for TRPML loss of function have been described 
in  Drosophila  and  C. elegans . These invertebrate organisms express a 
singular TRPML unlike vertebrates which, as described earlier, 
express three paralogous TRPML proteins. Nevertheless, these mod-
els recapitulate many of the features of MLIV pathology. The  fl y 
 trpml  mutant presents with retinal degeneration and motor de fi cits 
that result from massive neuronal cell death. Furthermore, it was 
found that neurotoxic lipofuscin accumulates in mutant  fl y brains 
together with signs of oxidative stress and aberrant degradation in the 
autophagic pathway. Importantly, this TRPML-de fi cient model also 
demonstrated that the motor de fi cit could be rescued by clearance of 
excess apoptotic nerve cells with an hsp70-homologue  (  52  ) . 

 Cup-5, the TRPML homologue in  C. elegans,  plays a critical role 
in worm development given that cup-5 null mutants are embryonic 
lethal  (  53  ) . However, this model has proven invaluable towards the 
elucidation of TRPML-de fi ciency pathogenesis. Indeed, the enlarged 
vacuoles that accumulate in cup-5 mutant cells  (  54  )  can be rescued 
by expression of either TRPML1 or TRPML3 human homologs 
 (  55  ) . Moreover, it has recently been demonstrated that the vacuoles 
accumulating in cup-5 mutant cells represent late endosomal–lyso-
somal hybrid  (  56  )  and/or autolysosome  (  57  )  organelles that fail to 
reform lysosomes after fusion. These  fi ndings indicate that autophagic 
degradation is also impaired in the  C. elegans  model of MLIV, just as 
in the mouse and  fl y models described earlier. In addition, these dis-
coveries have contributed key points to the debate over where the 
true defect lies in TRPML1-de fi cient cells (see below).  

 

 With the discovery of TRPML1 de fi ciency as the cause of MLIV, a 
searing debate has ensued over the primary cellular defect that 
underlies disease pathogenesis. One model, termed the “lysosomal 
biogenesis” model, proposes that storage molecules accumulate in 
MLIV cells due to a buildup of prelysosomal compartments that do 
not reform endpoint lysosomes. This primary defect, in turn, causes 
a bottleneck that interferes with or delays intracellular anterograde 
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and retrograde membrane traf fi cking (Fig.  1a ). A second model, 
termed the “metabolic” model, proposes that storage molecules 
accumulate in MLIV cells due to overacidi fi cation of lysosomal 
compartments. This primary defect interferes with the proper func-
tioning of a heterogeneous assortment of lysosomal hydrolases and 
ultimately leads to aberrant degradation of various intracellular 
 biochemicals (Fig.  1b )  (  43  ) . The debate over TRPML1 function is 
of fundamental importance as it bears heavily on the development 

  Fig. 1.    Models of MLIV disease pathogenesis. ( a ) The lysosomal biogenesis model argues that loss of TRPML1 function 
leads to reduced juxta-organellar Ca 2+  release from late endosomal–lysosomal hybrid (LE–LY hybrid) organelles that fail to 
reform endpoint lysosomes. This defect causes a bottleneck that delays or blocks various membrane traf fi cking events. 
Thus, although early endosomes (EE) successfully mature into late endosomes (LE) during early stage endocytosis ( top left 
panel  ), late endosomes fail to mature into lysosomes during late stage endocytosis. Under these circumstances, endocy-
tosed materials are still processed in LE–LY hybrid organelles, but only in a delayed manner. A similar bottleneck is also 
found in autophagic machinery ( bottom left panel ). Immature lysosomes successfully merge with double membrane-
enclosed autophagosomes (AP), carrying damaged intracellular organelles; and amphisomes (Amph), carrying endocytic 
waste from late endosomes; to form auto-lysosome (Auto-LY) hybrid organelles   . However, these Auto-LY hybrids fail to 
mature into endpoint lysosomes thereby delaying degradation of macromolecules in autophagy. Hence, it has been 
suggested that, in addition to heterogeneous lipid and mucopolysaccharide storage, these traf fi cking delays also lead to 
the storage of heavy metals, like Fe 2+  and Zn 2+ , and ultimately neurotoxic lipofuscin in immature LE–LY or Auto-LY vesicles. 
Other traf fi cking defects resulting from the lysosomal biogenesis bottleneck in MLIV include delayed retrograde traf fi c of 
lysosome-processed materials to the trans-Golgi network (TGN;  bottom right panel  ) and blocked lysosomal membrane 
fusion with the plasma membrane (PM) in lysosomal exocytosis ( top right panel  ). ( b ) The metabolic model of MLIV patho-
genesis argues that all of the traf fi cking defects in the biogenesis model result from a primary defect in the regulation of 
lysosomal pH. Speci fi cally, the heterogeneous lysosomal storage in MLIV results from increased [H + ] in lysosomal compart-
ments (LY) that reduces the activity of a variety of pH-sensitive lysosomal hydrolases. This primary metabolic defect leads 
to accumulation of undigested lipids in lysosomes and, ultimately, effects a terminal inhibition of intracellular membrane 
traf fi cking, as depicted in ( a ). Presently, the mechanistic link between TRPML1 loss of function and lysosomal 
hyperacidi fi cation is unclear. However, it has been suggested that reduced Ca 2+  release from TRPML1-de fi cient lysosomes 
may possibly stimulate excess H +  in fl ux through a yet to be identi fi ed lysosomal Ca 2+ –H +  exchanger.       
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of effective therapeutic strategies for the  treatment of MLIV and 
related disorders. Hence, the following sections will be devoted to 
summarizing the evidence that support and detract from the cur-
rent mainstream theories.  

  The following discoveries provide compelling evidence to support 
the “lysosomal biogenesis” theory. First, it was found that hydro-
lytic activity of lysosomal enzymes in MLIV  fi broblasts exists but 
the activity proceeds at an altered rate from normal  (  36,   37  ) . Thus, 
although lysosomal hydrolases are aberrantly affected by TRPML1 
dysfunction, their activity is not completely compromised, as the 
metabolic model purports. Second, the  C. elegans  cup-5 mutants, 
described earlier, clearly depict an accumulation of late endosome–
lysosome hybrid organelles consistent with the biogenesis model 
assertion that TRPML de fi ciency leads to defects in prelysosomal 
compartments  (  55,   56  ) . Third, the membrane traf fi cking bottle-
neck that forms from accumulation of prelysosomal compartments 
in TRPML1-de fi cient cells has been found to inhibit retrograde 
traf fi c from lysosomes to the trans-Golgi network  (  34,   58  )  and 
delay anterograde traf fi c of endocytosed molecules towards lyso-
somes  (  59  )  (see Fig.  1a  for a summary of these  fi ndings). 

 Over the years, a mechanistic approach to explain the role/s of 
TRPML1 in membrane traf fi cking and lysosomal biogenesis has 
also been put forward. A series of experiments, involving Ca 2+  che-
lators, have indicated that juxta-organellar Ca 2+  release is a critical 
step in the homotypic (i.e., endosome–endosome) and heterotypic 
(i.e., endosome–lysosome) fusion of endosomal vesicles  (  60–  62  ) . 
In addition, vesicle  fi ssion events have also been shown to undergo 
regulation by juxta-organellar Ca 2+  release  (  61,   63,   64  ) . Collectively, 
these  fi ndings correlate well with biochemical and electrophysio-
logical experiments describing the TRPML1 channel. Indeed, 
TRPML1 has been characterized as a late endosomal/lysosomal 
(LEL)-localized, inwardly rectifying (lumen to cytosol), Ca 2+  per-
meable channel that is activated by an LEL-speci fi c phospho-
inositide  (  38,   65–  68  ) . Moreover, a recent report identi fi ed Ca 2+  
storage in lysosomes of TRPML1-depleted cells to further cement 
a role for the protein in intracellular Ca 2+  homeostasis  (  40  ) . 
Altogether, these  fi ndings support the notion that TRPML1 serves 
as an essential LEL Ca 2+  release channel that functions in various 
membrane fusion and  fi ssion events in the endocytic pathway. 

 Interestingly, recent studies have also identi fi ed TRPML1 
function in lysosomal exocytosis, another pathway that is depen-
dent on LEL Ca 2+  release  (  69–  71  ) . Initially, Ca 2+  ionophore-
induced lysosomal exocytosis was found to be impaired in MLIV 
 fi broblasts  (  72  ) . Subsequently, a constitutively active gain-of-function 
TRPML1 channel pore mutant was shown to enhance lysosomal 
exocytosis in HEK 293 cells  (  73  ) . Finally, a very recent investiga-
tion demonstrated that a transcription factor (TFEB), responsible 
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for upregulating expression of  MCOLN1  and other genes involved 
in lysosomal biogenesis  (  74  ) , also upregulates  lysosomal exocyto-
sis. TRPML1 was found to perform a key role in this process 
because lysosomal membrane fusion with the plasma membrane 
was only achieved through TRPML1-dependent intracellular Ca 2+  
release (Fig.  1a )  (  75  ) . 

 Thus in aggregate, all of the aforementioned  fi ndings provide 
very persuasive evidence to support the lysosomal biogenesis the-
ory of TRPML1 function. However, con fl icting evidence to detract 
from this theory has also been described in the literature and this 
evidence is discussed in the next section.  

  The metabolic model of TRPML1 function emerged from 
 inconsistencies that were observed in the biogenesis model. Of 
particular importance is the fact that the metabolic model points to 
a fundamental issue with the biogenesis model’s investigation of 
cells derived from MLIV patients. Given that MLIV pathology 
likely results from a slow and steady accumulation of intracellular 
biochemicals to levels that eventually become toxic to nerve and 
brain tissue; any investigation based on cells from clinically ill 
MLIV patients solely describes the endpoint or near-endpoint of 
TRPML1-implicated pathology. To be clear, the metabolic model 
of MLIV pathogenesis does not dispute the fact that membrane 
traf fi cking defects exist in endpoint cells from MLIV patients or 
TRPML1-de fi cient animal models. Rather, the metabolic model 
argues that these defects emerged secondarily to the primary meta-
bolic defect; a defect that can only be identi fi ed when TRPML1 
expression is acutely reduced by RNAi, for a short time period, 
prior to the emergence of endpoint storage inclusions  (  76  ) . 

 What is the primary metabolic defect? The proponents of the 
metabolic model argue that lysosomes in cells, with freshly depleted 
TRPML1 expression levels, become hyperacidi fi ed before any 
 traf fi cking defects can be identi fi ed (Fig.  1b )  (  77  ) . Indeed, siRNA 
depletion of TRPML1 in HeLa cells led to reduced lysosomal pH 
while anterograde and retrograde endocytic traf fi cking proceeded 
as normal. Likewise, the degradation of protein and lipid molecules 
along these pathways was largely unaffected  (  77  ) . In another study, 
it was found that reduced lysosomal pH ultimately led to the detec-
tion of inactive lysosomal hydrolase activities in lysosomal prepara-
tions from endpoint MLIV  fi broblasts  (  41  ) . Hence this model 
claims that MLIV pathogenesis results from a metabolic defect in 
pH-sensitive lysosomal hydrolases. This defect leads to accumula-
tion of undigested lipids in lysosomes and, ultimately, effects a 
 terminal inhibition of intracellular membrane traf fi cking  (  76  ) . 

 To further support the metabolic model, one study identi fi ed 
TRPML1 as a proton-conducting channel  (  41  ) . However, the same 
study portrays TRPML1 as an outwardly rectifying (cytosol to 
lumen) channel that prefers to conduct protons into lysosomes 
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(to acidify them when the channel is active) rather than out. 
The authors of the study explain this inconsistency by claiming that 
the channel is inactivated by proteolytic cleavage upon reaching 
lysosomes  (  13  )  but the proposed mechanism of TRPML1-mediated 
lysosomal pH regulation is not clear. Nevertheless, some years after 
their original study, the authors acknowledged that their observa-
tion of TRPML1-mediated proton conductance may not be correct 
 (  78  ) . This debate over TRPML1 conductance is discussed later. 

 Although the metabolic model is lacking in a mechanistic 
explanation that relates TRPML1 dysfunction to lysosomal 
hyperacidi fi cation, the Ca 2+  conductance of TRPML1 may pro-
vide a link. Indeed, if a Ca 2+ –H +  exchanger exists in lysosomes, it 
is possible that a lacking in TRPML1-mediated LEL Ca 2+  release 
leads to aberrant lysosomal pH regulation in MLIV cells. This 
possibility is discussed further in another recent review  (  43  )  (see 
also Fig.  1b ). 

 Regardless of which theory ultimately proves to be correct, 
the very existence of a debate over the true model of MLIV 
pathogenesis highlights the need to resolve the inherent proper-
ties of native TRPML1 and that of its closely related sister 
 channels, TRPML2 and TRPML3. These topics are discussed in 
the following section.   

 

  TRPML1 is an LEL-localized protein. This point has been  fi rmly 
established in numerous studies describing the traf fi cking of 
recombinant TRPML1  (  13,   79–  81  ) . In addition, two separate 
groups have convincingly identi fi ed native TRPML1 in LEL com-
partments of human cells  (  14,   82  ) . The targeting of TRPML1 to 
LEL is mediated by two different acidic dileucine clathrin adaptor 
protein targeting motifs on the amino- and carboxyl-terminal tails 
of the protein. The amino-terminal motif interacts with the adap-
tor proteins AP-1 and AP-3 to facilitate direct delivery from the 
trans-Golgi network to early endosomes and late endosomes, 
respectively  (  76,   80,   81  ) . The carboxyl-terminal motif interacts 
with the AP-2 adaptor protein to facilitate endocytosis of TRPML1, 
should it reach the plasma membrane  (  81  ) , perhaps during lyso-
somal exocytosis  (  5  ) .  

  The electrophysiological properties of TRPML1 have been 
dif fi cult to characterize due to the strict intracellular localization 
of the native channel. This challenge likely accounts for the 
con fl icting descriptions of TRPML1 conductance and selectivity that 
have surfaced in the literature since the protein was  fi rst identi fi ed. 
These con fl icting reports have been thoroughly summarized in a 

  7.  TRPML 
Subcellular 
Localization, 
Channel 
Properties, 
and Interacting 
Proteins

  7.1.  The Subcellular 
Localization 
of TRPML1

  7.2.  TRPML1 Channel 
Properties



170 D.A. Zeevi

previous review  (  76  ) . Therefore, in order to provide a fresh angle 
to this topic, the current discussion will focus on the historical 
development of methodology in the characterization of TRPML1 
channel properties. 

 Shortly after TRPML1 was  fi rst implicated in MLIV patho-
genesis, pilot electrophysiological studies described TRPML1 
channel activity in  Xenopus  oocytes  (  66,   67  ) . These reports 
provided the  fi rst evidence of TRPML1 functionality as a nonse-
lective cation channel. However, the channel was ectopically 
expressed on the plasma membrane and LEL membranes of 
 Xenopus  oocytes in order to facilitate current recordings. Thus, from 
a technical perspective, the observed channel properties in these 
studies may have been distorted by the presence of endogenous 
 Xenopus  channels and modulators. 

 A second set of experiments described in vitro-translated 
TRPML1 in reconstituted lipid bilayers  (  83,   84  ) . This setup 
effectively demonstrated that TRPML1 is an inherently functional 
cation channel in a controlled environment. It should be noted 
that lipid reconstitution of any functional TRP channel is quite 
a feat given that  Drosophila  TRP, the founding member of the 
TRP superfamily, has yet to be functionally expressed in such a 
system  (  85  ) . Nevertheless, beyond con fi rmation of the inherent 
functionality of TRPML1 as a nonselective cation channel, these 
reports did not characterize the protein in a physiologically relevant 
environment. 

 The next series of studies addressed the physiological role of 
TRPML1 by heterologously expressing the channel in HEK 293 
cells  (  13,   41  ) . Although these experiments were the  fi rst to charac-
terize the human TRPML1 channel in a human cell line, they also 
featured whole-cell current recordings that required mistargeting 
of TRPML1 (an LEL-localized protein, as described earlier) to the 
plasma membrane via extreme protein overexpression  (  13  ) . This 
departure from physiological context may have contributed to the 
controversial  fi nding, in these reports, that TRPML1 is a proton-
conducting channel  (  41  ) . 

 The controversy regarding TRPML1 proton permeability 
of fi cially took hold when another group described a constitutively 
active variant of TRPML1 that was not proton permeable but was 
activated by low pH  (  20  ) . The same study identi fi ed the  varitint-
waddler -associated A419P mutation in TRPML3 as a channel-
activating pore substitution that, when adapted to the homologous 
amino acid position in TRPML1 (V432P), effectively activates 
TRPML1 channel activity as well. In parallel, a separate group 
con fi rmed the effectiveness of this genetic activation mechanism 
on TRPML1 and other TRP channels  (  21  ) . Subsequently, these 
studies necessitated the development of channel deactivating 
mechanisms that offset the constitutive activity of TRPML1-
V432P. Thus, a separate genetic deactivating mutation was also 
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identi fi ed in the TRPML1 channel pore (DD471/472KK) that 
overrides the V432P activating mutation and transforms the pro-
tein into a dominant-negative channel  (  58,   86  ) . Overall, these 
genetic activating/deactivating mechanisms have facilitated some 
basic investigation into the physiological role of TRPML1 con-
ductivity in cell biological function  (  38,   58,   73,   86  ) . However, 
the main issue with these descriptions of TRPML1 conductance is 
that the mutations described earlier, which facilitated current 
recordings and cell biological analysis, do not exist in nature 
(although at least one MLIV-associated TRPML1 pore mutant 
(F465L) does feature dominant-negative properties in vitro  (  86  ) ). 
In addition, it is also a concern that the V432P activating muta-
tion, in TRPML1, drives cell surface expression of an otherwise 
intracellular channel  (  73  ) . Thus, the search for TRPML1 channel 
activators later intensi fi ed in order to address these issues. 

 During the same period that the aforementioned experiments 
were performed, yet another group took a very different approach 
to characterizing the electrophysiological properties of TRPML1. 
Zhang et al. isolated lysosomal membranes by subcellular fraction-
ation on a percoll gradient and subsequently reconstituted the 
membrane fractions into lipid bilayers for single channel current 
recordings. Interestingly, the investigators found that nicotinic 
acid adenine dinucleotide phosphate (NAADP)-mediated Ca 2+  
release from these membrane preparations was highly TRPML1 
dependent. Indeed, they showed that pretreatment of lysosomal 
preparations with anti-TRPML1 antibodies, speci fi cally, inhibited 
NAADP-induced currents  (  87  ) . Moreover, gene silencing of 
TRPML1, immunodepletion of TRPML1, and TRPML1-de fi cient 
MLIV  fi broblasts all featured signi fi cantly reduced NAADP-
mediated lysosomal Ca 2+  release  (  68,   88  ) . 

 On the physiological level, these studies accomplished more 
than any of the aforementioned electrophysiological studies had 
accomplished beforehand. Rather than assaying ectopically 
expressed or cell surface mislocalized channels, the authors of 
these reports assayed the actual organelle where native TRPML1 
is localized, namely lysosomes, and they did so with a potent acti-
vator in NAADP. However, there is one major caveat to the les-
sons gleaned from these experiments. The authors provide no 
concrete evidence that NAADP directly activates the TRPML1 
channel. Indeed, a recent investigation has shown that NAADP is 
a very potent activator of intracellular Ca 2+  release via another 
population of lysosomal channels called two-pore channels (TPCs) 
 (  89  ) . In addition, yet another report has recently shown that 
despite the fact that recombinant TRPML1 interacts with recom-
binant TPCs, NAADP-induced Ca 2+  release was found to be TPC 
dependent and TRPML1 independent  (  90  ) . Of course, the pro-
tein–protein interaction between TPCs and TRPML1 may explain 
the TRPML1 dependence for NAADP-mediated Ca 2+  release, as 
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observed by Zhang et al., given that downregulation of TRPML1 
may affect the functionality of TPCs. Nevertheless, no such effect 
was observed in pancreatic acinar cells from TRPML1 knockout 
mice  (  90  ) . Therefore, unless NAADP proves to activate an iso-
lated recombinant form of TRPML1, these studies may teach the 
importance of assaying channel properties in both biological and 
arti fi cial reconstituted systems. 

 It is assumed that the identi fi cation of TRPML1 channel 
 activators will help elucidate the physiological function of the 
 protein in LEL membranes. Towards this end, a high throughput 
study recently identi fi ed synthetic small molecules that activate 
recombinant TRPML1  (  91  ) . However, the authors of this report 
did not assay TRPML1 currents in intracellular membranes. Rather, 
in order to assay TRPML1 response to small molecule activators, 
the authors mutated the lysosomal targeting signals on the amino- 
and carboxyl-tails of the protein so as to facilitate plasma mem-
brane delivery of the channel for whole-cell patch-clamp recordings 
in HEK 293 cells  (  91  ) . Given that TRPML1 was genetically 
modi fi ed and ectopically expressed on the cell surface, it remains to 
be seen whether these recently identi fi ed synthetic channel activa-
tors are capable of activating the wild type and/or native channel 
in a more physiologically relevant environment. 

 Towards the ultimate goal of characterizing TRPML1 conduc-
tance in native LEL membranes, a key breakthrough has recently 
been reported in patch-clamp methodology. Using vacuolin-1 to 
enlarge LEL vesicles for current recordings, Dong et al. developed 
the “whole-lysosome patch-clamp” to characterize wild-type 
TRPML1 in its native environment  (  38  ) . After further experimen-
tation with this technique, the same group identi fi ed an intracel-
lular phospho-inositide, PI(3,5)P 2 , as a speci fi c and potent activator 
of recombinant as well as endogenous TRPML1. The authors also 
found that PI(3,5)P 2  is a physiological TRPML1 channel activator, 
whose speci fi c depletion in LEL compartments correlates with a 
marked decrease in basal TRPML1-derived currents  (  65  ) . These 
studies constitute signi fi cant forward steps in the  fi elds of TRPML1 
electrophysiology and MLIV research, in general. First, the authors 
have managed to develop an assay to measure TRPML1 conduc-
tance in its native environment. Second, they have done so with a 
wild-type TRPML1 channel. Third, they have discovered a potent 
and physiologically meaningful channel activator in PI(3,5)P 2 . 
Fourth, they have used that activator to activate heterologously 
expressed TRPML1. Finally, they have used their activator to acti-
vate the native channel in its natural setting. The only drawback to 
their experimental setup is that it requires pretreating cells with an 
LEL membrane-modulating compound in vacuolin-1  (  92  ) . The 
downstream limitations of this caveat, if any, should become evi-
dent if in vivo experiments fail to recapitulate in vitro electrical 
recordings. Nevertheless, given all the challenges that have 
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obstructed progress in the  fi eld of TRPML1 electrophysiology 
over the past decade, the “whole-lysosome patch-clamp” assay 
should play heavily into the elucidation of TRPML1 channel 
 function going forward. 

 What are the inherent properties of the TRPML1 channel? 
Presently, it appears that TRPML1 is an inwardly rectifying (lumen 
to cytosol) nonselective cation channel that is permeable to Na + , 
K + , Ca 2+ , Fe 2+ , Mn 2+ , Zn 2+ , and other divalent trace metals. 
TRPML1 is not permeable to Fe 3+  or H +  although low pH (~4.6) 
does potentiate the basal currents of the channel  (  38,   65,   73  ) . 
TRPML1 currents are inhibited by verapamil, Gd 3+ , and La 3+   (  20  )  
and the channel is activated by PI(3,5)P 2   (  65  ) . Altogether, these 
 fi ndings have led to the suggestion that TRPML1 is an LEL Ca 2+  
 (  66,   67,   72,   73  ) , Fe 2+   (  38  ) , and possibly Zn 2+   (  39  )  release channel 
that is responsible for regulating a subset of LEL membrane 
fusion/ fi ssion events  (  93  ) . In addition, the channel may also 
 participate in the regulation of lysosomal Ca 2+ , Fe 2+ , and Zn 2+  
homeostasis  (  40  ) .  

  A number of TRPML1 binding partners have been identi fi ed to 
help elucidate protein function. These interacting proteins are 
 discussed below. 

 A yeast two-hybrid screen using the TRPML1 luminal domain 
between TM1 and TM2 identi fi ed two binding partners, Hsc70 
and Hsp40, that are components of the chaperone-mediated 
autophagy (CMA) complex  (  94  ) . Subsequently, a series of experi-
ments were conducted to determine if CMA is aberrantly affected 
in TRPML1-de fi cient MLIV cells. These experiments indicated 
that oxidized proteins accumulate in MLIV cells together with 
downregulated CMA-associated proteolysis and LAMP-2A lyso-
somal uptake  (  94  ) . The latter  fi ndings correlate well with the gen-
eral trend of defective macroautophagy in MLIV  (  47  )  but it has not 
yet been clearly established whether CMA and macroautophagic 
dysfunction are primary effects of TRPML1 loss of function or 
 secondary effects of gross lysosomal biogenesis/pH regulation 
 dysfunction. Acute RNAi-mediated knockdown of TRPML1 
expression should help to answer this question. Another issue that 
is unresolved is how TRPML1 purportedly participates in CMA via 
interaction with Hsc70 and Hsp40. Does TRPML1 facilitate lyso-
somal membrane docking of the CMA complex? This possibility is 
intriguing given the recent discovery that the same domain on 
TRPML1 that interacts with Hsc70 and Hsp40 also features 
 inherent membrane re-shaping function  (  95  ) . Future experiments 
will be needed to explore this possibility further in addition to 
 assaying TRPML1 channel function involvement, if any, in CMA. 

 LAPTM4a and LAPTM4b are two proteins of unknown func-
tion that were identi fi ed as TRPML1 interacting proteins in a split-
ubiquitin yeast two-hybrid screen  (  96  ) . These LAPTMs traf fi c to 
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LEL membranes, like TRPML1, but they are not  dependent on 
TRPML1 for LEL localization. However, there is perhaps some 
sort of functional inter-relationship between these proteins because 
lysosomal swelling resulting from overexpression of LAPTM4b is 
rescued by co-expression with TRPML1. Moreover, siRNA knock-
down of both LAPTM4s leads to the formation of lysosomal inclu-
sions reminiscent of MLIV ultrastructural pathology  (  96  ) . Previous 
studies have speculated that LAPTMs serve as lysosomal transport-
ers responsible for translocation of substances across lysosomal 
membranes  (  97,   98  ) , but this possibility still awaits empirical evi-
dence. Therefore, until the physiological roles of LAPTMs are bet-
ter clari fi ed, their interaction with TRPML1 provides limited 
information to assess  protein function. 

 Interestingly, another investigation identi fi ed ALG-2, a puta-
tive Ca 2+  sensor protein, as a Ca 2+ -dependent interactor with the 
amino terminal of TRPML1  (  99  ) . Aside from the intriguing Ca 2+  
dependence of this interaction, a TRPML1 mutant that fails to 
interact with ALG-2 also traf fi cs to LELs with reduced ef fi ciency 
 (  99  ) . Furthermore, it has been found that ALG-2 interacts with 
many of the residues, on the N-terminus tail of TRPML1, that also 
bind PI(3,5)P 2  to activate the channel  (  100  ) . Altogether, these 
observations have led to speculation that ALG-2 may serve as a 
Ca 2+  sensor that regulates vesicle fusion via PI(3,5)P 2 -mediated 
spatiotemporal activation of TRPML1 in LEL compartments  (  93  ) . 
This possibility, if proven true, would provide substantial support 
to the lysosomal biogenesis model of MLIV pathogenesis. 

 TRPML1 and two-pore channels, TPC1 and TPC2, have each 
been implicated in NAADP-mediated Ca 2+  release from acidic 
intracellular vesicles  (  68,   88,   89,   101  ) . This led to speculation that 
these channels might share functional association  (  43  ) . Indeed, 
Yamaguchi et al. have recently described physical interactions 
between recombinant TRPML1 and both TPC channel isoforms 
 (  90  ) . However, despite their physical interaction, a number of 
electrophysiological experiments argue against TRPML1–TPC 
functional co-regulation of NAADP-mediated LEL Ca 2+  release. 
Indeed, NAADP-mediated intracellular Ca 2+  release was found to 
be uniquely regulated by TPCs even in the presence of a dominant-
negative TRPML1 mutant and even in the absence of TRPML1 in 
TRPML1 −/−  mouse pancreatic acinar cells  (  90  ) . Nevertheless, the 
physical interaction between TPCs and TRPML1 should not be 
overlooked given that TPC modulation of PI(3,5)P 2 -mediated 
activation of TRPML1 has not yet been assayed. 

 The heteromerization of all three TRPML channels constitute 
the  fi rst described sets of protein–protein interactions involving 
members of the TRPML subfamily  (  102  ) . These interactions, while 
quite robust in heterologous protein expression systems  (  91  ) , are 
actually quite limited in native tissue  (  14,   82  ) . Indeed, endogenous 
TRPML1 co-immunoprecipitates and co-localizes with only a 
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small subset of native TRPML2 and TRPML3, each in separate 
LEL vesicles  (  14  ) . Nonetheless, TRPML1 does form functional 
heteromeric cation channel complexes with TRPML2 and 
TRPML3  (  103  )  and these complex assemblies modulate several 
cellular processes, including intracellular Ca 2+  overload prevention 
and starvation-induced autophagy  (  86  ) . Interestingly, overexpres-
sion of an MLIV-associated TRPML1 channel pore mutant resulted 
in dominant-negative  phenotypes when assaying effects on either 
TRPML2 or TRPML3 function  (  86  ) . Altogether, these studies 
indicate that all three TRPMLs share some physiological functions 
even though they are functionally distinct, in general. This avenue 
of possibility should encourage further research into TRPML2 and 
TRPML3 channel activation mechanisms because new discoveries 
in this  fi eld may ultimately help to treat MLIV patients, who lack 
TRPML1, with either one of the channel’s closely related paralogs 
(see below).  

  TRPML2 is the least characterized member of the TRPML 
 subfamily because the protein is yet to be implicated in any genetic 
disorder. However, as will be seen later, the elucidation of TRPML2 
function has contributed to increasing speculation that the protein 
may serve a therapeutic role in the treatment of TRPML-associated 
disorders. 

 The  fi rst clues in the characterization of TRPML2 function came 
from a subcellular localization study involving the recombinant pro-
tein. TRPML2 was identi fi ed at the cell surface and in tubular intra-
cellular vesicles that correspond with Arf6-regulated recycling 
endosomes  (  104  ) . In addition, a fraction of recombinant TRPML2 
was also identi fi ed in CD63-positive LEL vesicles  (  104  )  and this was 
further corroborated in experiments describing the native protein 
 (  14  ) . Indeed, endogenous TRPML2 distributes primarily to tubulo-
vesicular structures while only a limited fraction associates with 
endogenous TRPML1 in LAMP1-positive LEL vesicles  (  14  ) . The 
implications of these  fi ndings are discussed later, in the context of 
TRPML2 current recordings and protein interactions.  

  The  fi rst current recordings involving TRPML2 applied  varitint-
waddler -based genetic activation. Sequence alignment of TRPML2 
with TRPML3 identi fi ed the A424P activating mutation (and 
other corresponding mutations in murine channel isoforms) in the 
TM5 pore region of TRPML2. Like TRPML3-A419P, the 
TRPML2-A424P mutant is a constitutively active, inwardly recti-
fying, Ca 2+ -permeable channel that presents with measurable cur-
rents in the whole-cell patch clamp con fi guration  (  38,   105,   106  ) . 
However, unlike the Fe 2+ -impermeable constitutively active 
TRPML3 mutant, the Na + , K + , Ca 2+ , and Fe 2+  permeability of 
TRPML2-A424P more closely resembles that of its paralogous 
TRPML1-V432P mutant  (  38,   43  ) . 

  7.4.  The Subcellular 
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 Genetic deactivating mutants of TRPML2 have also been 
described. Like TRPML1-V432P-DD471/472KK, the paralogous 
TRPML2-A424P-DD463/464KK pore mutant is also an inactive 
channel with dominant-negative properties  (  86  ) . In general, the 
DD-KK substitution in all three TRPML channel pores has resulted 
in inactive dominant-negative channels that have been utilized to 
explore the physiological roles of TRPML channel function  (  20,   58, 
  82,   86,   104  ) . Regarding TRPML2, this pore mutant inhibited the 
recycling of CD59 (a GPI-anchored protein) from tubulo-vesicular 
recycling endosomes to the plasma membrane. This suggests that 
TRPML2 channel activity is crucial to recycling endosomal function 
 (  104  ) . Given that internalized CD59 is dependent upon Arf6-
mediated recycling  (  107  )  and given that TRPML2 is an in vitro acti-
vator of Arf6 that localizes to recycling endosomes, these data suggest 
that TRPML2 currents facilitate Arf6-mediated recycling in vivo 
 (  104  ) . It remains to be seen, however, whether TRPML2 truly regu-
lates this and other processes in membrane  traf fi cking and turnover. 

 Of utmost importance, when considering the physiological 
function of an ion channel, is the veri fi cation that the channel fea-
tures inherent functionality even in the absence of genetic manipu-
lation. This has recently been demonstrated with wild-type TRPML2 
expression constructs. Single channel conductance was identi fi ed in 
lipid bilayers containing in vitro-translated TRPML2  (  103  )  and 
ectopic expression of the channel in  Drosophila  S2 cells also elicited 
robust TRPML2-A424P-like inwardly rectifying whole-cell cur-
rents  (  105  ) . The wild-type TRPML2 channel is Ca 2+  permeable and 
inhibited by moderately low extracellular (or luminal) pH (~6.0) 
 (  105  ) , although much lower pH (~4.7) seems to facilitate the cur-
rents mediated by the mutant TRPML2-A424P isoform  (  38  ) . The 
physiological explanation for these pH-dependent properties of 
TRPML2 is not known. However, one may speculate that pH regu-
lation of TRPML2-mediated currents would correlate with the 
channel’s function in the various acidic intracellular vesicles where it 
has been detected. Indeed, the appearance of lysosomal inclusions 
in TRPML2-depleted cells  (  14  )  suggests that TRPML2 participates 
in key elements of membrane traf fi cking and turnover in these 
acidi fi ed vesicles. Hopefully, the newly identi fi ed phospho-inositide 
and small molecule activators of TRPML2  (  65,   91  )  will aid in draw-
ing such connections between the channel’s intracellular distribu-
tion, its localized  pH-dependent currents, and its associated 
physiological functions.  

  Knowledge of TRPML2 interacting proteins is rather limited. At 
present, TRPML2 is known only to directly interact with TRPML1 
and TRPML3 to form functional heteromeric channel complexes 
 (  14,   86,   102,   103  ) . Even so, these interactions comprise just a 
small subset of the intracellular distribution of native TRPML2 
 (  14  ) . Nevertheless, TRPML2 expression levels in certain tissues 
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seem to be regulated by TRPML1 function  (  106  )  and perhaps this 
provides some physiological relevance to the complex assembly. 

 Interestingly, although physical interactions were described 
between endogenous TRPML2 and TRPML3, the two channels 
do not overlap in LAMP1-positive LEL vesicles. This is in contrast 
to the only overlap that is detected between native TRPML2 and 
TRPML1 and between native TRPML3 and TRPML1  (  14  ) . These 
observations suggest that it is highly unlikely for all three native 
TRPMLs to co-assemble into the same heteromeric complex, and 
more importantly, these observations suggest that each particular 
TRPML channel assembly may serve to regulate differing intracel-
lular functions. This latter possibility is intriguing given that loss of 
function of each distinctive heteromeric TRPML complex could 
theoretically lead to the pathogenesis of TRPML-associated disor-
ders. Nevertheless, TRPML2 function must be further clari fi ed 
before substantiating such salient claims.  

  With the increasing realization that TRPML3 causes deafness and 
pigmentation defects in the  varitint-waddler  mouse due to muta-
tional gain of function, the focus has shifted in recent years towards 
elucidation of the natural physiological role of the wild-type pro-
tein. The  fi rst step in this endeavor has been the characterization of 
the intracellular distribution of recombinant TRPML3. 

 At  fi rst, it was suggested that TRPML3 is retained in the endo-
plasmic reticulum of HEK 293 cells unless co-expressed with either 
TRPML2 or TRPML1. These TRPML3-interacting proteins pur-
portedly facilitated the traf fi cking of TRPML3 to acidic intracellular 
vesicles  (  102  ) . However, this observation is inconsistent with more 
recent reports describing autonomous TRPML3 localization along 
the endocytic pathways of HeLa and ARPE-19 cells  (  82,   108  ) . These 
studies identi fi ed a substantial portion of recombinant TRPML3 on 
the cell surface and in early endosomal vesicles. In addition, a smaller 
fraction of TRPML3 was also identi fi ed in LEL vesicles by both 
immuno fl uorescence and subcellular fractionation-based assays  (  82, 
  108  ) . Importantly, these latter  fi ndings are largely consistent with the 
observed distribution of the native protein as well  (  14,   82  ) . 

 Just as the recycling endosomal localization of TRPML2 hinted 
towards recycling endosomal function of the endogenous protein 
 (  104  ) , the early endosomal localization of TRPML3 has provided 
similar clues in the investigation of native TRPML3 function 
(Fig.  2 ). Indeed, RNAi-mediated knockdown of TRPML3 was 
shown to enhance the kinetics of epidermal growth factor receptor 
(EGFR) degradation in the endocytic pathway  (  82,   108  )  in addi-
tion to the endocytic uptake of transferrin and epidermal growth 
factor (EGF)  (  82  ) . This aberrant upregulation of endocytosis is 
attributed to misregulated Ca 2+  concentrations in the endosomal 
lumen that hinder the natural acidi fi cation of endocytic vesicles. 
Speci fi cally, TRPML3 depletion has been associated with a 
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signi fi cant increase in measurable endosomal [Ca 2+ ] and this has 
been correlated with elevated pH measurements inside these com-
partments  (  109  ) . Remarkably, the defective hypo-acidi fi ed endo-
cytic vesicles in TRPML3-de fi cient cells undergo enhanced 
homotypic endosomal fusion in an in vitro assay  (  109  )  and present 
as MLIV-like vesicular inclusions in electron micrographs  (  14  ) . 
Not surprisingly, each of the aforementioned membrane traf fi cking 
defects, in TRPML3 knockdown cells, strongly resembles those 
observed in TRPML1-de fi cient MLIV cells. The major difference 
between TRPML3- and TRPML1-associated intracellular patholo-
gies is that the former defect presumably takes place at the earlier 
stages of endocytosis (i.e., homotypic [endosome–endosome] 
fusion) while the latter defect takes place at the later endocytic 
stages (i.e., heterotypic late endosomal–lysosomal fusion).  

 Another interesting discovery, pertaining to wild-type TRPML3, 
is that its subcellular distribution appears to be quite dynamic. 
Although the majority of TRPML3 is found in endosomal vesicles, 
some of the protein is also identi fi ed on the cell surface  (  14,   82, 
  108  )  and this cell surface fraction is enhanced when a very early 
stage of endocytosis is inhibited with a dominant-negative dynamin 

  Fig. 2.    Membrane traf fi cking defects in TRPML2/3 loss-of-function models. ( a )  Top , 
TRPML3 loss of function leads to  elevated early endosomal [Ca 2+ ] and reduced [H + ]. This, 
in turn, stimulates increased homotypic fusion of early endosomes (↑EE–EE fusion) and 
accelerated processing of endocytosed proteins in late endosomes (LE) and lysosomes 
(LY). ( a )  Bottom , TRPML3 loss of function also blocks autophagosome (AP) formation under 
cell stress conditions. ( b ) TRPML2 loss of function leads to reduced recycling of Arf6-
dependent recycling-endosomal proteins to the plasma membrane (PM).       



1799 TRPML Channels in Function, Disease, and Prospective Therapies 

mutant  (  82  ) . This suggests that TRPML3 traf fi cs dynamically along 
the endocytic pathway by internalizing from the cell surface into 
dynamin-dependent endocytic vesicles. However, it is not yet 
known whether TRPML3 is capable of recycling back to the plasma 
membrane from intracellular vesicles. 

 An additional dynamic process that appears to be regulated by 
TRPML3 is macroautophagy. Indeed, cell starvation or application 
of other cellular stressors has clearly shown a marked recruitment 
of recombinant TRPML3 into LC3-positive autophagosomal 
compartments  (  82,   108  ) . Moreover, the very formation of autopha-
gosomes seems to be highly dependent upon native TRPML3 
function given that RNAi knockdown of TRPML3 hinders the 
appearance of LC3-positive vesicles upon autophagy induction 
(Fig.  2a )  (  82,   86  ) . Thus, much insight has been gained in the 
 elucidation of TRPML3 function just from peering into cells and 
assaying the protein’s subcellular localization under challenging 
and nonchallenging growth conditions.  

  Assaying the channel properties of TRPML3 has been crucial in 
the assessment of the protein’s true physiological function. As 
mentioned earlier, the  varitint-waddler -associated TRPML3-
A419P variant is constitutively active. From a biophysical point of 
view, both this gain-of-function mutant and the wild-type channel 
are similar in current–voltage relationship and permeability pro fi le 
 (  20,   22,   25  ) . However, the conductance of the mutant for each 
respective cation (Ca 2+ , in particular) and its physical channel pore 
size are quite different from wild type  (  25,   26  ) . Hence, proper 
examination of the genuine electrophysiological properties of 
TRPML3 has focused on the wild-type channel and more natural 
activation mechanisms. 

 The innate cell surface localization of TRPML3 has greatly 
facilitated current recordings of the wild-type channel. Initially, 
Kim et al. described an unusual mechanism by which wild-type 
recombinant TRPML3-mediated currents can be facilitated in 
HEK 293 cells. They found that removal of Na +  from the extracel-
lular solution, transiently activated TRPML3  (  22  ) . Subsequently, 
they identi fi ed a stretch of histidines on the extracellular/luminal 
face of the channel that mediate inhibition of wild-type TRPML3 
currents upon exposure to low extracellular/luminal pH (~6.0) 
 (  25  ) . While low luminal pH inhibition seems logical for an early 
endosome-localized channel, the physiological relevance of this 
inhibition and low Na + -mediated activation of TRPML3 were not 
clari fi ed in these studies. Nonetheless, a recent report proposes 
that TRPML3 currents, which are facilitated at neutral pH by low 
Na + , correspond well with endolymph salt concentrations in devel-
oping postnatal mouse cochlear hair cell stereocilia  (  91  ) . 
Remarkably, at stages where TRPML3 was previously shown to be 
highly expressed, the Na +  concentration in extracellular endolymph 
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of cochlear hair cells is low, but as ear tissue further develops, 
TRPML3 expression diminishes, reciprocally, with increasing 
TRPML3 current-inhibiting Na +  concentration in the endolymph 
 (  19,   91,   110  ) . Nevertheless, the applicability of this putative Na + -
mediated regulation to endogenous TRPML3 channel activity, in 
postnatal cochlear hair cells, still remains to be seen. 

 Using a high-throughput approach, Grimm et al. identi fi ed 
various TRPML3-speci fi c small molecule channel activators  (  91  ) . 
These activators stimulated robust Ca 2+  in fl ux from surface 
expressed, inwardly rectifying, recombinant TRPML3 channels. 
Moreover, the activation of TRPML3 was synergized with low Na +  
extracellular solutions to generate even more robust inwardly rec-
tifying currents  (  91  ) . Theoretically, these newly identi fi ed TRPML3 
activators should help to elucidate native TRPML3 function and 
help develop TRPML3-based therapies in the future. However, 
they have yet to activate native TRPML3 channels in their natural 
environment  (  91  ) . 

 The prospect of activating endogenous TRPML3 channels 
may emerge from burgeoning research in the  fi eld of phospho-
inositide-dependent membrane traf fi cking. Recently, the LEL-
localized PI(3,5)P 2  was shown to activate recombinant TRPML3 
by whole-LEL patch clamp (as described for TRPML1 earlier), but 
it is not yet known whether PI(3,5)P 2  facilitates endogenous 
 channel currents  (  65  ) . Given that PI(3,5)P 2  is an indispensable 
component of the endocytic machinery  (  111  ) , the possibility that 
it might activate native TRPML3 in endocytic vesicles is highly 
worth investigating in the near future. 

 As discussed earlier, a series of knockdown experiments have 
indicated that TRPML3 is a functioning component of endocytic 
machinery whose downregulation leads to Ca 2+  “storage” in, and 
hypo-acidi fi cation of, early endosomes  (  82,   108,   109  ) . In order to 
assay whether TRPML3 channel function participates in these reg-
ulatory processes, each of the aforementioned experiments was 
repeated in the presence of the dominant-negative TRPML3-
DD463/464KK pore mutant (a mutant that is homologous to the 
TRPML1- and TRPML2-inactivating DD-KK mutants, as 
described earlier). Not surprisingly, overexpression of the domi-
nant-negative TRPML3 channel completely recapitulated the 
effects of TRPML3 knockdown in each case  (  82,   108,   109  )  
strongly suggesting that high intra-endosomal [Ca 2+ ] in TRPML3-
depleted cells arises from loss of TRPML3 channel function. Given 
that TRPML3 is an inwardly rectifying (lumen to cytosol) Ca 2+ -
conducting channel that is activated (at least in recombinant form) 
by LEL-localized PI(3,5)P 2   (  26,   65  ) , the abovementioned  fi ndings 
indicate that native TRPML3 functions as an endosomal Ca 2+ -
release channel that facilitates a subset of vesicle fusion/ fi ssion 
events during endocytosis. This tempting prospect must be further 
veri fi ed, however, because there is no direct evidence that native 
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TRPML3 channels are functional in early or late endosomes and 
there is no clear association between TRPML3-mediated endo-
somal Ca 2+  release and in vivo vesicle fusion. Nevertheless, further 
research in this area may provide a new avenue for treating TRPML-
associated disorders in the very near future.  

  Knowledge of TRPML3 interacting proteins is still rather sparse. 
At present, TRPML3 is known only to physically interact with 
TPCs  (  90  )  and TRPMLs. 

 Recently, recombinant TRPML3 was shown to co-immuno-
precipitate in part with recombinant TPC1 and, more so with TPC2. 
These physical interactions correlate with an appreciable overlap 
between TRPML3 and TPCs in intracellular vesicular compartments 
 (  90  ) . TPC2 has been identi fi ed as a primarily LEL-localized 
Ca 2+ -release channel  (  89  )  that shares a highly similar intracellular 
distribution with TRPML1  (  90  ) . TPC1 also co-localizes with LEL 
markers, but to a lesser extent than TPC2, as the protein has also 
been identi fi ed in early endosomes and other unidenti fi ed vesicular 
compartments  (  89,   101  ) . Both human TPCs have shown to mediate 
robust NAADP-induced Ca 2+  release from acidic intracellular stores 
 (  89,   101  ) , but the functional interpretation of their interactions 
with TRPML3 (and TRPML1, as described earlier) has not been 
clari fi ed. Given the physical interactions involving TPCs and 
TRPMLs, it is tempting to speculate that they co-regulate NAADP-
mediated Ca 2+  release from LEL vesicles. However, this hypothesis 
was tested and could not be veri fi ed, at least with regard to 
TRPML1 functionality in complex with TPC1 or TPC2  (  90  ) . 
Further investigation into this matter, including veri fi cation of the 
physical interactions between endogenous TRPML1/3 and 
TPC1/2, should clarify these issues. 

 The studies describing the physical, functional, and physio-
logical interactions between TRPML3 and its paralogous TRPML 
subfamily members have been discussed earlier at length. Only 
the therapeutic strategies that have emerged from these investiga-
tions remain for consideration. This topic is discussed in the 
 following section.   

 

 In light of the aforementioned data regarding TRPML function, a 
number of therapeutic models are currently being developed 
towards the treatment of an assortment of human diseases. These 
diseases include mucolipidosis type IV (MLIV) and other lyso-
somal storage disorders; in addition to Charcot–Marie–Tooth 
(CMT) and amyotrophic lateral sclerosis (ALS). 

  7.9.  TRPML3 
Interacting Proteins
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Disorders
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  In the search for treatments of mucolipidosis type IV, the 
TRPML1-associated channelopathy, a core debate has emerged over 
which element/s of MLIV pathogenesis to target. The metabolic 
model of disease pathogenesis argues that excess lysosomal H +  is 
the target  (  41,   77  )  while the lysosomal biogenesis model argues 
that lysosomal Ca 2+  is the objective  (  43,   93  ) . Excess lysosomal Fe 2+  
and Zn 2+  have also been put forward as potential MLIV-treating 
targets  (  38,   39,   43  ) . Of course, it could be that each of these accu-
mulating cations, identi fi ed in MLIV patients and animal models 
alike, must be downregulated concomitantly in order to effectively 
treat the disease, but this matter is surely more complex. Lysosomal 
inclusion bodies accumulate in just about every tissue and organ of 
MLIV patients  (  112  )  yet, aside from gastric parietal cells  (  50  ) , only 
brain and nerve cells are noticeably incapacitated by this pathology 
 (  7  ) . Hence, any intracellular targeted drug must also be carefully 
designed to act on degenerating nerve tissue without affecting 
other “healthy” systemic tissues. Moreover, given the eye and brain 
pathology in MLIV patients  (  7  ) , many prospective drugs that 
effectively target gastric parietal cells may not be able to overcome 
the highly selective blood–brain barrier (BBB) surrounding the 
brain and central nervous system  (  113  ) . Nevertheless, these obsta-
cles are not necessarily insurmountable. Quite a few compounds 
are currently known to cross the BBB and the burgeoning  fi eld of 
nanotechnology has already offered various solutions to afford 
drug delivery across the BBB as well  (  114,   115  ) . 

 The metabolic model of MLIV pathogenesis indicates that 
hyperacidi fi ed lysosomes must be neutralized in order to reverse 
the storage defect  (  41  ) . Thus, an appropriate therapeutic approach 
was assessed on cultured MLIV  fi broblasts. Two compounds 
that were previously shown to elevate lysosomal pH in culture 
 (  116,   117  )  were used to rescue the ultrastructural pathology in 
MLIV cells. However, neither nigericin (a proton antiporter) nor 
chloroquine (a weak base) effectively reduced the incidence of 
lysosomal inclusions in these cells  (  118  ) . Nevertheless, assuming 
TRPML1 is an LEL Ca 2+  release channel, it could be that an 
upregulated lysosomal Ca 2+ –H +  exchanger (yet to be identi fi ed) is 
causing excess acidi fi cation of lysosomes in the absence of functional 
TRPML1 (Fig.  1b )  (  43  ) . If this is so, then this unidenti fi ed Ca 2+ –H +  
exchanger may serve as a more effective target for reversing the 
hyperaci fi cation of MLIV lysosomes. 

 The lysosomal biogenesis model of MLIV pathogenesis assumes 
that lysosomal inclusions accumulate in diseased cells due to reduced 
juxta-endosomal Ca 2+  release transients in the absence of functional 
TRPML1 (Fig.  1a )  (  63,   93,   119  ) . Unfortunately, this model does 
not easily lend itself to drug target development owing to a general 
lacking in pathology-inducing hyperactive proteins or other intrac-
ellular compounds. Indeed, drugs are much more effectively devel-
oped by targeting and neutralizing hyperactive substances, but 
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much less effectively developed when designed to replace hypoactive 
compounds or ion channels, as in the case of MLIV  (  120  ) . 
Nevertheless, current research is still pursuing the possibility that 
agonist activation of either TRPML2 or TRPML3 in TRPML1-
de fi cient MLIV cells might rescue some of the traf fi cking defects 
therein. This prospect is supported by recent studies identifying 
common biophysical characteristics among the three TRPMLs  (  86, 
  105  )  and even common physiological functions in vesicular Ca 2+  
release  (  65,   75,   109  ) . However, even though some progress has 
been made in the identi fi cation of TRPML2- and TRPML3-speci fi c 
agonists  (  65,   91  ) , the  fi eld of TRPML channel activation is still in 
its earlier stages of development. In addition, further experimenta-
tion, with currently available TRPML2/3 agonists, is still required 
in order to evaluate the effectiveness of this pharmacological strat-
egy in treating MLIV. 

 Another avenue for treatment of MLIV pathology relates to 
the increased lysosomal storage of Fe 2+  and Zn 2+  in MLIV and 
TRPML1 knockout cells (Fig.  1a )  (  38,   39  ) . It is suggested that 
accumulation of these metals in lysosomes leads to neurotoxic lipo-
fuscin accumulation and/or free radical excess  (  44,   121  ) . Hence, 
it may be possible to prevent this metal-induced neurotoxicity by 
treating MLIV patients with lysosome-targeted Fe 2+  and/or Zn 2+  
chelators. This mode of treatment for the disease seems quite 
straightforward but experimental evidence to support the claims 
that Fe 2+  and Zn 2+  are mediating a signi fi cant portion of the neuro-
degeneration in MLIV is still lacking. Future experimentation with 
brain and nervous tissue from available MLIV animal models 
should focus on this question going forward.  

  A very recent report described a crucial role for TRPML1 in TFEB-
mediated lysosomal exocytosis. As mentioned earlier, experiments 
involving overexpression of the TFEB transcription factor showed 
that TFEB stimulates TRPML1-mediated vesicular Ca 2+  release to 
effect fusion of lysosomes with the plasma membrane and exocyto-
sis of intra-vesicular contents (Fig.  1a )  (  75  ) . The authors of this 
study then manipulated this process to facilitate treatment of vari-
ous lysosomal storage disorders (LSDs) in vitro and in vivo. They 
found that TFEB-induced lysosomal exocytosis effectively cleared 
the storage material in cultured cells from multiple sulfatase 
de fi ciency (MSD; MIM 272200), mucopolysaccharidosis IIIA 
(MPS-IIIA; San fi lippo A; MIM 252900), Batten (CLN3; MIM 
204200), and Pompe (Glycogen Storage Disease; MIM 232300) 
disease patients without rescuing the storage in TRPML1-de fi cient 
MLIV cultured cells. In addition, gene therapy-mediated trans-
duction of TFEB effectively cleared stored glycose amino-glycans 
and pathological phenotypes (macrophage in fi ltration and apopto-
sis) in a mouse model of MSD  (  75  ) . Hence, this study offers new 
hope for treating many different kinds of devastating lysosomal 
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storage disorders by converting TRPML1, a ubiquitously expressed 
protein  (  12,   91,   106  ) , into a makeshift “garbage truck” that depos-
its accumulating intracellular toxic waste materials into extracellu-
lar space for immune system clearance. 

 However, as promising as this prospective therapy appears 
from preliminary experiments, there is still much to be clari fi ed and 
tested before TRPML1-dependent lysosomal exocytosis is utilized 
for widespread treatment of LSDs. First, the authors utilized a 
gene therapy-based method in order to rescue MSD mice. This 
strategy must be adapted to humans since mouse-effective vectors 
are not necessarily as effective on humans  (  122  ) . Second, gene 
therapy is generally more effective and longer lasting in treating 
systemic diseases such as Pompe disease  (  123  )  but neurological 
disorders of the central nervous system, such as metachromatic 
leukodystrophy (MIM 250100), are best treated with multiple 
injections with only proximal localized and transient effectiveness 
 (  122  ) . Third, while sucrose and trehalose disaccharides have already 
been identi fi ed as pharmacological agents that stimulate TFEB 
(and presumably TRPML1) expression  (  74,   124  ) , they have not 
yet been tested in the context of lysosomal exocytosis and LSD 
pathology rescue. This avenue is certainly worth investigating in 
the future, but the packaging of easily digestible disaccharide sug-
ars for tissue-speci fi c delivery (especially brain and CNS tissues on 
the other end of the BBB) is a concern for prospective drug devel-
opment. Finally, any therapeutic method that relies on enhanced 
TRPML1 stimulation, for extended periods of time, runs the risk 
that new pathologies may surface from channel hyperstimulation. 
More comprehensive experimentation with animal models from 
various classes of LSDs will hopefully provide positive resolutions 
to these crucial issues.  

  Charcot–Marie–Tooth (CMT) diseases are a heterogeneous class 
of genetic peripheral neuropathies that are characterized by 
 progressive distal muscle weakness and atrophy. CMT type 2 is 
considered the axonal form of the disease, featuring higher nerve 
conduction velocities than the demyelinating CMT types 1, 3, and 
4. The demyelinating CMT types that feature autosomal recessive 
inheritance are designated CMT type 4  (  125  ) . Within this subclass 
of genetic neuropathies is CMT4J (MIM 611228), a severe form 
of CMT that results from one null mutation and one hypomorphic 
missense mutation in the  FIG4  gene  (  126,   127  ) . 

 Amyotrophic lateral sclerosis (ALS) is a severe late-onset neu-
rological disorder that is characterized by selective neurodegenera-
tion of motor neurons in the central nervous system and brain that 
ultimately results in paralysis and death  (  128  ) . The genetic deter-
minants of the disorder are many, but one report found that ~1–2% 
of ALS patients of European descent were heterozygous for a del-
eterious  FIG4  allele  (  129  ) . Interestingly, the  FIG4  gene codes for 
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a PI(3,5)P 2  5-phospatase that is critical for regulating PI(3,5)P 2  
levels in vivo  (  126  )  and, as mentioned earlier, PI(3,5)P 2  has recently 
been identi fi ed as a potent TRPML channel activator  (  65  ) . 

 As a PI(3,5)P 2  5-phosphatase, the primary role of the Fig4 
enzyme would appear to be conversion of PI(3,5)P 2  into PI(3)P 
 (  130  ) . Thus, one would predict that loss-of-function mutations in 
Fig4 would lead to enhanced PI(3,5)P 2  levels. However, genetic 
studies in yeast and mice revealed that ablation of Fig4 homologues 
actually led to reduced PI(3,5)P 2  levels  (  126,   131,   132  ) . This com-
plicated phenotype is explained by biochemical and genetic evi-
dence that Fig4 is an essential component of a core protein complex 
that is responsible for regulating both PI(3,5)P 2  synthesis and 
turnover in LEL membranes  (  111  ) .    Indeed, Fig4 has been shown 
to co-associate with an essential scaffold protein, Vac14, and 
PIKfyve/Fab1, the only known kinase with the ability to synthe-
size PI(3,5)P 2  from PI(3)P  (  111  ) . When any member of this com-
plex is downregulated, either by complete removal or by missense 
mutation at a site of protein interaction, the whole complex fails to 
assemble and PI(3,5)P 2  is not synthesized  (  127,   133  ) . Interestingly, 
the PI(3,5)P 2  de fi ciency that results from genetic ablation of 
either PIKfyve, Vac14, or Fig4 leads to a readily identi fi ed enlarged 
vacuolar/endosomal phenotype  (  125  )  that is similar to the gran-
ulated vacuolar inclusions in MLIV cells (although MLIV-like 
lamellar inclusions are not observed in these models). Moreover, 
corneal pathology is also described for heterozygous carriers of 
loss-of-function mutations in PIKfyve. This pathology, termed 
autosomal dominant Francois-Neetens corneal  fl eck dystrophy 
(CFD, MIM 121850), is not nearly as severe as the corneal opacity 
in MLIV patients, but enlarged vesicles of unknown origin are 
observed in the cornea of affected individuals  (  134  ) . 

 Grippingly, current research on TRPML channels is offering 
new avenues for treating these PI(3,5)P 2 -dependent disorders. 
A recent report showed that overexpression of TRPML1 was 
suf fi cient to rescue the vacuolar phenotype in PI(3,5)P 2 -de fi cient 
mouse Vac14 knockout cells. This rescue was shown to be PI(3,5)
P 2  dependent because a TRPML1 mutant that failed to bind 
PI(3,5)P 2  also failed to rescue the Vac14 −/−  cells  (  65  ) . Importantly, 
a subsequent report indicated that these experiments also warrant 
comparison to Fig4 downregulated disorders like CMT4J and 
ALS because even Fig4 protein levels are signi fi cantly reduced in 
Vac14 −/−  mice  (  127  ) . This indicates that TRPML1 overexpression 
rescued the vacuolar phenotype in the absence of functional Fig4 
as well as Vac14. Therefore, in order to compensate for PI(3,5)P 2  
de fi ciency in CMT4J, ALS, and CFD patients, investigators are 
currently searching for ways to activate endogenous TRPML1 in 
target tissues of these disorders. Possible strategies include 
 pharmacological induction of TFEB-mediated TRPML1 expres-
sion activation or small molecule targeted activation of TRPML1 
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currents. However, these prospective therapies will require the 
development of activators that can somehow reach target tissue 
while still maintaining effectiveness; a tall order for newly identi fi ed 
channel activators.   

 

 A story that began with a waddling, hearing-impaired by-product 
of genetic crosses (the  varitint-waddler  mouse) and the unfortu-
nate discovery of a devastating psychomotor disorder (MLIV), has 
 fl ourished into an exciting narrative with multiple twists and turns. 
The story is not over yet, but TRPML research has already gained 
much momentum. The cell biology of TRPML channels has taught 
invaluable lessons regarding membrane traf fi cking defects in neu-
ropathology. Indeed, these lessons are crucial because one of the 
greatest challenges in modern medicine is identi fi cation of the 
 proverbial “problem.” Once the problem is known, a physician is 
better able to treat his patient. Similarly, now that the issues with 
TRPML channel dysfunction along endocytic/exocytic pathways 
are coming to light, the opportunities for generating appropriate 
treatments for TRPML-associated disorders are proceeding apace. 
This search for therapeutic solutions is now well underway.      
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    Chapter 10   

 The TRPP Signaling Module: TRPP2/Polycystin-1 
and TRPP2/PKD1L1       

     Alexis   Hofherr            

  Abstract 

 TRPP ion channels assemble with polycystin-1 family proteins into receptor-channel complexes. 
TRPP2–Polycystin-1 is required to coordinate renal three-dimensional tissue organization, whereas 
TRPP2–PKD1L1 is essential for establishment of left–right asymmetry during early embryonic develop-
ment. The availability of orthologous and heterologous animal models made it feasible not only to 
characterize the function of single genes, but also to combine gene de fi ciencies and/or gene overexpres-
sion to establish molecular interdependencies. Canonical and noncanonical Wnt signaling have been 
associated with polycystic kidney disease. Furthermore, PRKCSH and SEC63 have been implicated in 
TRPP/polycystin protein maturation. Putative targets for therapeutic agents have set the stage for clini-
cal intervention studies. The purpose of this review is to critically summarize recent in vivo evidence and 
to highlight inconsistencies that should be resolved if an accurate understanding of TRPP channels and 
polycystins is to be achieved. It is hoped that a deeper understanding of associated phenotypes will help 
to design rational therapies for autosomal dominant polycystic kidney disease.  

  Key words:   TRPP2 ,  PKD1 ,  PKD1L1 ,  TRPP heteromerization ,  Autosomal dominant polycystic 
 kidney disease ,  Situs inversus    

 

 Transient receptor potential (TRP) channels serve as intrinsic sen-
sors of the cellular environment  (  1,   2  ) . A characteristic of these 
channels is their responsiveness to multiple distinct physical and 
chemical stimuli  (  3  ) . Therefore, the physiological activity of any 
given TRP channel will be governed by the speci fi cs of its cellular 
context, e.g., ligand concentrations, phosphorylation status, lipid 
environment, and interacting proteins  (  3  ) . The TRP-Polycystin 
(TRPP) subfamily and their polycystin-1 interaction partners have 
become of particular interest because of their relevance to renal 

  1.  Introduction
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ailment and early embryonic development. Much effort has been 
spent to elucidate the joint physiological role of these evolutionary 
conserved proteins. Excellent experimental and observational stud-
ies have broadened our understanding of the involved proteins and 
their relation to cellular signaling pathways.  

 

 In 2009, more than 26,800 United States citizens were suffering from 
kidney failure due to PKD  (  4  ) . Two etiologically distinct  subgroups of 
PKD have been established: autosomal dominant polycystic kidney dis-
ease (ADPKD) and rare autosomal recessive PKD  (  5  ) . The hallmark of 
ADPKD is the age-dependent massive enlargement of the kidney char-
acterized by dilated or cystic renal tubular segments. The defective 
three-dimensional tissue organization in ADPKD begins in utero and 
is slowly progressive; signs of the disorder may not be detected until 
late adulthood. Approximately 50% of affected individuals ultimately 
develop end-stage renal disease (ESRD) by the sixth decade of life  (  6–
  9  ) . With only dialysis and kidney transplant as treatment options avail-
able, ESRD remains a severe illness with poor life expectancy. The 
5-year probability of survival among 2004 incident PKD ESRD patients 
was 38.8%  (  4  ) . Clearly, speci fi c and ef fi cacious treatment options are in 
urgent need for ESRD and ADPKD in particular.  

 

 A wide spectrum of mostly nonlife-threatening abnormalities accom-
panies ADPKD. Pain is a recurrent symptom in adult patients, often 
caused by cyst hemorrhage, cyst infection, or kidney stones  (  10,   11  ) . 
Gross and microscopic hematuria are frequently present  (  12  ) . A 
major contributor to renal disease progression in addition to cardio-
vascular morbidity and mortality is arterial hypertension  (  13  ) . Hepatic 
cysts are the primary extra-renal lesion  (  14  ) . Cysts might develop, 
furthermore, in the arachnoid membrane, pancreas, and seminal tract 
 (  15,   16  ) . Cardiac and vascular manifestations include an increased 
frequency of valvular heart disease, coronary artery, and intracranial 
aneurysms, together with chronic subdural hematoma  (  16–  21  ) .  

 

 ADPKD is regardless of ethnicity the most common potentially 
lethal single-gene disorder in humans affecting one in 400–1,000 
live births  (  22  ) . As its name implies, ADPKD is an autosomal 
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dominant trait. Patients carry one copy of the mutated gene and 
there is on average a 50% chance to inherit the disorder, which is 
completely penetrant. Most individuals with ADPKD have a posi-
tive family history of PKD; the incidence of cases due to spontane-
ous mutation is approximately 5–10%  (  23,   24  ) . 

 Genetic studies have indicated that almost all cases of ADPKD 
can be attributed to mutations in either one of two genes, polycystic 
kidney disease 1 (PKD1) and polycystic kidney disease 2 (PKD2), 
respectively (#173900 and #613095 in Online Mendelian Inheritance 
of Man,   http://www.ncbi.nlm.nih.gov/omim/    )  (  25–  28  ) . Mutations 
of PKD1 on chromosome 16p13.3 are more prevalent (accounting 
for ~70% of cases) than mutations of PKD2 on chromosome 4q21 
(accounting for ~30% of cases)  (  29–  32  ) . An existence of a third gene 
causing rare forms of ADPKD has been hypothesized  (  33–  36  ) . 
However, progressive assignment of families to PKD1 and PKD2 
has left few with no linkage to either of the known gene loci. Errors 
in genotyping, DNA sample mix-up, nonpaternity, and misdiagnosis 
(including phenocopies and nonpenetrance) have been reported to 
lead to false exclusion of linkage  (  37  ) . Thus, the existence of a third 
gene causing ADPKD is rather unlikely. 

 The clinical course of ADPKD may vary from person to person, 
from neonatal death to adequate renal function into old age. 
Recently, mutations in PKD1 and PKD2 have also been associated 
with perinatal death, which might be clinically indistinguishable 
from autosomal recessive PKD  (  31,   38–  40  ) . Although the clinical 
manifestations overlap completely between PKD1 and PKD2, 
there is a strong locus effect on renal pathology. On a population 
scale, PKD1 mutations cause earlier PKD with ESRD occurring at 
54.3 years versus 74 years in PKD2  (  7,   41  ) . Gender correlates with 
phenotypic penetrance. Men with PKD2 affection experience a 
faster worsening symptomatology than women, with ESRD at 
68.1 years and 76 years, respectively  (  7,   42  ) . Whether this link 
holds true in PKD1 remains to be validated  (  43–  45  ) . 

 Genotypes homozygous and compound heterozygous for PKD1 
or PKD2 have been reported to be lethal, resulting in embryonic 
death with PKD, cardiac failure, and gross edema  (  46–  51  ) . 
Individuals heterozygous for both PKD1 and PKD2 mutations sur-
vive to adulthood but show a harsh progression of disease  (  52,   53  ) . 

 The speci fi c nature of PKD1 and PKD2 sequence alterations is 
rather heterogeneous. Hundreds of unique mutations have been 
associated with ADPKD and very limited information is available 
on genotype–phenotype correlation (The ADPKD Mutation 
Database,   http://pkdb.mayo.edu    ). A weak allelic effect on renal 
pathology may exist for PKD1, with mutations in the 5 ¢  region of 
the gene presenting with a signi fi cantly more severe course of dis-
ease  (  44  ) . No such effect has been described for PKD2  (  42  ) . 

 A signi fi cant inter- and intra-familiar phenotypic variability points 
to an involvement of genetic and environmental modi fi ers to the 
ADPKD phenotype  (  54  ) . Subtle genetic determinants including the 
level of PKD1 protein expression and the penetrance of pathogenic 
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alleles might modify the disorder’s slow progression over the course 
of decades  (  44,   55  ) . In the short-term, environmental factors play an 
important part in renal pathology, e.g., ADPKD cyst enlargement is 
signi fi cantly accelerated by acute kidney injury events  (  56–  58  ) .  

 

 PKD1 and PKD2 encode for Polycystin-1 and TRPP2, respectively 
 (  25–  28  ) . Together the two proteins are thought to form the core of 
a signaling cascade that uses Ca 2+  as a second messenger  (  59–  64  ) . 

 Polycystin-1 is a 4,302 amino acids long integral membrane pro-
tein with 11 transmembrane segments (S1–S11)  (  65,   66  ) . It resem-
bles structurally a receptor or adhesion molecule. However, the ligand 
or activating stimulus of Polycystin-1 is unknown. Four additional 
PKD1-like genes were identi fi ed through homology cloning that are 
now members of the Polycystin-1 family: (1) polycystic kidney dis-
ease 1 like 1 (PKD1L1), (2) polycystic kidney disease 1 like 2 
(PKD1L2), (3) polycystic kidney disease 1 like 3 (PKD1L3), and (4) 
polycystic kidney disease receptor for egg jelly (PKDREJ, also referred 
to as polycystin receptor for egg jelly (PC-REJ))  (  67–  71  ) . 

 TRPP2 is the archetypal TRPP ion channel  (  1  ) . The 968 amino 
acids long protein features the familiar TRP composition with six 
transmembrane segments (S1–S6) and a pore loop (between S5 
and S6)  (  25  ) . It functions as a Ca 2+ - permeable nonselective cation 
channel  (  62,   72,   73  ) . Two closely related proteins were identi fi ed 
through homology cloning: TRPP3 (formerly named Polycystin L, 
encoded by polycystic kidney disease 2 like 1 (PKD2L1)) and 
TRPP5 (encoded by polycystic kidney disease 2 like 2 (PKD2L2)) 
 (  71,   74–  77  ) . Together with TRPP2 they now constitute the TRPP 
family of ion channels  (  2  ) . 

 Polycystin-1 and TRPP2 have been extensively investigated at 
all levels of complexity, from the single molecule to the whole 
organism. The other members of the TRPP and polycystin-1 fami-
lies are less well understood, but  fi rst discoveries have been made. 
Heteromerization of polycystin receptors and TRPP ion channels 
has added another layer of complexity to these sensory modules 
and might have an important contribution to the diversity of their 
physiological function  (  71  ) . This review will draw attention to 
recent studies from various model systems.  

 

 A human kidney is composed of approximately 1,000,000 nephrons 
 (  78  ) . Nevertheless, an ADPKD patient will develop only about a 
thousand cysts which will eventually destroy the kidney in a process 
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associated with a decline in glomerular  fi ltration and ESRD  (  23  ) . 
The quantity of overall cysts in relation to nephrons emphasizes 
that only a very small number of renal tubules undergo cystic 
transformation. The focal nature of ADPKD is consistent with a 
“two-hit” model. According to this model, each cyst arises as 
a consequence of a distinct somatic mutation event (“second hit”) 
on the background of an inherited germ line mutation (“ fi rst hit”) 
 (  79,   80  ) . The acquired homozygous cellular inactivation of PKD1 
or PKD2 is a necessary pathogenic step leading to clonal expansion 
of cysts  (  81–  83  ) . It has been demonstrated that the “second hit” 
instant of time is of particular importance to cyst growth  (  84  ) . 
Inactivation of  Pkd1  in mice before postnatal day 13 provokes 
severely cystic kidneys within 3 weeks, whereas inactivation at day 
14 or later results in cysts only after 5 months  (  84  ) . Thus, it is most 
likely that the kidney’s developmental status de fi nes the pathologic 
consequences of  Pkd1  deletion.  

 

 Kidney cysts in ADPKD originate from focal dilatations along all 
nephron segments, including occasional glomeruli  (  85  ) . Over 
the space of decades adjacent renal parenchyma is displaced and 
destroyed  (  85  ) . Extracellular matrix remodeling, interstitial 
in fl ammation, and  fi brosis are concomitant pathogenetic factors 
 (  85–  87  ) . Furthermore, in cyst-neighboring tubular and glom-
erular cells an increased rate of apoptosis has been observed 
 (  88–  90  ) . 

 Nascent cysts still preserve continuity with the parental nephron 
and glomerular  fi ltrate may enter  (  85,   91  ) . Later on, in most cysts 
beyond two millimeters in diameter, no evidence for continuity 
with contiguous tubule segments can be demonstrated, leaving an 
isolated sac of  fl uid  (  91  ) . Cysts are lined by a single layer of epithe-
lium that is characterized by an increased cellular proliferation and 
decreased differentiation  (  71 ,  91–  93  ) . Nevertheless, ADPKD is 
not associated with an increased malignant potential  (  94  ) . Cysts 
are, in fact,  fl uid  fi lled benign renal tubular neoplasms. The pheno-
type of cyst lining cells has converted from absorptive to secretory; 
this promotes the accumulation of  fl uid within the cyst and drives 
cyst growth  (  95  ) . Most likely, active net transepithelial chloride 
secretion is the motive force for the subsequent movement of 
sodium and water into the cysts  (  95–  97  ) . However, although 
progress has been made in understanding the pathophysiology 
of cysts, the initial event de fi ning cyst formation, i.e., giving rise 
to the change from tubular to spherical morphology, is still 
unknown.  

  7.  Cyst Lining 
Cells Have 
Converted from 
Absorptive 
to Secretory
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 Cyst burden is an intuitive therapeutic target in ADPKD. It is 
assumed that effective therapies should slow or arrest cyst expansion 
and hence preserve renal function. A slowed decline in glomerular 
 fi ltration rate could delay ESRD for decades and, although not 
cure PKD, alleviate suffering considerably. 

 Experimental evidence concerning the serine-threonine kinase 
mammalian target of rapamycin (mTOR) offered the rationale for 
clinical trials of mTOR inhibitors in ADPKD. On the one hand, 
aberrant mTOR activation is linked to tubular cell proliferation in 
animal models and humans with ADPKD  (  98  ) . On the other hand, 
pharmacological inhibition of mTOR signaling by Sirolimus and 
Everolimus was effective in suppressing cyst growth and preserving 
renal function in rodent models of PKD  (  98,   99  ) . However, the 
negative  fi ndings from two clinical trials contrasted the positive 
preclinical results  (  100,   101  ) . Sirolimus for 18 months did not 
slow kidney growth and there was no difference in glomerular 
 fi ltration rate  (  100  ) . Everolimus appeared to transiently slow kid-
ney enlargement during the 2-year trial, but glomerular  fi ltration 
rate declined more rapidly in the Everolimus group than in the 
placebo group  (  101  ) . 

 Two questions have to be considered for these discordant 
results. First, was the failure to detect any health bene fi t due to the 
challenges inherent in executing de fi nitive clinical trials involving 
patients with ADPKD? The gradual course of disease over decades 
and the stage of chronic kidney disease may have been confounding 
factors in these short-term intervention studies. Second, do the 
preclinical models provide a close enough approximation of the 
human clinical condition to predict human outcomes? Improved 
surrogate indexes and the evaluation of hard endpoints in animal 
models will be essential to legitimate future clinical trials. 

 The observation that renal volume did not correlate with func-
tional kidney impairment in the Everolimus trial raises the concern 
that a reduction in cyst growth might not necessarily have a 
bene fi cial effect on glomerular  fi ltration rate  (  101  ) . Certainly, a 
longer follow-up period would have been required to determine 
additional clinical endpoints. In summary, the use of mTOR inhib-
itors in patients with ADPKD may be more complicated than 
anticipated   (  102  ) . 

 Hopes for an ADPKD intervention are now pinned on the 
TEMPO study (Tolvaptan Ef fi cacy and Safety in Management of 
Autosomal Dominant Polycystic Kidney Disease and Its Outcomes) 
 (  103,   104  ) .  

  8.  Cyst Growth and 
Renal Function: 
Linked or Unlinked 
Outcomes?
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 In addition to ADPKD, several rare cystic disorders have been 
described, including autosomal recessive PKD, nephronophthisis, 
and Bardet–Biedl syndrome  (  105–  107  ) . A multitude of ortholo-
gous and heterologous model systems have been established to 
study PKD  (  108  ) . It was hoped that the exploration of links 
between renal epithelial cell proliferation, differentiation, and tran-
sepithelial transport may highlight a common pathway to cysto-
genesis. However, even extra-renal manifestations set aside, the 
rather different nature of these disorders and heterologous models 
has to be kept in mind. For example, autosomal recessive PKD is 
characterized by nonobstructive fusiform dilatation mainly of the 
renal collecting ducts leading to enlarged spongiform kidneys 
 (  107  ) . In nephronophthisis, by contrast, kidneys present with normal 
size but exhibit a triad of rather small corticomedullary cysts, tubu-
lar basement membrane disruption, and tubulointerstitial neph-
ropathy  (  106  ) . Bardet–Biedl syndrome,  fi nally, displays mainly 
dysplastic abnormalities that include communicating calyceal cysts, 
calyceal clubbing, and blunting together with tubulo-interstitial 
nephropathy  (  105  ) . Despite these differences, the analysis of 
non-ADPKD cyst genes has yielded likely mechanisms to underlie 
at least part of the ADPKD pathogenesis. Moreover, several indi-
rect lines of evidence indicate that cystic disorders may be more 
related than previously suspected.  

 

 A convergence of  fi ndings from algae, nematodes, fruit  fl ies, and 
mice advocate that defects in function or structure of primary cilia 
are a possible common mechanism in the development of PKD 
 (  106,   109–  111  ) . In the face of a growing bias toward  translational 
research , it is an exciting paradigm that unbiased studies of basic 
biological concepts can lead to profound insights into a number of 
human disease syndromes. The cilia hypothesis is based on two 
observations. First, genetic ablation of primary cilia in model 
organisms causes cyst formation; second, many proteins implicated 
in cystic disorders localize to the primary cilium  (    112–  115  ) . 

 Cilia are highly conserved throughout evolution. Structural 
analysis established that the cilium is composed of a microtubule-
based core structure called the axoneme, which is surrounded by a 
ciliary membrane  (  116  ) . Cilia are conventionally classi fi ed as pri-
mary (9 + 0) or motile (9 + 2), depending on whether the axoneme 
includes, beside nine peripherally located microtubule doublets, an 
additional central pair of microtubules  (  116,   117  ) . Flagella are 
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found on spermatozoa and single-celled eukaryotes and primarily 
function in cell locomotion  (  118  ) . The structure of a  fl agellum is 
identical to a motile cilium; therefore, the two names are often 
used interchangeably  (  118  ) . In vertebrates, virtually all cell types 
can produce primary cilia (9 + 0), also termed sensory cilia, which 
are usually immotile but can detect physical and chemical extracel-
lular stimuli  (  119–  124  ) . 

 Key experimental evidence to connect primary cilia and human 
pathology arose from the  oak ridge polycystic kidney (orpk)  mouse 
 (  109  ) . The  orpk  phenotype is caused by a hypomorphic allele of 
the Tg737 gene and is characterized by cystic kidneys, liver lesions, 
and defects in left–right asymmetry  (  112,   125  ) . The discovery that 
Tg737 is the mouse homologue of IFT88, a protein required for 
the assembly of  fl agella in the green algae,  Chlamydomonas rein-
hardtii , was instrumental in linking a ciliary defect to PKD  (  113  ) . 

 The primary cilium, a once termed vestigial organelle, now 
claims central stage. Several studies highlight the localization of 
Polycystin-1 and TRPP2 in primary cilia  (  126,   127  ) . However, 
while there is a clear connection between PKD and dysfunction of 
ciliary proteins, the precise nature of this relationship is not under-
stood. In contrast to the  orpk  mouse that has stunted cilia, PKD 
patients form primary cilia that are normal in appearance  (  114, 
  115  ) . None of the human PKD genes appears to be required for 
the assembly of primary cilia. Instead, the human disease gene 
products seem to be essential for ciliary signaling  (  70,   110  ) . 

 To date, multiple cellular mechanisms have been described to act 
in concert with primary cilia including Ca 2+ , Hedgehog, JAK-STAT, 
mTOR, Notch, and Wnt signaling  (  115,   124  ) . Primary cilia are more 
and more perceived as nexus for multiple signaling pathways. 
Apparently, the dynamic interplay of a large number of components 
determines the output of many biological processes occurring in par-
allel. Polycystin-1 and TRPP2 have been linked to almost all ciliary 
signaling cascades  (  70,   109,   115,   129,   130  ) . However, not all pro-
teins implicated in cystic disorders localize to the primary cilium, 
most notably the two endoplasmic reticulum (ER) proteins PRKCSH 
and SEC63  (  131–  133  ) . The task to decipher the complexity in cel-
lular signal processing is an enormous one.  

 

 Abnormalities in cell proliferation and oriented cell division have been 
proposed as fundamental to the pathogenesis of PKD  (  134–  136  ) . 
According to that model, dividing cells align along the longitudinal 
axis of the growing nephron, whereas homozygous loss of PKD1 or 
PKD2 causes the axis of cell division to be randomized  (  137  ) . Hence, 
affected cells may divide along an axis not parallel to the tubule lumen, 
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causing tubule expansion rather than elongation  (  137  ) . This concept 
seems plausible but inconsistencies remain. 

 Canonical and noncanonical Wnt signaling regulate prolifera-
tion and oriented cell division, respectively  (  138,   139  ) . Wnt ligands 
are a family of secreted lipid-modi fi ed glycoproteins that act in 
paracrine signal transduction  (  140  ) . The term Wnt is a hybrid of 
the two founding gene names, mouse  Integration 1  and fruit  fl y 
 Wingless   (  141–  143  ) . Wnt signaling is highly conserved across evo-
lution and indispensable to metazoan development, regeneration, 
and human malignancies  (  138,   139,   144  ) . In kidney development, 
Wnts are essential for both induction of the metanephric mesen-
chyme and ureteric bud branching  (  145  ) . 

 The canonical Wnt pathway converges on transcriptional regula-
tion of its target genes by  β -catenin  (  139  ) . Without stimulation, cyto-
plasmic  β -catenin is targeted for ubiquitin-mediated degradation by a 
multiprotein complex that includes Apc, Axin, and GSK3 β   (    139  ) . 

 The constitutive activation of  β -catenin, by transgenic overex-
pression or targeted inhibition of  β -catenin degradation by  Apc  
knockout, causes PKD in mice  (  146,   147  ) . An increased expres-
sion of Ki-67, a nuclear protein present only in cycling cells, was 
reported in these animals, which is consistent with dysregulated 
growth  (  146,   147  ) . Furthermore, primary cilia have been described 
to restrain canonical Wnt signaling  (  148–  153  ) . In the absence of 
KIF3A, a core component of the Kinesin-2 motor protein com-
plex, cells cannot generate cilia and display an up-regulated canon-
ical Wnt pathway  (  148,   149  ) . In mice, constitutive inactivation of 
 Kif3a  is characterized by defects in visceral organ arrangement 
and embryonic lethality  (  148  ) . The kidney-speci fi c deletion of 
 Kif3a  results in ESRD due to PKD by postnatal day 21 together 
with an increased canonical Wnt reporter activity  (  148,   149  ) . 
These studies suggest that activation of canonical Wnt signaling 
may increase epithelial cell proliferation and thereby contribute to 
PKD. However, this model, though appealing, might require 
some modi fi cation. On the one hand, it is important to note that 
recent studies have challenged the role for cilia in canonical Wnt 
signaling. These studies provide evidence that the phenotypes of 
mouse and zebra fi sh mutants that lack cilia do not overlap with 
the phenotypes of Wnt pathway mutants  (  150 ,  151  ) . Neither in 
mice nor in zebra fi sh did loss of primary cilia via mutation of the 
intra fl agellar transport protein IFT88 cause alterations in the 
expression of Wnt target genes including  Apc  and  Axin   (  150 , 
 151  ) . Similar results were established in mice for IFT172, 
DYNC2H1 and, surprisingly, KIF3A (  151 ). In addition,  Ift88−/−, 
Ift172−/− and Dync2h1−/−  mouse embryonic  fi broblasts respond to 
Wnt3a independent of cilia ( 151 ). On the other hand, mitotic 
rates in  Pkd1−/−  kidneys do not seem to be signi fi cantly elevated, 
arguing against sustained canonical Wnt activity as the primary 
defect in these mice  (  84  ) . Future studies will have to clarify the 
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link between canonical Wnt signaling, cilia and ADPKD. It will be 
informative to know whether increased proliferation is causal or 
secondary to cyst initiation. Sensitive reporter constructs could be 
used to assay canonical Wnt activity in PKD1 or PKD2 knockout 
mice ( 152 ). 

 The  β -catenin-independent noncanonical branch of Wnt sig-
naling proceeds through a multitude of factors including Frizzled 
3/6, Dishevelled 1/2, and Strabismus  (  144  ) . Noncanonical Wnt 
signaling is fundamental to planar cell polarity, i.e., the polarity 
within the plane of an epithelium, and thereby a prerequisite for 
oriented cell division  (  160  ) . In mice, inactivation of the planar cell 
polarity related protein Fat4 results in both loss of oriented cell 
division and PKD  (  161  ) . Moreover, random oriented cell division 
has been established in advance of cyst formation in  Hnf1 β    −/−   and 
 Kif3a   −/−   mice kidney tubules  (  142,   162  ) . Surprisingly, the targeted 
kidney-speci fi c inactivation of  Pkd1  or  Pkd2  does not present evi-
dence of impaired planar cell polarity in advance of cystic forma-
tion  (  157  ) . Oriented cell division is lost only after tubules begin to 
dilate  (  157  ) . This is in line with the observation that  Pkd1  de fi ciency 
is not associated with an obvious planar cell polarity phenotype in 
inner ear hair cells  (  158  ) . Besides, a model of autosomal recessive 
PKD,  Pkhd1   del4/del4  , shows random mitotic spindle orientation in 
elongating tubules but does not develop PKD  (  159  ) . Apparently, 
loss of oriented cell division is neither required for cystogenesis nor 
suf fi cient to produce cysts in ADPKD  (  157  ) . 

 The interconnection of canonical and noncanonical Wnt com-
ponents may provide an explanation for sustained cyst expansion 
other than planar cell polarity. It has been hypothesized that break-
down of noncanonical Wnt signaling may induce an excessive 
canonical Wnt activity  (  135  ) . The divergence of Wnt pathways 
relies on the Dishevelled protein  (  160  ) . In the canonical Wnt sig-
naling cascade Dishevelled shuttles between different cellular com-
partments including cytoplasm, nucleus, and plasma membrane 
 (  161,   162  ) . Whereas in noncanonical Wnt signaling Dishevelled 
stays plasma membrane associated  (  162  ) . The noncanonical Wnt 
pathway protein Inversin was reported to control Dishevelled 
localization  (  135  ) . In humans, homozygous loss of Inversin causes 
an autosomal recessive form of PKD, Nephronophthisis type 2 
 (  163  ) . In vitro experiments suggested that Inversin inhibits the 
canonical Wnt signaling cascade by down-regulating cytoplasmic 
Dishevelled  (  135  ) . Therefore, Inversin was postulated to act as 
switch between canonical and noncanonical Wnt pathways  (  135  ) . 
However, a recent study has challenged that concept. While 
 Inversin   −/−   mice present with random oriented cell division, canon-
ical Wnt reporter constructs do not show an increased activity in 
these animals  (  164  ) . The fact remains that many points in the con-
nection of noncanonical Wnt signaling and PKD are imprecise or 
vague.  Fat4   −/−  ,  Hnf1 β    −/−  , and  Inversin   −/−   mice develop PKD but the 
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underlying mechanisms remain elusive  (  136,   155,   158  ) . To evaluate 
the impact of noncanonical Wnt signaling on ADPKD it will be 
crucial to analyze loss of function models of core noncanonical 
Wnt components. Will these develop PKD, and if so, what does 
induce cyst formation? The presented data provide ample testable 
hypotheses for future discovery.  

 

 Kidney cysts are the eponymous manifestation of ADPKD and 
with good reason most research has focused on the kidney to 
elucidate the pathophysiology of cystic disorders. Nonetheless, 
additional extra-renal cysts are very common and deserve closer 
attention. The recent analysis of hepatic cyst formation has 
provided valuable evidence of a tissue speci fi c susceptibility to 
cyst induction together with an ER-dependent mechanism of 
Polycystin-1 and TRPP2 protein maturation. 

 Radiological imaging studies show that liver cysts are evident 
in 94% of ADPKD patients who are older than 35 years  (  14  ) . These 
cysts are rare in children but subsequently manifest in an age-
dependent manner during late adulthood  (  165–  167  ) . Underlying 
cyst growth is an increased proliferation and dilatation of biliary 
ductules and peribiliary glands  (  168–  170  ) . Polycystic liver disease 
(PLD) is generally asymptomatic even though symptoms may 
occur due to the mass effect of very large cysts or a large number 
of cysts that impinge on surrounding organs or from cyst compli-
cations such as hemorrhage, rupture, or infection  (  166,   167  ) . 
Interestingly, it has become apparent that PLD also exists as a dis-
tinct autosomal dominant disorder without kidney cysts (ADPLD) 
(#174050 in Online Mendelian Inheritance of Man,   http:// www.
ncbi.nlm.nih.gov/omim/    )  (  171,   172  ) . The prevalence of isolated 
ADPLD is estimated to be 1 per 158,000  (  167  ) . Mutations in two 
genes cause ADPLD, protein kinase C substrate 80K-H (PRKCSH), 
and SEC63  (  173–  176  ) . Still, a signi fi cant number of ADPLD 
patients do not carry alterations in either gene, indicating the 
involvement of another locus  (  167,   177  ) . Clinically and histologi-
cally, liver cysts in ADPLD are indistinguishable from those found 
in ADPKD  (  166,   167  ) . Their similarity has inspired studies into 
the relation of ADPKD and ADPLD. 

 The autosomal dominant nature of ADPLD together with its 
focal cyst phenotype suggests that the disorder might occur 
analogous to ADPKD by a “two-hit” mechanism. Indeed, 
micro-dissection from affected patients indicates somatic “second 
hit” mutations in liver cyst epithelia  (  178  ) . Furthermore, the 
“two-hit” hypothesis is supported by the observation that the 
constitutive deletion of either  Prkcsh  or  Sec63  in mice results in 
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early embryonic lethality  (  55  ) .  Prkcsh   −/−   embryos die in utero by 
embryonic day 11.5;  Sec63   −/−   mutants before embryonic day 7.5 
 (  55  ) . Whereas the liver-selective homozygous loss of function in 
 Prkcsh  or  Sec63  recapitulates the human ADPLD phenotype  (  55  ) . 
Remarkably, the targeted inactivation of  Prkcsh  or  Sec63  in mice 
kidneys presents with pronounced cystogenesis. This PKD pheno-
type is even aggravated in the  Prkcsh   −/−  ;  Sec63   −/−   compound situa-
tion  (  55  ) . Experiments in zebra fi sh embryos have yielded similar 
data: the morpholino induced depletion of PRKCSH leads to pro-
nephric cysts, abnormal body curvature, and defects in visceral 
left–right asymmetry  (  132  ) . 

 The availability of orthologous mouse models of ADPKD and 
ADPLD together with tissue-selective  Cre recombinase  mouse lines 
made it feasible not only to characterize the function of single 
genes, but also to combine gene de fi ciencies and/or gene overex-
pression to establish molecular interdependencies. For example, 
the  Ksp-Cre  transgenic line is based on the kidney-speci fi c member 
of the Cadherin family of cell adhesion molecules  (  179  ) .  Ksp-Cre  
prompts expression of  Cre recombinase  in the thick ascending loops 
of Henle, the distal convoluted tubule and collecting ducts, and 
thus allows for a kidney-selective inactivation of alleles  fl anked by 
 LoxP  sites  (  179  ) . 

 A common biogenetic pathway of  Prkcsh ,  Sec62 ,  Pkd1 , and 
 Pkd2  was established by three sets of genetic experiments. First, 
the  Ksp-Cre  controlled deletion of  Prkcsh    fl ox/ fl ox   or Sec63   fl ox/ fl ox   on a 
 Pkd1   +/-   or  Pkd2   +/-   sensitized background shows an increased severity 
of PKD  (  55  ) .    Second, the transgenic overexpression of  Pkd1  
abolishes cysts in both  Prkcsh    fl ox/ fl ox   ; Ksp-Cre  and  Sec63    fl ox/ fl ox  ; 
 Ksp-Cre  mice  (  55  ) . Moreover,  Pkd1  overexpression also abrogates 
ADPLD caused by liver-selective elimination of  Prkcsh  or  Sec63  
 (  55  ) . Only after 6 months in  Prkcsh    fl ox/ fl ox   ; Ksp-Cre  and 45 days in 
 Sec63    fl ox/ fl ox  ;  Ksp-Cre  did  fi rst renal cysts develop, suggesting a rather 
delayed expansion in tubule diameter  (  55  ) . Finally, the  Pkd1 -
dependent rescue of PKD requires functional TRPP2, because 
augmented  Pkd1  expression can ameliorate  Prkcsh    fl ox/ fl ox   , Ksp-Cre, 
Pkd2   +/−   but not  Pkd2   −/−   genotypes  (  55  ) . Taken together, it can be 
concluded that homozygous loss of  Prkcsh  or  Sec63  mediates cystic 
disease by effectively reducing the activity of functional Polycystin-
1–TRPP2 complexes  (  55 ,  62,   180  ) . 

 Biochemical analyses place PRKCSH and SEC63 in the secre-
tory pathway. The two proteins most likely act in cellular protein 
maturation. SEC63 is an evolutionary highly conserved, ubiquitously 
expressed integral ER membrane protein of 760 amino acids; in 
humans it is encoded on chromosome 6q21–6q23  (  133,   176,   181, 
  182  ) . The protein features a coiled-coil domain and an ER luminal 
DnaJ domain  (  1330,   183  ) . It constitutes together with SEC61 
and SEC62 the core translocon complex, which comprises the ER 
membrane translocation machinery  (  182,   184  ) . In eukaryotes, the 
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translocon mediates co-translational passage of nascent peptides 
into the ER  (  185  ) . Studies in  Saccharomyces cerevisiae  have shown 
that the ER luminal DnaJ domain of Sec63p recruits the Hsp70 
homolog BiP (binding immunoglobulin protein) to translocation 
sites and thereby facilitates the ATP-dependent movement of poly-
peptides into the ER lumen  (  186,   187  ) . In addition, the translo-
con has also been observed in the converse  modus operandi : 
promoting the ER dislocation of substrates to the cytoplasm dur-
ing ubiquitin-mediated ER-associated protein degradation  (  188  ) . 
Once in the ER, the process of posttranslational protein matura-
tion includes signal peptide cleavage, chaperone binding, protein 
folding, disul fi de bond formation, transmembrane domain inte-
gration, and glycosylation  (  189  ) . PRKCSH is involved in N-linked 
glycosylation of ER proteins  (  190  ) . The human PRKCSH gene on 
chromosome 19p13.2 encodes for a 528 amino acids long protein 
(PRKCSH also known as 80K-H). In mouse tissue,  Prkcsh  mRNA 
is ubiquitously expressed  (  191  ) . PRKCSH is a multifunctional sol-
uble protein, which contains two Ca 2+ -binding EF hands and a 
carboxy-terminal mannose 6-phosphate receptor homologous 
domain in its tertiary structure together with a putative ER targeting 
sequence,  HDEL,  at its carboxy terminus  (  181,   191,   192  ) . It has 
been initially puri fi ed from rat liver as part of glucosidase II (GII), 
an ER luminal enzyme with a key role in the glycoprotein-speci fi c 
folding and quality control machinery  (  190  ) . Newly synthesized 
glycoproteins interact in a glycosylation-dependent manner with 
calnexin and calreticulin  (  193  ) . These two ER-resident lectin 
chaperones enhance folding ef fi ciency and prevent premature 
protein exit from the ER. GII-mediated glycan cleavage abolishes 
the glycoprotein-lectin–chaperone interaction, thus allowing 
mature glycoproteins to pursue their transit through the secretory 
pathway  (  194  ) . Aberrant proteins, in contrast, are selected for 
ER-associated degradation. GII is a heterodimer composed of a 
catalytic  α -subunit (GII α ) and a noncatalytic  β -subunit (GII β ) 
 (  190,   195  ) . GII α  bears the glycosyl hydrolase active site, whereas 
the ADPLD-associated GII β  (PRKCSH) has been reported to be 
involved in the ER retention, folding, and modulation of GII α  
 (  190,   192,   196–  198  ) . 

 The combination of genetic and biochemical data makes it 
likely that ADPLD proteins are required for ADPKD protein matu-
ration. Defects in PRKCSH or SEC63 might reduce levels of 
Polycystin-1 and TRPP2 by impairment of protein processing along 
the cellular secretory pathway. The following reduction of ciliary 
Polycystin-1–TRPP2 complexes might in turn trigger cyst initia-
tion. Data from cell culture experiments further strengthen this 
model. On the one hand, physical interaction of TRPP2 and 
PRKCSH has been demonstrated; on the other hand, Endo-H 
resistant post-Golgi-complex Polycystin-1 is reduced in  Prkcsh   −/−   
cells  (  55,   132  ) . But why do ADPLD patients develop only hepatic 
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and no renal cysts? Possibly due to a different threshold for cyst 
growth in liver and kidney. However, parts of the putative protein 
interaction network remain penumbral. Primarily, PRKCSH and 
SEC63 are required for essential steps in protein biogenesis and a 
global phenotype would be expected upon deletion, still, all but 
effective Polycystin-1 protein quantity seem to be normal  (  55  ) . For 
instance, TRPP2 expression is not changed in  Prkcsh   −/−   or  Sec63  −/−  
cells  (  55  ) . Furthermore, both ADPLD proteins have been impli-
cated in additional cellular processes: SEC63 in ER-associated 
protein degradation and PRKCSH in modulation of protein activ-
ity, prominently of GII α  but also of Inositol 1,4,5-trisphosphate 
receptors and others  (  188,   190,   192,   196–  199  ) . While suf fi cient 
experimental evidence concerning these functions is missing, specu-
lation prevails whether these impact cystogenesis. Finally, it will be 
necessary to identify the missing ADPLD causing genes and de fi ne 
their relation to Polycystin-1 and TRPP2. What cellular circuits will 
these implicate? Unambiguously, extra-renal manifestations of 
ADPKD can shed light on hitherto unknown disease mechanisms 
and complete our limited understanding of cystic disorders.  

 

 A mirror re fl ects the self-evident: we have two eyes, two arms, and 
two legs, one on the right and one on the left. The apparently 
bilaterally symmetrical body plan of vertebrates conceals profound 
asymmetries on the inside  (  200  ) . There is only a single heart, liver, 
spleen, and stomach. In response to an intricate cascade of signal-
ing molecules in early embryonic development, these unpaired 
organs are arranged in a highly ordered pattern along the left–right 
axis  (  201  ) . The heart points to the left, the liver is located on the 
right, and the stomach and spleen are on the left. Thus, the usual 
asymmetric position of internal organs,  situs solitus viscerum,  is 
established  (  202  ) . 

 Approximately 1 in 10,000 people is born with a complete 
mirror-image reversal of the intricate asymmetry of visceral 
organs—a condition known as  situs inversus viscerum   (  203,   204  ) . 
Remarkably, this condition is not often of pathological signi fi cance 
and may be detected only incidentally by radio- or ultrasonography. 
By contrast, randomness of heart-, lung-, or gut sidedness—a 
condition known as  situs ambiguus viscerum  or  heterotaxy  ( hetero  
meaning “other” and  taxy  meaning “arrangement”)—is almost 
always associated with visceral ailment  (  202  ) . 

 In mice the breaking of left–right symmetry involves the uni-
directional  fl ow of extra-embryonic  fl uid in the embryonic node 
at ~8 days postcoitum  (  201,   205–  207  ) . The primitive node is the 
organizer for gastrulation in vertebrates  (  2082  ) . It is a transient 
embryonic structure that is located at the midline, immediately 
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anterior to the primitive streak. So far, the mechanism by which 
nodal  fl ow is detected and evokes subsequent asymmetric gene cas-
cades remains unknown  (  209,   210  ) . 

 PKD2 is known to be essential for left–right asymmetry 
formation in vertebrates. The constitutive loss of PKD2 genes 
presents in mice, medaka, and zebra fi sh with heterotaxy  (  50,   211–  214  ) . 
In humans, the association of heterotaxy with PKD2 and ADPKD  
is masked by a heterozygous PKD2 gene locus but has been sug-
gested for three patients  (  215  ) . 

 TRPP2 proteins have been localized in mouse and teleosts to 
nodal cilia. Their absence does not give the impression of impaired 
embryonic node morphology and node cilia function, but alteration 
of subsequent signaling cascades  (  211–  214,   216  ) . Homozygous 
 Pkd2  mutant mice do not manifest left-sided Ca 2+  signals and fail 
to activate detectable levels of  Nodal  expression in the lateral plate 
mesoderm  (  50  ) . In medaka and zebra fi sh, nodal expression is not 
lost upon PKD2 gene inactivation, yet seems to be randomized 
 (  211,   212,   214  ) . In spite of this difference, the collective data 
argue that PKD2 acts downstream of embryonic nodal  fl ow but 
upstream of asymmetric gene expression. The obvious candidate 
protein to directly modulate TRPP2 ion channel activity would be 
Polycystin-1, but, peculiarly,  Pkd1  knock-out mice exhibit normal 
left–right determination  (  217  ) . Polycystin-1 is not found in mouse 
node cilia  (  217  ) . Apparently, TRPP2 acts in the establishment of 
left–right asymmetry in the absence of Polycystin-1. Lately, a 
Polycystin-1-like protein has emerged to operate in concert with 
TRPP2 in the embryonic node. Inactivation of  Pkd1l1  phenocopies 
 Pkd2  heterotaxy in both mouse and medaka     (  213,   214  ) . 

 The 57 exon PKD1L1 gene is located on human chromosome 
7p12–p13  (  67  ) . Its 2,849 amino acids long PKD1L1 protein prod-
uct shares a 38% degree of sequence homology with both Polycystin-1 
and TRPP2, even though structural properties and phylogenetic 
analysis place PKD1L1 within the Polycystin-1 family  (  2,   67  ) . 
PKD1L1 and Polycystin-1 share the signature tripartite combina-
tion of (1) G protein-coupled receptor proteolytic site (GPS), (2) 
receptor for egg jelly (REJ) domain, and (3) lipoxygenase homol-
ogy/polycystin, lipoxygenase, atoxin (LH2 / PLAT) domain  (  68, 
  218–  220  ) . All the same, PKD1L1 contains only two PKD domains 
in its amino terminus versus 16 in Polycystin-1 and its REJ domain 
is smaller (111 in contrast to 525 amino acid residues)  (  67  ) . 

 Expression analysis of PKD1L1 places it prominently in the 
embryonic node, the testis’s Leydig cells, the heart, and in the mam-
mary gland  (  67,   213,   214,   221  ) . Several splice variants have been 
described but their functional consequences remain elusive  (  67  ) . 

 Genetic screens have generated two independent  Pkd1l1  mouse 
mutants that both present with  situs ambiguus viscerum, Pkd1l1   10–12   
and  Pkd1l1   rks   ,  respectively  (  213,   222  ) . Homozygous disruption of 
 Pkd1l1  exons 10–12 in mouse ( Pkd1l1   10–12/10–12  ) manifests in a 
signi fi cantly reduced viability (only 35% of the expected number of 
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homozygotes were identi fi ed) and approximately one-third of sur-
viving mice exhibit laterality defects  (  222  ) . The  rks  mouse pheno-
type is linked to the genetic region between 8.69 and 8.89 Mb on 
chromosome 11 and is most likely due to a single amino acid 
replacement of a charged aspartic acid at Pkd1l1 position 411 by 
an uncharged nonpolar glycine residue in the second Pkd1l1 PKD 
domain  (  213  ) .  Pkd1l1   rks/rks   embryos fail to survive beyond 15.5 days 
postcoitum. They exhibit incidence of heterotaxy, e.g., right pulmo-
nary isomerism, with four lung lobes evident on each side (100%), 
together with randomization of stomach (25%) and gross cardiac 
situs (25%)  (  213  ) . Embryonic node morphology, cilia morphology, 
and cilia motility do not seem to be altered in  Pkd1l1   rks/rks   mutants 
 (  213  ) . However, the left-sided genes  Nodal ,  Lefty2,  and  Pitx2  are 
not expressed in those animals, indicating a failure to activate the 
symmetry breaking Nodal signaling cascade  (  213  ) . 

  Pkd1l1   10–12   and  Pkd1l1   rks   mutations affect the establishment of 
asymmetry, but the identi fi cation of homozygous viable  Pkd1l1   10–12   
mice represents a clear phenotypic difference from  Pkd1l1   rks  . Future 
studies will have to examine whether this is due to the different 
genetic background of mice analyzed ( Pkd1l1   10–12   on B6;129 and 
 Pkd1l1   rks   on C3H) or because of allelic effects on the phenotype. 

 The requirement for PKD1L1 during left–right patterning is 
conserved in vertebrates. 

 In medaka,  pkd1l1  mutants present, similar to  pkd2  de fi cient 
 fi sh, with no overt phenotype other than heterotaxy and random-
ization of normally side-restricted downstream gene expression, 
e.g., of  southpaw ,  lefty,  and  charon   (  214  ) . Remarkably, the normal 
expression of  pkd2  in node cilia is lost in those mutants  (  214  ) . 

 PKD1L1, like TRPP2, acts downstream of embryonic nodal  fl ow 
but upstream of asymmetric gene expression, suggesting that PKD1L1 
may be the TRPP2 binding partner in left–right determination. 
Indeed, TRPP2 and PKD1L1 localize to nodal cilia and the PKD1L1 
carboxy terminus can physically interact in overexpression systems 
with TRPP2  (  213,   214  ) . It is tempting to speculate that a PKD1L1–
TRPP2 complex may operate via a general molecular mechanism of 
transforming nodal  fl ow into asymmetric gene expression in verte-
brates. However, additional studies will have to establish the endoge-
nous relation of PKD1L1 and TRPP2 and characterize the functional 
properties of a putative receptor–ion-channel complex.  

 

 PKD1 and PKD2 have been cloned as ADPKD disease genes. Since 
their initial description the accelerated pace of scienti fi c discovery has 
produced an impressive body of knowledge. TRPP subunits can form 
functional homomeric and heteromeric signaling modules, expand-
ing the diversity of TRPP channel functions. TRPP2–Polycystin-1 is 

  14.  Conclusions
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required for renal three-dimensional tissue organization. TRPP2–
PKD1L1 is essential for establishment of left–right asymmetry. The 
respective signaling cascades, however, remain elusive. One of the 
most fundamental open questions remains the identity of upstream 
and downstream players in the polycystin signaling pathway. Will it 
be possible to alleviate ADPKD in PKD1 patients by targeted TRPP2 
activation? Hopefully, future studies will lead to the development of 
therapies designed to correct the fundamental cell-biological abnor-
malities of ADPKD.      
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    Chapter 11   

 TRPV1 as a Polymodal Sensor: Potential to Discover TRPV1 
Antagonists Selective for Speci fi c Activating Modalities       

     Olivier   Radresa       ,    Stephen   Zicha   ,    William   Brown   , 
and    Jennifer   M.  A.   Laird      

  Abstract 

 The transient receptor potential V1, or TRPV1, channel has a complex polymodal activation pro fi le that 
integrates information from membrane potential changes, heat, and protons in addition to channel gating 
following ligand binding. TRPV1 is expressed along the peripheral pain pathway from the distal endings 
of nociceptor neurons to dorsal root ganglia; but has limited expression in the central nervous system and 
is detected in arteriolar smooth muscle cells and various epithelia. Several TRPV1 antagonist candidate 
drugs have been tested in clinical trials over the past 5 years with varying results. The reported side-effect 
pro fi le of these oral drug formulations includes hyperthermia and impaired detection of painful heat. 
These adverse events have tentatively been linked to characteristic in vitro pro fi les of the candidate drugs, 
speci fi cally the ability of these molecules to differentially block one or several opening modalities. Thus the 
selection of lead candidates that are selective for speci fi c modalities could be key to the development of a 
successful TRPV1 antagonist drug. This minireview updates the details of TRPV1 activation modes, exist-
ing in vitro assays available for screening of novel molecules and the clinical and preclinical pro fi les of next-
generation TRPV1 candidate drugs developed by pharmaceutical companies.  

  Key words:   TRPV1 ,  Capsaicin ,  Vanilloid ,  Resiniferatoxin ,  Hyperthermia ,  Drug discovery ,  Drug 
development    

 

 Transient receptor potential vanilloid 1 (TRPV1) is a member of 
the transient receptor potential (TRP) family. TRPV1 receptors are 
cation channels gated by a wide range of stimuli, many of which 
are damaging or noxious. The endogenous “ligands” for TRPV1 
include noxious heat (42–53 degrees), protons (pH 5–6), and lipid 
derivatives, including lipoxygenase metabolites of arachidonic acid, 

  1.  Introduction
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endogenous cannabinoids-like anandamide, and endogenous 
 vanilloids for example  N -Arachidonoyl-dopamine (NADA)  (  1–  3  ) . 
Which of these activating agents is responsible for TRPV1 gating 
depends on the tissue and the physiological or pathophysiological 
circumstances, but the various stimuli may also potentiate the 
effects of each other on TRPV1. 

 Several natural products derived from plants also gate TRPV1. 
Capsaicin, the pungent substance found in spicy chili peppers 
(genus  Capsicum) , is a specialized metabolite produced in the 
fruits as a deterrent to seed predators  (  4  ) . The production of cap-
saicin was positively selected for during evolution because its stim-
ulatory effect is aversive in mammals, but is without effect in birds. 
Nonetheless, capsaicin-producing  Capsicum  species have been cul-
tivated by humans for more than 6,000 years. Other plants culti-
vated for culinary or medicinal use also produce TRPV1 agonists, 
for example, piperine, the pungent ingredient of black pepper 
corns, and resiniferatoxin (RTX), a very potent TRPV1 agonist 
secreted in the sap of the succulent plant  Euphorbia resinifera , 
which is used as a purgative. 

 Capsaicin was used as a tool in pain research for many years 
before the cloning of the TRPV1 receptor  (  5  ) . At moderate con-
centrations, capsaicin acutely and intensely excites nociceptive 
afferent  fi bers (nociceptors) without causing tissue damage  (  6  ) , 
producing nociceptive behavior in animals  (  7–  10  )  and pain reports 
in human subjects  (  11–  15  )  .  The identi fi cation of TRPV1 as “the 
capsaicin receptor” by Caterina    and colleagues  (  23  )  generated 
considerable interest in this area, because TRPV1 was the  fi rst 
transduction protein for painful stimuli to be identi fi ed. 

 In addition to the wide range of potential adequate stimuli that 
gate TRPV1 channels, the TRPV1 receptor has another very 
important characteristic, which is that a large range of factors can 
sensitize the channel to activating stimuli. This sensitization is 
manifested both as a decrease in the threshold for activation and as 
an increase in the channel open time in the presence of normally 
suprathreshold stimuli. Sensitizing factors include phosphorylation 
of TRPV1 by protein kinase C (PKC) or protein kinase A and 
release of phosphatidyl-inositol(4,5) biphosphate (PtdIns(4,5)
P2)-mediated inhibition by activation of phospholipase C (PLC) 
 (  16,   17  ) . Thus, the TRPV1 receptor is activated by mediators pres-
ent during in fl ammation and tissue damage-like lipoxygenase 
products and low pH, but can also be sensitized to heat, acidic 
stimuli, anandamide, or vanilloids by a range of in fl ammatory 
mediators which act on their own membrane receptors on the same 
cell and activate PKC and/or PLC, for example, ATP via puriner-
gic receptors, bradykinin via B2 receptors, or nerve growth factor 
(NGF) via TrkA receptors  (  18–  21  ) . The molecular sensitization of 
TRPV1 likely underlies the sensitization of nociceptor afferent 
terminals to endogenous chemical and heat stimuli, under 
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in fl ammatory or ischemic conditions. For example, application of 
ATP can reduce the heat threshold of native TRPV1 channels from 
43 to 35°C, below normal core body temperature, such that the 
channel would be activated continuously at body temperature. 
This property of TRPV1 is what makes it such a compelling anal-
gesia target. More than 30 drug programs targeting TRPV1 antag-
onism are currently being pursued across the industry. Most major 
pharma companies set up proprietary or collaborative research 
projects to target pain or in fl ammation. 

 Given the wide range of modes of TRPV1 activation, does 
selective blockade of one or more of these have different physio-
logical effects? Can the different activation modalities be separated 
molecularly or pharmacologically? Emerging data suggest that dif-
ferent modalities of activation indeed do have distinct molecular 
mechanisms and can be blocked differentially by small molecules. 
High and medium throughput assays have been developed that 
allow the identi fi cation and optimization of compounds that inter-
fere with one or more of the activation modalities. Furthermore, 
differential pharmacological blockade of the different activation 
modes appears to produce distinct downstream effects. Here we 
review these novel concepts and the results of drug discovery pro-
grams designed to deliver novel TRPV1 antagonists.  

 

 Of the 28 mammalian members of the TRP family, TRPV1 has 
been the most investigated in terms of pharmacology and the 
molecular determinants responsible for its modulation.    In human 
the TRPV1 gene is located on chromosome 17, position 13.2, and 
the most typically studied form is an 839aa protein that is sensitive 
to capsaicin, low pH, and temperatures >42°C. The rat ortholog 
and its pharmacology will be discussed below ( NCBI Gene bank  
 (  22,   23  ) ). 

 TRPV1, like all TRP channels, are putative six-transmembrane 
(6TM) polypeptide subunits that assemble as tetramers to form 
cation-permeable pores (Fig.  1 ). While the topology is similar to 
other tetrameric 6TM ion channels such as Shaker-like voltage-
gated K +  channels  (  24  ) , TRPV1 channels differ signi fi cantly in 
their gating mechanisms and pharmacology. Recently, a 3D struc-
ture of TRPV1 has been elucidated by electron cryomicroscopy 
and con fi rmed the tetrameric structure and spatial conformations 
of the intracellular N- and C-termini and transmembrane domains 
 (  24  ) . The pore-loop region is formed by a short hydrophobic 
stretch between S5 and S6, making the channel permeable to Ca 2+  
> Mg +  > Na +  = K +  = Cs +  ions  (  23,   25,   26  ) . Of particular importance 
for TRPV1 pore function are Glu636 and Asp646  (  25  )  because 

  2.  Structural 
and Functional 
Determinants 
of TRPV1 Opening 
Modalities
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they sit at the entrance of the pore structure. Mutation of the 
 residues leads to altered permeability of divalent cations  (  25  ) . The 
pore region also contains a sequence of amino acids that closely 
resemble the selectivity  fi lter found on Shaker-like potassium chan-
nels (TXGMG vs. TXGYG) just prior to the Asp646 residue. 
Asp646 and other residues deeper in the pore region such as 
Glu648 also play a role in the pharmacological responses to RTX 
and proton-gating, respectively  (  27,   28  ) .  

 As recently shown, the intracellular hydrophilic N terminus 
contains up to six conserved ankyrin repeat domains also acting as 
calmodulin and ATP binding sites. Of importance also, the ankyrin 
repeat domains contribute to regulation of the channel function 
following Ca 2+  in fl ux after capsaicin activation and to its recovery 
after desensitization  (  29–  31  ) . The TRP box, which shares homol-
ogy with other members of the TRP family, is found almost imme-
diately after S6 on the C terminus. Recently, 3 of the 6aa in this 
region (I696, W697, and R701) were found to play a role in the 
functional coupling of heat, capsaicin, and low pH sensing and 
pore opening, as well as channel multimerization  (  32  ) . The C ter-
minus also contains other sites important for the modulation and 
activity of the channel. A phosphatydylinsositol-4,5-bisphosphate 
(PIP2) binding site plays a role in sensitivity to capsaicin and heat, 
although its detailed function remains somewhat controversial 

  Fig. 1.    Topology of the key residues involved in heat, pH and capsaicin sensitivity of TRPV1. The canonical “TRP box,” PIP2- 
and Ankyrin- binding domains, that are further modulating receptors activation or dimerization, are also indicated (details 
in “Structural and functional determinants of TRPV1 opening modalities”).       
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 (  17,   29,   33  ) . This site also contains a PKC consensus phosphory-
lation sequence at S800 that helps sensitize the channel by limit-
ing the interaction between the negatively modulating PIP2 
molecule and its C-terminal binding site  (  34  ) . Even though PKC 
by itself cannot activate the channel, PKC binding is also impor-
tant to relieve the Ca 2+ -dependent desensitization that occurs after 
channel activation  (  35  ) . Another PKC and Calcium/Calmodulin-
dependent Kinase II (CamKII) consensus sequence found at 
Thr704 can also alter the channel responses to capsaicin  (  36  ) . 

 The activation of TRPV1 by different stimuli can be differenti-
ated by pharmacological tools, supporting the notion that capsai-
cin, protons, and heat likely activate the channel via different 
molecular mechanisms  (  37  ) . The sites believed to be responsible 
for capsaicin-activation include Arg114 (rat), Tyr511, Ser512, 
Leu547 (or Met547 in rat), Tyr550 (rabbit), and Glu761  (  38–  41  ) , 
all located on the intracellular side of the channel near the S3/S4 
region. This is not surprising given the lipophillic nature of the 
agonist. RTX is believed to interact with Met547 in the TM4 
region which is believed to constitute part of the sensor domain for 
the channel  (  42  ) . As mentioned previously, two glutamate residues 
found in the pore region of the rat ortholog, Glu600, and Glu648, 
are responsible for proton gating  (  27  ) . Phe660 located in the S6 
transmembrane domain of the human ortholog is also responsible 
for the voltage-dependent proton gating and shifts the voltage 
dependence of activation to more physiological potentials  (  43  ) . 
This is a similar mechanism to the one proposed for heat activation 
of TRPV1  (  44  ) . The C terminus is believed to be involved in mod-
ulating the responses to heat  (  32,   45–  47  )  with elements residing in 
the TRP box and PIP2 binding domain likely conferring gating 
activity. Some single amino acid residues have also been identi fi ed 
that alter heat-mediated gating of rat TRPV1, including Asn628, 
Asn652, and Tyr653, by altering the temperature–voltage cou-
pling mechanism  (  48  ) . 

 Several functional splice variants have been characterized and 
result in altered wild-type TRPV1 channel function. These inclu-
deTRPV1b that lacks exon 7 and results in a 60aa deletion in the 
N terminus, rendering the channel insensitive to heat  (  49,   50  ) ; 
“VR.5  sv” which has a deletion of 60aa in the ankyrin repeat region 
and most of the N terminus deleted and also prevents the activa-
tion of channels by capsaicin, low pH, and heat  (  51,   52  ) ; an 
N-terminal splice variant missing exons 2–6 found in the supraop-
tic nucleus that helps regulate the intrinsic osmotic sensitivity of 
the cells and is insensitive to capsaicin  (  53  ) ; TRPV1VAR found in 
renal tissues and has a different N-terminal splice compared to oth-
ers resulting in a truncated 253aa protein and potentiates responses 
to RTX  (  54  ) ; and lastly a variant found in taste receptors that regu-
late responses to NaCl  (  55  ) .  
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 The polymodal characteristics of TRPV1 activation have enabled 
the development of a variety of in vitro screening methods. These 
screening methods and other mechanistic assays in principle allow 
the design of potential drug candidates with the preferred combi-
nation of speci fi c antagonist pro fi les. The following section 
exempli fi es some of the most important assays that have been used 
to increase our understanding of TRPV1 modes of action. 

  Although generally not considered high-throughput compliant 
due to dif fi culties in handing radioactive ligands in large HTS 
experimental settings, binding studies have been critical in the 
characterization of the species-speci fi c pharmacology of TRPV1. 
In particular for explaining the speci fi c toxicity observed as early as 
1980 upon capsaicin dosing in vivo in some species  (  56  ) . Strangely, 
in chicken and rabbit, capsaicin toxicity appeared signi fi cantly 
weaker or simply absent compared to rats  (  41,   57  ) . When RTX 
binding (( 3 H)RTX) data became available, this helped identify crit-
ical residues in S4 and in the TM3/4 loop that accounted for the 
species-speci fi c differences in capsaicin sensitivity  (  58  ) . 

 On the other hand, binding assays have also fuelled studies of 
TRPV1 allosteric modulation. For instance, the importance of 
calmodulin binding to a stretch of 35-aa, and its modulation by 
Ca 2+ , via the intracellular C terminus helped explaining how Ca 2+  
could induce desensitization following capsaicin exposure  (  31  ) . 
Following this, a dominant-negative study emerged as a new 
potential therapeutic approach aimed at targeting TRPV1 indi-
rectly, via modulation of the newly identi fi ed allosteric site  (  59  ) . 
Although interesting, it is not yet clear whether this latest approach 
could lead to improved clinical pro fi les of TRPV1 chemical leads.  

  By virtue of its non-selective calcium conductance and ligand-gated 
properties, TRPV1 makes a natural candidate for high-throughput 
 fl uorescence screening. Namely, the industry compliant FLIPR for-
mat was used early on for screening assay development and also the 
comparative study of the pharmacological translation between rat 
and human of TRPV1 reference agonists. RTX, Capsaicin, Olvanil 
and Phorbol-12-phenylacetate-13-acetate-20-homovanillate (PPAHV; 
a vanilloid homolog) were characterized using calcium  fl uorescence 
and their potency was shown not to vary signi fi cantly between rat 
and human isoforms. Notably, agonists like capsaicin and olvanil, 
but not RTX, displayed the expected enhanced activity at lower pH 
 (  60  ) . The selection for; and characterization of; the polymodal 
antagonist properties of Glaxo-Smithkline clinical candidate, 
SB-705498, was performed using Fluorophore assays based on 
either capsaicin or pH challenges  (  61  ) .  

  3.  TRPV1 In Vitro 
Pro fi ling Assays

  3.1.  Binding Assays

  3.2.  Fluorescence 
Assays
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  With the advent of the 384-well format, automated patch  clamping 
brought compound screening for ion channels to a new level. Prior 
to these advances during the past decade, traditional electrophysi-
ology proved instrumental in deciphering the mode of action of 
the vanilloid receptor and its coupling mechanism. In 1999, soon 
after the capsaicin-receptor was  fi rst cloned, inside-out patch 
clamping and oocyte recordings pointed at an intracellular binding 
site for capsaicin molecule to the inner pore of the channel  (  62  ) . In 
turn, titration by electrophysiology was also used in the identi fi cation 
of the key extracellular aspartate and glutamate residues as deter-
minants of acidi fi cation-induced opening (E600 and E648, see 
above “structural determinants”)  (  27  ) . 

 Using voltage ramp and -steps to study channel kinetics, 
Gunthorpe et al. identi fi ed that outward recti fi cation and inward 
currents exhibited time-dependent gating properties reminiscent 
of voltage-gated channels, with which the membrane domain 
seems to share a similar topology  (  63  ) . 

 Further on the pro fi ling of TRPV1 activity, currents elicited by 
large and persistent capsaicin concentration, recorded in the 
absence of extracellular Na + , revealed the formation of an unusu-
ally wide pore within the channel. This large pore accounted for 
the transport of positively charged molecules such as tetraethyl 
ammonium (TEA) or  N -methylglucamine (NMDG), both of high 
molecular weight (Mw 150 and 195 kD, respectively)  (  64  ) . 
So-called pore dilation following persistent activation, allowed the 
channel to also transport larger cationic probes like 6-Methoxy- N -
Ethylquinolinium Iodide (MEQ; Mw 188 kD) and its bulkier 
derivative  N -(Ethoxycarbonylmethyl)-6-Methoxyquinolinium 
Bromide (MQAE; Mw 246 kD). Subsequent studies  fi nally dem-
onstrated the transport of a quaternary amine derivative of lido-
caine (QX-314; Mw 263 kD) and the still larger  fl uorescent dyes 
YO-PRO (Mw 375 kD) and FM1-43 (Mw 451)  (  65–  67  ) . 

 Finally, considering automated electrophysiology, TRPV1 
assays have been reported on all existing platforms from 16 to 384-
well formats. Uniquely though, Nanion’s Patchliner ®  was modi fi ed 
by the manufacturer to provide users with a  fl exible temperature 
add-on for the study of thermo-regulated ion channels. The inte-
grated pipette heater is used for application of external solution at 
a controlled temperature directly to the recording chamber  (  68  ) . 
Cooling Pelletier elements though have not been commercially 
available to date. The ease in generating robust, high-quality 
recombinant cells with high current expression certainly helped for 
the development of TRPV1 screening assays in many laboratories.  

  Recently TRPV1 activity in recombinant CHO cells was success-
fully recorded using the new generation of label-free technologies 
 (  69,   70  ) . Dose–responses of capsaicin agonists were obtained in 
CellKey, BIND, and Epic. These technologies record changes in 
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impedence or visible light diffraction upon modi fi cation of cells 
properties at the bottom of the wells. All responses were followed 
for 30 min (CellKey, BIND) or 15 min (Epic) after capsaicin addi-
tion and as such represented “integrated” cell reactions to the 
speci fi c TRPV1 current induced by capsaicin addition.  

  In 2009, Evotec (a German Biotech company) reported on a novel 
temperature assay to assess the potency of TRPV1 antagonists like 
iodo-resiniferatoxin (I-RTX), capsazepine, AMG-9810, and  N -(4-
tert-butylphenyl)-4-(3-chloropyridin-2-yl)piperazine-1-carbox-
amide (BCTC)  (  71  ) . Blockade of heat activation was recorded 
using a method modi fi ed from a QT-PCR assay (TaqMan; Applied 
Biosystem). A real-time PCR machine was used to provide for 
rapid heat jump to +50°C, followed by calcium entry. The com-
bined  fl uorescence readout, using the Ca 2+  probe Fluo-4, allowed 
for determination of dose-dependent block. Here though, the 
agents described here blocked the other opening modalities of the 
channel as well. At AstraZeneca, a similar assay was developed and 
extended to other thermo-TRPs, interestingly it proved to be eas-
ily translatable to native rat dorsal root ganglia neurons in either 
384 or 96 well formats  (  72  ) . 

 Very recently, P fi zer (in coll. with Ideas Studios) reported the 
design of a completely new type of FLIPR-based heat assay. This 
interesting tool was successfully tested in a study of the species-
speci fi city of TRPV1 compounds using chimeras of rat that included 
small orthologs of the human pore region, and vice versa  (  73  ) . The 
custom-built apparatus allowed for temperature control within each 
individual well of the 384-well FLIPR plate and for applications of 
heat ramps of 1°C/s (radiant heat). The 384-pins device included a 
hollow aluminum chamber, kept at a constant 13°C, acting as a 
heat/cold sink for the surplus energy. This ensured that a stable 
temperature control is maintained in each well. As a cross valida-
tion, the authors con fi rmed the pharmacology of some reference 
antagonists, namely PF-4065463, JYL-1421, BCTC, and MK-2295, 
both in the Patchliner ®  automated electrophysiology heat assay (see 
below) and the traditional patch clamp set with an in-line heat  fl ow 
system for the recording of this speci fi c TRPV1 activity.   

 

 There have now been several TRPV1 antagonists that have entered 
clinical studies, these are shown in Table  1 . The primary indication 
for most of these compounds has been analgesia, targeting 
in fl ammatory, neuropathic, or visceral pain as this seems to be 
where the preclinical data are strongest. There has been no clear 
clinical analgesic ef fi cacy reported to date, but this may be due to 
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the limitations of these compounds imposed by the contribution of 
other undesired TRPV1-mediated effects, in particular increased 
core body temperature (hyperthermia) and/or a reduced heat pain 
detection leading to a risk of accidental heat injury. These dose-
limiting effects on body temperature and decreased heat pain sen-
sitivity were somewhat to be expected since the effects have been 
shown to be TRPV1 mediated in pre-clinical species  (  23,   74–  77  ) .  

 However, what has become clear is that all TRPV1 antagonists 
are not created equally with respect to their effects on hyperthermia 
and heat pain threshold. In Amgen’s phase 1 study a long lasting 
hyperthermic effect was noted with AMG517 that raised body 
temperatures as high as 40°C lasting up to 4 days  (  75  ) . Hyperthermia 
has also been reported with ABT-102  (  78  )  and AZD1386  (  79  ) , 
but these effects appeared to be much less severe. This  fi nding 
prompted Amgen to further investigate these effects. They discov-
ered a correlation between blocking the different modes of chan-
nel activation and subsequent effects in animals. They examined 
three primary activators of TRPV1, capsaicin, low pH, and heat. 
They found that compounds that only blocked activation by the 
exogenous ligand capsaicin retained their analgesic effects in rodent 
pain models, but exhibited no effect on body temperature. Amgen 
then proceeded to build a correlation between the blockade of the 
pH response with hyperthermia and blockade of capsaicin activa-
tion with analgesic effects. These efforts afforded AMG8562 which 
blocks only capsaicin-induced activation at the rat TRPV1. This 
last compound did not affect body temperature in rats, although it 
still showed some hyperthermia in dogs  (  37  ) . 

 Abbot has recently presented their clinical data with ABT-102, 
this compound showed good ef fi cacy in a human experimental 
pain model and only a modest increase in core body temperature 
in a phase 1 study. They also reported that the dose-limiting tem-
perature elevation is attenuated after multiple dosing. Abbot have 
since embarked on a pre-clinical program similar to that of Amgen’s 
where they are seeking compounds that retain the ability to block 
activation by capsaicin without affecting the activation by low pH. 
They are currently in the process of optimizing on a new chemo-
type with these desired properties  (  80  ) . 

    The second undesired target-mediated tolerability effect, 
which is the impairment of basal noxious heat perception, is cur-
rently less understood. The role of TRPV1 as a noxious heat sensor 
in humans has been supported by recent clinical studies. Glaxo-
SmithKline (GSK) reported that an oral dose of 400 mg of 
SB-705498 reduced heat perception on non-sensitized skin in 
healthy volunteers  (  81  ) . Similar  fi ndings have recently been 
reported for AZD1386 and ABT-102  (  78,   79  ) . The most severe 
effects have been reported by Merck where subjects dosed with 
MK-2295 could not perceive potentially harmful temperatures. It 
could be imagined that this effect on heat pain response could be 
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correlated to blockade of channel activation by heat, but there have 
been no published data to support this assumption. The extreme 
effect of MK-2295 on noxious heat sensation may be due to its 
additional blockade of TRPV3, the warm sensing channel  (  82  ) . 

 Recently an academic group in Spain has reported discovery 
compounds that appear to be open-channel blockers. They specu-
late that these uncompetitive antagonists may serve as activity-
dependant blockers, preferentially blocking overactive channels. 
This approach may result in a better side-effect pro fi le than com-
petitive antagonism, but this remains to be proven and this class of 
compounds is still a long way from being tested in the clinic  (  83  ) .  

 

 Antagonism of TRPV1 remains a desirable approach with many 
potentially useful clinical therapeutic indications. It remains to be 
seen whether or not one can successfully separate the desired tar-
get-mediated effects from the undesired ones. However, the 
emerging understanding that  fi rst, the different activation modes 
of the TRPV1 receptor could be responsible for the differential 
physiological effects observed in the clinic, and second that it is 
now feasible to address these activation modes separately by selec-
tive small molecules, would suggest that a second generation of 
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this long-standing analgesia target.      
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    Chapter 12   

 Nociceptive and Nonnociceptive Roles of TRPV3 
and Its “Druggability”       

     Sungjae   Yoo    and    Sun   Wook   Hwang           

  Abstract 

 Following the discovery of transient receptor potential vanilloid 1 (TRPV1), the founding member of the 
subfamily, knowledge accumulation on its biological roles in human pathology is being accelerated by its 
genetic, physiological, and pharmacological approaches. Owing to these scienti fi c efforts, a series of its 
TRPV cousins have been found, and currently their characterizations are getting gradually active. TRPV3 
was discovered as the last member a decade ago. To date, studies concerning TRPV3 revealed the distinct 
expression pro fi les in keratinocytes, extended modality to thermal and chemical insults, unique mode of 
sensitization, and intriguing phenotypes beyond sensory de fi cits when ablated. This knowledge has stimu-
lated production of heterogeneous therapeutic hypotheses. However, in this 10th year of the TRPV3 
cloning, substantial advances in TRPV3 pharmacological research is concentrated on nociception. This 
review not only focuses on the understanding of the pain pathology involving TRPV3 activation, but also 
highlights emerging information that is helping to de fi ne the roles of TRPV3 in skin defects. Multiple 
linkages between TRPV3 and other cellular and molecular signaling pathways are also discussed. Although 
the functions of TRPV3 in human physiology and disease still remain to be fully resolved at this point, 
insights gained from the present overview of outcomes from different  fi elds may help unearth novel thera-
peutic implications and a better understanding of TRPV3 as a pharmacological target.  

  Key words:   TRPV3 ,  Pain ,  Keratinocyte ,  Sensory neuron ,  Knockout ,  Ligand    

 

 TRPV3 made its debut as the last member of the vanilloid subfam-
ily of TRP channels. Its discovery was noteworthy because the 
genome location of the gene is as close as ~10 kb to that of TRPV1, 
the founding member of TRPVs and a big drug target and three 
different research group reported TRPV3 simultaneously  (  1–  3  ) . 
Despite ~40% identity to the TRPV1 gene and such a nearby 
location, the major tissues expressing TRPV1 and TRPV3 differ 
greatly: TRPV1 is expressed in sensory neurons and TRPV3 in 
keratinocytes. The possible implications regarding transcriptional 
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regulation could have been recognized but nothing tangible has 
been revealed. TRPV3 thermal threshold that is close to the body 
surface temperature would prompt researchers to be more deliber-
ate on its homeostatic function and the data currently begin to be 
released. To date, expectedly, the major body of information on 
TRPV3 has been obtained from the sensory and the dermatologi-
cal  fi elds. Many diverse natural and endogenous ligands for TRPV3 
have been reported. The collective pharmacological data infers its 
sensory roles in the detection of external or internal environmental 
cues. Less speci fi c properties of these ligands to other TRP chan-
nels and likewise promiscuous selectivity of TRPV3 itself some-
times make it dif fi cult to sharply translate a central role of TRPV3. 
Recent transgenic and pharmacological studies have greatly 
advanced the de fi nition of the roles of TRPV3. These two 
approaches are contributing to a construction of TRPV3 proof of 
concept. Here we summarize the current information on the noci-
ceptive and nonnociceptive roles of TRPV3 proposed by these 
efforts. This update will help which physiology and pathophysiol-
ogy are modi fi able by future pharmacological TRPV3 targeting.  

 

 Peripheral environmental signals are relayed by somatosensory 
neurons (dorsal root ganglion (DRG) and trigeminal neurons). 
These neurons innervate the skin structure with their termini as a 
probe in order to detect environmental changes near the body’s 
tegument. Since those neurons are the initial place where nocicep-
tive signals occur, molecules to ignite excitation or to propagate it 
present in the sensory neuronal termini are posited as important 
peripheral druggable targets  (  4,   5  ) . Examples are TRPV1, tetrodo-
toxin-resistant voltage-gated Na +  channels, and a variety of 
in fl ammatory mediator receptors including the bradykinin B2 
receptors and prostaglandin receptors. However, cloning of TRPV3 
and its scrutiny of expresser tissues enabled the modi fi cation of this 
hypothesis. In rodent species, TRPV3 expression in DRG neurons 
is not obvious and minor detection has been reported in human 
sensory neurons  (  1,   3,   6,   7  ) . On the other hand, an abundance of 
TRPV3 in the skin keratinocytes was being con fi rmed. Together 
with functional investigations such as intracellular Ca 2+  imaging or 
electrophysiology using TRPV3 activators and cultured keratino-
cytes, studies have shown ~80% TRPV3-positive population at 
maximum  (  6–  9  ) . Sensing modality of TRPV3 is another aspect 
that could put into question the DRG-exclusive hypothesis. First, 
TRPV3 is a thermo-TRP sensing heat over 33 °C. Although the 
threshold seems to be innocuous, TRPV3 shows bigger responses 
to higher temperatures and even sensitizes along iterating stimuli 
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 (  1,   3,   6  ) . Therefore, TRPV3 is a detector of potentially noxious 
heat. Besides, TRPV3 is a chemosensor. A large population of 
botanical terpenoid substances can activate TRPV3 (see below). 
The number of these TRPV3 activating natural terpenes is far 
more than the number of natural ligands for other sensory TRP 
channels. This unique polymodal feature may explain that TRPV3 
is also a sensor for natural environment. Collectively, there appears 
to be another front guard located more peripherally than DRG 
termini to initiate alert signals, namely, keratinocytes and their 
TRPV3. 

 In fact, it has been hard to conclude that TRPV3 is among 
nociceptive sensors before behavioral approaches involving trans-
genics including knockouts. For TRPV1, DRG neurons were 
already well characterized for the correlation between their mor-
phology and functions even prior to the discovery of TRPV1. For 
example, unmyelinated C- fi bers or thinly myelinated A d   fi bers with 
small-to-medium diameter cell bodies are the nociceptive subpop-
ulation  (  10  ) . In addition, its well-known ligand capsaicin has been 
a standard noxious stimulus in in vivo and in vitro pain research. 
Even the speci fi c antagonist capsazepine was developed without 
knowing whether the putative capsaicin receptor was a membrane 
receptor or an ion channel  (  11  ) . In contrast, it is unknown whether 
keratinocytes can be classi fi ed according to their sensory roles and 
it has remained unclear which intercellular signal dominates com-
munication from keratinocytes to adjacent sensory neurons. Special 
synaptic or nonsynaptic structures between keratinocytes and sen-
sory neurons are still elusive. Speci fi c TRPV3 activators began to 
be found 3 years after its cloning  (  6  ) . Under this situation, genetic 
approaches have mainly provided  fi rm evidence for thermal nocice-
ptive roles of TRPV3. 

  The  fi rst TRPV3-ablated mice were generated in 2005  (  6  ) . The study 
showed not only thermotaxis and thermal preference behaviors 
(30–38 °C preferred) but also the thermal withdrawal behaviors 
involve TRPV3. In hot plate assays and tail immersion assays, the 
escape behaviors of TRPV3-null mice in response to extremely hot 
temperatures (55 °C and 52 °C, respectively) were signi fi cantly 
blunted compared with wild-type mice. These results suggest that 
the noxious heat insults were detected by TRPV3. For mice spe-
cies, TRPV3 is not expressed in DRGs but in skin keratinocytes. 
Thus, these altered heat nociceptions very likely implicate the ther-
mosensory roles of the TRPV3 in keratinocytes, and subsequent 
relay of the sensory signals toward the DRG neurons. More re fi ned 
behavioral analysis by the same group con fi rmed the heat nocicep-
tive role of TRPV3  (  9  ) . Interestingly, species-speci fi city and sex-
speci fi city of TRPV3 roles in thermosensitive behaviors were 
suggested in this recent study. The initial knockouts were of the 
hybrid background of C57BL/6J and R1 ES cell derived 129X1/SvJ 
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and 129S1/Sv- +  p  + Try-c Kitl Sl-J /+  (  6  ) . In the 2011 study, the 
same group backcrossed TRPV3-null mice to pure C57BL/6J and 
129S1/SvImJ backgrounds. While the C57BL/6J TRPV3-null 
mice were not impaired in thermosensation, 129S1/SvImJ mice 
clearly showed thermosensory de fi cits again in nociceptive hot 
plate and nonnociceptive thermal preference assays. Concerning 
thermal preference, females were more prominent than males. 
Difference in the nociceptive hotplate phenotypes was not notice-
able. With similar pure backgrounded TRPV3-knockout mice (of 
C57BL/6J and 129S6), another sophisticated behavioral results 
were reported  (  12  ) . In this study C57BL/6J knockouts were 
unimpaired in both noxious and innocuous heat sensation and 
129S6 knockouts displayed moderately blunted warm preference 
as shown earlier. Behavioral indices of noxious heat assays, how-
ever, were not different between 129S6 knockouts and its wild 
types. The discrepancy in heat nociception results from the two 
groups remains to be solved. Furthermore, considering that pain-
killing might be the pharmacologically most feasible strategy 
through TRPV3 modulation, the possible species or sex difference 
in TRPV3 roles in variable nociceptive phenotypes should be care-
fully considered for development of preclinical and clinical tools.  

  More evidence on TRPV3 contribution to thermal nociception 
was obtained from a study using TRPV3-overexpressing transgenic 
mice  (  13  ) . Although their sex-independent assays with the 
C57BL/6J strain might have detected less dramatic phenotypes 
according to the recent study  (  9  ) , the overexpressing transgenic 
mice gave hints for pain-related TRPV3 function. In thermal pref-
erence behavioral assays, TRPV3 overexpression did not in fl uence 
on locations occupied by mice along the continuous  fl oor tempera-
ture gradient or in their rates for preferred selection. On the other 
hand, although it is varying from cohort to cohort, acute escape 
behaviors in the nociceptive tail immersion and radiant heat assays 
of this study were blunted in the TRPV3-overexpressing transgenic 
mice. Moreover, when TRPV1 was pharmacologically incapaci-
tated, these changes in the escape behaviors of the transgenic mice 
were more obvious. Since TRPV3 shares the temperature sensing 
band in noxious ranges with TRPV1, there might be a functional 
redundancy. Therefore, it is tempting to speculate that TRPV1 
likely masks TRPV3 function. In fact, such functional overlap may 
be predictable because multiple alert systems in response to nox-
iously high temperatures enough for tissue death might have been 
evolutionarily advantageous. Indeed, even in TRPV1-de fi cient 
mice or another heat receptor TRPV4-de fi cient mice, changes in 
thermal phenotypes were more modest than expected  (  14–  17  ) . 
TRPV3 is not conclusively regarded as a major nociceptive heat 
sensor like TRPV1 without further and more re fi ned analyses in 
the future such as studies with double transgenic animals. 

  2.2.  TRPV3-
Overexpressing 
Transgenics
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However, it seems obvious that TRPV3 is among the target 
molecules for pain modulation.  

  Compared to acute thermal pain, information on whether patho-
logical pain involves TRPV3 remains scant. Moreover, in fl ammatory 
conditions have been tested in terms of TRPV3-mediated nocicep-
tive phenotypes but yielded equivocal results. In thermal hypersen-
sitivity assays following local bradykinin injection, no difference 
was detected in wild-type and TRPV3-null mice  (  6  ) . Also in 
TRPV3-overexpressing transgenic mice, complete Freund’s adju-
vant (CFA)-induced in fl ammation did not cause any difference in 
heightened nociception compared to wild-type mice  (  13  ) . In our 
hands, however, pharmacological blockade of TRPV3 using newly 
found endogenous inhibitory substances, 17(S)-resolvin D1, 
17(R)-resolvin D1, and isopentenyl pyrophosphate (IPP), were all 
effective at reversing lowered thermobehavioral thresholds caused 
by CFA in fl ammation  (  18–  20  ) . Furthermore, in a carrageenan-
induced acute in fl ammation model, intraplantarly administration 
with a potent and speci fi c TRPV3 agonist, farnesyl pyrophosphate 
(FPP), elicited acute irritative behaviors although nonin fl amed ani-
mals lacked a response to the injection with the same agent  (  19, 
  21  ) . The FPP-evoked nociceptive behaviors were attenuated by 
TRPV3 knockdown with speci fi c small hairpin RNAs. Different 
experimental conditions including genetic backgrounds of mice or 
deviated in fl ammatory milieu may have different potential to sen-
sitize TRPV3. Gq G-protein-coupled receptor (GPCR) mediated 
and receptor-tyrosine kinase mediated TRPV3 modulation may 
occur under in fl ammation  (  7,   8  )  and further studies pinpointing 
upstream pathological signaling for TRPV3 may help clarify this 
debate. Interestingly, recently developed synthetic TRPV3 antago-
nists have shown ef fi cacies for in fl ammatory pain (see below). 

 The potent TRPV3 agonist FPP is an endogenous substance 
produced by FPP synthase in the mevalonate pathway (see below). 
Nitrogen-containing bisphosphonates such as alendronate and 
zolendronate inhibit FPP synthase, which accounts for their thera-
peutic mechanism for osteoporosis  (  22  ) . Intriguingly, bisphospho-
nate treatment can mitigate bone cancer pain and neuropathic pain 
 (  23,   24  ) . FPP or the mevalonate pathway has not been mechanisti-
cally investigated regarding pain pathology. The roles of FPP and 
whether pharmacological manipulation of the body FPP level can 
result in bene fi cial outcomes in the TRPV3-related context remain 
to be de fi ned. It would be worthwhile to investigate whether 
certain painful states involve abnormally balanced FPP metabolism 
or whether this is closely connected to TRPV3 overactivation.  

  In humans, TRPV3 is present in DRG. Human TRPV3 was shown 
to be co-expressed with TRPV1 in small-to-medium diameter 
sensory neurons implicating that human TRPV3 may play a 
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nociceptive role as TRPV1 does or as a subunit for TRPV1 
heteromultimers  (  2  ) . However, documentation on molecular 
approaches as to neuropathic pain involvement of TRPV3 is still 
limited. Imperial College and GlaxoSmithKline colleagues have 
con fi rmed human DRG expression again and have also shown 
increased immunoreactivities of TRPV3 together with TRPV1 in 
injured peripheral  fi bers and DRGs  (  25  ) . Interestingly, motor 
nerves and spinal ventral horn likewise exhibited a temporal increase 
in TRPV3 expression. Novartis researchers have shown elevation of 
TRPV3 mRNA in injured DRG of the spinal nerve ligation model 
(Chung model)  (  26  ) . In fl ammatory mediators and neurotrophins 
secreted from injured nerves or surrounding tissues might be a 
cause. Otherwise, blockade of distal transport of the TRPV3 
mRNA could occur. The subsequent increase in human sensory 
TRPV3 expression may possibly account for initiation or persistence 
of pathological pain. However, functional studies and simulations 
with multiple neuropathic pain models are still needed. In contrast, 
human skin epidermis from patients with diabetic neuropathy 
displayed a decreased expression of TRPV3  (  25  ) . This result might 
be more relevant to skin proliferation/differentiation-associated 
TRPV3 fate mediating barrier dysfunction than to pain pathway 
because thinner epidermal layers were also detected. And again, 
pharmacological evidence on TRPV3-related neuropathic pain 
from studies on novel synthetic antagonists is now increasing 
(see below).  

  Since TRPV3 in skin keratinocytes is considered to play a nocicep-
tive role, messengers secreted from keratinocytes upon TRPV3 
activation for excitation of DRG termini have been sought. A 
strong candidate, nitric oxide (NO) was proposed in a recent study 
 (  9  ) . Unexpectedly, NO production of keratinocytes upon TRPV3 
activation does not depend on the canonical biosynthetic pathway 
via NO synthase. Instead, the authors suggested that intracellular 
nitrite as the NO precursor is required for TRPV3-mediated NO 
production. It remains unknown which enzymatic or nonenzy-
matic process is involved in the NO production (Fig.  1 ). The process 
seems to require acidic condition (protons) by TRPV3 activation, 
but the mechanism for the intracellular acidi fi cation is unclear 
because TRPV3 does not robustly permeate proton. Further, the 
in vivo extrapolation was successful by comparing phenotypes of 
the 129S1/SvImJ-backgrounded TRPV3-decient mice and nitrite/
nitrate-deprived wild-type mice. Virtually no difference between 
the two cohorts occurred either in thermal nociception or thermal 
preference assays and moreover, TRPV3-de fi cient mice, when 
deprived of nitrite/nitrate, did not show further thermosensory 
de fi cit. This indicates that the nitrite/nitrate-dependent NO 
signaling is on the same afferent pathway for TRPV3-mediated 
modality and that TRPV3 ablation had saturated the phenotype 
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de fi cit. Interestingly, NO is known to activate TRPV3 itself, TRPV1 
and TRPA1  (  27,   28  ) . TRPV1 and TRPA1 are both speci fi cally 
expressed in nociceptive DRG neurons and thus TRPV3-dependent 
painful modality is possibly mediated by TRPV1/TRPA1-positive 
sensory afferents. It remains unknown which TRP subpopulation 
is predominant or whether TRPV1/TRPA1-coexpressing-
subpopulation is solely responsible.  

 Several other possible mediators released from keratinocytes 
have been also suggested. ATP seems to be a candidate. ATP secretion 
upon intracellular Ca 2+  elevation of keratinocyte was shown  (  29  ) . 
The P2Y ATP receptor on vicinal DRG neurons appears to be 
activated by the released ATP according to their keratinocyte-DRG 
neuron co-culture system. Another group con fi rmed this ATP 
secretion and further showed its TRPV3-dependent releases upon 
thermal stimulation and P2X ion channel involvement in the 
subsequent DRG excitation  (  30  ) . Their in vitro communication 
pathway works in co-culture even with DRG neurons from TRPV1-
null mice, which may partly diverge from the aforementioned 
NO-mediated pathway in which TRPV1 is a major candidate for 

  Fig. 1.    TRPV3 activation in keratinocytes. Heat and terpenoid agonists activate TRPV3. Upstreams of TRPV3 activation are 
represented by  blue arrows  and downstream signalings by  gray arrows . TRPV3 activation promotes NO production and NO 
subsequently stimulates DRG termini leading to nociception. Other mediators such as ATP or PGE2 may also be involved. 
TRPV3-sheddase-TGF a -EGFR-PLC activation form a positive feedback circuit and resultant intracellular Ca 2+  elevations 
likely contribute to differentiation, proliferation, and barrier function of keratinocytes. Antagonists for TRPV3 may interfere 
with these processes.       
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NO reception. ATP is well known as an important constituent 
released at cellular damage but in an intact state, it likely needs a 
particular transport system including connexin or pannexin for its 
secretion  (  31  ) . On the other hand, NO is freely membrane 
diffusible. Proof of the presence or absence of TRPV3-dependent 
ATP-releasing process and its con fi rmation using in vivo knock-
outs could be an issue. If yes, which disease state ampli fi es this 
connection is a next interesting question. Basically, a reproducible 
co-culture system of keratinocyte and DRGs needs to be estab-
lished  fi rst  (  32  ) . 

 Prostaglandin E2 was proposed as another possible candidate 
based on results of a study with TRPV3-overexpressing transgenic 
mice  (  13  ) . Since wild-type mice did not exhibit prostaglandin 
E2-dependent thermal phenotype, the possibility still needs to be 
con fi rmed. Transforming growth factor- a  (TGF a ) is released upon 
TRPV3 activation in keratinocytes and has an autocrine and para-
crine effect leading to keratinocyte proliferation and migration  (  8  ) . 
Interleukin-1 a  was also suggested by the same group, but its role 
is unknown  (  7  ) . In a study on the gain-of-function transgenic 
(TRPV3 Gly573Ser ) DS mice  (  33  ) , a heightened nerve growth factor 
(NGF) release from epidermal sheets was observed at 33 °C, the 
temperature threshold for TRPV3 activation, compared to normal 
DS mice. The contributions of all these candidates to TRPV3-
mediated nociception through DRG excitation should be more 
closely assessed, with considering speci fi c diseases, locations and 
timing of the release in the future. Taken together, the data sup-
port the view that TRPV3 serves nociceptive functions in thermal 
and chemical pain, which indicates that TRPV3 can be a peripheral 
analgesic target. Growing knowledge on related speci fi c diseases 
may extend its therapeutic implications.   

 

  Information on nonnociceptive roles of TRPV3 has been 
generated mainly from knockout and transgenic studies. A recent 
knockout study reported morphologically and anatomically promi-
nent phenotypes  (  8  ) . Their TRPV3-decient mice of either global 
or keratinocyte-speci fi c ablation exhibited wavy hair and curled 
whiskers. Follicular keratinocytes without TRPV3 seem to become 
defective in terminal differentiation, leading to abnormal hair fol-
licle formation. The resulting misaligned and curved follicles with 
deranged angles likely caused wavy hair and curly whiskers. The 
molecular mechanism whereby TRPV3 loss of function brings 
about the malfunction of follicular kerantinocyte appears to be 
aberrant epidermal growth factor receptor (EGFR) signaling. 
EGFR signaling is regulated by positive feedback via Ca 2+  in fl ux in 

  3.  Pathological 
Roles of TRPV3 
in Skin

  3.1.  Loss of Function
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keratinocytes. Increased intracellular Ca 2+  activates ADAM17, a 
sheddase enzyme required for TGF a  release. Released TGF a  acti-
vates EGFR, resulting in further Ca 2+  in fl ux. Thus, TGF a  is released 
more and then EGFR is activated again (Fig.  1 ). During this 
process the increased Ca 2+  and branched enzymatic cascades 
promote keratinocyte terminal differentiation and also prolifera-
tion. Cheng et al. demonstrated that TRPV3 ablation produces a 
defect in this positive feedback cycle  (  8  ) . That is, TRPV3 is shown 
to be a part of this signaling complex as the Ca 2+  in fl ux channel. In 
fact, the defective EGFR signaling-induced trouble occurs in kera-
tinocytes in other skin regions. Because the developmental fate of 
keratinocytes stay less differentiated stages and transglutaminase (a 
Ca 2+ -dependent enzyme that crosslinks proteins) activity is lessened, 
skin epidermis has thickened keratin K1/K10 layers and defective 
barrier function. Collectively, these results imply that TRPV3 
might be a target for restoring hair morphology and barrier func-
tion. Ordinarily, EGFR-tyrosine kinase-induced phosphorylation 
and constitutive body surface temperature (32–33 °C) seems to be 
mild endogenous stimulatory factors for TRPV3 activation. 
Additional robust activation, e.g., by administrating ligands, might 
have a therapeutic implication at some skin defects. 

 Different aspects of skin healthiness affected by TRPV3 func-
tion were emphasized in other knockout studies. The TRPV3 
knockouts exhibited slower wound healing than wild types, which 
was observed, although the keratinocyte proliferation was not 
affected by the loss of TRPV3  (  9  ) . Surprisingly, in this process, the 
downstream NO also contributes to keratinocyte migration and 
thereby TRPV3-dependent wound closure. Some discrepancy still 
remains because in corneal epithelial cells, Ca 2+  in fl ux via TRPV3 
activation by a nonspeci fi c agonist carvacrol contributes to both 
proliferation and migration thereby enhancing wound healing 
 (  34  ) . In contrast to the above TRPV3 knockout study  (  8  ) , neither 
critical de fi cits in histology or abnormal epidermal barrier forma-
tion was detected in these TRPV3-knockout lines  (  6,   9,   35  ) . Some 
of these TRPV3-de fi cient mice have wavy hair. The largely 
con fl icting results in the morphological assays might be due to 
methodological variations or genetically different backgrounds. 
Taken together, despite some controversy, TRPV3 activation is 
likely to improve skin barrier function and wound recovery.  

  Two rodent TRPV3 mutant lines were revealed by Shionogi 
researchers  (  36  ) . The autosomal dominant DS-Nh (Non-hair) 
mice and WBN/Kob-Ht (hypotrichosis) rats have been studied as 
animal examples resembling alopecia and atopic dermatitis because 
those are both spontaneously hairless and with allergic and pruritic 
dermatitis when raised in the presence of superantigen-producing 
 Staphylococcus aureus  and not under SPF (speci fi c pathogen-free) 
conditions  (  37,   38  ) . Asakawa et al. demonstrated that one substitution 

  3.2.  Gain of Function
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point mutation in the same regions of intracellular S4–S5 linker of 
TRPV3 channel protein (G573S in DS-Nh; G573C in WBN/
Kob-Ht) was responsible for the pathologic skin phenotypes of 
both strains  (  36  ) . Like normal TRPV3, the signi fi cant expression 
of the mutant proteins was observed in keratinocytes. 
Electrophysiological approaches for the mutant channel revealed 
that this is the gain-of-function mutation  (  39  ) . Either G573S or 
G573C mutation renders TRPV3 constitutively active. Results 
from the electrophysiology of heterologously coexpressed mutants 
with wild-type TRPV3 implicate that the mechanism for the spon-
taneous activation is likely due to lowered temperature thresholds, 
with which TRPV3 should be activated by the ambient or skin 
temperature. Ca 2+  overload via this constitutive activation might 
perturb normal functions and fates of the skin keratinocytes caus-
ing the dermatitic and alopecic symptoms. 

 The Shionogi researchers also newly constructed TRPV3 Gly573Ser  
transgenic DS mice (with a putative promoter sequence in the 5 ¢  
region of TRPV3) and C57BL-Nh mice (by crossing C57BL with 
DS-Nh mice)  (  33  ) .    The transgenic DS mice exhibited typical signs 
of dermatitis: erythema, edema, dry skin, skin erosions, excoriations, 
pachyderma, hyperkeratosis, mast cell and CD4+ T cell in fi ltration, 
increased peripheral nerve density, and scratching behaviors, which 
closely resembles human atopic dermatitis. Serum levels of total 
IgE, chemokines, interleukins (IL-13, IL-17), interferon- g , and 
monocyte chemoattractant protein-1 were also elevated in the 
transgenic mice. Furthermore, NGF production from epidermal 
sheets was elevated upon temperature stimulation (33 °C). 
Exposure to  Staphylococcus aureus  is essential for the development 
of dermatitis for DS-Nh mice  (  37  ) . By contrast, TRPV3 Gly573Ser  
transgenic DS mice exhibit dermatitis under SPF condition, which 
seems to be caused by the overexpressed mutant TRPV3 in the 
transgenic line. Although it needs to be experimentally proven, the 
higher expression and activation of TRPV3 may exacerbate dermatitis 
symptoms. Interestingly, the C57BL-Nh mice obtained by crossing 
C57BL with DS-Nh mice did not develop dermatitis, although 
they still exhibited scratching behaviors, thickened epidermis, 
higher number of mast cells, and increased peripheral nerve density 
in skin. This is possibly because each strain has a different quality 
or quantity of cellular immunity, for example, a Th1-type response 
which is relatively resistant to allergen stimulation. Such variation 
leads to the notion that hyperactive TRPV3 play a crucial role for 
dermatitis development but is not always solely adequate. 
Collectively, TRPV3 is likely to be a newly found and essential 
therapeutic target for dermatitis. Despite a relatively unclear mech-
anism, alopecia or hirsutism is another candidate disease for which 
TRPV3 modulation may work. For example, fever or dermatitis 
may cause pathologic alopecia and the heightened temperature 
and dermatitic microenvironment are the very activators and 
sensitizers for TRPV3. Indeed, the activation of TRPV3 in organ 
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cultures of human hair follicles was shown to attenuate hair growth 
 (  40  ) . Androgenic alopecia is a common form of male hair loss. In 
fact, robust upregulation of TRPV3 transcription in response to 
androgen receptor activation was observed  (  41  ) . Altogether, aber-
rant TRPV3 function might practically mediate a variety of skin 
pathologies. Thus, correcting TRPV3 is a possible strategy. Otherwise, 
compromising symptoms in diseases involving abnormal Ca 2+  
mobilization, even if TRPV3 is not a cause, by adjusting TRPV3 
activity to a certain level possibly possess therapeutic implications. 
See Table  1  for a summary of important neuronal and nonneu-
ronal  fi ndings.    

 

 Recently, extensive comparative analysis of TRPV genes throughout 
multiple vertebrates was performed  (  42  ) . Surprisingly, one of the 
key  fi ndings of this study is that authors  fi rst cloned the full length 
of western clawed frog ( Xenopus tropicalis ) TRPV3, which is acti-
vated by cold temperatures (<16 °C). Despite different sensing 
temperature bands, roles for frog TRPV3 appear to be similar to 
those for mammalian ones in that both TRPV3s are able to sense 
noxious temperatures of uninhabitable ranges and that skin is the 
major expresser tissue. Because sequences of coding DNA and its 
translated amino acids at N- and C-termini are evolutionarily 
diversi fi ed from mammalian ones but not those of the transmembrane 

  4.  Other 
Assignments

   Table 1 
  Summary of important neuronal and nonneuronal  fi ndings described in this review   

 Neuronal  Nonneuronal 

 Expression in DRG 
and trigeminal 
neurons and 
other brain regions 
 (  2,   3,   25  )  

 Expression in vagal 
nerves  (  44,   45  )  

 Increased expression 
in DRG in neuro-
pathic injury models 
 (  25,   26  )  

 Warm temperature activation of TRPV3 in keratinocytes  (  1,   3,   6,   30,   58  )  
 Heat nociception mediated by keratinocyte TRPV3  (  6,   9  )  
 Decreased expression in human skin epidermis with diabetic neuropathy  (  25  )  
 ATP secretion upon TRPV3 activation  (  30  )  
 PGE2 secretion upon TRPV3 activation  (  13  )  
 TGF a /IL-1 a  secretion upon TRPV3 activation  (  7,   8  )  
 NO production upon TRPV3 activation  (  9  )  
 NGF secretion from epidermal sheet in TRPV3 gain of function  (  33  )  
 Wavy hair in TRPV3 knockouts due to follicular keratinocyte malfunction 

and aberrance EGFR signaling  (  8  )  
 Defective skin barrier functions in TRPV3 knockouts  (  8  )  
 Slow wound healing in TRPV3 knockouts  (  9  )  
 Spontaneous hairlessness, allergic/pruritic dermatitis in gain-of-function 

mutants  (  36–  38  )  
 Polymorphism correlated with high colorectal cancer risk  (  51  )  
 Cold activation of Xenopus TRPV3  (  42  )  

  References were in parentheses  
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region, the temperature sensing domain must be located at the 
terminal regions. This diversi fi cation also negatively affects ligand 
sensitivity, cooperativity, and sensitization kinetics to known mam-
malian TRPV3 activators: for example, frog TRPV3 is unrespon-
sive to botanical ligands such as camphor and eucalyptol. Thus, the 
implications from such comparative approaches with processing 
evolutionary information might be helpful in quest of the raison 
d’etre for TRPV3 and also drug-binding pockets of TRPV3. 

 TRPV3 expression in other tissues and its functions currently 
require further evidence. When initially cloned, TRPV3 mRNA 
was moderately detected in the central nervous system  (  1–  3  ) . A 
Boswellia diterpene incensole acetate was shown to activate TRPVs 
with a highest potency for TRPV3  (  43  ) . Incensole acetate caused 
anxiolytic-like and antidepressive-like behaviors, which was ablated 
in the female TRPV3-knockout mice. It would be interesting to 
further investigate the psychoactive roles of TRPV3 and the related 
brain location. Peripherally, TRPV3 is detected in vagal nerves 
 (  44,   45  ) . TRPV3 is detected in mouse olfactory and tongue epi-
thelia where it may play a chemoreceptive role  (  7,   46  ) . The same 
group also demonstrated the expression in the organ of Corti, 
spiral ganglion cells, laryngeal    epithelial cells  (  47,   48  ) . 

 Skin warming is well known to cause local vasodilation. Epidermal 
TRPV3 may regulate thermal homeostasis in the skin with changes 
in local blood  fl ow by communicating with neighboring vascular 
structure in a keratinocyte to DRG-like manner. Intriguingly, cere-
bral artery endothelial cells express functional TRPV3 by themselves. 
TRPV3 activation by carvacrol or eugenol elicits endothelium-de-
pendent vasodilation. Ca 2+  increases in vascular endothelium through 
TRPV3 might in fl uence on vascular tone  (  49  ) . This is not affected 
by NO synthase or cyclooxygenase blockade and the NO synthase-
independent NO production upon TRPV3 activation might be 
involved  (  9  ) . Initial studies of the TRPV3 cloning have shown 
TRPV3 mRNA in the gastrointestinal tract  (  2,   3  ) . Additional studies 
con fi rmed TRPV3 expression in the murine stomach, small intes-
tine, and distal colon, but lacking functional implications  (  44,   50  ) . 
Of note, a single-nucleotide polymorphism study on 1,225 patients 
with cancer and 2,032 controls demonstrated that TRPV3 is associ-
ated with higher risk for colorectal cancer  (  51  ) . The critical poly-
morphisms were synonymous or intronic, which implicates other 
unknown functions of TRPV3 gene.  

 

  Few research articles have addressed on synthetic TRPV3 ligands 
(see below). On the other hand, the literature for botanical or 
endogenous substances is currently growing. The collective data 
indicate that TRPV3 appears to be largely sensitive to terpenoids 

  5.  TRPV3 
Pharmacology

  5.1.  Natural 
Compounds
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(Fig.  1 ). Many terpenoids have been known to irritate skin, 
sometimes leading to unpleasant sensations, or inversely, can 
soothe and relieve irritations, any of which might involve TRPV3 
action. Camphor, thymol, menthol, citral, and carvacrol are among 
the terpenoids activating TRPV3  (  6,   7,   52,   53  ) . Scrutiny of the 
monoterpenoid ef fi cacy has been once performed and borneol, 
thujone, and linalool were also shown to activate TRPV3  (  54  ) . As 
mentioned earlier, the diterpenoid incensole acetate is a TRPV3 
agonist  (  43  ) . A few nonterpene amino acid derivatives were also 
found to activate TRPV3 such as vanillin and eugenol  (  7  ) . 
Polyunsaturated fatty acids like arachidonic acid are able to sensi-
tize TRPV3 activities  (  55  ) . All the natural activators have low 
potencies (with tens of micromolar to millimolar EC50s). Some of 
these substances induce mild irritation but contradictorily have 
been traditional pain relievers. Although their nonspeci fi c actions 
on other analgesic targets may occur, it is tempting to speculate 
that, with a low potency and ef fi cacy, those might act as partial 
antagonists that compete with endogenous activators for TRPV3 
binding, otherwise that gate control theory may work by stimulat-
ing quiescent afferent pathways which neighbor disease sites. 
Different from TRPV3 sensitization upon repeated stimulation, 
prolonged exposure upon monoterpene agonists was reported to 
desensitize TRPV3  (  56  ) , which might be another explanation. 
Further studies are required to clarify these notions.  

  Promiscuous TRPV3 interaction with many of terpenes raises the 
question of whether human versions of these substances might also 
act on TRPV3. A terpenoid synthesis pathway is conserved in our 
body, namely the mevalonate pathway, where cholesterol, dolichol, 
heme A, retinoids etc. are produced. We focused on intermediates 
rather than end products and FPP was shown to be a potent 
TRPV3-speci fi c agonist (EC50 = 131 nM)  (  21  ) . Although the 
metabolism operates intracellularly, it seems to bind to a certain 
extracellular site, indicating that there might be an unknown cell 
leakage mechanism such as via transporters or damaged regions. 
The left shift of voltage dependence of TRPV3 is the gating mech-
anism by FPP as predicted in previous TRPV3 results and other 
sensory TRPVs  (  57–  59  ) . FPP is able to evoke pain responses under 
carrageenan in fl ammation, which supports the view that TRPV3 is 
a pain transducer. Interestingly, an upstream precursor of FPP, iso-
pentenyl pyrophosphate (IPP) is a potent inhibitor for TRPV3 
(IC50 = 239 nM)  (  19  ) . IPP attenuated TRPV3-mediated chemical 
and thermal pain phenotypes in this study. Regarding the biosyn-
thesis pathway of IPP and FPP, there might be an endogenous 
feedback circuit for TRPV3 activation related to pain states, but 
studies measuring actual tissue concentrations and determining if 
dynamic production at pathological stages occurs are still few. 

  5.2.  Endogenous 
Ligands
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 In addition to IPP, two other endogenous TRPV3 antagonists 
were reported by our group: 17(S)- and 17(R)-resolvin D1 
(RvD1). Resolvin D1, like other types of resolvins, is generated by 
the  w -3 fatty acid metabolism pathway in our body and has potent 
pro-resolving and anti-in fl ammatory activities  (  60  ) . 17(S)-RvD1 
showed less selectivity, inhibiting TRPA1, TRPV3, and TRPV4 
but has a striking ef fi cacy for all those TRP-mediated pain pheno-
types  (  18  ) . 17(R)-RvD1 speci fi cally inhibits TRPV3, which is 
con fi rmed by in vivo pain tests  (  20  ) . Stimulating their endogenous 
production or exogenous administration with RvD1 might be a 
possible strategy for painkilling. Furthermore, their known pro-
resolving effects via GPCRs expressed in immune cells including 
microglia could have synergy for pain therapy. See Table  2  for a 
summary of TRPV3 ligands.   

  The development of small molecule TRPV3-speci fi c antagonists is 
increasingly of industrial interest. Despite the small number of can-
didates to date, those seem to broaden TRPV3 concept to prove: 
with the synthetic antagonists, although they are speci fi c, extended 
analgesic outcomes are generated over the phenotypes or modali-
ties obtained from the genetic and electrophysiological approaches 
earlier. For example, a former Glenmark compound GRC 15300 
exhibits dose-dependent reversal of CFA-induced mechanical 
hyperalgesia in rats (ED50 = 1.66 mg/kg), a phenotype which was 
not con fi rmed in the physiological studies (see  (  61  ) ). Surprisingly, 
the effect of GRC 15300 was more potent than that of diclofenac 

  5.3.  Synthetic Ligands

   Table 2 
  Summary of TRPV3 ligands described in this review   

 Natural  Agonists: 
 Terpenoids (camphor, thymol, menthol, 

citral, carvacrol, dihydrocarveol, borneol, 
linalool, incensole acetate, thujone, etc.) 
 (  6,   7,   43,   52–  54  )  

  Amino acid derivatives (vanillin, ethyl-
vanillin eugenol)  (  7  )  

 Sensitizers: 
 Poly-unsaturated fatty acids (arachidonic 

acid, linoelaidic acid, linoleic acid, 
etc.)  (  55  )  

 Endogenous  Agonists: 
 FPP  (  21  ) , NO  (  27  )  

 Antagonists: 
 IPP  (  19  ) , 17(S)- and 17(R)-resolvin D1 

 (  18,   20  )  

 Synthetic  Agonist: 
 2-APB  (  53,   55,   58,   64  )  

 Antagonists: 
 Glenmark compounds (GRC 15133, 

GRC 15300, GRC 17173)  (  61,   62  ) , 
Hydra compounds (HC-001403, 
#64, #82)  (  61,   63  ) , 2,2-Diphenyltet-
rahydrofuran  (  58  )  

  References were in parentheses  
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at 2 and 4 h after oral administration. In the chronic constriction 
injury (CCI), neuropathic pain model which is also not thoroughly 
studied in the TRPV3 physiology, GRC 15300 reversed mechani-
cal hypersensitivity. GRC 15300 also attenuated thermal hyperal-
gesia in a postoperative incision model (ED50 = 0.92 mg/kg) and 
osteoarthritic mechanical hypersensitivity. This compound was 
licensed out to Sano fi -Aventis and recently became the  fi rst TRPV3 
drug of which the phase I clinical trial was completed. Other 
compounds from the same company, GRC 15133 and GRC 
17173, also show diclofenac- and pregabalin-comparable ef fi cacies 
in CFA and CCI models  (  62  ) . 

 A compound from Hydra Biosciences, HC-001403, was effec-
tive at CFA-in fl ammatory hyperalgesia, formalin-induced pain, and 
pain from thermal injury or intrathecal substance P without 
ef fi cacy in Chung model of neuropathic pain  (  63  ) . Hydra patents 
on their compound #64 and #82 were recently disclosed and those 
were shown to alleviate thermal hyperalgesia in burn injury and a 
carrageenan-in fl ammation model in spite of their relatively low 
in vitro potencies (200–1,000 nM)  (  61  ) . Chemical structures of 
many of these potent TRPV3-speci fi c antagonists that are in 
preclinical or clinical phase are yet to be disclosed. According to 
disclosed chemical pools of synthetic TRPV3 antagonists in 
patents, they appear to have some common features  (  61  ) . A het-
erocyclic ring with a carbonyl moiety for hydrogen bonds is 
positioned in the center and it spreads one or two hydropho-
bic branches adjacently. Designing a certain pharmacophore 
re fl ecting this feature is possibly anticipated. 

 Binding pockets for the synthetic antagonists are yet to be 
known. However, structural information for TRPV3 begins to be 
increased. Two cytoplasmic residues (H426 and R696) of human 
TRPV3 are shown to be important for a synthetic TRPV activator 
2-aminoethoxydiphenyl borate (2-APB)  (  64  ) . Interestingly, swap-
ping the two relevant residues in TRPV4, which is a 2-APB-
insensitive TRP, by TRPV3 sequences, renders TRPV3-like 2-APB 
sensitivity. 2,2-Diphenyltetrahydrofuran, a 2-APB analog blocks 
TRPV3, which implicates that the chemical is a competitive antago-
nist sharing the binding site with 2-APB  (  58  ) . The unbiased muta-
genesis study by the Scripps team demonstrated that amino acids 
clustered in 6th transmembrane helix and the adjacent extracellular 
loop are responsible for heat sensation  (  59  ) . Structural approaches 
might give an insight for ligand binding. Although the TRPV3 pro-
tein structure is not known, mapping its N-terminal ankyrin-repeat 
domain by simulating that of TRPV1 was once attempted  (  65  ) . An 
ATP/calmodulin binding site of TRPV3 on the ankyrin repeats was 
predicted and the presence of intracellular ATP was shown to inter-
fere with TRPV3 sensitization by 2-APB. Mutagenesis con fi rmed 
this ATP effect. Future extensive challenges on binding pocket 
sequence candidates in this way would help constructing more 
straightforward rationale for selecting potent ligands.   
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 Pathological phenotypes in nociception and skin morphology from 
genetic and physiological studies implicate that TRPV3 is an 
important therapeutic target. Of note, pharmacology using 
endogenous or synthetic speci fi c ligands is now contributing to 
extending the boundary of TRPV3 proof of concept that has not 
been shown even by the genetic and physiological approaches. 
In fl ammatory and neuropathic pain and related diseases appear to 
be overriding issues to challenge by a TRPV3 modulation strategy. 
TRPV3 involvement in dermatitic dysfunction and hair defects 
demonstrates its therapeutic implication. However, either overac-
tive or hypoactive TRPV3, when modulated, should be carefully 
considered because those may promote adverse effects at TRPV3 
expressers out of the main target. For example, selecting adminis-
tration doses and routes could be dependent on this information. 
Many aspects of the molecular mechanism of TRPV3 activation in 
disease remain to be clari fi ed. The list of upstream stimulators for 
TRPV3 activation including native GPCR ligands should be 
more updated particularly in terms of nociception. Which speci fi c 
diseases con fi gure the skin microenvironment boosting the endog-
enous ligand secretion and subsequent TRPV3 activation/
sensitization need to be answered Nociceptive signals from acti-
vated keratinocytes appear to  fl ow to the sensory nerve in a speci fi c 
fashion through specialized synaptic contacts, reminiscing the 
labeled line theory in the nervous system  (  66  ) . Thorough exami-
nation is still needed about DRG subtypes, keratinocyte fate 
dependence, and transmitter utilization pathways upon TRPV3 
activation. Researchers are intensively challenging TRP channel 
structuralization. Given that numbers of natural ligands modulate 
multiple TRPs  (  7,   18,   19,   52,   53  ) , it is possible that part of the 
structures might be conserved among the TRPs in terms of ligand 
interaction. Thus, growing TRP structural data will contribute to 
our knowledge expansion on TRPV3 ligand recognition and 
accelerating its drug development.      
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    Chapter 13   

 TRPV4 and Drug Discovery       

     Fabien   Vincent         and    Matthew   A.  J.   Duncton        

  Abstract 

 Transient receptor potential vanilloid 4 (TRPV4) was  fi rst identi fi ed in 2000 as an osmolarity sensor. 
Further investigations rapidly revealed this ion channel to be a polymodal receptor with additional activating 
or modulating stimuli including warm temperatures, endogenous lipids, and phosphorylation. The broad 
tissue and cell type distribution of TRPV4, coupled with its varied activation pro fi le, lead to a wide variety 
of physiological roles. These include sheer stress detection in blood vessels, osteoclast differentiation control 
in bone, along with temperature monitoring in skin keratinocytes and osmolarity sensing in kidneys. 
Recent work has also implicated TRPV4 mutations in multiple genetic disorders such as brachyolmia 
and Charcot–Marie–Tooth disease 2C. Characterization of its roles in disease states naturally led to a rising 
interest in the modulation of TRPV4 for therapeutic purposes. Therapeutic areas of interest are diverse and 
include several with signi fi cant unmet medical needs such as in fl ammatory and neuropathic pain, bladder 
dysfunctions, as well as mechanical lung injury. Herein we review the roles of TRPV4 in pathologies and 
summarize the progress made in identifying small molecule modulators of its activity for target validation 
and therapeutic purposes.  

  Key words:   TRPV4 ,  Agonist ,  Antagonist ,  Disease ,  Drug ,  Indication ,  Inhibitor ,  Activator ,  Pain , 
 Bladder ,  Lung ,  Injury ,  In fl ammation ,  Neuropathy ,  Chemistry    

 

 The TRP ion channel superfamily is composed of the TRPA, 
TRPC, TRPM, TRPN, TRPP, and TRPV families, with a total of 
28 members in mammals  (  1,   2  ) . TRPV4 belongs to the TRPV 
(vanilloid) channel family, itself subdivided into two subfamilies 
with nonselective cation permeable channels (P Ca /P Na   £  10) highly 
sensitive to temperature changes (TRPV1-4) and Ca 2+  selective 
channels (P Ca /P Na  > 100) insensitive to temperature variations 
(TRPV5-6)  (  3–  5  ) . TRPV1, the canonical member of this family, 
was  fi rst identi fi ed as the receptor of the active ingredient of chili 
peppers, capsaicin  (  6  ) . Additional studies uncovered other activating 
modalities such as noxiously high temperatures (>42°C), acidity 
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(<pH 5), and lipids (e.g., anandamide)  (  7,   8  ) . As activation by a 
given stimulus will modulate the sensitivity of the ion channel to 
other inputs, TRPV1 was shown to function as a polymodal sen-
sor, integrating a variety of activating signals to produce a resulting 
cellular output  (  8  ) . 

 TRPV4 is closely related to the TRPV1 receptor, sharing 
40.9% of its sequence. The human gene is located on chromosome 
12q23-q24.1, with  fi ve proposed splice variants produced from 12 
exons  (  9,   10  ) . The 871 amino acids of full length hTRPV4 de fi ne 
six transmembrane domains, with the pore region being located 
between TM5 and TM6, as well as six ankyrin repeats near the N 
terminus, a PRD domain close to the  fi rst ankyrin domain, and 
putative calmodulin domains near the C terminus  (  4,   5,   9  ) . As with 
TRPV1, TRPV4 is believed to form homotetramers based on cryo-
electron microscopy studies using detergent-solubilized rat TRPV4 
 (  4,   11  ) . Helpfully for drug discovery work, rat and mouse sequences 
exhibit 95% identity with their human counterpart  (  4,   5,   9  ) . The 
seminal studies which led to the discovery of TRPV4 revealed its 
modulation by osmolarity  (  12–  14  ) . Additional stimuli were soon 
identi fi ed, including warm temperatures (>27°C)  (  15  ) , phospho-
rylation by Src, PKC, and PKA  (  16–  18  ) , and endogenous lipids 
 (  4,   19,   20  ) . 

 TRPV4 displays a wide expression pattern with its presence 
being documented in kidney, lung, brain, dorsal root ganglia 
(DRG), bladder, skin, vascular endothelium, liver, testis, fat, inner 
ear, pancreas, cornea, and heart  (  4,   13,   14,   21–  29  ) . Correspondingly, 
TRPV4 is found in a variety of cell types, both excitable and non-
excitable, including peripheral, hippocampal, and subfornical organ 
neurons, renal epithelial and urothelial cells, airway smooth muscle 
cells, chondrocytes, osteoblasts and osteoclasts, smooth muscle 
cells of the aorta, insulin-producing  b  cells, astrocytes, and others 
 (  3,   4,   12,   23,   30–  40  ) . 

 This widespread expression pattern, coupled with multiple 
activating modalities, leads to a diversity of biological roles for 
TRPV4. Detailing these is beyond the scope of this chapter—the 
reader is referred to several recent reviews  (  4,   9,   41  ) —while some 
areas of interest for drug discovery will be expanded upon. Brie fl y, 
functional studies investigating TRPV4 functions were conducted 
using a range of tools including small molecule agonists and antag-
onists, antisense oligodeoxynucleotides, KO mice, and speci fi c 
genetic mutations linking TRPV4 to rare genetic disorders  (  12, 
  15,   26,   30,   33,   42–  47  ) . Using these, TRPV4 was demonstrated to 
play a role in osmolarity sensing and regulation in the CNS  (  12–  14, 
  30,   48  ) , thermosensation and possibly thermoregulation  (  15,   21, 
  49  ) , bladder function  (  43,   47  ) , bone formation and remodeling 
 (  38,   40,   45,   46,   50  ) , and mechanosensation in the vascular 
endothelium  (  37,   51  ) . 

 A number of small molecules have been described as being 
either agonists or antagonists of TRPV4. As a detailed discussion 
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of every such compound is not possible here, the reader is directed 
towards an earlier review providing a more detailed focus on this 
topic  (  52  ) . This mini review will nonetheless contain a succinct 
account of the major TRPV4 modulators, together with some 
applications of these compounds in vivo.  

 

  TRPV4 is expressed in peripheral nociceptive neurons (DRG and 
trigeminal (TG) neurons), with data suggesting its transport to periph-
eral nerve endings  (  32,   33  ) . As TRPV4 was originally identi fi ed as an 
osmosensor, early work using TRPV4 KO investigated whether this 
channel was also involved in mechanosensation. These studies pro-
vided the first evidence of TRPV4 involvement in nociception with 
KO mice displaying an increase in mechanical nociceptive threshold 
while baseline mechanical sensitivity remained unaffected  (  12,   44  ) . 

 Using complementary approaches to lower TRPV4 activity, 
TRPV4 KO mice, and TRPV4 knockdown in rats using antisense 
oligodeoxynucleotides (AS ODN), Alessandri-Haber, Levine, and 
coworkers have produced a convincing body of work documenting 
the involvement of TRPV4 in pain under pathological conditions 
 (  33,   34,   53–  58  ) . Prostaglandin E2, a known in fl ammatory mediator, 
was originally observed to sensitize this ion channel to both hypo-
tonic and hypertonic media, conditions relevant to diabetes and 
asthma, for example  (  33,   56,   59  ) . This  fi nding was later extended 
through the use of several additional in fl ammatory mediators, 
leading to the discovery that increased cAMP levels as well as PKA 
and PKC e  activation were necessary for TRPV4-mediated mechan-
ical hyperalgesia  (  54  ) . Further studies investigated its connection 
with protease-activated receptor 2 (PAR2), a GPCR co-expressed 
with TRPV4 on a subset of primary afferent neurons. The activation 
of PAR2 by proteases during in fl ammation sensitizes TRPV4 
through the stimulation of PLC b , PKA, PKC, and PKD  (  60  ) . 
Several groups have now con fi rmed the link between PAR2 activa-
tion and TRPV4-mediated mechanical hyperalgesia and release of 
nociceptive peptides substance P and CGRP  (  60–  62  ) . Besides its 
modulation by PAR2, TRPV4 was documented to be highly present 
on colonic afferent neurons in the same studies and its role in 
visceral pain was demonstrated using both TRPV4 KO and AS 
ODN approaches  (  62,   63  ) . Interestingly, PAR4, a relative of PAR2, 
was recently documented to antagonize PAR2 and TRPV4-induced 
hyperalgesia in response to colorectal distension  (  64  ) . 

 Peripheral nerve damage from diverse etiologies can lead to 
allodynia or hyperalgesia in patients. Alessandri-Haber, Levine, and 
coworkers demonstrated that TRPV4 mediates mechanical hyper-
algesia in multiple rodent models of painful peripheral neuropathy 
 (  34,   55  ) . The wide range of reagents used for nerve injury in these 
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models (paclitaxel, vincristine, streptozocin, ddC, and alcohol) 
suggests a potentially broad role for TRPV4 in neuropathic pain 
 (  55  ) . Mechanistic investigations revealed a requirement for both 
Src tyrosine kinase and  a 2 b 1 integrin in TRPV4-mediated mechan-
ical hyperalgesia  (  55  ) . TRPV4 expression levels were observed to 
increase in a rat model of chronic constriction of the DRG (CCD). 
TRPV4-speci fi c AS ODN reversed this increase and partially 
blocked the observed mechanical allodynia while leaving baseline 
nociception unaffected  (  32  ) . Additionally, the PAR2–TRPV4 rela-
tionship was recently found to extend beyond in fl ammatory con-
ditions and to include paclitaxel-induced mechanical and thermal 
hyperalgesia  (  65  ) . 

 Overall, data appear to suggest that TRPV4 may selectively 
mediate (mechanical) nociception under pathological conditions, 
without altering baseline mechanosensation  (  54  ) . TRPV4 antago-
nists may therefore prove therapeutically useful in the treatment of 
in fl ammatory and neuropathic pain, potentially including visceral 
pain related to Crohn’s disease and in fl ammatory bowel syndrome.  

  TRPV4 is expressed in the bladder urothelium (both basal and 
intermediate cells), in bladder smooth muscle cells, as well as in the 
urothelium cells lining the renal pelvis, ureters, and urethra 
 (  26,   27,   43,   66,   67  ) . Importantly, both mRNA and protein were 
documented to be present in the urothelium, with increases in 
intracellular calcium being observed in presence of well-known 
TRPV4 activating modalities such as 4 a PDD, GSK1016790A, and 
hypotonicity  (  26,   27,   43  ) . This pharmacological response was, how-
ever, reduced (hypotonicity) or absent (4 a PDD and GSK1016790A) 
in TRPV4 KO cells stimulated in the same fashion  (  27,   43  ) . 

 Mice lacking TRPV4 displayed a perturbed urine-voiding 
pattern, with longer intervoiding intervals, larger voided volumes, 
fewer productive voiding contractions, and a disturbed spatial 
distribution of urine  (  27  ) . These data are consistent with TRPV4 
ablation leading to higher bladder  fi lling and delayed micturition 
 (  68  ) . Conversely, use of TRPV4 agonists 4 a PDD in rats (but not 
mice) and GSK1016790A led to increased intravesical pressure 
and bladder overactivity, respectively  (  26,   43  ) . Notably, this effect 
of GSK1016790A was not observed in KO mice. More recently, 
the decrease in bladder capacity and voided volume prompted by 
GSK1016790A infusion were negated by the application of selec-
tive TRPV4 antagonist RN-1734  (  69  ) . 

 Other TRP channels are expressed in the bladder and are 
known to contribute to the regulation of its function  (  68,   70–  72  ) . 
TRPV1 expression levels in TRPV4 WT and KO mice were found 
to be similar  (  27  ) . Conversely, no signi fi cant change in TRPV4 
expression was observed in TRPV1 KO animals suggesting these 
ion channels do not compensate for each other  (  27,   68  ) . 

  2.2.  Bladder 
Dysfunction
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 Following the activation of the urothelium mechanosensory 
system, ATP is released to activate P 2 X 3  and P 2 X 2/3  purinergic 
channels on sensory afferents. This pressure-initiated ATP release 
is decreased in TRPV4 null mice, a result consistent with the 
postulated mechanosensory function of TRPV4. Furthermore, the 
action of TRPV4 agonists 4 a PDD and GSK1016790A can be 
counteracted by P 2 X 3  and P 2 X 2/3  antagonists TNT-ATP, A317491, 
and PPADS, further validating the upstream involvement of 
TRPV4 in this signaling pathway  (  26,   69  ) . 

 Further validation of the potential of TRPV4 antagonism for 
the treatment of bladder disorders involving reduced bladder func-
tion and increased micturition frequency was published recently 
 (  47  ) . These researchers observed that TRPV4 deletion signi fi cantly 
reduced cystitis-induced bladder dysfunction. Furthermore, similar 
results were obtained using a novel TRPV4 antagonist, HC-067047 
 (  47  ) . The lack of effect of HC-067047 in TRPV4 KO animals 
strongly suggests its ef fi cacy was due to TRPV4 antagonism. 

 Expressed in the bladder urothelium and smooth muscle cells, 
TRPV4 is a major component of the mechanosensor monitoring 
bladder distension and its activity controls, in part, voiding of the 
bladder  (  26,   27,   43  ) . Evidence is accumulating that TRPV4 antag-
onism is correlating with decreased micturition frequency and 
increased voided volumes. Furthermore, due to the expression of 
TRPV4 in the urethra and ureters, it has been suggested that it 
may be involved in the urethra-to-bladder re fl ex facilitating com-
plete voiding  (  27  ) . Overall, these data paint a promising pro fi le for 
the treatment of overactive bladder syndrome, cystitis, and pros-
tate hyperplasia through antagonism of TRPV4.  

  Acute lung injury and acute respiratory distress syndrome affect 
200,000 patients every year in the United States, with limited treat-
ment options leading to a high mortality rate  (  73,   74  ) . These ail-
ments are characterized by disruption of the alveolar septal barrier, 
hypoxemia, and patchy alveolar  fl ooding  (  75  ) . Mechanical ventila-
tion is responsible for a signi fi cant part of these injuries  (  76  ) . 
Previous studies have revealed the increase in lung vasculature per-
meability to be initiated by intracellular calcium in fl ux, which itself 
can be prompted by high airway pressure (mechanical stress)  (  77  ) . 

 Hamanaka et al. hypothesized that TRPV4 may be the mecha-
nosensor at the origin of this injury process  (  78  ) . The permeability 
increase linked to high airway pressure was indeed observed to be 
abolished in TRPV4 KO mice. This result could be replicated in 
TRPV4 WT animals by using ruthenium red, a broad ion channel 
inhibitor  (  52  ) , and inhibitors of arachidonic acid production 
(methanandamide) and its metabolism to EETs (miconazole)  (  20, 
  78  )  (Note: EETs are endogenous agonists of TRPV4- see section 
3.1.4). Similarly, after con fi rming the expression of TRPV4 in situ, 
Alvarez and coworkers monitored lung endothelium permeability 

  2.3.  Acute Lung Injury
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in response to TRPV4 agonists 4 a PDD and 5,6-EET in TRPV4 
WT and null mice  (  79  ) . Notably, the increase in permeability 
observed in response to the application of the agonists in TRPV4 
WT mice was abolished in TRPV4 KO animals. Additionally, applica-
tion of ruthenium red to WT lungs stimulated by channel agonists 
produced similar results, further con fi rming the involvement of 
TRPV4  (  79  ) . As macrophage depletion can attenuate ventilator-
induced lung injury, subsequent work focused on the role of alveolar 
macrophages, believed to be key early actors    in the injury process 
 (  80,   81  ) . Instillation of TRPV4 +/+  macrophages in TRPV4 −/−  mice 
restored the permeability increase observed in response to high 
airway pressure, con fi rming the involvement of both macrophages 
and TRPV4. 

 In summary, while early reports linked TRPV4 to high airway 
pressure-mediated lung vasculature permeability, recent studies pro-
vided additional mechanistic information on the pathways involved 
 (  80,   82  ) . Given the role of this ion channel as an early enabler of 
injury, TRPV4 antagonism holds promise for the treatment of acute 
lung injury, especially that caused by mechanical ventilation.   

 

   The phorbol ester, 4 a  phorbol 12,13-didecanoate (4  a PDD)  1 , 
was the  fi rst TRPV4 agonist to be described in the literature  (  83  ) . 
Unlike many phorbol esters, 4 a PDD does not serve as an activator 
of protein kinase C (PKC) at concentrations up to 25  m M  (  83,   84  ) . 

 Analogues related to 4 a PDD have also been evaluated as 
TRPV4 agonists and have revealed important facets of the binding 
of phorbol esters to TRPV4 (Fig.  1 )  (  85  ) . For example, 4 a PDD 
has an EC 50  of 0.37  m M (±0.08  m M) at TRPV4. Shortening the 
ester chain length from 10 carbons found in 4 a PDD, to 6 carbons, 
giving dihexanoate ester  2 , resulted in an increase of EC 50  to 

  3.  TRPV4 Agonists 
and Antagonists

  3.1.  TRPV4 Agonists

  3.1.1.  Phorbol Esters 
as TRPV4 Agonists

  Fig. 1.    Phorbol esters as agonists of TRPV4.       
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0.07  m M (±0.01  m M). Interestingly, other lengths of ester side 
chain resulted in a dramatic decrease in TRPV4 activity. During 
these structure–activity studies, it was also found that a hydroxyl 
group at the 5,7-ring junction of the phorbol skeleton was very 
important for TRPV4 activity, since its removal to give compound  3  
abolished agonism of TRPV4.  

 Phorbol esters are reported to interact with the TRPV4 ion 
channel directly  (  5,   83–  85  ) , and in contrast to the binding of 
phorbols to PKC, do not use a “typical” cysteine-rich phorbol 
binding site  (  85  ) . 

 4 a PDD has been a very important ligand for investigation of 
the role of TRPV4, being used to study effects upon pain  (  53,   86  ) , 
bladder function  (  26  ) , and control of blood pressure  (  87,   88  )  
among others.  

  GSK1016790A  4  (from GlaxoSmithKline) was recently disclosed 
as a very potent TRPV4 agonist (EC 50  hTRPV4 = 5 nM)  (  43  ) . 
Signi fi cantly, GSK1016790A evoked a much greater current den-
sity at TRPV4 when compared with 4 a PDD, indicating greater 
relative ef fi cacy. The starting point for the discovery of 
GSK1016790A was the Cathepsin K inhibitor  5 , which was found 
to be a submicromolar agonist of TRPV4 (Fig.  2 ). Subsequent 
optimization of compound  5  gave rise to GSK1016790A, and a 
whole series of structurally related agonists  (  42,   43,   89,   90  ) .  

 GSK101670A is reported to be selective against TRPV1, but 
may interact with other receptors, as exposure of non-TRPV4 
expressing HEK293 cells to GSK1016790A results in calcium 
uptake at low concentrations (50–100 nM)  (  42,   43  ) . GSK101670A 
has been utilized for a number of in vivo investigations. For exam-
ple, it induced bladder hyperactivity in mice  (  43  ) . However, work 

  3.1.2.  GSK1016790A

  Fig. 2.    GSK101670A as a TRPV4 agonist.       
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with GSK1016790A has been somewhat limited, as a result of 
lethal TRPV4-mediated circulatory collapse in mice, rats, and dogs, 
upon exposure to an intravenous injection of this TRPV4 agonist 
 (  42  ) . Naturally, this result indicates that the use of systemic TRPV4 
agonists in human clinical trials may be limited.  

  RN-1747  6  (Fig.  3 ) was identi fi ed as a submicromolar TRPV4 
agonist during a screen of commercial arylsulfonamides as TRPV4 
ligands (EC 50  = 0.77  m M)  (  91  ) . RN-1747 is relatively selective for 
TRPV4, although it serves as a TRPM8 antagonist at higher con-
centrations (IC 50  = 4  m M).   

  Lipid metabolites of the arachidonic acid pathway have been shown 
to serve as endogenous agonists of TRPV4  (  5,   19,   20,   83  ) . For 
example, 5,6-epoxyeicosatrienoic acid  7  (5,6-EET) and 8,9-epoxye-
icosatrienoic acid  8  (8,9-EET) were identi fi ed by Nilius and 
coworkers as TRPV4 agonists, with an EC 50  of 0.15  m M versus 
hTRPV4 (Fig.  4 ). Whether they interact directly with the ion chan-
nel is still uncertain, however  (  4  ) .    

   Ruthenium red  9  (Fig.  5 ), a metal-based dye acting as a pore 
blocker, was one of the  fi rst potent TRPV4 antagonists to be 
identi fi ed  (  15,   83  ) . However, ruthenium red is an unselective 
ligand as activity has been reported with more than 20 other ion 
channels and biological targets  (  52  ) . Nonetheless, ruthenium red 
has been used extensively as a probe of TRPV4 activity in the 
in vivo setting  (  86,   88,   92  ) .   

  In 2010, Hydra Biosciences disclosed the structure of HC-067047 
 10  as a potent TRPV4 antagonist (Fig.  6 )  (  47  ) . This compound    is 

  3.1.3.  RN-1747

  3.1.4.  Endogenous 
Agonists of TRPV4

  3.2.  TRPV4 
Antagonists

  3.2.1.  Ruthenium Red

  3.2.2.  HC-067047

  Fig. 3.    RN-1747 as a TRPV4 agonist.       

  Fig. 4.    Lipid metabolites of the arachidonic acid serving as TRPV4 agonists.       
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a potent inhibitor of the human, mouse, and rat ortholog    of 
TRPV4 (IC 50  of 48 nM, 17 nM, and 133 nM, respectively). 
HC-067047 also inhibits TRPM8 and the hERG potassium 
channel, with an approximate tenfold window of selectivity at 
TRPV4 over these other ion channels. The activity at the hERG 
potassium channel may limit the use of HC-067047 to the preclinical 
setting, as inhibition of hERG has been associated with QTc 
prolongation, a potentially severe cardiovascular side effect  (  93  ) . 
In vivo, HC-067047 was shown to improve bladder function in 
rodent models of cystitis, induced by cyclophosphamide  (  47  ) . 
Other in vivo measurements indicated that HC-067047 did not 
affect core body temperature, thermal selection behavior, water 
intake, heart rate, locomotion, or motor coordination. Thus, 
HC-067047 may serve as an important tool compound to probe 
the functions of TRPV4 in vivo.   

  Extending their work beyond TRPV4 agonists, GlaxoSmithkline 
(GSK) have also reported on the design and synthesis of TRPV4 
antagonists. For example, GSK have reported on the use of an 
aminothiazole ligand  11 , named GSK-205, as a submicromolar 
selective inhibitor of TRPV4 in porcine chondrocytes 
(IC 50  = 0.6  m M)  (  94  ) . Additionally, GSK have also detailed a num-
ber of different ligands as TRPV4 antagonists. Representative 
structures of some compounds described in recent patent applica-
tions are shown in Fig.  7   (  95–  98  ) .   

  RN-1734  13  (Fig.  8 ) has been identi fi ed in the same focused arylsulfon-
amide screen as TRPV4 agonist RN-1747 described earlier  (  91  ) .    

  3.2.3.  GSK-205 and Other 
Antagonists from 
GlaxoSmithkline

  3.2.4.  RN-1734 
and RN-9893

  Fig. 5.    Ruthenium red, a TRPV4 antagonist.       

  Fig. 6.    HC-067047, a TRPV4 antagonist active in rodent models of cystitis.       
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RN-1734 inhibits TRPV4 in the micromolar range when 4 a PDD, 
or hypotonicity, is used as the activating stimuli (IC 50  hTRPV4 ca. 
2.3  m M). A somewhat more potent TRPV4 antagonist, RN-9893, 
has also been reported, but the structure has not been disclosed at 
the time of writing this chapter  (  99  ) .   

  It comes as no surprise that certain vanilloids and literature TRPV1 
antagonists may have activity at TRPV4. For example, antagonist 
activity at TRPV4 has been described for vanilloid  14  and the 
quintessential TRPV1 antagonist, capsazepine  15   (  91,   100  ) . 
However, in the case of capsazepine, the IC 50  for inhibition of 
TRPV4 (15  m M) is signi fi cantly higher than its IC 50  against TRPV1 
(5–50-fold, depending on the assay)  (  91,   101  )  (see Fig.  9 ).     

  3.2.5.  Vanilloids and TRPV1 
Ligands as TRPV4 
Antagonists

  Fig. 7.    GSK-205 and other representative TRPV4 antagonists from GlaxoSmithKline.       

  Fig. 8.    RN-1734 as a TRPV4 antagonist.       

  Fig. 9.    Vanilloid derivative and the well-known TRPV1 antagonist, capsazepine as TRPV4 antagonists.       
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 With its wide expression pattern and multiple activating modalities, 
TRPV4 plays a variety of physiological roles, including several 
related to disease states. Potent, bioavailable, and relatively selective 
TRPV4 modulators such as agonist GSK1016790A  4  and antago-
nist HC-067047  10  are now available to help validate TRPV4 
modulation against speci fi c diseases. Of special interest are the 
potential therapeutic bene fi ts of TRPV4 antagonism for the treat-
ment of in fl ammatory and neuropathic pain, bladder and urinary 
disorders, as well as ventilator-induced lung injury, all areas with 
signi fi cant unmet medical needs. While TRPV4-directed com-
pounds are often active against other TRP channels, selectivity 
appears to be an achievable goal. On the other hand, the multiplic-
ity of physiological roles carried out by this ion channel suggests 
that careful evaluation of potential on-target toxicity will be 
necessary in any drug discovery project targeting TRPV4.      
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    Chapter 14   

 TRP Expression and Function in the Lung Airways       

     Alexander   Dietrich       and    Thomas   Gudermann     

  Abstract 

 The airways of the lungs are composed of the epithelium, smooth muscle cells, and sensory nerve cells as 
well as resident immune cells. Transient receptor potential (TRP) channels are expressed in all of these 
tissues and cells and there is increasing evidence that they play a key role in respiratory diseases such as 
asthma and chronic obstructive pulmonary disease (COPD). This chapter focuses on what is currently 
known about TRP expression and function in lung airways by studying speci fi c channel blockers as well as 
TRP-de fi cient mouse models. Targeting selected TRP functions may have important therapeutic bene fi ts 
for respiratory diseases in the future.  

  Key words:   TRP channels ,  Lung ,  Asthma ,  COPD ,  Cough ,  Smooth muscle cells ,  Epithelial cells , 
 Sensory neurons ,  Immune cells    

 

 The lungs are functionally divided into the lung airways and the 
pulmonary vasculature. While lung airways transport gases to and 
from alveoli, pulmonary blood vessels ensure oxygen supply to the 
circulating blood. The airways are composed of bronchi which by 
themselves branch many times into smaller airways, ending in the 
narrowest ones, the bronchioles. Large airways are held open by 
semi fl exible,  fi brous connective tissue called cartilage, while smaller 
airways are supported by the lung tissue that surrounds and is 
attached to them. Both contain circular airway smooth muscle, 
which can dilate or constrict, thus changing the airway size. At the 
end of each bronchiole are thousands of small air sacs called alveoli, 
where the gas exchange with the circulating blood takes place. 
Lung airways are the gateway not only to gas exchange, but also to 
infectious agents like bacteria and viruses as well as allergens invading 
the body. Therefore, immune cells in the lung provide a very effec-
tive immune defense and are responsible for allergic diseases like 
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asthma. Chronic obstructive pulmonary diseases (COPD) including 
chronic bronchitis and emphysema are also very common, whose 
suggested prevalence is increasing worldwide. In addition, pulmo-
nary  fi brosis after inhalation of environmental and occupational 
pollutants like cigarette smoke results in a gradual exchange of 
lung parenchyma with  fi brotic tissues. The main target of all of 
these diseases is the lung airways, and pathophysiological mecha-
nisms like bronchoconstriction, in fl ammation, and airway remod-
eling may involve ion channels of the mammalian superfamily of 
transient receptor potential (TRP) channels expressed in different 
tissues of the lung airways. They have been described as polymodal 
cellular sensors and as candidates for receptor- and probably 
store-operated calcium in fl ux in different cell types. 

 A rise in the cytosolic free calcium concentration ([Ca 2+ ] i ) is a 
powerful stimulus to cell activation and plays an important role in 
the regulation of cell types found in the lung airways like epithelial 
cells, airway smooth muscle cells, and sensory nerve endings. 
Moreover, eosinophils, neutrophils, and T lymphocytes migrate to 
the lungs in response to injury and infection after an initial rise in 
intracellular Ca 2+  levels. In summary, changes in [Ca 2+ ] i  play a crucial 
role in functional responses like mucus production, generation of 
 r eactive  o xygen  s pecies (ROS), cell proliferation, as well as airway 
smooth muscle contraction. 

 Members of the transient receptor potential (TRP) superfamily 
can be divided into six families consisting of 28 known members: 
   The TRPA (for Ankyrin), TRPC (for Canonical or Classical), 
TRPM (for Melastain), TRPP (for Polycystin), TRPML (for 
Mucolipin), and the TRPV (for Vanilloid) family. They form homo- 
or heterotetramers in between their TRP families with varying ion 
selectivity from unselective to Ca 2+ -selective (see  (  1  )  for a recent 
review). Members of the TRPML and TRPP families are not found 
in lung airways and will not be described in this chapter. In between 
the other families only members are listed that have been identi fi ed 
in the cells of the lung airways.  

 

 The family of transient receptor potential A is identi fi ed by a high 
number of ankyrin repeats and comprises only one mammalian 
member, TRPA1. These aminoterminal repeats, which are also 
found in TRPC and TRPV channels, may be relevant to a pro-
posed mechanosensory role of the channel  (  2  ) . TRPA1 is a calcium 
permeable channel which was originally cloned from human lung 
 fi broblasts  (  3  ) . The channel is also expressed in vagal sensory neurons 
innervating the airways  (  4,   5  ) , and is stimulated by noxious cold 
(<17°C)  (  6,   7  )  and isothiocyanates, the compounds of mustard 
oil and horseradish  (  7,   8  ) . Most interestingly, the TRPA1 channel 
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is also activated by toxic substances like acrolein and other unsaturated 
aldehydes which are inhaled with cigarette smoke and may be 
sensed by chemosensory (C- fi ber) neurons in the lung. 
Chemosensory respiratory re fl exes triggered in the upper airways 
may limit the exposure of the lower airways to the toxic substances. 
On the other hand, this activation may induce in fl ammatory 
processes like asthma. Moreover, oxidative stress induced by 
cigarette smoke is an important risk factor in the development of 
COPD. It was recently demonstrated that hypochlorite- and 
hydrogen peroxide-activated Ca 2+  in fl uxes and membrane currents 
in a subpopulation of chemosensory cells which are sensitive to 
reactive oxygen species released by these substances. These mem-
brane currents were absent in TRPA1-de fi cient mice, indicating 
the essential role of this channel in inducing the calcium in fl ux  (  9  ) . 
Along these lines, TRPA1 −/−  mice displayed profound de fi ciencies 
in hypochlorite- and hydrogen peroxide-induced respiratory 
depression as well as decreased pain behavior  (  9  ) . For these reasons, 
it is not surprising that potent selective TRPA1 antagonists like 
AP-18 and HC-030031 as potential therapeutics were already tested 
in animal models. AP-18 was able to inhibit acrolein-induced depo-
larization of isolated human vagus nerves  (  10  )  while HC-030031 
attenuated the tussive responses induced by inhalation of TRPA1 
agonists by >50%  (  10  ) . Although a complete inhibition was not 
possible due to insuf fi cient dosing of HC-030031, which for solu-
bility reasons could not be increased, TRPA1 blockers may have a 
huge therapeutic bene fi t in the treatment of allergic asthma and 
COPD in the near future.  

 

 The classical or canonical family of TRPC channels shares the most 
homologies to the initially discovered  trp  channels of  Drosophila 
melanogaster . They include seven members (TRPC1-7), but only 
six are functional in humans, because TRPC2 is a pseudogene in 
the human genome. In the case of the TRPC3/6/7 subfamily of 
TRPC channels, their activation is due to the diacylglycerol (DAG) 
formed from the phospholipase C (PLC)-mediated cleavage of 
plasma membrane phosphatidyl-inositol-4,5-bisphosphate (PIP 2 ). 

 Although TRPC1 was the  fi rst mammalian TRP channel to be 
cloned, its physiological functions are still elusive. It is not even 
clear if TRPC1 is an ion channel or merely an adaptor protein regu-
lating ion channel activity of other TRPC members. Homomeric 
TRPC1 complexes do not translocate to the plasma membrane 
 (  11  )  but TRPC1 as a member of heteromeric TRPC1/5 or TRPC1/4 
complexes have a high impact on TRPC4/5 currents  (  12  ) . 
It has been reported that TRPC1 is important for the proliferation 
of bronchial smooth muscle cells, which may induce thickening of 
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the airways facilitating airway hyperreactivity (summarized in  (  13  ) ). 
Along these lines, TRPC1 is up-regulated in proliferating airway 
smooth muscle cells while TRPC1 down-regulation inhibits cell 
proliferation  (  14,   15  ) . However, it is not clear if proliferation is 
in fl uenced exclusively by TRPC1 channels or by TRPC1/4 channel 
complexes, because heteromeric TRPC1/4 channel complexes seem 
to be more important for the lung extra-alveolar endothelial barrier 
than for the capillary endothelial barrier (summarized in  (  16  ) ). 

 TRPC3 expression is up-regulated by tumor necrosis factor 
(TNF)- α  in human airway smooth muscle cells  (  17  ) . TNF- α  is a 
pro-in fl ammatory cytokine which has been implicated with asthma 
and COPD because it increases airway hyperresponsiveness (AHR) 
by increasing airway smooth muscle Ca 2+ . Therefore, TNF- α  block-
age might represent a promising pharmacological target for the 
treatment of asthma and COPD (summarized in  (  18  ) ). 

 Many studies were already published on the role of TRPC6 
channels in the lung airways. Indeed TRPC6 function in the lung 
might be most important because it is the most prominently 
expressed TRPC channel in lungs  (  19  ) . Therefore, we set out to 
analyze allergic responses in a TRP6-de fi cient mouse model expect-
ing a reduced response in comparison to wild-type (WT) mice. 
However, we found an increased methacholine-induced AHR in 
TRPC6-de fi cient mice compared to WT mice. This surprising 
 fi nding is most probably due to compensatory up-regulation of 
TRPC3 in airway smooth muscle cells  (  20  ) . By experimental 
in fl ammation induced by intraperitoneal ovalbumin (OVA) sensiti-
zation followed by OVA aerosol challenges we were able to detect a 
decreased level of T-helper type 2 (Th2) cytokines (IL-5 and IL-13) 
as well as reduced IgE levels in the blood of TRPC6 −/−  mice 
compared to WT mice. Mucus production in goblet cells from chal-
lenged mice however was not altered in TRPC6-de fi cient mice  (  20  ) . 
These data point to an important role of TRPC6 in the immune 
responsive rather than in airway smooth muscle tissues itself. Because 
neutrophil numbers are increased in the sputum of COPD and 
asthma patients, TRPC6 function in these cells might be also impor-
tant for the progress of the diseases. Migration of TRPC6 −/−  neutro-
phils in response to macrophage in fl ammatory protein-2 (MIP2 also 
known as CXCL2) was reduced compared to WT neutrophils  (  21  ) . 
In the same report, an involvement of TRPC6 in cytoskeletal 
rearrangements during neutrophil migration was demonstrated sug-
gesting an important role of TRPC6 in migrating lung neutrophils. 
TRPC6 was also identi fi ed in other immune cells of the lung like 
alveolar macrophages  (  22  ) . Most interestingly, TRPC6 mRNA 
expression was signi fi cantly increased in macrophages obtained from 
COPD patients compared to healthy controls, while TRPC3 and 
TRPC7 levels remained unchanged  (  22  ) . In summary, TRPC 
channels represent good pharmacological targets but speci fi c 
TRPC channel blockers still need to be identi fi ed.  
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 The mammalian TRPM family consists of seven channels with 
melastatin as the founding member, originally described as a tumor 
suppressor protein. They contain an important temperature sensor 
(TRPM8) and exhibit variable permeability ranging from Ca 2+  
impermeable (TRPM4/5) to highly Ca 2+  and Mg 2+  permeable 
(TRPM6/7). TRPM2 and TRPM6/7 are also exceptional in hav-
ing associated enzymatic activities associated with their C-terminal 
domains. 

 A unique function of TRPM2 is its intracellular C-terminal 
ADP-ribose (ADPR) hydrolase activity and its activation by intrac-
ellular ADPR (summarized in  (  23  ) ). TRPM2 is also described as 
an H 2 O 2 -activated channel expressed in lung macrophages  (  22  ) . 
Generation of reactive oxygen species (ROS) and especially H 2 O 2  
is important in host defense eliminating invading bacteria. However, 
high levels of oxidative stress from extracellular sources like ciga-
rette smoke or endogenous in fl ammatory processes are also impor-
tant in the pathogenesis of asthma and COPD. Moreover, the 
 N -formylmethionyl-leucyl-phenylalanine (fMLP) peptide, which 
are released from invading bacteria, induce only a decreased Ca 2+  
and migration response in neutrophils from TRPM2-de fi cient mice 
compared to WT mice while the CXCL2-induced responses were 
unaltered  (  24  ) . 

 A TRPM4-de fi cient mouse model uncovered its function in 
mast cells. Bone marrow-derived mast cells from TRPM4 −/−  showed 
increased Ca 2+  entry and therefore enhanced release of histamine, 
leukotrienes, and TNF- α  compared to WT mast cells. Mast cell 
migration was also impaired  (  25,   26  ) . 

 In summary, both TRPM2 and TRPM4 channels are expressed 
in immune cells (see Fig.  1 ) whose exact involvement in allergic 
and nonallergic lung in fl ammation still needs to be determined.  

 TRPM8 is a menthol and thermally regulated channel acti-
vated by breathing cold air and inducing respiratory autonomic 
responses like airway constriction, cough, and mucosal secretion 
 (  27,   28  ) . While the TRPM8 channel is expressed in only very few 
bronchopulmonary C  fi bers, its truncated but functional variant 
has been identi fi ed in human bronchial epithelial cells  (  29  ) . 
Stimulation of these cells with both cold (18°C) and menthol 
caused an enhanced expression of pro-in fl ammatory cytokines 
(e.g., IL-1 α  and  β    , IL-4, IL-6, IL-8, and IL-13) as well as 
granulocyte-macrophage colony-stimulating factor (GM-CSF) 
and TNF- α   (  30  ) . It will be exciting to test TRPM8 inhibitors in 
cold-induced asthma and to evaluate TRPM8 function in gene-
de fi cient mouse models.  

  4.  TRPM Channels
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 Six members were identi fi ed for the TRPV family, whose founding 
channel TRPV1 is activated by vanilloids including capsaicin   , the 
ingredient of red chili pepper. Only TRPV5 and 6 show Ca 2+  
selectivity, while TRPV1-4 are described as nonselective thermo- 
and chemosensitive channels. 

 TRPV1 is expressed in sensory neurons, pulmonary smooth 
muscle cells, bronchial and tracheal epithelial cells, human larynx 
epithelial cells, as well as in dendritic cells of the lung  (  31–  33  ) . 
Next to capsaicin, TRPV1 is also activated by protons and heat as 
well as agonists like NGF, bradykinin   , and prostaglandins which 
remove inhibitory PIP 2  by cleavage of receptor-activated PLCs 
(summarized in  (  34  ) ). In contrast to other TRP channels, a strong 
and speci fi c inhibitor capsazepine has been identi fi ed and several 
other antagonists are also tested in clinical phases, because many 
studies have linked TRPV1 to respiratory diseases  (  34  ) . TRPV1 
was up-regulated in capsaicin-sensitive patients with chronic persistent 
cough  (  35,   36  ) , asthma, and COPD  (  37  ) . Blockage of TRPV1 by 
its inhibitors prevents damage of airway epithelium by airborne 
particulate matter  (  38,   39  )  and reduces cough induced by citric 
acid or antigen challenge  (  40,   41  )  as well as OVA-induced cough 
response in guinea pigs  (  41  ) . In human bronchial epithelial 
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  Fig. 1.    Expression pro fi les of TRP channels in airway smooth muscle cells (adapted from  (  34  ] ). See the text for more details.       
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(BEAS-2B) and alveolar (A549) cells, TRPV1 activation induced 
cell death by endoplasmic reticulum stress which was, however, not 
inhibited by TRPV1 antagonists  (  42,   43  ) . Most interestingly, the 
analysis of TRPV1 −/−  mice also identi fi ed a counterregulatory 
mechanism by activated TRPV1. Airway in fl ammation induced by 
intranasal administration of lipopolysaccharides (LPS) from 
 Escherichia coli  was signi fi cantly increased in TRPV1-de fi cient mice 
compared to WT mice. Most interestingly, LPS was able to induce 
somatostatin secretion in WT but not in TRPV1 −/−  mice. Thus, 
TRPV1-activated somatostatin production may protect mice from 
bronchial hyperreactivity, peribroncheal edema, neutrophil/
macrophage in fi ltration, as well as goblet cell hyperplasia during 
airway in fl ammation  (  44  ) . Therefore, TRPV1 may be most impor-
tant in the development and protection from airway diseases and 
TRPV1 agonists as well as antagonists are currently under develop-
ment by several companies (see  (  34  )  for a recent review). 

 The TRPV4 channel is activated by hypotonic solutions as well 
as mechanical stress and may play a role in osmotic and mechanical 
sensing in the lung airways  (  45,   46  ) . Channel activity of TRPV4 is 
also stimulated by 4 α -phorbol-12,13-didecnoate (4 α PDD) and 
inhibited by low temperatures (<30°C)  (  47  ) . In the lung, TRPV4 
is expressed in ciliated tracheal and airway epithelial cells as well as 
in alveolar septal walls  (  48,   49  ) . Moreover, expression on mononu-
clear cells  (  50  )  and alveolar macrophages  (  45,   51  )  has been 
reported. The cilia beat frequency can be increased by activation of 
TRPV4 and inhibited by a TRPV4-speci fi c antibody in vitro pointing 
to an important role of TRPV4 in mucocilia transport  (  52  ) . The 
permeability of the epithelial layers of the gas exchanging septal 
regions was increased by 4 α PDD and this response was largely 
decreased in TRPV4 −/−  mice  (  49,   53  ) . This mechanism can induce 
alveolar  fl ooding and dramatically decrease gas exchange. Hypotonic 
solutions can initiate smooth muscle contraction in isolated human 
and guinea pigs airways  (  54  ) , a process which might be important 
for bronchial hyperresponsiveness in asthma patients. TRPV4 is 
also an important candidate gene for COPD, because in a genetic 
approach including 953 COPD patients and 956 healthy persons, 
7 out of 20 single nucleotide polymorphisms (SNPs) in the TRPV4 
gene were associated with COPD  (  55  ) . So far there are no speci fi c 
TRPV4 inhibitors identi fi ed, although TRPV4 is an important 
pharmacological target for the treatment of asthma and COPD.  

 

 TRP channels are expressed in all of the different cell types in lung 
airways. However, we are just beginning to understand their func-
tions in lung airway physiology by analyzing gene-de fi cient mouse 
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models. Speci fi c activators or inhibitors for TRPM8 as well as 
TRPV1 and TRPV3 already launched by certain pharmaceutical 
companies may also be bene fi cial in the pharmacotherapy of airway 
diseases like asthma and COPD. TRPC and TRPA1 channels are 
also important pharmacological targets but speci fi c blockers still 
need to be identi fi ed.      
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    Chapter 15   

 Hypoxia-Dependent TRP Channel Function in Pulmonary 
Arterial Smooth Muscle Cells       

     Beate   Fuchs      ,    Hermann   Kalwa   ,    Norbert   Weissmann   , 
   Thomas   Gudermann   , and    Alexander   Dietrich      

  Abstract 

 Hypoxic pulmonary vasoconstriction (HPV) is an essential physiological mechanism of the lung which 
matches perfusion to ventilation to optimize gas exchange. Pulmonary arterial smooth muscle cells 
(PASMC) are the effector and possibly also the sensor cells of HPV. Contraction of these cells under 
hypoxia is induced by an increase in intracellular Ca 2+  concentration ([Ca 2+ ] i ). To investigate details of the 
hypoxia-induced increase in [Ca 2+ ] i , we use a live cell imaging procedure with fura-2 in isolated wild-type 
(WT) and gene-de fi cient mouse PASMC. We also describe here the manganese-quenching method to 
determine the role of nonselective cation in fl ux through transient receptor potential (TRP) channels in 
response to hypoxia.  

  Key words:   Hypoxic pulmonary vasoconstriction ,  Hypoxia ,  Lung ,  Pulmonary artery smooth muscle 
cells ,  Calcium imaging ,  Manganese-quenching ,  Fura-2 ,  TRPC6    

 

 Oxygen is indispensable for generation of ATP during the energy 
 fi xation process in mitochondria. To prevent life-threatening arte-
rial hypoxemia under pathophysiological conditions of severe 
regional alveolar hypoxia and to optimize pulmonary gas exchange 
under physiological conditions within the lung, a mechanism 
known as hypoxic pulmonary vasoconstriction (HPV) is essential. 
HPV redirects blood  fl ow from poorly or nonventilated to well 
ventilated areas of the lung to assure optimal uptake of oxygen 
during ventilation  (  1–  4  ) . 

 Although this principle is well known, the underlying oxygen 
sensor and signal transduction pathway(s) has/have not been fully 
elucidated yet. Pulmonary arterial smooth muscle cells (PASMC) 
have been suggested as sensor and effector cell at least for acute 

  1.  Introduction
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HPV, lasting seconds to some minutes since isolated PASMC 
respond to hypoxia by an increase of intracellular Ca 2+  concentra-
tion ([Ca 2+ ] i ) and subsequent contraction  (  5–  11  ) . This increase in 
[Ca 2+ ] i  can be caused by Ca 2+  release from intracellular stores or 
Ca 2+  in fl ux from extracellular space. Besides voltage-operated Ca 2+  
channels, receptor-operated cation channels, which are activated 
by agonists, or store-operated cation channels, which are activated 
by depletion of intracellular Ca 2+  stores, are identi fi ed to mediate 
the entry of cations like Ca 2+  and Na +   (  12  ) . Both, receptor-oper-
ated cation channels and store-operated cation channels, can be 
formed by transient receptor potential (TRP) proteins which are 
divided in six subfamilies  (  13,   14  ) . In 1995, the  fi rst TRP subfam-
ily was identi fi ed in mammals, called the  c lassical or  c anonical TRP 
(TRPC) subfamily consisting of seven members  (  14  ) . One member 
of the TRPC family, TRPC6, is highly expressed in the lung and in 
many smooth muscle tissues and plays an important role for 
regulation of smooth muscle contractility  (  14  ) . 

 Although the analysis of intact lungs has the advantage of 
closely re fl ecting the in vivo situation, investigations of isolated 
PASMC allow a more detailed insight into cell-speci fi c processes. 
Thus, a combination of both has the potential to signi fi cantly 
improve our knowledge about HPV. 

 HPV occurs predominantly in the precapillary region of the 
pulmonary vascular tree  (  9,   15  ) . Therefore, the regions from which 
PASMC are isolated (e.g., precapillary versus main pulmonary 
arterial) to investigate HPV are very important. Indeed, PASMC 
from the distal pulmonary arterial region show a stronger contrac-
tion in response to hypoxia or pharmacological vasoconstrictors 
than from the proximal region  (  16,   17  ) . Even more contradictory, 
hypoxia can cause dilatation instead of vasoconstriction of proxi-
mal or larger pulmonary arteries  (  18,   19  ) . 

 For imaging of changes in free [Ca 2+ ] i , different  fl uorescent 
indicators are available. One widely used selective Ca 2+  indicator is 
fura-2 acetoxymethylester (fura-2 AM). Compared to nonratio-
metric Ca 2+  dyes, e.g.,  fl uo-3 or  fl uo-4, fura-2 as a ratiometric Ca 2+  
dye is independent of loading ef fi ciency or other factors in fl uencing 
the  fl uorescent signal ef fi ciency (e.g., temperature). 

 Fura-2 AM is membrane permeable due to its lipophilic ester 
groups. After crossing the cell membrane, cytosolic esterases cleave 
the ester groups generating a hydrophilic and membrane-
impermeable fura-2. In the cytosol, fura-2 is a selective Ca 2+  chela-
tor and its excitation spectrum depends on changes in [Ca 2+ ] i . 
Increasing [Ca 2+ ] i  leads to an increase of  fl uorescence intensity after 
excitation at 340 nm and a decrease of  fl uorescence intensity after 
excitation at 380 nm. Therefore, the ratio of  fl uorescence intensity 
after excitation at 340 nm to  fl uorescence intensity after excitation 
at 380 nm is proportional to [Ca 2+ ] i . Ratiometric indicators like 
fura-2 have the advantage to depend solely on changes in the 
indicator-speci fi c ion, independently of loading ef fi ciencies. 
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 Moreover, fura-2 also exhibits its isosbestic point at an 
excitation wavelength of 360 nm where the  fl uorescence is inde-
pendent of [Ca 2+ ] i . In contrast to Ca 2+ , Mn 2+  has a much higher 
af fi nity to fura-2 and leads to a quenching effect after binding and 
thereby to a reduction of  fl uorescence intensity. For this reason, a 
method called manganese-quenching allows the analysis of Mn 2+  
ion in fl ux from the extracellular into the intracellular space through 
nonselective cation channels after extracellular application of Mn 2+ . 
A decrease of fura-2  fl uorescence intensity at the isosbestic point is 
therefore directly correlated to channel activity. 

 Against this background, we here describe isolation technique 
of primary PASMC from the precapillary region of the lung and 
the investigation of hypoxia-induced modulations in [Ca 2+ ] i  and 
nonselective channel activity using primary PASMC from wild-type 
(WT) and gene-de fi cient mouse models.  

 

   For isolation and culturing of PASMC from mice, the following 
materials and solutions are needed. 

      1.    Low-melting-point agarose, iron-oxide, collagenase type IV, 
and collagen solution (type 1) (Sigma-Aldrich, Steinheim, 
Germany)  

    2.    Medium 199 (Invitrogen, Karlsruhe, Germany)  
    3.    DPBS and penicillin/streptomycin (PAN Biotech, Aidenbach, 

Germany)  
    4.    Fetal calf serum (FCS) (PAA Laboratories, Coelbe, Germany)  
    5.    Smooth muscle cell growth medium 2 (Promocell, Heidelberg, 

Germany)  
    6.    Aqua dest. and 0.9% NaCl solution (B.Braun, Melsungen, 

Germany)  
    7.    Tracheal cannula: intubation cannula (Hugo Sachs, March-

Hugstetten, Germany) connected to a tube connector 
(1.6 × 2.3 mm, Novodirect, Kehl/Rhein, Germany) and then 
connected to a combi fi x adapter (B.Braun) by tubes 
(Novodirect)  

    8.    Pulmonary arterial cannula from IL-1 setup (Hugo Sachs) 
connected to a tube connector (1.6 × 2.3 mm, Novodirect) 
and then connected to a combi fi x adapter (B.Braun) by tubes 
(Novodirect)  

  2.  Materials

  2.1.  Isolation of 
Pulmonary Arterial 
Smooth Muscle Cells

  2.1.1.  Isolation and Culture 
Procedure of PASMC

   Materials
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    9.    Twines (Coats, Kenzingen, Germany)  
    10.    Crocodile clamp (Becker GmbH Netproshop, Röthenbach, 

Germany) in a tool holder with magnetic base (Kanetec, Tokyo, 
Japan) on a tripod base-plate (Roth, Karlsruhe, Germany) for 
precise positioning of the pulmonary arterial cannula  

    11.    Three 2 ml syringes (B.Braun)  
    12.    Magnetic device (Dynal ®  MPC TM -1) (Invitrogen)  
    13.    15-gauge needle (Dispomed Witt, Gelnhausen, Germany) and 

18-gauge needle (HMD Healthcare LTD., Horsham, UK)  
    14.    Round glass coverslips (24 mm diameter, Menzel, Braunschweig, 

Germany) (see Note 1)  
    15.    Magnetic plate, e.g., for pin board (BR Technik Kontor, 

Satrup, Germany) (see Note 2)      

      1.    1% low-melting-point agarose + 1% penicillin/streptomycin in 
3 ml Medium 199 and 0.5% low-melting-point agarose + 0.5% 
iron oxide + 1% penicillin/streptomycin in 3 ml Medium 199 
must be prepared freshly at the day of isolation  

    2.    7 ml of 80 U/ml collagenase type IV in Medium 199 must be 
prepared freshly at the day of isolation  

    3.    50 ml of 10% FCS + 1% penicillin/streptomycin in Medium 
199  

    4.    Collagen solution (type 1) diluted 1:10 in aqua dest. to receive 
0.01% collagen solution  

    5.    Culture medium: smooth muscle cell growth medium 2 + 15% 
FCS + 1% penicillin/streptomycin       

  For characterization of the isolated cells from mouse lungs by 
immunostaining, the following materials and solutions are 
needed. 

      1.    8-well Permanox ®  slide chambers (Nalgene Nunc, Wiesbaden, 
Germany)  

    2.    Anti- a -smooth muscle actin, DAPI, collagen solution (type 1), 
acetone, and methanol (Sigma-Aldrich)  

    3.    Anti-myosin heavy chain, anti-von Willebrand factor, FITC-
conjugated secondary antibody, and Dako  fl uorescent mount-
ing medium (Dako Diagnostic, Hamburg, Germany)  

    4.    Bovine serum albumin (BSA) (PAA Laboratories)  
    5.    DPBS (PAN Biotech)  
    6.    Coverglass (24 × 50 mm) (Menzel)      

      1.    Washing buffer: 0.1% BSA in DPBS  
    2.    Blocking buffer: 3% BSA in DPBS        

   Solutions

  2.1.2.  Characterization 
of PASMC

   Materials

   Solutions
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   For a custom-made perfusion system for hypoxic perfusion of the 
cells, the following materials are needed. A scheme of the perfusion 
system is shown in Fig.  1 .  

      1.    Three double-walled glass reservoirs with 38 mm inner diam-
eter, 56 mm outer diameter, and 150 ml volume. Dimension 
of outlet is 4 mm inner diameter and 8 mm outer diameter. 
Gas inlet should be positioned as deeply as possible into the 
reservoir to create a small hole for bubbling.  

    2.    Two stainless steel three-way ball valves (1/8 inch tube  fi tting), 
three stainless steel reducer connectors (from 1/4 inch to 1/8 inch), 
one stainless steel reducer connector (from 1/8 inch to 1/16 inch), 
one stainless steel tube (1/8 inch outer diameter, 0.055 inch inner 
diameter) (B.E.S.T. Ventil + Fitting, Frankfurt, Germany)  

    3.    Heat exchanger (Julabo, Seelbach, Germany) (see Note 4)  
    4.    Gas-tight  fl exible tube (0.89 mm inner diameter) (Novodirect)  
    5.    Gas-tight  fl exible tubes (ca. 6 mm and ca. 18 mm inner diameter) 

(Master fl ex, Gelsenkirchen, Germany)  

  2.2.  Live Cell Imaging 
of PASMC with Fura-2

  2.2.1.  Hypoxic Perfusion

   Materials

  Fig. 1.    Scheme of the experimental setup for live cell imaging of pulmonary arterial smooth 
muscle cells (PASMC) under hypoxic conditions using a perfusion system. PASMC grown on 
a glass coverslip are placed in a cell chamber on a microscope connected to a perfusion 
system. The perfusion solution is forwarded to the cell chamber from double-walled glass 
reservoirs through stainless steel tubes and  fi nally through a short gas-tight  fl exible tube to 
the cell chamber. Double-walled glass reservoirs are  fi lled with perfusion solution. For 
hypoxic condition the perfusion solution is gassed with 100% N 2 , and for normoxic condition 
with 21% O 2 , in N 2 . Air bubbles in the perfusion system have to be avoided. Stainless steel 
three-way valves are used to allow immediate switching between normoxic and hypoxic 
perfusion solutions. Double-walled glass reservoirs as well as stainless steel tubes between 
three-way valves and gas-tight  fl exible tube are heated to 32°C by a heat exchanger in a 
counter  fl ow principle. Perfusion rate is set to 0.5 ml/min by use of a perfusion pump down-
stream of the perfusion chamber. Schema is modi fi ed from  [  23  ].        
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    6.    Custom-made temperature-controlled closed chamber for 
round glass coverslips (diameter 24 mm)  

    7.    Perfusion pump for a perfusion rate of 0.5 ml (Novodirect)  
    8.    N 2  for bubbling the perfusion solution to achieve hypoxic con-

ditions, and gas mixture of 21% O 2  and rest N 2  for bubbling 
normoxic perfusion solution (Airliquide, Siegen, Germany)       

  To prepare PASMC grown on glass coverslips (see Note 1) for live 
cell imaging with fura-2 (see Note 3), the following materials and 
solutions are needed. 

      1.    Fura-2 AM (Invitrogen) diluted in DMSO (1 mM stock) 
(Merck, Darmstadt, Germany); aliquots are kept in the dark at 
-20°C  

    2.    Bovine serum albumin (BSA) (PAA Laboratories)  
    3.    KCl, CaCl 2 , MgCl 2 , and glucose (Sigma-Aldrich)  
    4.    NaCl and Hepes (Roth, Karlsruhe, Germany)      

      1.    Hepes-Ringer solution: 5.6 mM KCl, 136.4 mM NaCl, 1 mM 
MgCl 2 , 2.2 mM CaCl 2 , 5 mM glucose, 10 mM Hepes, adjusted 
to pH 7.4  

    2.    5  m M fura-2 in Hepes-Ringer solution with 0.1% BSA must 
prepared freshly at the day of the experiments and kept in 
the dark       

  After loading the cells with fura-2 (see Note 3), the following 
materials are needed for measurement of [Ca 2+ ] i  and manganese-
quenching experiments. 

      1.    Microscopic setup consisting of a microscope (IX70 WI, 
Olympus, Hamburg, Germany) connected to a monochroma-
tor (polychrome II, TILL Photonics, Gräfel fi ng, Germany); 
fura-2  fi lter set (TILL Photonics); 20x oil objective (0.80 
numerical aperture) (Olympus, Hamburg, Germany); camera 
(IMAGO CCD camera, TILL Photonics); personal computer 
with the software TILLvisION v3.3 (TILL Photonics)  

    2.    Glass coverslips (28 mm diameter) (Schilder, Giessen, 
Germany)  

    3.    Endothelin-1 (Merck)  
    4.    Ethylene glycol-bis(2-aminoethylether)-tetraacetic acid, nicar-

dipine, and MnCl 2  (see Note 5) (Sigma-Aldrich)         

  2.2.2.  Preparation 
of PASMC

   Materials

   Solutions

  2.2.3.  Measurement 
of Intracellular Ca 2+  
Concentration and 
Manganese-Quenching 
with Fura-2

   Materials
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   The following protocol describes the procedure for PASMC iso-
lation and culture from mice by a technique based on magnetic 
separation of intrapulmonary arteries. The protocol is a modi fi cation 
of the method from Waypa et al.  (  20  ) , originally described by 
Marshall et al.  (  21  ] .

    1.    0.5% agarose-iron oxide solution and 1% agarose solution (see 
S   ect.  2.1.1 ) should be heated to 70–80°C to dissolve the low-
melting-point agarose. Then, the solutions should be kept at 
40°C in syringes.  

    2.    Collagenase solution (see Sect.  2.1.1 ) is kept in a water bath at 
37°C.  

    3.    20 ml DPBS is cooled on ice.  
    4.    Sacri fi ced heparinized mice are  fi xed in a dorsal position and 

the cervical, thoracic, and abdominal coat is removed.  
    5.    Dissect the trachea free of surrounding tissue, put a twine 

around the trachea, open the trachea by cross incision, and 
introduce the tracheal cannula with adapter (see Sect.  2.1.1 ) 
which is then  fi xed by the twine.  

    6.    The abdominal wall must cut open parallel to the costal arch; 
dissect the diaphragm edgeless to prevent destruction of the 
lung. Then, after a median cut along the sternum open the 
thorax completely and bend and  fi x the ribs.  

    7.    Put a twine around the pulmonary artery and aorta ascendens.  
    8.    Connect the pulmonary arterial cannula with the adapter (see 

Sect.  2.1.1 ) to a 2 ml syringe  fi lled completely with DPBS. Pay 
attention that both are free from air-bubbles. Fix the cannula 
with adapter in the crocodile clamp in a tool holder with 
magnetic base on a tripod base-plate.  

    9.    After removing thymus and pericardium, position the pulmonary 
arterial cannula into the main pulmonary artery via an incision 
in the right ventricle of the heart and knot the twine around 
the pulmonary artery and aorta ascendens.  

    10.    After incision of the left ventricle,  fl ush the pulmonary vascula-
ture slowly,  fi rst with 3 ml DPBS, then after changing the 
syringe (avoid air bubbles) with 2–3 ml of the 40°C mixture 
consisting of 0.5% low-melting-point agarose, 0.5% iron oxide, 
and 1% penicillin/streptomycin in Medium 199. The iron par-
ticles do not pass the capillaries and therefore, accumulate in 
the precapillary arteries. The slow perfusion of DPBS as well as 
of the mixture is important and critical to keep the vessels intact 
and to maintain the mixture in the pulmonary arteries.  

    11.    Remove the cannula from the pulmonary artery and knot the 
twine immediately.  

  3.  Methods

  3.1.  Isolation 
of PASMC

  3.1.1.  Isolation and Culture 
Procedure of PASMC
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    12.    Fill the airways via the tracheal cannula carefully with the 40°C 
warm mixture consisting of 1% low-melting-point agarose and 
1% penicillin/streptomycin in Medium 199. Cut the trachea 
above the cannula, remove the heart-lung en bloc from the 
chest cavity and put it in ice-cold DPBS (from step 3) to gel 
the agarose. Thereby, iron particles are  fi xed in the precapillary 
pulmonary arteries.  

    13.    After 15 min dissect the lung lobes under sterile conditions, 
put them in 4 ml DPBS in a 50 ml sterile tube, mince thoroughly 
until lung tissue pieces have a size of around 1 mm 3  (needs 
5–10 min).  

    14.    Fill the tube to 30 ml with DPBS and put it in the magnetic 
device to separate lung tissue pieces with iron particles. After 
removing DPBS, repeat this washing step two times.  

    15.    Re-suspend lung tissue pieces in preheated collagenase 
solution (from step 2) and incubate in an atmosphere of 5% 
CO 2  at 37°C for 1 h.  

    16.    Coat six glass coverslips, each in 35 mm dish, with 0.01% 
collagen solution for at least 1 h at room temperature.  

    17.    Prewarm culture medium and 10% FCS + 1% penicillin/strep-
tomycin in Medium 199 (see Sect.  2.1.1 ) in a water bath 
(37°C).  

    18.    To remove extravascular tissue, force lung tissue pieces in 
collagenase-solution  fi rst through a 15-gauge needle and sub-
sequently through an 18-gauge needle after a 1-h incubation 
time (from step 15). Transfer the extract into a plastic tube 
 fi lled with 10 ml preheated Medium 199 containing 10% fetal 
calf serum and 1% penicillin/streptomycin. Expose the solu-
tion in the plastic tube to the magnetic device and wash three 
times with the same solution.  

    19.    Remove collagen solution from glass coverslips and wash once 
with 0.9% NaCl solution.  

    20.    Add 3 ml preheated culture medium to isolated lung tissue 
pieces.  

    21.    Place 500  m l of the lung tissue pieces in culture medium in the 
middle of a coverslips in a cell culture dish on a magnetic plate 
and carefully add 1 ml culture medium.  

    22.    Carefully transfer dishes into the incubator (37°C and 5% 
CO 2 ). PASMC will grow out of isolated lung tissue pieces and 
are ready to use for live cell imaging after 3–5 days (see Note 1). 
Do not move the dishes during this time (see Note 2).      

  Isolated cells can be characterized by indirect immuno fl uorescence 
staining. The following protocol describes the respective staining 
procedure. 

  3.1.2.  Characterization 
of PASMC
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 For characterization of PASMC, cells are stained with primary 
smooth muscle-speci fi c antibodies (anti- a -smooth muscle actin 
and anti-smooth muscle myosin heavy chain). To exclude endothelial 
cells, cells are stained with a primary endothelium-speci fi c antibody 
(anti-von Willebrand factor). A FITC-conjugated secondary 
antibody is used and nuclear staining is done with DAPI. To identify 
a staining by the secondary antibody itself, primary antibodies are 
omitted in control experiments. 

 All steps are done at room temperature.

    1.    Coat an 8-well Permanox® slide chamber with 0.01% collagen 
solution (type 1) for 1 h at room temperature, seed freshly 
isolated lung tissue pieces (as described in Sect.  3.1.1 ) in these 
wells and incubate them for 5 days.  

    2.    Wash the cells with warm DPBS and  fi x as well as permeabilize 
them with an ice-cold mixture of acetone and methanol 
(proportion 1:1) for 5 min at room temperature.  

    3.    Wash the cells with washing buffer (0.1% BSA) four times and 
block unspeci fi c binding sites with blocking buffer (3% BSA) 
for 30 min.  

    4.    Wash the cells three times, dilute primary antibodies in 
washing buffer and apply for 1 h.  

    5.    Wash the cells four times, dilute secondary antibody in 
washing buffer and apply for 1 h in the dark.  

    6.    Wash the cells four times, dilute DAPI in washing buffer and 
apply for 5 min in the dark.  

    7.    Wash the cells three times and after removing the chambers, 
cover the slide with Dako  fl uorescent mounting medium and 
then with a coverglass.  

    8.    Take  fl uorescent images using a  fl uorescent microscope.     

 Figure  2  shows a recently published example of stained PASMC 
 (  22  ) . Images were taken with a  fl uorescent microscope (Leica 
DMLA with camera Leica DC300FX) and the software Leica 
QWin V3 (Leica Microsystems, Wetzlar, Germany). Excitation of 
FITC-conjugated secondary antibody was performed by the use of 
a 450-490 nm  fi lter. The maximum of the emitted light was at 
530 nm. The  fi lter for excitation of DAPI had a band width of 
340-380 nm, and the maximum of the emission spectrum was 
at 461 nm.    

   For the analysis of hypoxia-induced ion in fl ux by live cell imaging, 
hypoxic solution is perfused through a closed chamber with 
PASMC. 

 The following protocol describes the setup of a perfusion 
system for application of hypoxic solutions to PASMC  (  22  )  .  
A scheme of the perfusion system is given in Fig.  1 .

  3.2.  Live Cell Imaging 
of PASMC with fura-2

  3.2.1.  Hypoxic Perfusion
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    1.    Connect each of three double-walled glass reservoirs to a 
reducer connector (from 1/4 inch to 1/8 inch) by a gas-tight 
 fl exible tube (ca. 6 mm inner diameter).  

    2.    Connect two reducer connectors which are side by side to one 
three-way ball valve by stainless steel tubes. Connect this three-
way ball valve and the third reducer connector to the second 
three-way ball valve by stainless steel tubes. Keep the stainless 
steel tubes as short as possible.  

    3.    Fix one side of a stainless steel tube in the outlet of the second 
three-way ball valve, put the other side through two water-
proof T-pieces which are connected by a tube (approx. 18 mm 
inner diameter), and  fi nally, connect it to a reducer connector 
(from 1/8 to 1/16 inch).  

    4.    Connect this reducer connector to the closed chamber on the 
microscope by a gas-tight  fl exible tube (0.89 mm inner diam-
eter). Keep the gas-tight  fl exible tube as short as possible.  

    5.    Connect the T-piece which is closed to the microscope with 
the heat exchanger and the other T-piece to the double-walled 
glass reservoirs one after the other and then back to the heat 

  Fig. 2.    Characterization of pulmonary arterial smooth muscle cells (PASMC) cultured for  fi ve days. PASMC are stained with 
primary antibodies ( a ) against  a -smooth muscle actin and ( b ) against smooth muscle myosin heavy chain. To exclude the 
presence of endothelial cells, primary antibody against von Willebrand factor is used ( c ). All stainings are performed with 
FITC-conjugated secondary antibody (green  ). Nuclear staining is done with DAPI (  blue). To exclude staining by the second-
ary antibody, primary antibodies are omitted in control experiments ( d ). Images are taken at a magni fi cation of 400-fold. 
The example is taken from  [  22–  24  ].        
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exchanger. Subsequently, water for temperature control is 
pumped in counter  fl ow principle.  

    6.    Connect cell chamber downstream to the perfusion pump by 
gas-tight  fl exible tubes (0.89 mm inner diameter).     

 The following protocol describes the installation of the perfu-
sion system for the production of hypoxic solutions.

    1.    Fill Hepes-Ringer solution in double-walled glass reservoirs.  
    2.    To generate a hypoxic perfusion solution bubble Hepes-Ringer 

solution with 100% N 2  for at least 1 h. For normoxic perfusion 
bubble Hepes-Ringer solution with 21% O 2 , rest N 2 .  

    3.    The temperature of the Hepes-Ringer solution in the perfusion 
system should be kept at 32°C (see Note 4).      

  For live cell imaging, we use PASMC cultured on collagen-coated 
glass coverslips for 3–5 days after isolation (see Note 1). 

 The following protocol describes the loading procedure of 
PASMC with fura-2 as well as the preparation of PASMC for live 
cell imaging.

    1.    Wash PASMC twice with Hepes-Ringer solution.  
    2.    Apply 1 ml of 5  m M fura-2 in Hepes-Ringer solution with 0.1% 

BSA for 1 h at 37°C.  
    3.    Wash PASMC twice with Hepes-Ringer solution.  
    4.    Place the glass coverslip with PASMC into the heated cell 

chamber (32°C) and close the chamber by a second glass 
coverslip (28 mm diameter). Connect the chamber with the 
perfusion system by gas-tight  fl exible tubes (0.89 mm inner 
diameter) and  fi ll the cell chamber with Hepes-Ringer solution 
free of air bubbles. Start perfusion pump with a perfusion rate 
of 0.5 ml/min.  

    5.    Using a 20× oil objective, select fura-2-loaded PASMC in the 
display window of the TILLvisION v3.3 software.     

 The analysis of [(Ca 2+ ) i ] and the quanti fi cation of channel activity 
by manganese-quenching is described separately (see below).  

  For the analysis of [Ca 2+ ] i  with fura-2, we prepare PASMC as 
described in Sect.  3.2.2 . To obtain hypoxic conditions for PASMC, 
we perfuse PASMC in a closed cell chamber with a hypoxic perfu-
sion solution as described in Sect.  3.2.1   (  22–  24  ) . 

  For the quanti fi cation of [Ca 2+ ] i  under hypoxic conditions, the 
perfusion system is prepared as described in Sect.  3.2.1 . 

 Hepes-Ringer solution is  fi lled in one double-walled glass 
reservoir and Hepes-Ringer solution containing 4 nM ET-1 is 
 fi lled in the other two double-walled glass reservoirs (for normoxic 
and hypoxic conditions).

  3.2.2.  Preparation of PASMC 
for Fura-2 Measurements

  3.2.3.  Quanti fi cation 
of the Intracellular Ca 2+  
Concentration by Fura-2

   Analysis of the Intracellular 
Ca 2+  Concentration Under 
Hypoxic Conditions
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    1.    Select and mark fura-2-loaded PASMC (see Note 3) as region 
of interest after excitation with 340 nm and 380 nm in one of 
both images by the TILLvisION v3.3 software.  

    2.    Excite fura-2 dye in the PASMC by 340 nm and 380 nm every 
6 s and detect the emitted  fl uorescence signals with a camera 
and by the TILLvisION v3.3 software.  

    3.    Switch perfusion to normoxic Hepes-Ringer solution contain-
ing 4 nM ET-1 as a priming stimulus. ET-1 is applied in the 
cell chamber 4.5 min after starting the experiment.  

    4.    Switch perfusion to hypoxic Hepes-Ringer solution containing 
4 nM ET-1. Onset of hypoxia in the cell chamber starts after 
additional 7.5 min and results in a pO 2  of  »  18 mmHg.  

    5.    The experiment is  fi nished after additional 25 min.  
    6.    Calculate ratios of the  fl uorescence signal intensity after excita-

tion at 340 nm and after excitation at 380 nm (ratio (F340/
F380)) for the marked PASMC (region of interest, ROI). First, 
create a ROI of the cell-free background in the  fi rst recorded 
image of one wavelength and copy it into the  fi rst recorded 
image of the second wavelength.  

    7.    This ROI is used for background subtraction during calcula-
tion of the ratios (F340/F380) of all marked PASMC for each 
time-point. If the live cell imaging setup is calibrated to [Ca 2+ ] i , 
ratios can be directly calculated as [Ca 2+ ] i  in TILLvisION v3.3 
software.     

 Figure  3a   (  23  )  is an example for [Ca 2+ ] i  measurements in PASMC 
under normoxic and hypoxic conditions. In contrast to normoxia, 
hypoxia induced an increase of [Ca 2+ ] i .  

 To address the role of TRPC channels in hypoxia-induced 
increase of [Ca 2+ ] i , PASMC from TRPC6 -/-  mice are compared to 
WT mice (Fig.  3b )  (  22–  24  ) .  

  In general, increases of [Ca 2+ ] i  can be generated by Ca 2+  release 
from intracellular stores or by the Ca 2+  in fl ux from the extracellular 
space. To distinguish between both sources, experiments can be 
performed without extracellular Ca 2+  to analyze only the release 
from intracellular Ca 2+  stores. 

 For the quanti fi cation of [Ca 2+ ] i  under hypoxic conditions, the 
perfusion system is prepared as described in Sect.  3.2.1 . 

 Hepes-Ringer solution with Ca 2+ , Ca 2+ -free Hepes-Ringer 
solution containing 2 mM of Ca 2+ -chelator EGTA for normoxic 
conditions and Ca 2+ -free Hepes-Ringer solution with 2 mM EGTA 
and 4 nM ET-1 for hypoxic condition are  fi lled into the double-
walled glass reservoirs. 4 nM ET-1 is added to normoxic Ca 2+ -free 
Hepes-Ringer solution containing 2 mM EGTA during the experi-
ment. The experiment is done as described in Sect.  3.2.3.1  with 
the solutions mentioned above. 

   Role of Intracellular Ca 2+  
Stores Under Hypoxic 
Conditions
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 As previously published  (  22–  24  )  and shown in Fig.  4a , hypox-
ia-induced increase of [Ca 2+ ] i  is not detectable in the absence of 
extracellular Ca 2+  and therefore not dependent on Ca 2+ -release 
from intracellular stores.   

  One concept for the mechanism underlying HPV proposes a 
hypoxia-induced inhibition of voltage-gated K +  (K V ) channels lead-
ing to membrane depolarization and Ca 2+  entry through voltage-
operated Ca 2+  channels  (  25  ) . Therefore, we investigated the role of 

   Involvement of Voltage-
Operated Ca 2+  Channels 
Under Hypoxic Conditions

  Fig. 3.    Hypoxia-induced changes of the intracellular Ca 2+  concentration ([Ca 2+ ] i ) in pulmonary arterial smooth muscle cells 
(PASMC) after priming with endothelin-1 (ET-1). In these examples primary cultured PASMC (3–5 days after isolation) on 
coated glass coverslips are loaded with fura-2 and [Ca 2+ ] i  is analyzed by  fl uorescence live cell imaging. Application of ET-1 
to PASMC starts after 4.5 min and is present during the remainder of the experiment. Exposure of PASMC from WT mice to 
hypoxia starts after additional 7.5 min and was compared to normoxic perfusion of PASMC from WT mice ( a ) or hypoxic 
perfusion of PASMC from TRPC6 −/−  mice ( b ). Values are mean (±SEM). Images are taken from  [  22–  24  ].        
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voltage-operated Ca 2+  channels for hypoxia-induced increase of 
[Ca 2+ ] i  by inhibition of these channels with nicardipine. 

 The experimental procedure is the same as described in 
Sect.  3.2.3.1 . Only 10  m M nicardipine was applied additionally to 
the normoxic and hypoxic Hepes-Ringer solution containing 4 nM 
ET-1. 

 As previously published  (  22–  24  ) , Fig.  4b  shows that an increase 
of [Ca 2+ ] i  was suppressed by nicardipine indicating an important 
role of voltage-operated Ca 2+  channels for the acute hypoxic 

  Fig. 4.    Hypoxia- and agonist-induced changes of the intracellular Ca 2+  concentration ([Ca 2+ ] i ) during conditions of Ca 2+ -free 
extracellular medium and effect of nicardipine on hypoxia-induced changes of [Ca 2+ ] i  in pulmonary arterial smooth muscle 
cells (PASMC). Primarily cultured PASMC (3–5 days after isolation) from WT mice on coated glass coverslips are loaded 
with fura-2 and [Ca 2+ ] i  is analyzed by  fl uorescence live cell imaging. ( a ) Ca 2+ -free perfusion (with EGTA) of PASMC starts 
after 4 min and application of ET-1 to PASMC starts after additional 8 min. Both are present during the remaining time of 
the experiment. Hypoxia is applied after additional 8 min. ( b ) Application of nicardipine and ET-1 to PASMC starts after 
4.5 min. Exposure of PASMC to hypoxia starts after additional 7.5 min. Values are mean (±SEM). Images are taken from 
 [  22–  24  ].        
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response of PASMC. As described in the literature, TRPC6 channels 
are predominantly permeable to Na + , and only a small percentage 
of the whole-cell current is caused by Ca 2+  in the presence of extra-
cellular Na +   (  26  ) . However, Na + -in fl ux through TRPC6 channels 
initiate activation of voltage-operated Ca 2+  channels and subse-
quent in fl ux of Ca 2+  which is completely inhibited in TRPC6-
de fi cient PASMC. Since TRPC6 channels, but not voltage-operated 
Ca 2+  channels, are permeable for Mn 2+ , hypoxia-induced in fl ux of 
ions through TRPC6 channels can be analyzed by a method called 
manganese-quenching which is described in Sect.  3.2.4 .   

  To analyze nonselective cation channel activity, manganese-
quenching experiments can be performed. In this chapter, we 
describe manganese-quenching with fura-2 for PASMC from WT 
mice compared to TRPC6 −/−  mice under hypoxic conditions to 
investigate the role of TRPC6 channels for hypoxia-induced 
cellular response of PASMC. 

 To obtain hypoxic conditions for PASMC, we perfuse PASMC 
in a closed cell chamber by hypoxic perfusion solution. First pre-
pare the perfusion system as described in Sect.  3.2.1 . Hepes-Ringer 
solution without additional substances is  fi lled in one double-
walled glass reservoir and Hepes-Ringer solution containing 4 nM 
ET-1 is  fi lled in two double-walled glass reservoirs (for normoxic 
and hypoxic conditions). 

 After positioning fura-2-loaded PASMC into the perfusion 
system as described in Sect.  3.2.2 , the manganese-quenching 
experiments under hypoxic conditions were carried out in the 
following way:

    1.    Select and mark fura-2-loaded PASMC as region of interest 
after excitation with 360 nm in the recorded image by the 
TILLvisION v3.3 software.  

    2.    Excite fura-2 dye in the PASMC by 360 nm every six seconds 
and detect emitted  fl uorescence signals with a camera and 
record by the TILLvisION v3.3 software.  

    3.    Switch perfusion to normoxic Hepes-Ringer solution containing 
300  m l MnCl 2  (see Note 5) and 4 nM of the priming stimulus 
ET-1, that MnCl 2  and ET-1 are applied to the PASMC 4.5 min 
after starting the experiment.  

    4.    Switch perfusion to hypoxic Hepes-Ringer solution containing 
300  m l MnCl 2  (see Note 5) and 4 nM ET-1. Onset of hypoxia 
in the cell chamber starts after additional 7.5 min and results in 
a pO 2  of  »  18 mmHg.  

    5.    The experiment is  fi nished after additional 11 min.  
    6.    Analyze the  fl uorescence signal intensities after excitation at 

360 nm (F360) for the marked PASMC after background 
subtraction and normalize to the initial value (100%) of each 
PASMC.     

  3.2.4.  Analysis 
of Nonselective Cation 
Channel Activity Under 
Hypoxic Conditions with 
Fura-2 by Manganese-
Quenching
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 As recently shown  (  22–  24  ) ,  fl uorescence quenching at 360 nm is 
signi fi cantly increased under hypoxic conditions in PASMC from 
WT mice while  fl uorescence at 360 nm was unchanged in PASMC 
from TRPC6 -/-  mice under the same conditions (Fig.  5 ).     

 

     1.    To minimize morphological and functional changes of cultured 
PASMC, they should grow directly on coated glass coverslips 
and should be used freshly (three to  fi ve days after isolation).  

    2.    During culturing dishes should not be moved and magnetic 
plates under the dishes improve the contact of the isolated 
arteries containing iron particles to the bottom of the cell cul-
ture dish.  

    3.    For live cell imaging with  fl uorescence dyes, ef fi cient loading 
of cells with fura-2 is essential to receive suf fi cient high 
 fl uorescence signals in comparison to background signals.  

    4.    Pre-warm all solutions to 32°C, because higher temperatures, 
e.g., 37°C cause stronger bleaching of fura-2.  

    5.    The amount of manganese added in the manganese-quenching 
experiments needs to be adapted to the cells, because some cell 
types are more leaky for ions than others.          

  4.  Notes

  Fig. 5.    Hypoxia-induced changes of Mn 2+  in fl ux in pulmonary arterial smooth muscle cells (PASMC) after priming with 
endothelin-1 (ET-1). Primary cultured PASMC (3–5 days after isolation) on coated glass coverslips are loaded with fura-2 
and manganese-quenching is analyzed by  fl uorescence live cell imaging. Application of Mn 2+  and ET-1 to PASMC starts 
after 4.5 min and is present during the remainder of the experiment. Exposure of PASMC to hypoxia starts after additional 
7.5 min. The insert summarizes hypoxia-induced Mn 2+  quench rates. Differences in the linear range of the Mn 2+  quench 
rate after Mn 2+  addition and after application of hypoxic conditions are calculated for PASMC from WT (  fi lled bars ) and 
TRPC6 −/−  mice ( open bars ). Values are mean (±SEM).  Dashed lines  indicate the slopes of the curves. Images are taken from 
 [  22–  24  ].        
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    Chapter 16   

 Endotoxin-Induced Airway In fl ammation and Asthma Models       

     Zsuzsanna   Helyes         and    Zsó fi a   Hajna      

  Abstract 

 Lung in fl ammation models in experimental animals are particularly important to study the mechanisms 
and complex neuroimmune interactions involved in the pathophysiological processes, to identify key 
mediators and target molecules, as well as to test novel drug candidates. Endotoxin (lipopolysaccharide) 
administration locally into the airways (intranasally or intratracheally) is often used in a variety of labora-
tory animals for translational research to explore nonallergic in fl ammatory pathways, as well as to provide 
information on important mediators and their potential drug targets, although these conditions are not 
considered to be disease models. Allergic airway in fl ammation and asthma can be mimicked in rodents and 
larger animals by sensitization and then elicitation with ovalbumin, house dust mite, cockroach, plant, or 
helminth antigens. Mouse, rat, and guinea pig models have the major advantage of being easily available 
and appropriate for genetic modulations, but larger animals (cats, dogs, pigs, sheep, horse, or even pri-
mates) are often structurally and functionally closer to human conditions. A broad range of experimental 
protocols and assessments are used worldwide by different research groups. Differences in technical details 
greatly in fl uence the results and the conclusions. Although the basic pathophysiology is similar after certain 
in fl ammatory stimuli, the effects depend on the animal species, strains, gender and age, the type and dose 
of the in fl ammatory or allergic agent, as well as the route of administration and the duration of exposure 
and investigation. In the present chapter we summarize the currently used research protocols and experi-
mental paradigms of nonallergic and allergic lung in fl ammation focusing on the major advantages and 
disadvantages.  

  Key words:   Acute lung injury ,  Allergic airway in fl ammation ,  Asthma ,  Cockroach antigen ,  Grass 
pollen ,  House dust mite ,  Lipopolysaccharide ,  Ovalbumin ,  Pneumonitis    

 

 In fl ammatory mechanisms of the lung involve complex neuroimmune 
interactions, which are important in bronchial hyperresponsive-
ness. The airways are densely innervated by capsaicin-sensitive 
peptidergic afferents which are activated by a variety of immune 
cell-derived mediators leading to the release of sensory neuropeptides. 
The importance of Transient Receptor Potential (TRP) ion chan-
nels localized on these nerves, particularly TRP ankyrin 1 (TRPA1), 

  1.  Introduction
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vanilloid 1 (TRPV1), and melastatin 2 (TRPM2), has been 
described and emphasized in in fl ammatory respiratory diseases 
 (  1–  6  ) . Reliable and well-reproducible animal models are particu-
larly important to investigate the pathophysiological processes in 
airway in fl ammation, to  fi nd the mediators which play crucial roles 
in certain mechanisms, to identify promising drug targets for 
potential novel pharmacotherapy, as well as to test new drug can-
didates during preclinical pharmacological studies. Predictive 
in vivo model systems are essential for translational medicine which 
offers insights to human disease mechanisms. Gene-de fi cient and 
human gene-expressing transgenic mice, as well as immunological 
and pharmacological modulation of receptors and enzymes helped 
to identify several potential targets for clinical pharmacological 
investigation. Both acute mechanism models, such as lipopolysac-
charide (LPS)-induced pneumonitis, and real disease models like 
ovalbumin-induced asthma, are valuable for complex understanding 
of the molecular basis of the pathophysiology and evaluate drug 
effects. However, similarly to most clinical conditions, there is no 
animal model that fully reproduces the characteristics of the human 
diseases; rather, all available models are used for their relative bio-
logical relevance  (  7–  10  ) . Rodent models (mice, rats, guinea pigs) 
obviously have the major advantage of being easily available and 
appropriate for genetic modulations  (  11,   12  ) ; however, larger 
animals (cats, dogs, pigs, sheep, horse, or even primates) are 
structurally and functionally closer to humans  (  9,   13  ) .  

 

   Endotoxins are constituents of the cell wall of Gram-negative 
bacteria and are found in the entire environment, such as house 
dust, tap water, and milk. They cause acute reversible air fl ow 
obstruction and airway in fl ammation. The main component of 
endotoxin, LPS, is formed by a phosphoglycolipid (lipid A), which 
is covalently bound to a hydrophilic heteropolysaccharide  (  14  ) . 
The receptor for LPS on monocytes and macrophages is the Toll-
like receptor 4 (TLR4) forming a complex with the CD14 glyco-
protein  (  15–  18  ) . LPS has a speci fi c acute phase protein transporter 
in the circulation called LPS Binding Protein (LBP); the formed 
complex then binds to the TLR4–CD14 structure and causes 
macrophage activation. 

 They produce and release a broad range of in fl ammatory 
cytokines such as tumor necrosis factor– a  (TNF a ), interleukin-1 β  
(IL-1 β ), IL-6, IL-8, IL-12, interferon- γ  (IFN- γ ), and keratinocyte-
derived chemokine in the alveolar space  (  19–  25  ) . This induces 
increased expression of cell adhesion molecules on endothelial cells 
and after intranasal (i.n.), intratracheal (i.t.), or aerosol inhalation 

  2.  Animal Models 
of Acute Airway 
In fl ammation to 
Study Mechanisms

  2.1.  Endotoxin-
Induced Airway 
In fl ammation

  2.1.1.  Mechanisms of the 
In fl ammatory Process
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of LPS administration also by an intensive accumulation of 
neutrophils  (  21,   23,   26–  29  ) . Neutrophils recruited to the alveoli, 
interstitium, and bronchial/bronchiolar epithelial/ subepithelial 
regions cause tissue damage via the production and release of 
oxygen free radicals, proteases, cytokines, and chemokines  (  30  ) , 
which attract and stimulate mononuclear cells and lymphocytes. 
All these in fl ammatory and immune cells release several other 
in fl ammatory mediators, such as leukotriens, prostaglandins, bra-
dykinin, etc., which can directly activate sensory nerve endings in 
the airways or can induce epithelial damage resulting in the expo-
sure of sensory nerves  (  31,   32  ) . The released neuropeptides in turn 
in fl uence the in fl ammatory process by acting at receptors localized 
on these peripheral nerve terminals themselves, vascular endothe-
lial, bronchial epithelial, and in fl ammatory cells. 

 Other LPS-induced effects include augmentation of basal airway 
resistance due to airway remodeling, increased mucus production 
and vascular permeability, as well as increased bronchial respon-
siveness to inhaled muscarinic receptor agonists like methacholine 
 (  33,   34  )  or carbamoyl-choline  (  35–  40  )  and even to histamine or 
serotonin in guinea pigs  (  41,   42  ) . Bronchial hyperresponsiveness is 
also observed after systemic injection of LPS, but no neutrophil 
recruitment to the airways is observed. These effects of LPS are 
reduced by glucocorticoids, such as dexamethasone  (  33  ) , but 
cytokine production is also reduced by p38 mitogen-activated 
protein kinase inhibition  (  23,   24  ) . 

 Participation of capsaicin-sensitive peptidergic sensory  fi bers, 
the signi fi cance of neuroimmune interactions, and the relationship 
between in fl ammation and bronchopulmonary functional distur-
bances have also been established in LPS-induced nonallergic airway 
in fl ammation  (  25,   35,   36,   38,   39,   43  ) . Neurogenic in fl ammatory 
mediators, such as Substance P (SP), neurokinin A (NKA), and 
calcitonin gene-related peptide (CGRP), are released from capsaicin-
sensitive afferents in response to their stimulation/sensitization by 
a variety of in fl ammatory mediators (protons, leukotrienes, prosta-
glandins, bradykinin, in fl ammatory cytokines, etc.). Inhaled LPS 
strongly promotes the innervation of sensory C- fi bers and the 
expression of tachykinin NK1 receptors in the airways, which is 
likely to result in enhancement of neurogenic in fl ammation  (  25  ) . 
In intranasal LPS-evoked murine airway in fl ammation, functional 
roles of the released tachykinins and CGRP were established with 
respective receptor antagonists, but only concerning granulocyte 
accumulation and the production of the in fl ammatory cytokine 
IL-1 β . Therefore, these proin fl ammatory sensory neuropeptides 
play only a minor role in the overall severity of endotoxin-induced 
airway in fl ammation  (  37,   38  ) . Furthermore, data in rats revealed 
that pretreatment with high doses of capsaicin at the neonatal age 
to abolish neurogenic in fl ammatory factors did not diminish, but 
enhanced LPS-evoked plasma protein extravasation and neutrophil 
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accumulation in the bronchoalveolar lavage  (  43  ) . In agreement 
with this, in the i.n. LPS-evoked pulmonary in fl ammation model 
of the mouse, we found that resiniferatoxin (RTX) pretreatment 
inducing functional impairment of all capsaicin-sensitive sensory 
nerve endings (similar to the action of capsaicin) markedly increased 
the severity of airway in fl ammation providing multiple evidence for 
a protective role of these  fi bers  (  38  ) . Our group described that this 
protective function is mediated by the activation of the TRPV1 
channel, the receptor of capsaicin and RTX, localized on these 
sensory afferents. We also showed that somatostatin is released 
from the capsaicin-sensitive afferents innervating the lung upon 
TRPV1 receptor stimulation, which mediates inhibitory actions via 
the sst 4  somatostatin receptor  (  35,   36  ) . In agreement with our 
conclusion, Tsuji and colleagues have recently described that the 
TRPV1 receptor agonist SA13353 inhibited leukocyte in fi ltration 
and in fl ammatory cytokine production in both the LPS-induced 
acute lung injury and the ovalbumin-induced allergic airway 
in fl ammation models  (  44  ) . Earlier data obtained in rats have indi-
cated similar protective role of capsaicin-sensitive  fi bers in other 
airway in fl ammation models  (  43,   45–  47  ) . Besides the TRPV1 
receptor, another TRP channel, TRPA1, is also densely expressed 
on the pulmonary sensory  fi bers, and they are activated by a variety 
of endogenous in fl ammatory stimuli, such as peroxides, prosta-
glandins, isoprostans, peroxynitrites, etc.  (  48  ) . Therefore, the role 
of TRPA1 in triggering sensory nerve activation in airway 
in fl ammation can strongly be suggested  (  5  ) , but it has not yet been 
investigated in any LPS models. These complex mechanisms and 
the neuroimmune interactions involved in LPS-induced pneu-
monitis are summarized in Fig.  1 .  

 LPS-evoked animal models are not classical disease models; 
yet, they are widely used for translational research to explore 
pulmonary in fl ammatory processes and to provide information on 
important mediators and their potential drug targets  (  10  ) . 
However, different groups use different experimental protocols 
and assessments, which is likely to in fl uence the results. Although 
the basic pathophysiology is the same, the effect can largely depend 
on the animal species, strains, gender and age, the type and dose of 
LPS, as well as the route of administration and the duration of the 
exposure and the investigation. Therefore, we aim to summarize 
the presently used LPS protocols here focusing on advantages, as 
well as potential dif fi culties.  

  Besides the complex, but relatively well-established pathophysio-
logical mechanisms of LPS-induced airway in fl ammation, the other 
main advantage of this model is that it works in a variety of animal 
species. There are several papers using mice  (  10,   34–  40,   49  ) , rats 
 (  23,   50–  52  ) , as well as guinea pigs  (  42  )  and rabbits  (  53  ) . The suscep-
tibility to LPS challenge varies due to differences in the production 

  2.1.2.  Strains/Species/
Gender/Age
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of in fl ammatory mediators according to cases of    distinct genetic 
backgrounds, in fl ammation duration, and strains. Gender-based 
response is another important factor; male mice are more likely to 
develop severe LPS-evoked lung in fl ammation whereas female 
mice have a survival advantage  (  10  ) . 

  Several authors use C57BL/6 mice in their experiments  (  34–  36, 
  54–  56  ) , but the CD1 strain also gives similar results  (  39,   40  ) . This 
is particularly important, since genetically modi fi ed, gene deleted, 
and transgenic mice are very useful in physiological, pathophysio-
logical, and pharmacological research and they are mainly on these 
two backgrounds  (  35,   36,   40  ) . Others work with Balb/C mice in the 
same model with no major difference in their LPS sensitivity  (  49,   57, 
  58  ) . However, sensitivity of other mouse strains can largely differ: 
C3H/HeBFeJ mice are particularly sensitive, but the C3H/HeJ 
ones are resistant  (  30,   59,   60  ) . Differences in airway responsiveness, 

   Mouse Models

  Fig. 1.    The complex mechanisms and neuroimmune interactions involved in endotoxin (lipopolysaccharide, LPS)-induced 
nonallergic acute airway in fl ammation. LPS binds to TLR4 on macrophages forming a complex with the CD14 glycoprotein 
and causes their activation through the p38 MAPK pathway. They produce and release a broad range of in fl ammatory 
cytokines, chemokines inducing an intensive accumulation of neutrophils. Neutrophils recruited to the alveoli, interstitium, 
and bronchial/bronchiolar epithelial/subepithelial regions cause tissue damage via the production and release of free radicals, 
proteases, cytokines, and chemokines, which attract and stimulate mononuclear cells and lymphocytes. All these 
in fl ammatory and immune cells release several further in fl ammatory mediators, such as leukotrienes, prostaglandins, bra-
dykinin, etc., which directly activate or sensitize the sensory nerve endings and induce epithelial damage resulting in the 
lack of protection of these  fi bers in the subepithelial region. The released sensory neuropeptides in turn modulate the 
in fl ammatory process by acting at receptors localized on these peripheral nerve terminals themselves, vascular endothe-
lial, bronchial epithelial, and in fl ammatory cells. LPS also increases basal lung resistance due to airway remodeling; 
enhances mucus production and vascular permeability, as well as produces bronchial responsiveness.  TLR4  Toll-like 
receptor 4,  MAPK  mitogen-activated protein kinase,  IL-1 β   interleukin 1-beta,  TNF- α   tumor necrosis factor-alpha,  IL-6, 
IL-8, IL-12  interleukin-6, 8 and 12,  IFN- γ   interferon-gamma,  PAF  platelet activating peptide,  NK-cell  natural killer cell,  Th 
lymphocyte  T helper lymphocyte,  SP  substance P,  NKA  neurokinin A,  CGRP  calcitonin gene-related peptide,  SOM  soma-
tostatin,  PACAP  pituitary adenylate-cyclase activating polypeptide,  TRPV1  Transient Receptor Potential Vanilloid 1,  TRPA1  
Transient Receptor Potential Ankyrin 1,  HETE  hydroxyeicosatetraenoic acid,  H-PETE  hydroperoxy-eicosatetraenoic acid.       
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in fl ammation, and  fi broproliferative responses between these 
strains suggest that the expression of some speci fi c key molecules 
playing a crucial role in this in fl ammatory process (TLR4 which is 
the gene product of  Lps  locus, IL-6, IL-1 β , and TGF- β 1) is geneti-
cally determined  (  16,   60,   61  ) . 

 There does not seem to be a remarkable gender difference in 
most of the LPS-evoked actions; both males  (  17,   30,   34,   36,   62  )  
and females  (  35,   38–  40,   49,   55  )  have been investigated. Likewise, 
the age is also not a very crucial factor as young adult mice within 
the weight range of 20–30 g are appropriate. Responses of 6–8 week 
old  (  17,   30,   34,   62  ) , 8–10 week old  (  37,   63  ) , and 10–12 week old 
 (  55  )  did not markedly differ.  

  Similarly to mice, LPS induces a well-de fi ned neutrophilic lung 
in fl ammation in different strains, such as Wistar rats  (  19,   25, 
  64–  66  ) , Sprague–Dawley rats  (  50,   67,   68  ) , Fischer 344 rats  (  52  ) , 
and Lewis rats  (  20,   21  ) . There are no remarkable sensitivity differ-
ences between these strains. Most groups employ young male sub-
jects weighing 150–200 g. However, a recent paper describes data 
on preweaning, 2-week-old males for the investigation of sensory 
C- fi ber proliferation, tachykinin receptor expression, and neuro-
genic in fl ammation in the airways  (  25  ) .  

  The guinea pig bronchial smooth is highly reactive to allergens, 
histamine, and lipid mediators; therefore, they are predominantly 
used for allergic models. However, young male Hartley guinea pigs 
(300–400 g) exposed to nebulized LPS proved to be appropriate 
model animals for studying airway in fl ammation, hyperresponsive-
ness, and  fi brosis  (  42,   69  ) . Both a single aerosolization in an acute, 
24 h experiment  (  42  )  and repeated inhalations in a chronic setup 
(for 1 h 15 times at 48 h intervals;  (  69  ) ) can be used. Others also 
work with i.v.  (  70  )  and i.n.  (  71  )  LPS applications in guinea pigs to 
evoke acute endotoxinemia and respiratory distress  (  33  ) .  

     Intratracheal instillation of LPS followed by an i.v. injection 24 h 
later in anesthetized New Zealand white rabbits is also used as a 
good model of lung in fl ammation  (  53  ) . However, in some models, 
LPS can be given via inhalation for 10 min (1,600  μ g/100 ml saline 
diluted 1 to 50: 0.1 ml into 4.9 ml saline) or i.v. infusion for the 
same duration (0.4  μ g/kg, 0.5 ml/min)  (  72  ) . I.v. infusion can also 
be applied for a longer, 30 min period, in 500–5,000  μ g/kg doses 
to examine acute airway hyperresponsiveness and in fl ammatory 
alterations  (  73,   74  ) .  

  Although  E. coli  and  Salmonella enteritidis  LPS-induced acute 
respiratory distress is less widely studied in the sheep  (  75,   76  ) , pig 
 (  77–  79  ) , and dog  (  80,   81  ) , there are some papers describing 
the development of stable lung injury 6–24 h after i.v. endotoxin 

   Rat Models

   Guinea Pig Models

   Rabbit Models

   Larger Animal Models
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infusion in these species, as a remarkable component of multiorgan 
failure  (  13  ) . The injected doses are 1–100  μ g/kg in sheep and 
pigs, but more than 1 mg/kg is needed in dogs. Despite rodents, 
LPS is not administered locally in these species.   

  Different research groups publishing data on LPS-induced lung 
in fl ammation use different types of LPS which largely in fl uences the 
results. They basically work through the same mechanism, and the 
conclusions drawn from these different experiments can obviously 
be joined together. However, there are remarkable differences in 
the kinetics, potencies, and ef fi cacies between the different LPS 
types. Therefore, direct comparisons are only possible if the same 
serotype is used the same way in the same dose or concentration. 

 Szarka and colleagues compared the lung injury-inducing 
actions of i.n.  E. coli serotype O55:B5  and  P. aeruginosa F-D type 1  
LPS in mice. They studied concentration–response correlations 
within the 33  μ g–1,667  μ g/ml range and investigated different 
time intervals after a single challenge. The results clearly showed 
that the 167 mg/ml dose evokes the most prominent in fl ammatory 
reaction at the 24–48 h time point. The extent of the in fl ammatory 
reaction was different due to the differences of their biological 
activities based on the distinct chemical structures.  P. aerugi-
nosa  endotoxin caused remarkably stronger in fl ammation  (  49  ) . 
Differences in the signaling of distinct LPS types and serotypes are 
supported by the data that isolated macrophages derived from the 
LPS-resistant C3H/HeJ did not synthesize any detectable level of 
TNF- α  in response to  Salmonella minnesota Re-595  LPS, but did 
produce low levels of TNF- α  in response to a high concentration 
of  E. coli O55:B5  LPS  (  16  ) .  Salmonella typhosa  LPS was intratra-
cheally instilled in rats by Ulich and colleagues to study changes in 
cytokine expression in the lung  (  20,   21  ) . 

 Several groups use the  E. coli serotype O55:B5  LPS dissolved in 
sterile saline or PBS for i.n. application in rats (200  μ g/kg in 
0.5 ml/kg;  (  50  ) ), as well as intraperitoneal injection (i.p., 
0.6–1 mg/animal;  (  57  ) ) or i.n. instillation (0.25–3 mg/ml in 
20–50  μ l) in anesthetized mice, aerosol exposure in unanesthe-
tized animals (0.3–3 mg/ml for 10 min;  (  34,   54,   56  ) ), or even in 
i.v. infusion in rabbits (0.5–5 mg/kg over 30 min,  (  73,   74  ) ). The 
 E. coli serotype O111:B4  LPS is also commonly used in both rats (i.t. 
100  μ g/animal;  (  68  ) ), mice (aerosolized for 2.5–4 h per day 
chronically to 17.5  μ g/ml dissolved in sterile PBS for 1 day-8 weeks; 
 (  17,   30,   60,   62,   63  ) ), and even rabbits (i.v. or aerosolized;  (  72  ) ). 
Others publish data with  E. coli serotype O26:B6  (2.5 mg/kg i.p.; 
 (  82  ) ),  serotype O128:B12  nebulized in mice to a nose-only 
exposure chamber (for 15 min, 100  μ g/ml in distilled water;  (  55  ) ), 
and also with i.n.  serotype O83  (60  μ l, 167  μ g/ml in sterile PBS; 
 (  35–  40  ) ). In one experiment, the LPS dose was increased tenfold 
to provoke epithelial cell damage  (  55  ) .  

  2.1.3.  Type and Dose 
of LPS
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  As mentioned earlier, in animal models LPS can be administered 
both systemically (i.p., i.v.) or locally (i.t., i.n. or inhalation). Its 
i.p. and i.v. injection results in a systemic in fl ammatory response 
including pulmonary damage, the most severe condition of which 
is endotoxin shock with multiorgan failure  (  57,   65,   70,   83–  86  ) . 
In contrast, local LPS administration predominantly affects the air-
ways, although symptoms of systemic in fl ammatory changes, such 
as fever, sedation, decreased appetite, and weight loss, are observed. 
The i.t. administration is more precisely localized, does not affect 
the upper airways, but it is technically more dif fi cult, cannulation 
takes a bit longer time, and anesthesia is needed for the procedure. 
I.n. application is technically easy and quick, and although it can-
not be in conscious animals, a light ether or iso fl urane/sevo fl urane 
anesthesia for a few minutes is suf fi cient. Its main disadvantages, 
however, are that (1) some of the solution can get into the gastros-
intestinal tract; (2) its distribution might not be homogenous; and 
(3) similarly to aerosol inhalation, it might affect the pharyngeal 
and laryngeal mucosa, and its in fl uence on bronchial responsive-
ness and the in fl ammatory reaction in the lower airways cannot be 
excluded. Nebulization and inhalation is performed under unre-
strained conditions in conscious animals; it can be applied chroni-
cally, it is closer to the human conditions, and the distribution of 
the LPS particles in the lung is more homogenous  (  10,   13  ) . 

  Prenatal i.p. application one and two days before birth on days 
20–21 of the pregnancy did not trigger TH17 cell differentiation 
in the offspring. Furthermore, prenatal LPS exposure reduced 
ovalbumin-induced (TH2-mediated) airway in fl ammation, eosinophilia, 
and airway responsiveness. Thus, in utero exposure to endotoxin 
promotes a TH1 immune environment, which suppresses the 
development of allergic airway disease later in life  (  82  ) . 

 Formerly the major routes of LPS administration to induce 
pulmonary damage in adult mice, rats, and guinea pigs were i.p. 
and i.v. injections  (  57,   65,   70,   83–  85,   87  ) . In these studies large 
doses (0.6–1 mg) of LPS were used to evoke lung injury, but these 
sublethal or even lethal doses resulted in a relatively moderate 
edema formation and small increase of proteins in the bronchoal-
veolar lavage  fl uid  (  57  ) . Furthermore, it was also shown that 
systemic LPS induces  fi rm neutrophil adhesion onto the pulmo-
nary vascular endothelium, but not to the bronchoalveolar lavage 
 fl uid in mice  (  88  ) . When systemic and local LPS applications were 
directly compared, massive recruitment of leukocytes in the 
bronchi, speci fi c and severe pulmonary damage only developed 
in case of the latter mode of administration  (  49  ) . Therefore, it 
can be concluded that speci fi c pulmonary in fl ammation, its 
precise mechanisms, and consequent hyperresponsiveness cannot 
be appropriately investigated after systemic administration.  

  2.1.4.  Ways of 
Administration

   Systemic LPS Exposure



30916 Endotoxin-Induced Airway Infl ammation and Asthma Models

  This way of administration induces a well-localized in fl ammatory 
reaction selectively in the lower airways. The model has recently 
become popular in mice. LPS (30–100  μ g i.t.) evokes a reliable 
and well-reproducible lung injury, in which the importance of the 
MAPK and NF κ B signal transduction pathways  (  89  ) , regulation of 
different cytokines  (  90  ) , and the correlation between magnetic 
resonance imaging (MRI) and histological  fi ndings  (  58  )  were 
investigated 24–48 h after the challenge. 

 This instillation has been longer used in rats: 100–1,000  μ g 
LPS provide an appropriate model to investigate protease–anti-
protease imbalance being important in asthma and chronic 
obstructive pulmonary disease (COPD)  (  68 ), to study alterations 
of in fl ammatory and anti-in fl ammatory cytokines  (  20,   21  ) , to elu-
cidate the mechanisms of proteinase and reactive oxygen species 
secretion by alveolar neutrophils ( 50 ), as well as to study corticos-
teroid action on TNF- α  and macrophage in fl ammatory protein 2 
(MIP-2) production  (  19,   64  ) . 

 In the guinea pig i.t. LPS model, evidence has been provided 
for macrophage-derived, secretory type II phospholipase A2 in a 
TNF- α -dependent manner  (  91  ) . 

 I.t. instillation of low doses (50  μ g/kg) in rabbits caused a 
signi fi cant increase in bronchoalveolar lavage polymorphonuclear 
leukocytes without an increase in mononuclear cells or an enhance-
ment of lung permeability. However, i.v. injection of 10  μ g/kg 
LPS at 24 h after i.t. LPS caused signi fi cant increases of all 
in fl ammatory cell types, IL-8 and monocyte chemotactic protein-1 
concentrations, as well as pulmonary edema formation  (  53  ) .  

  Intranasal LPS administration is the most commonly used, con fi ned 
model to study acute interstitial lung in fl ammation and injury 
which is known to cause a primarily neutrophil accumulation  (  30  ) . 
Low LPS doses evoke maximal in fl ammation (in fl ammatory cell 
in fi ltration and cytokine production) 24 h after its instillation  (  36, 
  37,   39,   56  ) . There are some systemic in fl ammatory symptoms, 
such as fever, decreased motility, and appetite, but despite systemic 
administration, there are no shock-like symptoms and severe toxicity 
signs. The increase in microvascular permeability during lung 
in fl ammation leading to perivascular/peribronchial edema forma-
tion is due to at least two distinct mechanisms: an initial one related 
to the rapid neutrophil in fl ux and a delayed one occurring even 
under neutropenic conditions  (  54  ) . 

 Besides neutrophil recruitment and enhanced production of 
TNF- α , there is a remarkably increased response to the bronchocon-
strictor effect of aerosolized methacholine and by a late augmenta-
tion of vasopermeation  (  33,   34  ) . These effects are inhibited by 
increasing cAMP concentration in macrophages  (  28  ) , but only 
some actions are reduced by the standard glucocorticosteroid 
dexamethasone  (  34  ) . In contrast, all symptoms are markedly 

   Intratracheal Instillation
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enhanced by the COX-inhibitor NSAIDs  (  28  ) . According to the 
comparison of LPS administrations performed by Szarka and 
colleagues, this model greatly helps to study the precise pathophys-
iological mechanisms of respiratory distress    and elucidate the 
therapeutical potential of cytokine-induced pathways. They have 
shown that acute lung injury develops within 2–4 h and reaches 
maximal damage at 24–48 h. After 24 h, LPS caused a 29% increase 
of wet lung weight and a strong in fl ux of granulocytes into the 
bronchi, as revealed with the  fl ow cytometry analysis of the bron-
choalveolar lavage  fl uid and the histopathological results. After 
72 h, pneumonitis dramatically decreases and the acute lung injury 
recovers  (  49  ) . Similar time course and kinetics for the intensity of 
several in fl ammatory parameters and hyperreactivity were described 
by other groups  (  34,   56  ) .  

  In these experiments animals are usually unrestrained and placed in 
individual compartments of cage whole-body exposure chambers; 
therefore, it is the most appropriate model for chronic experiments. 
In this model, Inter-Cellular Adhesion Molecule 1 ICAM-1 was 
shown to play a pivotal role in the development of airway hyper-
responsiveness and airway in fl ammation, but through distinct 
mechanisms. Airway remodeling, as a  fi broproliferative process, 
was dependent on IL-1 β , TGF- β , and IL-6  (  60,   61  ) . Inhaled LPS 
also caused neutrophil-dependent emphysematous changes in the 
lung architecture associated with apoptosis, differently from those 
induced by cigarette smoke  (  63  ) . 

 A  single LPS nebulization  for 10–30 min is also commonly 
used in both rat and mouse  acute  models (0.3–3 mg/ml;  (  23,   34, 
  54,   56,   66  ) ). This way LPS inhalation induces a remarkable neu-
trophilic in fl ammation predominantly in the bronchi, as assessed 
by the cellular pro fi le and myeloperoxidase content of the bron-
choalveolar lavage  fl uid as well as by histology 4 h postinhalation. 
These changes are abrogated by low intensity laser therapy at a 
similar extent to the synthetic glucocorticosteroid dexamethasone 
 (  34,   66  ) . In addition, acute LPS aerosolization can also be followed 
30 min later by the i.t. instillation to enhance the in fl ammatory 
reaction  (  68  ) . 

 Nose-only exposure chambers are also appropriate in mice for 
shorter periods (15 min), in which they are restrained, but anes-
thesia is not needed. The aerosol is generated by a compressed air 
nebulizer using 0.1 mg/ml LPS dissolved in endotoxin-free dis-
tilled water. If the LPS dose is increased tenfold, it induces severe 
epithelial cell damage. In this case the particle size distribution is 
between 0.1 and 0.3  μ m, with a total deposition of 18.3 ± 1.23% 
for small laboratory animals (0.1 mg/ml;  (  55  ) ). This protocol 
evokes a transient in fl ammatory response with a peak of recovered 
neutrophils in the bronchoalveolar lavage  fl uid 12–24 h after the 
exposure.  (  92  ) . A detectable increase of lactate dehydrogenase 

   Inhalation of Aerosolized 
LPS
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activity, as an indicator of cell damage is observed 22 h after the 
provocation, but only when mice are exposed to a relatively high 
dose of LPS (1 mg/ml;  (  55  ) ). 

  Longer aerosolization  periods can vary; some authors apply 
2.5–4 h per day only for 1 day whereas others use it chronically 
during a period up to 8 weeks (17.5  μ g/ml LPS dissolved in sterile 
PBS;  (  17,   30,   60–  63  ) ). Nebulized LPS can be used for 4 h per day 
for 4 weeks followed by either a 3-day or a 4-week recovery period 
 (  63  ) . Investigations are performed immediately after the 4-week 
exposure and 4 weeks after the end of exposure  (  30  ) . The mechanisms 
responsible for switching the predominantly edematous and neu-
trophilic acute in fl ammation to the chronic process with lympho-
cyte in fi ltration and lung structure remodeling, as well as potential 
regenerations and recovery can be appropriately examined in these 
long-lasting models.    

  LPS is obviously the most commonly used in fl ammatory agent for 
studying nonallergic airway in fl ammation in rodents and also in 
larger laboratory animal models. However, there are some other 
chemical stimuli, which are appropriate for investigating speci fi c 
mechanisms, such as matrix metalloproteinase activity, oxidative 
stress of airway epithelial cells, or mucus cell metaplasia, in pulmo-
nary injury particularly in rats. These are brie fl y summarized here: 

  It is a complex mixture of chemicals, such as oxides of nitrogen, 
sulfur, carbon, dioxins furans, metals, chlorinated hydrocarbons, 
and polycyclic aromatic hydrocarbons. Increased asthma risk and 
exacerbation, particularly in children and infants are associated 
with exposure to elevated levels of ultra fi ne particulate matter 
and oxidant pollutants  (  93  ) . Nose-only inhalation exposure of 
7-day-old Brown Norway rat pups to environmentally persistent 
free radical (EPFR)-containing combustion generated ultra fi ne 
particles (CGUFP) with a mean diameter of 0.2  μ m (200  μ g/m 3 ; 
20 min per day for 1 week) for 7 consecutive days induces pulmo-
nary oxidative stress and lung dysfunction 24 h following the  fi nal 
exposure. Cytokines can be additionally assessed at 72 h. This is 
based on alterations in the expression of various proteins associated 
with the response to oxidative stress and the regulation of gluco-
corticoid receptor translocation in T lymphocytes  (  94  ) .  

  Carbon particles having 14 nm diameter are well-accepted model 
particles representing the carbonaceous core of combustion-derived 
nanoparticles  (  95  ) . These carbon nanoparticles were suspended in 
PBS by sonication (1 ml aliquots, 120 W, 50–60 Hz) for at least 1 h) 
followed by further dilution and administered through i.n. instilla-
tion (0.5–2.5 mg/kg in 0.4 ml) to anesthetized animals  (  96  ) . 
TNF- α  playing a critical role in lung  fi brosis, as well as IL-4, IL-6, 
IFN- γ  being a major activator of macrophages and IL-10 serving 

  2.2.  Other Chemical 
Stimuli for the 
Induction of 
Nonallergic Airway 
In fl ammation

  2.2.1.  Air Born Particulate 
Matter
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as an autoregulatory factor that reduces IL-8 production in 
neutrophils are elevated 48 h after this challenge. The activation of 
mitogen-activated kinases (MAPK ERK1/2) is speci fi c for nano-
particle-induced lung epithelial cell damage  (  97  ) , and the produc-
tion of IL-8 is strictly dependent on the activation of the MAPK 
P38  (  98  ) . In contrast, NFk-B activation is of minor importance in 
this process  (  98  ) .  

  Cadmium, one of the numerous components of tobacco smoke 
and a toxic ambient pollutant, has widely been used in several animal 
species to mimic in fl ammatory changes observed in the human 
lung  (  99–  101  ) . Male Sprague–Dawley rats exposed to nebulized 
CdCl 2  0.1% solution in saline in a whole-body aerosol-exposure 
chamber develop an acute pulmonary in fl ammation characterized 
by a signi fi cant increase in the total number of cells in the broncho-
alveolar lavage  fl uid  (  102  ) . This heavy metal cadmium is suspected 
to contribute to tobacco related lung diseases involving neutro-
philic in fl ammation resistant to corticosteroids and associated with 
an imbalance between the activities of matrix metalloproteinases 
(MMP) and tissue inhibitors of MMPs  (  103  ) . Similar pathological 
changes can be experimentally induced in rats exposed to cadmium 
inhalation  (  104  ) . A single cadmium inhalation induces a promi-
nent increase in neutrophil and macrophage counts, an increased 
protein concentration in bronchoalveolar lavage  fl uid, and a high 
lung wet-to-dry weight ratio. A signi fi cant increase in airway resis-
tance is also observed. The lung injury is associated with a marked 
MMP-2 and MMP-9 activation greatly contributing to acute 
in fl ammatory processes. In contrast, the absence of widely expressed 
in fl ammatory cytokines, such as IL-1 β , TNF- α , and GM-CSF, in 
the bronchoalveolar lavage  fl uid indicates that despite the LPS 
model, these mediators do not play a major role in this pathophysi-
ology  (  105  ) . Although it is not a disease model of COPD, acute 
exposure of rats to cadmium can be considered relevant to some of 
the main features of the disease and to investigate the in fl uence of 
pharmacological agents. In such diseases, the inhibition of MMP 
activities could thus be bene fi cial to prevent the lung against 
in fl ammation and tissue remodeling due to the enhanced activity 
of these enzymes  (  105,   106  ) .  

  Ozone is an important air pollutant of photochemical smog. 
Repeated ozone exposures alone induce site-speci fi c lesions in the 
centriacinar regions of all lung lobes in rats. These are characterized 
by a mild neutrophilic in fl ammation (aveolitis/bronchiolitis), 
increased number of alveolar macrophages, and regenerative hyper-
plasia localized predominantly in the terminal bronchioles and 
proximal alveolar ducts. Mucous cell metaplasia (MCM), a principal 
feature in endotoxin-instilled rats, is not present in the airway 
epithelium lining the large- and small-diameter conducting airways 

  2.2.3.  Cadmium-Induced 
Pulmonary In fl ammation

  2.2.4.  Ozone
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 (  107,   108  ) . Harkema and Wagner also compared the actions of 
inhaled LPS and ozone, in a two toxicant-induced rat models to 
study the epithelial and in fl ammatory factors involved in the 
transformation of mucous cell-free normal airway epithelium to 
secretory epithelium containing numerous mucus-secreting cells. 
Dosimetry studies suggest that rats require four- to  fi vefold higher 
doses of ozone than humans to create an equal deposition and 
pulmonary in fl ammatory response  (  109  ) . Therefore, 1 ppm is a 
reasonable exposure level from which to make comparisons with 
humans. In the above-mentioned ozone–endotoxin co-exposure 
model, male F344/N rats were  fi rst instilled with endotoxin, and 
6 h later they were exposed to air or 1 ppm ozone for 8 h. This 
dosing-exposure regimen was chosen on the basis of endotoxin-
elicited airway neutrophils in fl ux peak at 6 and 12 h. One day later, 
endotoxin instillation and ozone exposures were repeated. Mucin-
speci fi c gene expression and MCM were induced in the nasal 
transitional epithelium, but not in the bronchiolar epithelium in 
response to ozone. In contrast, inhalation of LPS induces MCM in 
the bronchiolar epithelium, but not in the nasal transitional epithe-
lium. Both ozone- and endotoxin-induced MCM are dependent 
on neutrophilic in fl ammation. Interestingly, each toxicant enhances 
MCM induced by the other stimulus in a synergistic way through 
neutrophil-mediated mechanisms  (  108,   110  ) . Technical details of 
the LPS-induced lung in fl ammation models are summarized 
in Table  1 .     

 

  Allergic (extrinsic) and nonallergic (intrinsic) asthma are of basically 
different pathophysiological mechanisms, particularly regarding 
the triggering stimuli. There are several common points in the 
underlying processes with special emphasis on the complex neuroim-
mune interactions, but most animal models mimic the allergic 
responses. In contrast to LPS-induced animal models described 
earlier, several good reviews have recently focused on animal 
models of chronic allergic lung in fl ammation and asthma  (  8,   9,   11, 
  12,   33,   111–  113  ) . 

 Several animal species have been used to investigate the allergic 
processes of the respiratory tract; indeed, there are guinea pig, 
mouse, rat, sheep, and dog models  (  8  ) . The guinea pig model was 
the  fi rst described model of asthma and contributed greatly to the 
development of corticosteroid and  β  2  receptor agonist therapies 
 (  111  ) , but it has recently lost from its value due to the lack of 
genetic modi fi cations and speci fi c immunological reagents  (  33  ) . 
Sheep and dogs greatly differ from humans and they cost much 
more than rodents  (  8,   112  ) . In a very comprehensive recent review, 

  3.  Animal Models 
of Asthma and 
Allergic Pulmonary 
In fl ammation: 
Disease Models

  3.1.  Pathophysiological 
Mechanisms
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the preclinical in vivo models that recapitulate many of the features 
of asthma have been described, the advantages and disadvantages 
of the standard models have been summarized, and recently devel-
oped novel experimental systems have also been highlighted  (  114  ) . 

 Despite having a broad knowledge about the role of immunity 
in allergic asthma  (  12  ) , the complex pathophysiology of the disease 
with special emphasis on the neurogenic in fl ammatory components 
is not that well understood. The importance of peptidergic sensory 
nerves and sensory neuropeptides is often under-evaluated and not 
appropriately taken into consideration. Similarly to the endotoxin-
induced models, new studies have revealed an essential role for 
sensory neuronal TRP ion channels, particularly TRPA1 and 
TRPV1, but also the “canonical” TRPC, the “melastatin” TRPM, 
the “polycystin” TRPP, and the “mucolipin” TRPML receptors in 
airway chemosensation, in fl ammation and cough, excessive mucus 
secretion, and hyperresponsiveness related to asthma, COPD, and 
reactive airway dysfunction syndrome  (  5,   115  ) . TRPC6 de fi ciency 
inhibits speci fi c allergic immune responses, pointing to an important 
immunological function of this cation channel in Th2 cells, eosino-
phils, mast cells, and B cells.  (  116  ) . TRPA1 is targeted by a series 
of by-products of oxidative and nitrative stress, including acrolein, 
4-hydroxy-2-nonenal, and hydrogen peroxide. Proin fl a mmatory 
neuropeptides are released into the area of innervation from the 
nociceptive nerve terminals in response to TRPV1/TRPA1 stimu-
lation and cause airway neurogenic in fl ammation. The up-regula-
tion of TRPV1 expression and function has been reported in 
asthma and other in fl ammatory conditions  (  1,   3  ) . A key role for 
airway sensory neuronal functions in late asthmatic responses was 
con fi rmed by the inhibition observed after the nonselective cation 
channel blocker ruthenium red, the TRPA1 inhibitor HC-030031, 
and the muscarinic receptor antagonist tiotropium bromide, but 
not the TRPV1 inhibitor JNJ-17203212 in the rat. It can be pro-
posed that allergen challenge triggers airway sensory nerves via the 
activation of TRPA1 channels which initiates a central re fl ex event 
leading to a parasympathetic cholinergic constrictor response  (  117  ) . 
However, the number of TRPV1-immunoreactive axons in the tra-
chea within the epithelium and around areas of smooth muscle 
increases under allergic in fl ammatory conditions in the guinea pig 
ovalbumin-induced asthma model  (  118  ) . 

 Neurogenic in fl ammation developing as a result of TRPV1/
TRPA1 activation is suggested to participate in the pathogenesis of 
bronchial asthma. Proin fl ammatory neuropeptides, mediating 
neurogenic in fl ammation (e.g., SP and NKA) have been proposed 
to have potent effects on the tone of airway smooth muscle, airway 
glandular secretions, bronchial circulation, and in fl ammatory and 
immune cells by the activation of the neurokinin-1 (NK-1) and 
neurokinin-2 (NK-2) receptors  (  119  ) , as well as on airway remod-
eling and hyperresponsiveness  (  120  ) . 
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 Meanwhile, there is also a systemic release of anti-in fl ammatory 
peptides such as somatostatin and pituitary adenylate-cyclase acti-
vating polypeptide, their inhibitory function is also proposed, 
although clear evidence has not yet been provided in these chronic 
models (Helyes et al. unpublished data). 

 Airway remodeling is an important human pathophysiological 
process which is not easy to mimic and appropriately investigate in 
animal models repeatedly and noninvasively  (  9  ) . Here we summa-
rize the asthma models according to the evoking stimulus and 
relation to human pathophysiology, as disease models. In asthma 
models, adjuvants, most commonly aluminum hydroxide and heat-
killed Bordetella pertussis, are used to initiate and enhance the 
immune system to react in the desired fashion  (  121  ) . Aluminum 
hydroxide, administered together with antigen exposure, promotes 
the Th2 phenotype  (  122  ) . Furthermore, lipooligosaccharide from 
Bordetella pertussis drives a Th2-based response  (  123  ) . There are 
also adjuvants that promote a Th1 response, such as Freund’s com-
plete adjuvant  (  124  ) . The disadvantage of adjuvant use is the 
in fl uence on the immune response, preventing a direct com-
parison between humans and animals after exposure to a certain 
allergen  (  112  ) .  

  There is a broad range of animal models available; the most popu-
lar models are rodents (mice and rats). This is mainly due to the 
fact that they are easy to handle, have a short gestational period, 
and they are relatively cheap compared to larger animals. Transgenic 
technology and the development of species-speci fi c probes, which 
are particularly available in mice, have opened great perspectives 
for a variety of mechanistic studies in this species  (  8,   112  ) . 

 Most asthma-related experiments are nowadays performed in 
mice. The development of transgenic mouse models that exhibit 
various lung pathologies is now a huge research enterprise, and 
mouse models of lung disease have been the subject of a number 
of recent reviews that cover their various pathophysiological 
features in detail  (  11,   12,   113  ) . 

 Bronchial hyperresponsiveness is mainly associated with airway 
in fl ammation, but it was noted in female Balb/c mice without 
in fl ammation  (  125  ) . The intensity of the in fl ammatory response 
greatly differs between strains and even within the same strain 
depending on the immune status of an animal. In contrast to 
guinea pigs, in CBA, Swiss, IL-5 transgenic mice  (  126  ) , and 
BALB/c mouse strains eosinophil recruitment to the airways is 
not suf fi cient to induce bronchial hyperresponsiveness  (  127  ) . 
Furthermore, more leukotriene C4 is released from the antigen-
challenged lung of Swiss mice than of Balb/c mice  (  128  ) . The 
immunization protocol and antigen boosting also signi fi cantly 
modify the responses  (  129  ) . 

  3.2.  Animal Models 
of Allergic Airway 
In fl ammation
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   The most commonly used sensitizing agent is  ovalbumin  (OVA); it 
is typically injected i.p. along with an adjuvant, usually aluminum 
hydroxide (AlumnInject), that serves to enhance the immunoge-
nicity  (  122,   130  ) . This initiates a systemic immune response against 
the antigenic during some days, and then a boosting antigen 
exposure is performed either directly aerosolized into the lung or 
intranasally instilled. This elicits a localized pulmonary with eosino-
phil in fi ltration, mucosal edema, and bronchial hyperresponsive-
ness. Although there are plenty of groups using the ovalbumin 
model, there is a great variation between the sensitization/elicitation 
protocols, boosting, doses, adjuvants, ways of administration, 
durations, and time intervals. 

 A widely used protocol is to sensitize the mice with one or two 
i.p. or subcutaneous (s.c.) injections of 10-100  μ g OVA emulsi fi ed 
in aluminum hydroxide with a 7- or 14-day interval in the latter 
case  (  127,   128,   131–  137  ) . Then the animals are challenged with 
1–5% OVA dissolved in sterile PBS  aerosolized  on days 28, 29, 30 
for 5–30 min each day with an ultrasonic nebulizer  (  39,   138,   139  ) . 
Others use daily or every other day exposures between days 15 and 
21 for 20 min  (  131,   140,   141  ) . Others sensitize by seven i.p. injec-
tions of 10  μ g OVA in 0.5 ml pyrogen-free saline without adjuvant 
on alternate days. Two weeks later, mice are exposed to OVA 
(2 mg/ml) aerosol challenges for 5 min on 8 consecutive days and 
studied 24 h after the last challenge  (  142  ) . The intensity of this 
allergic in fl ammation reaches its maximum 1–2 days after the  fi nal 
exposure  (  12  ) . From day 32 increased eosinophil in fi ltration, bron-
chial hyperresponsiveness, remodeling, and Th2 cytokine induc-
tion occurs, some groups examined up to 74 days  (  138,   139  ) . 

 Others use i.p. immunization every other day for 2 weeks 
(10  μ g OVA in 0.1 ml sterile saline), and mice are challenged three 
times, each 3 days apart, with 20  μ g of OVA in 50  μ l of saline 
delivered  intranasal ly 40 days after the beginning of immuniza-
tion. Control animals are similarly immunized i.p. with OVA and 
challenged i.n. three times with 50  μ l of saline. Mice are used 
3 days after the last i.n. challenge  (  143,   144  ) . Intranasal OVA chal-
lenge can also be performed 4 times (twice a day) 1 week after the 
second s.c. immunization, and pulmonary functions, bronchoal-
veolar lavage examination, as well as lung histology and blood 
analysis are done 1, 3, 6, 24, 48, and 72 h afterwards  (  127,   132  ) . 
The sensitization and the exposure doses, as well as the administra-
tion paradigms of the i.n. challenge vary between groups. Elicitation 
is often done on days 14, 15, 18, and 19 (25  μ g in 35  μ l saline), 
the bronchoalveolar lavage is done 2 days after the last application 
 (  145–  147  ) . Henderson and colleagues use i.n. OVA application on 
days 14, 25, 26, and 27 (100  μ l, and later 50  μ g in 50  μ l saline). 
They found increased eosinophil in fl ux and airway hyperrespon-
siveness from day 28  (  137  ) . 

  3.2.1.  Ovalbumin-Induced 
Asthma Models

   Mouse Models
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 Some groups use  i.n.  instillation of 10  μ l OVA on 3 days with 
3-day periods apart by a nonsurgical technique after the immuniza-
tion with an adjuvant-free protocol (i.p. 10  μ g OVA on each of 
seven alternate days). Systemic levels of OVA-speci fi c Ig E were 
allowed to increase for 40 days after the  fi rst sensitizing injection. 
24 h post fi nal OVA challenge: increased number of eosinophils was 
found in the bronchoalveolar lavage and the lung tissue  (  144  ) . 

 However, some authors conclude that although ovalbumin-
sensitized mice are good models for airway hyperresponsiveness, 
this is not appropriate to study acute physiological responses to 
allergen inhalation. The lack of the early phase response within the 
 fi rst hour following exposure and the limited late phase response 
that is more prolonged and may occur several hours later, as well as 
the absence of a link between the late phase response and airway 
hyperresponsiveness highlight the limitations of this mouse model 
as a completely appropriate model of lung dysfunction associated 
with asthma  (  148  ) . 

 Variations in the intensity of the in fl ammatory response accord-
ing to the immune status of an animal within the same strain and 
to the strain itself have also been reported. Most commonly stan-
dard pathogen-free 4–8-week-old female mice are used in this 
model, since they proved to be the most sensitive  (  135,   136  ) . 
However, more leukotriene C4 was shown to be released from 
isolated antigen-challenged lungs of Swiss mice than of BALB/c 
mice  (  128  ) . It has also been demonstrated in CBA, Swiss, BALB/c, 
and mice also in IL-5 transgenic mice  (  126  ) , that similarly to 
guinea pigs, eosinophil recruitment to the airways is not suf fi cient 
to induce bronchial hyperresponsiveness  (  33,   127  ) .  

  The immediate and late asthmatic responses after an allergen chal-
lenge; responses after a nonspeci fi c challenge with methacholine, 
acetylcholine, or serotonin; IgE production; as well as in fl ammatory 
cell accumulation are similar in rats and humans  (  149  ) . Therefore, 
airway hyperresponsiveness, in fl ammation, and obstruction char-
acteristic of human asthma can be well mimicked in rat models. 
According to several authors, the main advantage of the rat models 
over the mouse ones is the clear differentiation of the early and late 
phases of the asthmatic reaction  (  8,   112  ) . 

 Rats are easily sensitized by OVA  (  112,   121,   150,   151  ) , but 
they are less responsive to bronchoconstrictor agents than guinea 
pigs. Therefore, rat asthma models are mainly used to investigate 
the mechanisms of the in fl ammatory processes  (  8,   152  ) . There are, 
however, signi fi cant differences between respective rat strains. The 
Brown Norway strain is the most appropriate for studying allergic 
in fl ammation, since they naturally present a more pronounced IgE 
and in fl ammatory response to allergen challenges following sensi-
tization  (  112,   117,   153,   154  ) . Wistar rats can also be sensitized 
and challenged with OVA producing similar, but less pronounced 

   Rat Models
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symptoms than Brown Norway ones  (  112,   121  ) . In contrast, 
Sprague–Dawley and Fischer and Lewis rats do not develop an 
allergic reaction or an increase in IgE production under the same 
conditions  (  112,   155–  157  ) . The OVA sensitization protocols in 
rats slightly differ from that of usually used in mice: in Wistar rats, 
it is commonly done by an i.p. or s.c. injection precipitated with 
aluminum hydroxide (1.0 ml of 1.0 mg/ml OVA mixed with 10% 
aluminum hydroxide suspension in saline). This injection is 
repeated by an administration of heat-killed  Bordetella pertussis  
intraplantarly or i.p., as an adjuvant. A booster injection of 1.0 ml 
of 1.0 mg/ml OVA suspended in 10% aluminum hydroxide and 
saline can be injected after 7 days. The rats are used 14 days after 
the  fi rst injection, IgE titer signi fi cantly increases by this time point 
 (  33,   112,   151,   158  ) . OVA can also be injected s.c. (1 mg OVA and 
200 mg/ml aluminum hydroxide in 1 ml PBS) and i.p. injection of 
1 ml heat-killed  Bordetella pertussis  bacteria (6 × 10 −9 /ml) can be 
applied for boosting on days 0 and 7. Two weeks later 2% OVA is 
nebulized for 20 min/day for 6 days  (  120,   159  ) . Intratracheal 
instillation of SiO 2  nanoparticles exacerbates airway hyperrespon-
siveness and remodeling after OVA immunization, presumably due 
to a remarkable eosinophilia and cytokine imbalance, particularly 
the increase of tissue IL-4  (  160  ) .  

  The main advantage of the guinea pig allergic model is the easy 
sensitization, i.e., the multifactorial, complex immunological 
response involving sensory neuropeptides, eicosanoids, cytokines, 
and chemokines  (  111  ) . A direct anaphylactic bronchoconstriction 
upon antigen challenge, as well as a late asthmatic response and 
airway hyperresponsiveness develop under certain conditions. 
Moreover, the in fl ammatory response is comparable with the 
human situation  (  161  ) . Dunkin–Hartley guinea pigs are commonly 
used to investigate allergic pulmonary reactions due to the remark-
able reactivity of their bronchial smooth muscle to allergens, hista-
mine, and lipid mediators  (  33  ) . 

 They can be sensitized with a single i.p or s.c. injection of 
10  μ g OVA mixed with 100 mg aluminum hydroxide, and elicita-
tion of the lung in fl ammation is performed with nebulized OVA 
(100 mg/ml for 1 h) dissolved in pathogen-free saline 14 days 
later  (  42,   111  ) . The most commonly used experimental protocols 
in the OVA-induced asthma models are summarized in Table  2 .    

  The house dust extract most commonly contains several allergens 
including six indoor and three outdoor allergens: German cock-
roach ( Blattella germanica , Bla g1, and Bla g2), house dust mite 
( Dermatophagoides pteronyssinus  Der p1, and  Dermatophagoides 
farinae  Der f1), cat ( Felis domesticus , Fel d1), dog ( Canis famil-
iaris , Can f1), meadow fescue ( Festuca pratensis ), short ragweed 
( Ambrosia artemisiifolia ), and mold ( Alternaria alternata ), as 
well as endotoxins  (  162  ) . 

   Guinea Pig Models

  3.2.2.  House Dust Mite- 
and Cockroach Antigen-
Induced Allergic Lung 
In fl ammation
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  Some groups use the  whole house dust extract  (HDE), others 
administer only one component of this mixture, such as the mite 
or the cockroach antigen, to induce allergic pulmonary reactions in 
female Balb/c mice. The complex extract emulsi fi ed in 50  μ l 
TiterMax Gold, as a booster, is administered i.p. for sensitization 
on day 0, and i.n. challenges are performed on days 14 and 21. 
Asthma-like responses were con fi rmed by measuring airway hyper-
responsiveness by whole-body plethysmography and methacholine 
challenge 24 and 48 h after the challenge  (  162–  165  ) . 

 Several protocols are published for the immunization of mice 
with  house dust mite antigen  (HDMA). Female Balb/c mice are 
immunized i.p. with 2  μ g of HDMA in 0.2 ml of aluminum 
hydroxide (alumn) on day 0 and boosted with HDMA/alumn    on 
day 14 or 21. Usually seven days after the second immunization, 
animals are challenged with 0.1–0.2% HDMA by the i.n. route 
under iso fl urane anesthesia or by aerosolization of the antigen. 
The in fl ammatory response is investigated 48–72 h after the elic-
itation  (  166,   167  ) . 

 C57Bl/6 mice are immunized with 10  μ g of  cockroach aller-
gen  in incomplete Freund’s adjuvant on day 0, and given an i.n. 
administration of the same dose in 10 ml of diluent on day 14. This 
initial i.n. antigen induces little cellular in fi ltration into the lungs, 
but a second challenge 6 days later by an i.n. administration of 
10 mg of cockroach allergen in 50 ml of sterile PBS results in a 
signi fi cant in fl ammatory response including mononuclear cell and 
eosinophil in fi ltration  (  168  ) . In female Balb/c mice, the sensitiza-
tion is performed similarly with the same dose emulsi fi ed in 
2.25 mg aluminum hydroxide in a total volume of 100 ml on days 
0 and 14, followed by aerosol sensitization with 1% antigen for 
30 min on days 28, 29, and 30. Mice are again challenged with 5% 
antigen for 30 min on day 32 and pulmonary functions are 
measured 24 h later to establish hyperresponsiveness to methacho-
line  (  169  ) . Others administer cockroach extract to BALB/c mice 
i.n. on 5 consecutive days for sensitization and a week later for 4 
more days for elicitation  (  170  ) . 

 Some groups immunize with the puri fi ed dust mite allergen 
 Dermatophagoides pteronyssinus  Der p1 i.p. and from day 14 to 20, 
and induce the in fl ammation in the lung with dust mite extract 
aerosol exposure daily for 30 min house  (  171  ) . Speci fi c cockroach 
antigen Bla g2, speci fi c mite antigen  Dermatophagoides farinae  
Der f1, and combined immunization on days 0 and 7 can also be 
used. Challenges by orotracheal inhalation with these allergens are 
performed on day 14, and then mice are studied and sacri fi ced on 
day 17. Both antigens administered alone induced similar dose-
dependent in fl ammatory cell accumulation, total protein increase, 
and hyperreactivity. Enhanced airway in fl ammation and epithelial 
damage, but not hyperresponsiveness, developed in response to the 
combination of these allergens  (  172  ) . Others use the combination 

  Mouse Models



32716 Endotoxin-Induced Airway Infl ammation and Asthma Models

of HDE and puri fi ed cockroach or mite antigen administration. 
On days 14 and 21 after a conventional HDE sensitization i.p., 
mice are given an airway challenge of HDE under anesthesia with 
methoxy fl urane. For the second airway exposure either puri fi ed 
cockroach allergen, Bla g2 or puri fi ed dust mite allergen, Der p1 
is used and mice are investigated 48 h from the last airway 
challenge  (  173  ) .  

  Rats are also easily sensitized by house dust mite extracts  (  112  ) . 
Female Brown Norway rats are intratracheally sensitized with 
10  μ g HDMA (5  μ g each on days 1 and 3) and challenged with 
10  μ g antigen 14 days later  (  174  ) . After using a similar protocol 
others found that strong eosinophilia and neutrophilia was associ-
ated with an early release of proin fl ammatory cytokines (IL-13 and 
IL-1beta, eotaxin and thymus, and activation-regulated chemokine). 
This response was not attenuated by removal of HDM-associated 
protease activity  (  175  ) . Some authors use weanling or young, 
3–5-week-old Brown Norway female rats, sensitized with 10  μ g 
HDM i.t. or i.p. and challenged with 5  μ g HDM via the trachea 
10 days later or for 10 consecutive days to establish an allergy 
model in rats to more closely re fl ect the developing immune 
system  (  176,   177  ) . 

 Some groups compared the sensitivity of different rat strains in 
this model. Brown Norway, Lewis, and Sprague–Dawley rats are 
sensitized with HDMA by either s.c. or local i.t routes. Systemic 
injection induces maximal immunization, while mucosal sensitiza-
tion is a more relevant exposure route. I.t. instillation is a quick, 
easily reproducible procedure and shows results comparable with 
those based on the inhalation route of administration. On days 1 
and 3 systemically sensitized rats receive an s.c. injection of 5  μ g of 
HDM in 0.5 ml of aluminum hydroxide adjuvant. Two weeks later 
these rats are challenged i.t. with 10  μ g of HDM in 250  μ l of saline. 
Locally sensitized rats received 5  μ g of HDM in 250  μ l of saline by 
i.t. instillation on days 1 and 3. Two weeks later, these rats are i.t. 
challenged with 10  μ g of HDM in 250  μ l of saline one, two, or  fi ve 
times, each successive challenge separated by 1 week. Airway 
responses to HDM are evaluated in all locally sensitized rats on the 
last day of allergen challenge. Airway responses to HDM are 
measured on the day of challenge, and rats are assessment of aller-
gic responses, pulmonary in fl ammation, and lung injury 2 days 
later, since pulmonary in fl ammation and injury at this time point. 
Brown Norway rats develop stronger clinical hallmarks of allergic 
asthma under various immunization regimes compared to other 
strains; therefore, they are considered to be the most appropriate 
strain for studying allergic asthma-like responses in rats. Phenotypic 
differences in response to HDM were associated with differences 
in the Th1/Th2 cytokine balance and antioxidant capacity  (  178  ) .  

  Rat Models
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  Two i.p. injections of 100  μ g crude mite extract (CME), but not 
multiple aerosol inhalations cause sensitization in guinea pigs. The 
sensitization to mites was con fi rmed by the measurement of serum 
antimite antibody titer and the detection of anaphylactic broncho-
constriction after i.v. injection of CME solution. The inhalation 
challenge of CME aerosol in sensitized animals causes prolonged 
eosinophilia in the bronchoalveolar lavage  fl uid which persists for 
at least 7 days after a single challenge. Neither inhalation at higher 
concentrations of CME aerosol nor repeated inhalation challenges 
increases the degree of eosinophilia compared to a single applica-
tion. There is a greater eosinophilia in the mite model than in 
response to the same OVA protocol  (  179  ) .  

  Spontaneous development of asthma with prominent features 
similar to humans has been documented to occur relatively fre-
quently in  cats . In an extensive study using HDMA and Bermuda 
grass, allergens (selected by screening ten privately owned pet cats 
with spontaneous asthma) were applied by parenteral sensitization 
and aerosol challenges to replicate the naturally developing disease 
in the experimental cats. Sensitization with HDMA or the grass 
allergen in cats led to allergen-speci fi c IgE production, allergen-
speci fi c serum and BALF IgG and IgA production, airway hyper-
reactivity, airway eosinophilia, an acute TH2 cytokine pro fi les in 
peripheral blood mononuclear cells and bronchoalveolar lavage 
 fl uid cells, and histological evidence of airway remodeling  (  180  ) .  

  Sheep can be actively sensitized with HDMA. In this case, animals 
develop allergen-speci fi c IgE responses, in fl ammation of the air-
ways including eosinophilia, and mucus hypersecretion of the 
airways  (  9  ) . Immunization is done s.c. with 50- μ g HDMA and 
elicitation with a single bronchial challenge with the antigen. This 
induces an allergen-speci fi c IgE response in 50–60% of sheep (aller-
gic sheep), with higher antigen doses increasing speci fi c IgG1, but 
not IgE. Lung challenge of allergic sheep with HDMA leads to the 
initial recruitment of neutrophils (at 6 h postchallenge) followed 
by eosinophils and activated lymphocytes into the lung, similar to 
the late phase allergic response seen in human asthma. Eosinophils, 
CD4+ T cells, and CD45R+ B cells are the most prominent leuco-
cytes found in lung tissue 48 h after allergen challenge  (  181  ) .   

   Mice are sensitized and challenged with endotoxin-free ragweed 
extract (150  μ g/100  μ l, combined with aluminum hydroxide 
adjuvant in a 3:1 ratio), on days 0 and 4. On day 11, they are chal-
lenged intranasally with the ragweed extract (100  μ g) dissolved in 
50  μ l of PBS. This results in the development of airway hyperre-
sponsiveness, metaplasia of airway epithelial cells, mucus hyperse-
cretion, in fi ltration of eosinophils into subepithelium of lung, as 
well as the release of TH2 cytokines  (  182,   183  ) . 

  Guinea Pig Models

  Cat Models

  Sheep Models

 3.2.3.  Plant (Ragweed 
and Bermuda Grass) and 
Helminth Antigen-Induced 
Allergic Lung In fl ammation

  Mouse and Rat Models
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 Wistar, Lewis, and Fischer 344 rats can be actively sensitized with 
dinitrophenylated Ascaris antigens (2 mg protein) and killed 
 Bordetella pertussis  vaccine. After 5–8 days, asthmatic response is 
provoked by inhalation of the antigen (0.5 mg protein;  (  112  ) ). 
Lewis rats have been proved to be the most suitable for studying 
the effects of antiallergic agents  (  184  ) .  

  The allergic rabbit demonstrates many of the pathophysiological 
features of human asthma including acute bronchoconstriction, 
late phase airway obstruction, and airway hyperresponsiveness. 
The sensitizing agent in New Zealand white rabbits of both sexes 
is commonly the  Alternaria tenius  antigen (0.5 ml, 40,000 protein 
nitrogen units/ml) in sterile 0.5 ml Al(OH) 3  gel and 1 ml saline 
 (  185,   186  )  mixed to an adjuvant aluminum hydroxide and injected 
i.p. within 24 h after birth to ensure the predominant production 
of IgE antibodies. If delayed, sensitization produces both IgE and 
IgG antibodies and a subsequent diminished pulmonary response 
to antigen provocation. Weekly booster injections of the antigen/
alum mixture out to 4 months are necessary to ensure full sensiti-
zation. Extreme care must be taken when sensitizing pups because 
the rabbit doe may reject the offspring under stressful conditions 
 (  111,   187  ) .  

  The larger species display many of the hallmark features of allergic 
airways disease in humans which are responsive to several antia-
sthma drugs. Their main advantages are (1) the structural and 
functional arrangement of the airways, which show closer similari-
ties with humans; (2) their use allows relatively longer term studies; 
and (3) their ability to perform the type of procedures routinely 
used in humans, such as lung function measurements, aerosolized 
allergen challenges, and bronchoscopic procedures for lavage and 
endobronchial biopsy sampling ( 188 ). These are very valuable to 
explore the kinetics of the diseases and also the structural and func-
tional alterations associated with airway remodeling. However, 
they are expensive, their use represents several ethical consider-
ations, and there are very few appropriate immunological tools 
available in these species  (  8  ) . 

  Cats  can develop idiopathic asthma  (  189  )  and therefore, they 
are unique for experimental model of human asthma following 
sensitization and challenge with the intestinal helminth parasite 
 Ascaris suum   (  190  )  or with  house dust mite extract  or  Bermuda 
grass allergens   (  180  ) . Experimental asthma in cats represents many 
of the features of asthma in humans including allergen-speci fi c IgE, 
airway eosinophilia, and airway hyperresponsiveness in response to 
allergen, as well as the acute clinical signs of cough, tachypnea, or 
respiratory distress. Airway remodeling also develops following 
frequent allergen exposure. Similarly to what is observed with 
HDMA, Bermuda grass extract also evokes allergic lung 
in fl ammation in cats  (  180  ) . 

  Rabbit Models

  Larger Animal Models
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  Dogs  have also been used as a model to study human lung 
physiology under normal and in fl ammatory conditions  (  7,   191, 
  192  ) . As a model for human allergic asthma, dogs sensitized to 
 Ascaris suum   (  193  )  or  ragweed  allergen  (  194  )  display prominent 
pulmonary in fl ammation and airway responsiveness following 
allergen challenge  (  9  ) . Furthermore, the standard antiasthma 
drugs, such as beta-adrenergic agonists, corticosteroids, and 
leukotriene inhibitors are effective in dog models. However, there 
are no data on chronic airway challenges and on airway remodeling 
in dogs. Similar to other larger animals, the lack of immunological 
reagents and ethical concerns are the main drawbacks to the use of 
dogs for asthma research  (  9  ) . The important features of canine 
models and how they have increased the understanding of the 
pathology, pathophysiology, and control of human asthma have 
been recently reviewed  (  111,   192  ) . 

  Pigs  actively sensitized with  Ascaris suum  (or ovalbumin) 
develop airway recruitment of eosinophils and bronchoconstrictive 
responses following airway allergen challenge  (  195  ) . However, 
there are no available data on morphological or histological changes 
in airway tissues in response to allergens. The main problems with 
this model are the individual variations in sensitization and the 
differences in the extent of bronchoconstriction probably due to 
their rapid growth and high endogenous cortisol levels. Therefore, 
pigs have considerably little signi fi cance in asthma research  (  7,   9  ) . 

 The use of  sheep  as a model for human allergic asthma has 
included animals naturally sensitized to  Ascaris suum   (  196  ) . 
Furthermore, a proportion of allergic sheep display early and late 
phases of the asthmatic reaction similarly to man  (  9,   197–  199  ) . 

 Airway responses to aerosolized  Ascaris suum  antigen can be 
measured in naturally allergic sheep with a history of early and late 
airway responses and airway hyperresponsiveness after antigen 
challenge immediately after the antigen challenge and then serially 
for 8 h afterwards  (  198,   200–  202  ) . 

  Monkey  experiments are very rare, but they can be useful to 
bridge the gap to human relevance more than rodents  (  9,   111  ) . 
Technical details of these allergic airway in fl ammation models are 
summarized in Table  3 .     

  Endotoxins are present in the whole environment, and it has been 
well demonstrated that the severity of asthma is related to their 
amount in house dust  (  203  ) . Interactions between inhaled endo-
toxins and allergens in lungs of asthmatic patients could amplify 
the local in fl ammatory response, rendering the clinical manifes-
tations more severe and dif fi cult to control. LPS is an important 
adjuvant related to asthma severity through aggravation of bron-
chial in fl ammation; however, on the other hand, it may modulate 
the Th1:Th2 balance to the Th1 side. This is based on the fact 
that the lack of LPS exposure or naturally occurring infections in 
children may delay maturation of the immune system towards a 

3.3. Link Between 
Endotoxin Exposure 
and Allergic 
Mechanisms
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Th1-skewed response, thus increase the risks of allergy and asthma. 
Although favoring a Th1 cytokine response that could be bene fi cial 
to asthmatics, LPS aggravates bronchopulmonary in fl ammation by 
several mechanisms. These include neutrophil and eosinophil 
recruitment, and release of proin fl ammatory cytokines and nitric 
oxide from activated macrophages. LPS exerts its biological actions 
through its interaction with CD14. The genetic locus of CD14 is 
close to the genomic region controlling levels of IgE. A polymor-
phism in the CD14 promoter region seems to favor high serum 
IgE levels. Genetic in fl uences control circulating levels of sCD14 
and by this mechanism modulate Th1:Th2 balance and IgE syn-
thesis. LPS exposure, although hazardous to the asthmatic, seems 
to exert a role in the maturation of the immune system in children 
towards a Th1-skewed pattern  (  15,   33  ) . Based on these important 
human observations, these interactions have recently been aimed 
to be investigated in animal models as well, particularly in the 
developing lung. In a mouse experimental asthma model, the 
administration of LPS, particularly at low doses, enhanced the lev-
els of OVA-induced eosinophilic airway in fl ammation. The OVA-
induced eosinophilic in fl ammation in the lung was dramatically 
increased by the administration of LPS in wild-type mice, whereas 
such increase was not observed in mast-cell-de fi cient or TLR4-
de fi cient mice. Thus, mast cells appear to control allergic airway 
in fl ammation after their activation and modulation through TLR4-
mediated increase in Th2 cytokine production  (  145,   204  ) . 
Furthermore, repeated inhalation exposures of neonatal and 
juvenile mice to endotoxin and cockroach allergen increased the 
pulmonary in fl ammatory and systemic immune responses in a 
synergistic manner and enhanced alveolar remodeling in the devel-
oping lung  (  205  ) .       
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    Chapter 17   

 Enhanced Cough, Animal Models       

     Raffaele   Gatti   ,    Pamela   Pedretti   ,    Romina   Nassini   , and    Marcello   Trevisani            

  Abstract 

 Under speci fi c pathophysiological circumstances, cough becomes a chronic condition. Unfortunately, 
apart from drugs that treat the underlying diseases that cause the cough symptom, medicines directly 
oriented to reduce or abolish the cough re fl ex are limited to narcotic or narcotic-like drugs. The poor 
availability of antitussive medications is due to many causes but mainly to the poor understanding of the 
molecular mechanisms that cause and maintain chronic cough. Most of the mechanistic information on 
cough has been generated from animal models in which there is little or no airway pathology. It is essential 
then to develop animal models of chronic cough that re fl ect the disease in man. Here we described diverse 
animal models of enhanced coughing in guinea pigs, cats, dogs, pigs, and rabbits with airway in fl ammation 
produced by ovalbumin sensitization and challenge, exposure to cigarette smoke, sulfur dioxide, angio-
tensin-converting enzyme inhibitors, and ozone.  

  Key words:   Ovalbumin ,  Chronic cough ,  Allergic cough ,  Capsaicin ,  Citric acid ,  Resiniferatoxin , 
 Sulfur dioxide ,  Angiotensin-converting enzyme ,  Cigarette smoke ,  Ozone ,  Tracheitis    

 

 Cough is an important defensive re fl ex mechanism and represents 
one of the most common symptoms of many in fl ammatory diseases 
of the airways such as postviral infections, pulmonary  fi brosis, and 
bronchiectasis. Cough is also the  fi rst and most persistent symptom 
of lung chronic diseases such as asthma and chronic obstructive 
pulmonary disease (COPD)  (  1  ) . Based on its duration, cough is 
generally de fi ned as acute, subacute, and chronic  (  2  ) . 

 Acute cough is an extremely common condition and develops 
to promote protection towards potentially harmful agents inhaled 
or produced (secretions) in the airways and lungs. It refers to a 
cough lasting for a maximum of 3 weeks and, in the majority of 

  1.  Introduction
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patients, it is mainly caused by viral or bacterial infections of the 
upper respiratory tract  (  3  ) . Acute cough caused by such infections 
is usually self-limited with the clearing of the infection. Subacute 
cough has been de fi ned as a cough of 3–8 week duration. Most 
cases of subacute cough refer to an increase in bronchial hyperre-
sponsiveness mainly due to an airway postviral infection that has 
extended beyond 3 weeks. Inhaled corticosteroids or leukotriene 
receptor antagonists are often prescribed for this condition, but 
their use results self-limited to the infection  (  2  ) . 

 Under speci fi c pathophysiological circumstances cough 
becomes a chronic condition  (  4  ) . Chronic cough maintains the 
protective role of the re fl ex mechanism, although occasionally its 
persistency may worsen the patient’s quality of life by causing 
severe discomfort and requiring for an appropriate treatment. 

 Different studies have described the main etiologies to explain 
the causes promoting chronic cough. They comprise upper airway 
cough syndrome, due to a variety of rhinosinus conditions, as post-
nasal drip syndrome or other conditions such as asthma, chronic 
bronchitis, and gastroesophageal re fl ux  (  5–  7  ) . 

 The morbidity of chronic cough in humans is likely a product 
of the enhanced frequency and intensity that occurs as a result of 
increased excitability of this behavior. Clearly, the sensitivity of cough 
in response to inhaled irritants in patients with a variety of pulmo-
nary disorders is enhanced  (  8,   9  ) , and the frequency and intensity 
of cough can be elevated as well  (  10,   11  ) . 

 The current poor availability of antitussive medications is due 
to many causes but mainly to the poor understanding of the molec-
ular pathways that orchestrate the cough response in experimental 
animals and in man. Unfortunately, apart from drugs that treat the 
underlying diseases that cause the cough symptom, pharmacological 
treatment directly oriented to reduce or abolish cough are limited 
to narcotic or narcotic-like drugs  (  12  ) . 

 The poor knowledge of the mechanisms of cough responses 
promotes the characterization of cough receptor(s) and the periph-
eral and central mechanisms for cough sensitization. Therefore, 
the identi fi cation of new therapeutic targets for the treatment of 
chronic cough will be of immense therapeutic bene fi t and will 
greatly enhance the quality of life of patients. 

 For these purposes, it is essential to develop animal models of 
chronic cough that re fl ect the disease in man. Indeed, a reliable, 
robust, and reproducible model of cough is essential to pro fi le and 
establishes the ef fi cacy of novel antitussive therapies under devel-
opment before moving to man. 

 This chapter describes diverse animal models of enhanced 
coughing in the presence of airway in fl ammation in guinea pigs, 
cats, dogs, pigs, and rabbits. An enhanced cough response is 
described in animals sensitized to and challenged with ovalbumin 
and exposed to cigarette smoke, sulfur dioxide (SO 2 ), angiotensin-
converting enzyme (ACE) inhibitors, and ozone.  
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          1.    Use male Dunkin–Hartley guinea pigs (250–700 g) (Note 1). 
Usually, animals are acclimatized in cages, (24 ± 0.5°C) for 
1 week before the beginning of the experiments with free 
access to water and standard rodent diet.  

    2.    Transparent 850–2,000 ml perspex chamber (Note 1), fre-
quently custom-built, or body plethysmograph (type 855, 
Hugo Sachs Electronic, March-Hugstetten, Germany; model 
PMUA 1SAR, Buxco Electronics, Sharon, CT)  (  13,   14  )  with 
an air inlet and outlet, ventilated with a constant air fl ow of 
400–1,000 ml/min. The chamber may be composed by a 
head chamber which is isolated from the body  (  14,   15  ) . 
Changes in air fl ow can be measured by a pneumotachograph 
(Fleisch 0.6 V) connected to the out fl ow and recorded on a 
fast response recorder (Reba UK; Par 1000)  (  16,   17  ) .  

    3.    Jet (Pariprovocation test I, Pari Starneberg, Germany; Puritan 
Bennett, Lenexa, KS) or ultrasonic nebulizer (model 646, 
model 65, Ultra Neb 99, De Vilbiss Co., Somerset, PA; model 
AER5211, Buxco Electronics)  (  14,   17–  20  ) . The particle size 
mass median diameter should be 0.5–5  μ m and the output of 
the nebuliser 0.037–0.4 ml/min (Note 1).      

      1.    Capsaicin (8-Methyl- N -vanillyl- trans -6-nonenamide, Sigma-
Aldrich, St. Louis, MO), from  Capsicum  sp. Form and color: 
crystalline-white. Storage temperature: 2–8°C.    Dissolve capsaicin 

  2.  Materials

  2.1.  Guinea Pig Models

  2.1.1.  Animals and General 
Equipment (Fig.  1 )

  2.1.2.  Agents to Induce 
Cough

  Fig. 1.    General experimental setup for the evaluation of cough induced by aerosolized tussive stimuli in the conscious 
unrestrained guinea pig.       

 



346 R. Gatti et al.

in pure Tween 80 and ethanol, and then add physiologic saline 
to obtain a 100-mM stock solution ( fi nal Tween 80 and etha-
nol concentration is 10%). Store the 100-mM stock solution at 
−20°C. This solution will be diluted with physiologic saline to 
obtain  fi nal protussive concentrations  (  21  )  (Notes 2 and 3).  

    2.    Citric acid (Sigma-Aldrich). Form and color: crystalline-white. 
Dissolve citric acid in physiologic saline. Storage temperature: 
room temperature (Note 3).  

    3.    Albumin, from chicken egg white (Ovalbumin, Sigma-Aldrich). 
Keep container tightly closed in a dry and well-ventilated place. 
Storage temperature: 2–8°C (Note 3).  

    4.    Resiniferatoxin (Sigma-Aldrich). Form and color: powder and 
white with pungent odor. Storage temperature: −20°C. Prepare 
1-mM stock concentration in 100% dimethylsulfoxide (DMSO) 
(Notes 2 and 3).      

      1.    Aluminum hydroxide (Al(OH) 3 ; Sigma-Aldrich). Storage: 
room temperature.  

    2.    Cyclophoslphamide (Sigma-Aldrich). Storage temperature: 
2–8°C.  

    3.    Heat-killed pertussis organisms (usually custom-prepared).      

      1.    Standard 2R1 reference cigarettes (Tobacco and Health 
Research Institute, Lexington, KY). Physical Data: CRW (cig-
arette rod weight) = 1.184 g/cig, RTD (resistance to 
draw) = 8.9 cm of H 2 O, static burning 660 s/40 mm, 
length = 85.5 mm/cig, circumference = 25.0 mm/cig, paper 
porosity = 47.6 s/50 cm 3  and paper additive type = phosphate 
0.16%. Smoke Analyses: TPM (total particulate mat-
ter) = 44.6 mg/cig, nicotine = 2.45 mg/cig, water = 5.36 mg/
cig, puff = 12.7 count/cig, CO = 25.1 mg/cig  (  22  ) .  

    2.    Standard 2R4F reference cigarettes (University of Kentucky, 
Louisville, KY). The 2R4F is the second run of the manufac-
turer of the 1R4F reference cigarettes. Physical Data: 
CRW = 1.055 g/cig, RTD = 13.40 cm of H 2 O, static burning 
n/d, length = 83.90 mm/cig, circumference = 24.90 mm/cig, 
paper porosity = 24 s/50 ml and paper additive type = citrate 
0.60%. Smoke Analyses: TPM = 11.70 mg/cig, nico-
tine = 0.85 mg/cig, water = 1.12 mg/cig, puff = 9.20 count/
cig, CO = 13 mg/cig  (  22  ) . To monitor carbon dioxide content 
of the exhaust air from the chamber: system Beckam LB-2 CO 2  
monitor (Schiller Park, IL).      

      1.    Osmotic pump (Model 2ML1, Alzet, Cupertino, CA) (see 
below).  

  2.1.3.  Allergic Cough

  2.1.4.  Cigarette Smoke 
Exposure

  2.1.5.  Angiotensin-
Converting Enzyme 
Inhibitors
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    2.    ACE inhibitors: enalaprilat, lisinopril, imidapril, captopril, 
enalapril, zofenopril, and ramipril (Sigma-Aldrich).  

    3.    Arabic gum (Sigma-Aldrich).      

      1.    SO 2  (Air gas, Inc., Radnor, Pennsylvania, PA).  
    2.    The aerosolization chambers should have a single port for the 

introduction of either air (O 2  = 21%; N = 79%) or SO 2  
(1,000 ppm). An air outlet is also located on the bottom side 
corner of the exposure chamber which allows air to exit the 
chamber. Set the air fl ow rate at 3 L/min.       

       1.    Cats weighing 1.8–3.2 kg  
    2.    Pentobarbital (Spofa, Praha, Czech Republic)  
    3.    Tracheal cannula  
    4.    Single silk suture  
    5.    Nylon  fi ber  
    6.    Polyethylene tubing  
    7.    Electromanometer (Tesla, Valašské Meziříčí, Czech Republic)  
    8.    Mingograph 81 (Elena-Schönandern, Solna, Sweden)       

       1.    Male beagle dogs weighing 8–15 kg  
    2.    Ragweed (Bayer, Elkhart, IN)  (  23  )   
    3.    Histamine dihydrochloride (0.3–1%, Sigma-Aldrich)  
    4.    Alhydrogel (Al(OH) 3 , 1.3%, Accurate Chemical, Westbury, NY)  
    5.    Propofol (Diprivan; Zeneca Pharmaceuticals, Wilmington, DE)  
    6.    Electric shaver  
    7.    Sur fl o ®  catheter (Terumo Medical, Elkton, MD) and injection 

plug  
    8.    Cuffed endotracheal tube (Rusch, Waiblingen, Germany; size 

7.0 mm)  
    9.    A balloon-tipped polyethylene catheter (i.d. = 2 mm)  
    10.    Infusion pump (Gemini, PC-2TX; Imed, San Diego, CA)  
    11.    Pneumotachograph  
    12.    Low pressure transducer for pulmonary pressure and air  fl ow 

measurement (model MP 45-14-871; Validyne, Northridge, CA)  
    13.    Differential pressure transducer (model MP-45-24-87; Validyne)  
    14.    Pulmonary function analyzer (model XA; Buxco Electronics)  
    15.    Chart recorder (MFE Instruments, Beverly, MA)  
    16.    Dinamap veterinary blood pressure monitor (model 8300; 

Critikon, Tampa, FL)  

  2.1.6.  Sulfur Dioxide

  2.2.  Cat Models

  2.2.1.  Enhanced Cough 
in Local Tracheitis Cats

  2.3.  Dog Models

  2.3.1.  Allergic Animals
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    17.    Digital handheld pulse oximeter (model 8500V, Nonin 
Medical, Minneapolis, MN)  

    18.    Cardiocap monitor (Datex-Engstrom, Helsinki, Finland)  
    19.    Fishing line (25-lb test, Berkley, Spring Lake, IA)  
    20.    Jet nebulizer (Raindrop; Puritan Bennett, Lenexa, KS)  
    21.    One-way respiratory valve (Hans-Rudolph, Shawnee, KS)       

       1.    Healthy Belgian Landrace piglets of both sexes weighing 
13.3 ± 1.2 kg.  

    2.    Closed stainless-steel and plastic 1.9-m 3  individual inhalation 
chamber designed for piglets.  

    3.    Fiberglass  fi lters (CM 295, Cam fi l, Brussels, Belgium) to 
remove dust and aerial bacteria from the chamber. Air fl ow 
rate: 10 m 3 /h.  

    4.    Ultrasonic nebulizer (ultra-neb 2000; DeVilbiss, Somerset, 
PA). The aerodynamic mass diameter of the droplets ranged 
from 0.5 to 5  μ m (manufacturer’s indications).  

    5.    Citric acid (Merck, Darmstadt, Germany).  
    6.    Enalapril (Renitec, Merck Sharp and Dohme, Brussels, Belgium).       

       1.    New Zealand White rabbits (2.4 ± 5.0 kg) of either sex  
    2.    Purpose-built perspex exposure chamber for rabbits  
    3.    Tie-clip microphone  
    4.    Ozone generator (Ozonizer Model 25, Sander, Munich, 

Germany)  
    5.    Nebulizer (De Vilbiss Ultraneb 2000 nebulizer, De Vilbiss)  
    6.    Fleisch 00 pneumotachograph (OEM Medical, Richmond, VA)  
    7.    Polygraph (Grass Instrument Division, West Warwick, RI)  
    8.    Preampli fi er and loudspeaker  
    9.    Differential pressure transducer (PTS, Grass Instrument 

Division)  
    10.    Computerized data acquisition system (Biopac Systems Inc, 

Santa Barbara, CA)        

 

   Most of the available data on enhanced coughing has been gener-
ated in allergic guinea pigs. Since many different sensitizing proto-
cols have been disclosed so far, a list of the major and more 
standardized approaches is here provided. Dose-dependent 

  2.4.  Pig Models

  2.4.1.  Enalapril-Enhanced 
Citric Acid-Induced Cough

  2.5.  Rabbit Models

  2.5.1.  Exposure to Ozone 
and Citric Acid

  3.  Methods

  3.1.  Guinea Pig Models

  3.1.1.  Allergic Cough: 
Ovalbumin Sensitization 
and Challenge
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increases in coughing have been produced by a passive sensitization 
paradigm  (  24  ) . In other studies, cough was elicited in actively 
sensitized guinea pigs by acute exposure to antigen aerosols (see 
below). Sensitizing procedures here described induced an exacer-
bation of capsaicin-induced cough.

    1.    Inject ovalbumin (2 mg/ml/animal, i.p.) plus aluminum 
hydroxide (100 mg/ml) suspended in saline. Three weeks 
later, perform a boosting administration with ovalbumin 
(0.01 mg, i.p.) plus Al(OH) 3  (100 mg). To induce cough, per-
form a 60-s aerosol challenge, 3–4 weeks after the boosting, 
with ovalbumin (10 mg/ml) or saline solution. Inject cyclo-
phosphamide (30 mg/kg, i.p.) 2 days prior to the ovalbumin 
i.p. administration  (  14,   15,   21,   25–  27  )  (Note 4).  

    2.    Inject ovalbumin (200  μ g/0.5 ml/animal, i.p.) plus aluminum 
hydroxide (200 mg/ml) suspended in saline. In addition, 
administer 0.3 ml of 10 × 10 10  heat-killed pertussis organisms 
(i.p.). To induce cough, challenge with aerosolized ovalbumin 
(0.1–1%) 4 weeks after the intraperitoneal ovalbumin adminis-
tration  (  19  )  (Note 4).  

    3.    Perform a 2 × 0.5 ml bilateral intraperitoneal injections with 
ovalbumin (20  μ g/ml/animal) plus aluminum hydroxide 
(100 mg/ml) in distilled water. Two weeks later, challenge 
with aerosolized ovalbumin (0.1–1%) (Author’s unpublished 
protocol) (Note 4).  

    4.    After the ovalbumin sensitization, return the animal to the 
animal facility and put the naïve guinea pigs in the same 
surroundings as the ovalbumin-treated animals (Note 5).     

 A model of cough-variant asthma obtained by ovalbumin inha-
lation in actively sensitized guinea pigs has been described as well  (  28  ) .  

  It is well documented that cigarette smoke exposure is one of the 
major causes of chronic cough in human smokers. In animal 
models (e.g., guinea pigs), chronic exposure of the airways to ciga-
rette smoke induced cough hypersensitivity to various tussive inha-
lation challenges such as capsaicin and citric acid  (  18  ) . Cough 
hyperresponsiveness following cigarettes smoke exposure is further 
enhanced in ovalbumin-sensitized guinea pigs  (  29  ) . Here are 
described different guinea pig protocols of chronic tobacco smoke 
exposure.

    1.    Expose guinea pigs to mainstream tobacco smoke generated 
from four standard 2R1 reference cigarettes drawn into the 
exposure chamber (36 L in volume). Exposures are 7 days/
week and 30 min/day. Maintained the concentration of 
tobacco smoke inside the chamber at 5 mg/L TPM during the 
exposure. Monitored carbon dioxide content of the exhaust air 

  3.1.2.  Tobacco Smoke 
Exposure
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from the chamber. CO 2  content should remain less than 1% of 
the exhaust air. Expose animals daily throughout the duration 
of the study. Induce cough between day 70 and day 100 of 
chronic exposure to tobacco smoke or compressed air. Induce 
cough by challenging guinea pigs with aerosolized capsaicin 
(0.001%, 30 s) (Notes 6 and 7)  (  18  ) .  

    2.    Expose guinea pigs to tobacco smoke (1–5 2R4F research 
cigarettes) daily, for 30–35 min exposure for up to 10 days. 
Deliver cigarette smoke into the exposure chamber (7 L in 
volume) through a tube connected to a puffer, to give a 3 s 
puff of smoke (25 ml) every 30 s. During the intervals between 
the generation of the puffs of smoke give to animals normal air 
pumped into the exposure unit (600 ml/min). 1–10 days after 
cigarette smoke exposure, place unrestrained animals in the 
transparent plastic whole body plethysmograph. To induce 
cough, aerosolize citric acid (0.3 M) for 10 min or capsaicin 
(10 mM) for 7 min  (  30  ) .  

    3.    Expose guinea pigs to  fi ltered air or to aged and diluted side-
stream cigarette smoke as a surrogate for environmental 
tobacco smoke (ETS) from 1 to 6 weeks of age. ETS exposures: 
1 mg/m 3  of total suspended particulates for 6 h/day, 5 days/
week  (  31–  33  ) . At 6 weeks of age, place animal in the whole-
body plethysmograph to measure cough. Expose guinea pigs 
to citric acid aerosol (0.4 M) for 3 min, followed by a 12-min 
observation period  (  34  ) .  

    4.    After the chronic tobacco smoke exposure, return the animal 
to the animal facility and put the naïve guinea pigs in the same 
surroundings as the tobacco smoke exposed animals.      

  The subchronic systemic treatment with several different ACE 
inhibitors has been shown to potentiate capsaicin and citric acid 
induced and spontaneous cough in the guinea pig (see below) 
 (  35–  37  ) .

    1.    Treat guinea pigs daily at 13:00 hours for 14 days with 3 mg/
kg enalapril (oral). On day 15, induce cough aerosolizing 
30  μ M capsaicin solution dissolved in 10% Tween 80 and etha-
nol 10% in physiologic saline (see above)  (  38  ) .  

    2.    Treat guinea pigs daily for 30 days with oral 2% arabic gum 
solution (vehicle group) or oral 3 mg/kg enalapril (treated 
group). Measure spontaneous coughing frequency for 30 min 
2 h after the last administration on day 30  (  39  )  (Note 8).  

    3.    Treat guinea pigs with zofenopril (10 mg/kg, day), ramipril 
(3–10 mg/kg, day), or water solubilizing zofenopril and 
ramipril in animals drinking water for 14 days. To induce 
cough, at the end of the 14th day of oral treatment, place 
unanesthetized guinea pigs in the cough chamber and 

  3.1.3.  ACE Inhibitors
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expose to nebulized aqueous solution of 0.1 M citric acid for 
10 min  (  40  )  (Note 9).  

    4.    Add captopril to the drinking water of animals to be treated in 
a concentration of 0.3 mg/ml (approximately mean daily dose 
of 20 mg/animal) for 14 days. To induce cough, place unanes-
thetized guinea pigs in the cough chamber and expose to nebu-
lized aqueous solution of 0.25 M citric acid for 10 min  (  41  ) .  

    5.    Insert the osmotic pump into the peritoneal cavity of the 
guinea pig 3 days before testing. Administer enalaprilat (0.1, 
0.5, 1, 5, 10, 20 mg/ml), lisinopril (0.1, 0.5, 1, 5, 10, 20 mg/
ml), imidapril (1, 5, 10, 20, 30 mg/ml) or 0.08 M Na 2 HPO 4  
(enalaprilat) and saline as control by using the osmotic pump 
for 3 days. To induce cough, 4 days after implantation of 
the osmotic pump, place unanesthetized guinea pigs in the 
cough chamber and expose to a nebulized solution of citric 
acid (5%)  (  42  ) .      

  SO 2  is a major component of industrial smog that contributes 
signi fi cantly to the pathogenesis of obstructive airway diseases. SO 2  
inhalation in dogs has been shown to produce mucus hypersecretion, 
airway obstruction, eosinophilia, and spontaneous productive 
coughing  (  43,   44  ) . However, a methodical analysis of cough in 
dogs exposed to SO 2  is lacking. 

 In the guinea pig, exposure to SO 2  enhances coughing in 
response to capsaicin  (  37,   45  ) .

    1.    Expose animals to air or SO 2  for 4 days for 3 h/day starting at 
9:40 a.m. Between exposure sessions, return animals to their 
home cage and supply food and water ad libitum  (  45  ) .  

    2.    On day 5, place the animals in the cough chamber and aero-
solize capsaicin (3, 10, 30  μ M) for 4 min (see also:  (  46,   47  ) ).  

    3.    Expose animals to capsaicin once only.      

      1.    Place unanesthetized guinea pigs in the aerosol chamber.  
    2.    Induce cough by aerosolizing a protussive agent (ovalbumin, 

capsaicin, citric acid, resiniferatoxin) for 2–10 min from the 
nebulizer (see above).  

    3.    Identi fi cation of a cough response could be achieved by the 
following different approaches  (  21,   25,   26,   48  ) :

   (a)    By observing/counting the typical cough posture of the 
guinea pig (by a trained and treatment-blind observer) 
during the challenge.  

   (b)    By a transient change in the box pressure (a rapid inspira-
tion followed by rapid expiration).  

   (c)    By the presence of an investigator who con fi rmed the 
cough sounds during the challenge (transmitted from 

  3.1.4.  Subacute SO 2  
Exposure

  3.1.5.  Cough Measurement 
and Identi fi cation
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the microphone in the cage to the recorder and to outside 
speakers).  

   (d)    By the subsequent analysis of the sound waves recorded 
into a personal computer. The cough sounds can be 
recorded, digitally stored, and counted by a blind observer 
afterwards.           

   It is well known that experimentally induced acute diffuse 
in fl ammation of the airways is accompanied by an increase in the 
intensity of the cough re fl ex  (  49–  52  ) . Hanacek and coworkers  (  51  )  
have described a model of an experimentally induced local trache-
itis in cats. In fl ammation has been produced by a silk suture  fi xed 
in the intrathoracic trachea, and cough was elicited by mechanical 
stimulation of different parts of the respiratory tract mucosa  (  51  ) . 
Within 1-week postsurgery the animals displayed spontaneous 
coughing and mucus hypersecretion. Authors have observed a 
signi fi cant increase only in cough elicited from the in fl amed site in 
the trachea. At 2-week postsurgery, cough number and tracheal 
pressures during both the inspiratory and expiratory phases of 
cough were signi fi cantly increased relative to control animals when 
the mechanical stimulus was applied to the in fl amed site in the 
trachea  (  51,   53  ) .

    1.    Anesthetize the animals with pentobarbital (40 mg/kg, i.p.).  
    2.    Cut the throat skin and discover the trachea.  
    3.    Suture a chronic tracheal cannula (“control” animals).  
    4.    Place a single silk suture in the dorsal wall of the cervical trachea 

as the means of producing in fl ammation (“treated” animals).  
    5.    Suture the operation wound.  
    6.    During healing, the cannula should be kept clean and changes 

in breathing determined by auscultation (Note 10).  
    7.    After 10 days, elicit the cough re fl ex by mechanically stimulating 

the laryngopharyngeal mucosa, tracheal mucosa in the in fl amed 
area, and the tracheobronchial mucosa with a nylon  fi ber 
slipped through a small hole in the polyethylene tubing con-
necting the chronic tracheal cannula with the electromanom-
eter and along the tracheal cannula into the airways.  

    8.    Record the cough with the electromanometer measuring 
the changes in the lateral tracheal pressure through the 
mingograph.       

   Dogs that have been neonatally sensitized to ragweed demonstrate 
many characteristic features of human asthma. Moreover, an 
altered cough re fl ex in allergic dogs after antigen challenge was 
reported by House and coworkers  (  54  ) . This work shows that 
aerosolized ragweed challenge did not induce cough per se but 

  3.2.  Cat Models

  3.2.1.  Enhanced Cough 
in Local Tracheitis Cats

  3.3.  Dog Models

  3.3.1.  Allergic Animals
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increased the cough number, the respiratory rate, and pulmonary 
resistance and reduced tidal volume and dynamic lung compliance 
of coughs induced by mechanical stimulation of the intrathoracic 
trachea in dogs. Mechanical stimulation of the trachea did not 
produce enhanced cough in animals that were sensitized but not 
challenged. Both the number and amplitude of mechanically 
induced coughs returned to baseline values by 24–48 h after the 
ragweed challenge. Similar results were obtained after challenge 
with aerosolized histamine that did not induce spontaneous coughs 
but increased the number of mechanically induced cough.

    1.    To actively sensitized animals to ragweed use newborn dogs as 
described by Theodorou and coworkers  (  23  ) . Brie fl y, inject 
(500 mg, i.p.) of short ragweed to puppies and 0.5 ml i.p. 
Al(OH) 3  within 24 h of birth. Repeat these injections weekly 
until the age of 8 week, every other week until age 14 week, 
and then monthly for the duration of the study. Do not inject 
ragweed in dogs in the control group.  

    2.    Shave the dog (8–15 kg) front paw and insert the catheter into 
the cephalic vein. Connect the injection plug to the i.v. catheter 
to facilitate the injection of drugs.  

    3.    Induce anesthesia by i.v. bolus injection of propofol at a dose of 
8 mg/kg given over a 1-min period. Insert a cuffed endotracheal 
tube into the trachea with the aid of a laryngoscope, immediately 
following the propofol injection (Note 11).  

    4.    Insert the balloon-tipped polyethylene catheter through the 
mouth into the esophagus and position it in the mid-thoracic 
region.  

    5.    Connect the endotracheal tube to a heated pneumotachograph 
to calculate differential pressure across it and derivate pulmo-
nary air fl ow.  

    6.    Monitor the mean arterial blood pressure with the blood pres-
sure monitor using an in fl atable cuff around the hind paw.  

    7.    Measure arterial oxygen saturation and heart rate with the 
pulse clipped onto the tongue.  

    8.    Measure end-tidal CO 2  directly at the tip of the endotracheal 
tube using the cardiocap monitor.  

    9.    Cough induction. Disconnect the endotracheal tube from the 
pneumotachograph and induce cough mechanically stimulating 
the intrathoracic trachea by inserting and withdrawing a deter-
mined length of  fi shing line through the endotracheal tube 
for 1 s. This procedure will induce a brief period of coughing 
followed by a period of apnea. When normal breathing had 
resumed, repeat this procedure by inserting and withdrawing 
the  fi shing line ten times over a 10-s period. At the end of this 
10-s stimulation, when normal breathing had resumed, connect 
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the endotracheal tube to the pneumotachograph and measure 
pulmonary functions for 3 min. At the end of this 3-min period, 
discontinue the anesthesia and allow the dogs to recover and 
return to their cages. Count the number of coughs by observing 
the animal behavior. Measure the cough amplitude as the 
increase in mean expiratory pressure (cm H 2 O) over the base-
line values obtained during normal tidal breathing immediately 
before the induction of cough. Obtain these measurements 
from the chart recorder  (  55  )  (Note 12).  

    10.    To evaluate the effect of antigen challenge on the cough re fl ex, 
expose dogs to aerosolized ragweed or saline. Generate the 
aerosols with the jet nebulizer at a  fl ow of 150 ml/min at 40 
pounds per square inch pressure  (  56  ) . Measure pulmonary 
functions immediately before ten consecutive inhalations of 
either ragweed or saline aerosol delivered to the dogs via a 
one-way breathing valve.  

    11.    Perform cough trial using a 5-s stimulation approximately 
9 min after the ragweed or physiologic saline challenge to coin-
cide with the peak ventilatory response to the ragweed. At the 
end of the cough trial, approximately 10 min after the ragweed 
or saline challenge, connect the dogs to the pneumotacho-
graph and measure lung functions. Allow animals to recover 
from the anesthesia and return them to their cage.  

    12.    24 hour after challenge with ragweed or saline, anesthetize the 
dogs and measure the cough re fl ex. Repeat this procedure at 
48 h after the ragweed or saline challenge.  

    13.    In studies involving histamine aerosol challenge, measure base-
line lung functions and perform a cough trial with 5-s stimula-
tion. Challenge the dogs with  fi ve consecutive breaths of 
aerosolized histamine dihydrochloride (0.3–1% histamine). 
Perform a cough trial approximately 1 min after the histamine 
challenge and immediately measure lung functions (Note 13).       

   It has been demonstrated that the treatment with ACE inhibitors 
induced enhancement of the cough re fl ex is the pig. Particularly, 
acute administration of enalapril produced an enhanced cough 
response to citric acid in pigs  (  57,   58  ) .

    1.    Place individually the piglets in the inhalation chamber on a 
grating located 15 cm above the  fl oor. Set the air fl ow rate at 
10 m 3 /h. The piglets were set on a grating located (Note 14).  

    2.    Use the  fi berglass  fi lter to  fi lter the air by removing dust and 
aerial bacteria (Note 15).  

    3.    Connect the nebulizer to the air entry of the inhalation chamber 
and nebulize 0.8 M citric acid dissolved in saline into the 
chamber with the ultrasonic nebulizer at a rate of 2.5 ml/min 
for 15 min. Remember to switch off the chamber ventilator 
during this period.  

  3.4.  Pig Models

  3.4.1.  Enalapril-Enhanced 
Citric Acid-Induced Cough
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    4.    After the 15 min of aerosolization, ventilate the inhalation 
chamber with fresh air for 15 min to remove the citric acid.  

    5.    A trained observer counts the coughs during these two succes-
sive 15-min periods (Note 16).  

    6.    To study drug effects, challenge the piglets twice with citric 
acid, with a 2-day interval between the two challenges (days 1 
and 3). Take the values obtained during the  fi rst cough induc-
tion test (day 1) as control values.  

    7.    Administer enalapril (7.5 and 15  μ g/kg) intravenously 30 min 
before the second challenge. A control animal group should 
receive no drugs, apart from citric acid, will serve to assess the 
possible effect of repeated citric acid solution nebulizations 
(Note 17).       

   Rabbits do not cough consistently to citric acid aerosol  (  59  ) . 
However, when conscious rabbits are exposed to ozone at 3 ppm for 
1 h, citric acid aerosol evokes a signi fi cant cough response  (  59,   60  ) .

    1.    Connect the pneumotachograph to the differential pressure 
transducer and attach it to the out fl ow from the exposure 
chamber.  

    2.    Connect the differential pressure transducer to the polygraph, 
for hard copy recording.  

    3.    Input the output from the polygraph to the computerized data 
acquisition system for real-time recording of data.  

    4.    Place the tie-clip microphone in the exposure chamber and 
connect it via a preampli fi er to a loudspeaker output to provide 
the observer with an audio monitor of cough responses.  

    5.    Place rabbits unrestrained into the perspex exposure chamber 
and allowed to acclimatize.  

    6.    Expose animals to ozone at 3 ppm generated by passing cylinder 
air through the ozonizer at a  fl ow rate of 5 L/min for 1 h.  

    7.    Immediately after exposure to ozone, expose conscious animals 
to an aerosolized solution of citric acid (1.6 M) for 10 min in 
a  fl ow rate of 5 L/min.  

    8.    A trained observer should continuously monitor the animals, 
and the number of coughs should be counted over the 10-min 
period from commencement of the aerosol administration of 
the tussive agent.       

   Hara and coworkers have recently demonstrated that negative 
mechanical pressure stress applied to the airway induced neutro-
philic airway in fl ammation resulting in increased cough-re fl ex 
sensitivity in guinea pigs. Mechanical stress applied to the airway 
resulted in a self-perpetuating cough-re fl ex cycle  (  61  ) .  

  3.5.  Rabbit Models

  3.5.1.  Exposure to Ozone 
and Citric Acid

  3.6.  Other Cough 
Exacerbating 
Protocols

  3.6.1.  Effect of Pressure 
Stress on Cough-Re fl ex 
Sensitivity



356 R. Gatti et al.

  Guinea pigs injected with parain fl uenza virus type 3 (PIV3) 
exhibited an increased cough-re fl ex sensitivity to capsaicin  (  62  )  .   

  We have recently shown that protease-activated receptor-2 (PAR2) 
activators exaggerated transient receptor potential vanilloid, 
capsaicin receptor, type 1- (TRPV1) dependent cough through 
diverse mechanism(s), including PKC, PKA, and prostanoid release 
in the guinea pig  (  63  ) . 

 Similarly, inhaled ethanol (1–3%) selectively exaggerated, via a 
PKC-dependent pathway, the cough response evoked by resinifera-
toxin (another potent TRPV1 activator) in the guinea pig  (  20  ) . 
Furthermore, it has been disclosed that ethanol (5 and 25%) inha-
lation enhanced the cough reaction to capsaicin in patients with 
airway sensory hyperreactivity  (  64  )  .     

 

     1.    The guinea pig body weight, the cough chamber dimensions, 
the aerosol particle size mass median diameter, and the output 
of the nebulizer are variable and depend on the model used.  

    2.    Precautions for safe handling: avoid contact with skin and eyes 
(serious irritation), avoid formation of dust and aerosols, and 
provide appropriate exhaust ventilation at places where dust is 
formed.  

    3.    To prevent the possible contribution of bronchoconstriction in 
the tussive response to the diverse stimuli, guinea pigs may be 
intraperitoneally administered with the  β -adrenoceptor agonist, 
terbutaline (0.5 mg/kg), 5 min prior to the beginning of the 
cough induction.  

    4.    Dissolve ovalbumin in distilled water and stir for 2 h then add 
aluminum hydroxide. The mix suspension should be stirred for 
additional 30 min prior to the administration.  

    5.    Successful sensitization can be con fi rmed by an intradermal 
injection of ovalbumin (25  μ l of 200  μ g/ml) into the dorsal 
back surface.  

    6.    Chronic tobacco smoke exposure may cause coughing during 
and for several minutes after its exposures (see also  (  29,   65  ) ).  

    7.    Set the bias  fl ow in the chamber as 25 L/min (well above the 
estimated combined minimum volume of 3–5 L of eight guinea 
pigs housed in the chamber). This procedure will prevent the 
development of either a hypoxic or hypercapnic environment.  

  3.6.2.  Cough-Re fl ex 
Sensitivity in Guinea Pigs 
with Parain fl uenza Virus 
Infection

  3.6.3.  Enhanced Cough 
and Protein Kinases

  4.  Notes
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    8.    A single enalapril (10 mg/kg) oral administration 2 h before 
an exposure to capsaicin signi fi cantly increases the number of 
capsaicin-induced cough  (  66  ) .  

    9.    Put a constant volume of the “drinking solutions,” exceeding 
the daily amount necessary, in the drinking bottles and change 
every day in order to adjust the drugs’ concentration to the 
previous day’s volume intake and to the guinea pigs’ body 
weight variation  (  40  ) .  

    10.    At the end of the  fi rst week after surgery, treated animals may 
begin to display signs of respiratory distress and spontaneous 
cough may be observed. During spontaneous coughing, apa-
thy, loss of appetite, and irritability may be observed as well. 
At 25-day postsurgery, “treated” animals exhibit an intense 
hyperemia at the site of the suture a diminished hyperemia is 
observed further down the trachea.  

    11.    Infuse propofol continuously throughout the experiments 
(0.3–0.8 mg/kg/min) using the infusion pump. Perform the 
test with dogs in the supine position.  

    12.    Measure tidal volume by electrical integration of the  fl ow sig-
nal. Measure transpulmonary pressure with the differential 
pressure transducer as the pressure difference between the 
esophageal catheter and a port at the front of the endotracheal 
tube. Use pulmonary air fl ow, tidal volume, and transpulmo-
nary pressure for the derivation of pulmonary resistance and 
dynamic lung compliance  (  67  )  using the pulmonary function 
analyzer.  

    13.    Experiments with ragweed and histamine challenge were per-
formed using a randomized, cross-over experimental design.  

    14.    To avoid stress effects due to introduction of the pig into the 
chamber, do not perform the cough induction test until 2 days 
after introduction of the animals into the chamber.  

    15.    As speci fi ed by the manufacturer, this  fi lter retains 95% of all 
particles exceeding 1  μ m in diameter.  

    16.    Express the cough data as means ± SEM of the number of 
coughs counted over 30 min. Check that saline induces no 
coughing or any other respiratory clinical symptom.  

    17.    Dissolve enalapril in water with NaCl, NaOH, and benzyl alco-
hol (Renitec, IV solution).          
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    Chapter 18   

 Capsaicin Inhalation Test in Man       

     Eva   Millqvist         

  Abstract 

 Stimulation of TRP receptors on sensory nerves is likely involved in chemically induced airway symptoms. 
A subgroup of patients has been identi fi ed with nonallergic, nonasthmatic symptoms from the upper and 
lower airway that are induced by environmental stimuli normally regarded as nontoxic. These patients have 
substantially increased cough response to inhaled capsaicin, known to initiate cough via TRPV1 receptors 
on airway sensory nerves. Hence, the condition has been termed sensory hyperreactivity (SHR). As a 
diagnostic tool of SHR, a standardized capsaicin inhalation cough test was developed. However, the 
capsaicin inhalation test can also be positive in other conditions which must be excluded before a diagnosis 
of SHR can be made. The capsaicin inhalation protocol described here could also be applied to testing 
TRP channels blockers as antitussive agents.  

  Key words:   Airways ,  Capsaicin ,  Diagnostics ,  Sensory hyperreactivity ,  TRPV1    

 

 The discovery of the transient receptor potential (TRP) superfamily 
has changed our understanding of how the human body reacts to 
its inner and outer environment. Regarding the airways, the expres-
sion “sensing the air around us” has got a new signi fi cance. The 
TRP system sets up limit values for airway reactions to tempera-
ture, humidity, osmolarity, noxious substances, and odorous sub-
stances turning into noxious. When these limits are exceeded, the 
airways respond with re fl ex avoidance and other physiological 
reactions. Though, in general, the TRP airway limits are evident, 
there are individual differences, sometimes due to medical airway 
conditions. 

 Trigeminal neural responses to inhaled irritants have been 
examined using carbon dioxide, mannitol, adenosine, hypertonic 

  1.  Introduction
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saline, and different nociceptive agents. The main targets of these 
agents in the airways are ion channels belonging to the TRPV and 
the TRPA families expressed on the C- fi bers of sensory nerves 
 (  1–  3  ) . Nociceptive sensory neurons also take part in protective 
re fl exes, including the cough and sneeze re fl exes, and release 
in fl ammatory neuropeptides in the periphery upon stimulation by 
different environmental stimuli. Most trigeminal stimuli also have 
an odor but the odor threshold, not assessed by TRP channels, is 
generally lower. A key characteristic of many nociceptive neurons is 
their sensitivity to capsaicin, the pungent ingredient in chili peppers; 
this guided the cloning of the  fi rst molecular nociceptor, TRPV1, 
in the mammalian nervous system  (  4  ) . 

 Besides capsaicin, TRPV1 can be excited by a variety of stimuli 
like high temperature, protons, lipids and noxious substances. The 
discovery that TRPV1 is activated by endogenous  N -acylethano-
lamines  (  5,   6  ) , and subsequent studies showing that other struc-
turally related lipids also activate TRPV1  (  7  ) , indicate that TRPV1 
also may serve as a sensor of the lipid environment. This is inter-
esting because many of these lipids are generated during 
in fl ammation. The TRPV1 channel is viewed as a molecular inte-
grator of chemical and physical stimuli that elicit pain  (  7  ) . To open 
the channel, different stimuli lower the critical temperature thresh-
old for activation. However, the activation and integration of 
different TRP channels in the airways is complex and not yet fully 
understood. 

 Cough is an essential protective physiological mechanism to 
prevent food, liquids, dust, and chemicals to reach the lower airways. 
Cough is also a symptom of many in fl ammatory diseases of the 
lungs for which patients most commonly consult a doctor in the 
western world  (  8,   9  ) . When known causes of cough [such as various 
infections, cancer, foreign body aspiration, cystic  fi brosis, alveolitis, 
asthma, chronic obstructive pulmonary disease (COPD), medica-
tion with angiotensin converting enzyme (ACE) inhibitors, gastroe-
sophageal re fl ux disease (GERD), or postnasal drip syndrome) 
have been excluded, a group of patients with unexplained chronic 
cough remains. Cough is arbitrarily de fi ned as chronic when it lasts 
for more than 8 weeks  (  10  )  and it is clearly associated with 
signi fi cant social and psychological impacts  (  11  ) . 

    Epidemiological studies indicate that chronic cough is very 
prevalent in the community (up to 20% of the population) and may 
be increasing in relation to rising environmental pollution  (  9  ) . 
Some cough patients can be labeled as having chronic refractory 
unexplained cough, a condition without medical explanation and 
resistant to different medications  (  12,   13  ) . A novel paradigm has 
recently been introduced for understanding chronic cough  (  14  ) . 
This paradigm, known as the “cough hypersensitivity syndrome,” 
includes patients with symptoms that may indicate a re fl ux disease, 
as well as patients with a general hypersensitivity towards environ-
mental irritants  (  15–  18  ) . 
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 A similar group of patients with airway symptoms induced by 
environmental irritants like odorous chemicals and scents report 
problems with cough, chest discomfort and dyspnea  (  19,   20  ) . The 
symptoms mimic allergy and asthma, but allergy and asthma-speci fi c 
tests are negative. These patients have an increased cough reaction 
to inhaled capsaicin, re fl ecting sensory nerve reactivity and hence 
the symptoms are interpreted as airway sensory hyperreactivity 
(SHR). Cigarette smoke, car exhaust, and perfumed products in 
levels normally regarded as nontoxic are some of the known trig-
gers for SHR symptoms  (  19,   20  ) . Our earlier results showed 
changes in nasal lavage levels of nerve growth factor (NGF) after 
the capsaicin inhalation test  (  21  )  indicating a neuro-chemical 
imbalance, as do the  fi ndings that the capsaicin cough reaction can 
be blocked by inhalation of local anesthesia  (  22  ) . As a tool to diag-
nose these patients, a standardized capsaicin inhalation cough test 
was developed, as well as a question-score system  (  23–  25  ) . The 
prevalence of SHR, often misdiagnosed as asthma or allergy, is esti-
mated to be 6% in the Swedish population  (  23  ) . However, the 
molecular mechanisms behind the SHR syndrome and hyperreac-
tivity in other airway diseases remain obscure. Though there is so 
far no good method of treating the symptoms in SHR, future 
possibilities may come in the form of TRP channel blockers  (  26  ) . 

 In airway diseases (e.g., asthma, rhinitis, and COPD), symp-
toms induced by environmental irritants are common. These 
patients often complain of symptoms induced by exposure to cold 
air, smoke, exhaust fumes, strong odorants, and exercise. Although 
the role of sensory nerves in airway in fl ammation and obstruction 
is controversial, there is a growing body of evidence that sensory 
nerves mediate many of the symptoms in these patients  (  1,   27  ) . 
In line with this, patients with asthma and COPD exhibit exagger-
ated cough and secretory responses to inhaled capsaicin  (  28,   29  ) . 
Despite extensive research, the link between the in fl ammatory 
cascade of asthma (causing bronchial hyperreactivity) and the axon 
re fl ex of bronchoconstriction is still not clari fi ed  (  30  ) . Increasing 
evidence points to a potential role of TRP channels on airway 
sensory nonadrenergic noncholinergic (e-NANC) nerves in the 
development of bronchial hyperresponsiveness and several features 
of asthmatic disease  (  1,   30,   31  ) . 

 In their search for the “cough receptor,” Canning et al. found 
a unique sensory nerve  fi ber subtype which may be responsible for 
initiating defensive coughing  (  32  ) . The study was, however, per-
formed in guinea pigs, a species known to have a different airway 
reaction when stimulated with capsaicin compared to humans. 
Furthermore, bronchial obstruction following capsaicin inhalation 
is evident in guinea pigs, but not in humans. Also, as Chung and 
Widdicombe pointed out, if there is a unique airway cough 
receptor then what is the role of all the other airway sensory recep-
tors  (  33  ) ? Morice and Geppetti claimed that TRPV1 is the true 
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receptor of cough  (  34  ) , but, as they also underlined, the  fi nal proof 
must await development of a speci fi c antagonist for use in humans. 
Numerous studies have shown that the afferent  fi bers on sensory 
neurons are not static but can change in modulation by changes in 
the airway environment  (  35  ) . Patients with chronic cough had an 
increase in TRPV1-staining nerve pro fi les, and a signi fi cant corre-
lation between increased capsaicin tussive response and the number 
of TRPV1-positive nerves was reported  (  36,   37  ) . 

 Inhaled capsaicin has long been used to induce cough in a safe 
and dose-dependent manner  (  38,   39  )  with good short- and long-
term reproducibility  (  19,   20,   40–  43  ) . However, our earlier experi-
ences demonstrated that different inhalation devices produce 
different numbers of cough  (  42  ) . A number of capsaicin inhalation 
methods have been described to provoke cough  (  44  ) . In the sin-
gle-dose method, a single concentration of capsaicin is delivered. 
The dose–response challenge, on the other hand, involves either 
administration of incremental concentrations of capsaicin over a 
 fi xed time period, or administration of single breaths of incremental 
concentrations of capsaicin. Both methods produce reproducible 
results with good reciprocal agreement  (  43  ) . In SHR patients, 
even inhalation of saline can induce coughing  (  19,   22  ) . In early 
studies, using a single-dose provocation method to determine the 
capsaicin concentration threshold that evokes two,  fi ve or ten 
coughs caused signi fi cant problems. Therefore, we chose the dose–
response method with incremental concentrations of capsaicin over 
a  fi xed time period. This method is stable and produces reproduc-
ible results  (  19,   20,   42  ) . Using the Maxin MA3 ®  device, a well-
known equipment for nebulization  (  45,   46  ) , we have developed a 
capsaicin inhalation test and set up limits for the expected number 
of coughs to identify patients with SHR  (  23,   25,   47  ) .  

 

      1.    SHR patients de fi ned as nonatopic, nonallergic with a negative 
metacholine provocation test ( 48 ), normal lung function, and 
no pulmonary reversibility (Note 1). Smokers, pregnant, and 
breast-feeding women were excluded from the studies.  

    2.    Control subjects without airway symptoms may be recruited 
from hospital workers, relatives, and friends. The control 
subjects may be matched by age and gender to the included 
patients.      

      1.    Maxin MA3 ®  device (Clinova Medical AB, Malmö, Sweden) 
for capsaicin inhalation test (technical speci fi cations, Table  1 ).   

  2.  Materials

  2.1.  Study Participants

  2.2.  Equipment
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    2.    Spectrophotometer (Shimadzu UV 16, Kyoto, Japan) for 
capsaicin solution stability studies.      

      1.    Capsaicin stock solution: 100  μ M capsaicin (Sigma, St. Louis, 
MO) in ethanol (99.5%), stored at −20°C.  

    2.    Aqueous provocation solutions: dilute stock to 0.06 and 
0.3  μ M capsaicin with 0.9% saline containing 1% w/v ethanol; 
keep in glass bottles refrigerated and use within 1 week.       

 

  The stability of capsaicin in the stock solution was investigated 
 (  49  ) . Three aliquots of the stock solution were stored at different 
conditions: one was placed in a refrigerator, one was kept in dark-
ness at room temperature, and the third was exposed to daylight at 
room temperature. The stability of the stock solution stored at 
−20°C was also checked.

    1.    Prepare serial 3× dilutions of the capsaicin stock (0–100  μ M) 
and measure absorbance at 281 nm (Shimadzu Spectro-
photometer).  

    2.    Determine the concentration of capsaicin aliquots kept at 
different conditions (Note 2).      

      1.    Fill the Maxin MA3 ®  nebulizer (Clinova) with (a) 2 ml saline 
or (b) 2 ml capsaicin, 0.06  μ M or 0.3  μ M (Notes 3 and 4).  

    2.    Place the patient in a seated position in a semi-closed provoca-
tion box with separate ventilation to prevent any aerosol from 
reaching the outer room.  

  2.3.  Capsaicin 
Solutions

  3.  Methods

  3.1.  Capsaicin Stability

  3.2.  Capsaicin 
Inhalation Provocation 
Method

   Table 1 
  Technical speci fi cations of the Maxin MA3 ®  
device (Clinova Medical AB, Malmö, Sweden) 
for capsaicin inhalation test   

 Maxin MA3 ®  (Clinova Medical AB, Malmö, Sweden) 

 Compressor  Maxin MA3 ®  

 Nebulizer  Maxin 

 Air  fl ow rate  4.5 L/min 

 Nebulizer output  0.25 ml/min 

 Inhalation time/each concentration  4 min 

 Mass median particle diameter  2.27  μ m 
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    3.    Instruct the patient to inhale with tidal volume breathing 
without a nose-clip for 4 min (the time estimated to inhale 
1 ml of provocation solution).  

    4.    Instruct the patient to inhale 1 ml of saline, followed by 1 ml 
of capsaicin aqueous provocation solution, 0.06  μ M or 0.3  μ M 
(Note 5).  

    5.    Allow 6 min for rest between each dose.  
    6.    Count the number of coughs for 10 min from the onset of 

each provocation step and registered manually (Notes 6 and 7).  
    7.    Repeat above steps to determine the reproducibility of the 

results (Notes 8 and 9).       

 

     1.    Indications for capsaicin inhalation test: (a) upper or/and 
lower airway symptoms induced by chemicals and scents like 
perfume,  fl ower scents, car exhausts; (b) occupation-related 
airway sensitivity to chemical and scents; (c) an unclear diag-
nosis of asthma that cannot be de fi ned by pulmonary tests and 
where the patients have little or no bene fi t from asthma medi-
cation; (d) chronic idiopathic cough.  

    2.    Stock solution (100  μ M) can be stored in the refrigerator for 
almost 2 months without signi fi cant loss of capsaicin, whereas 
room-temperature storage over an extended time period caused 
deterioration. The stock solution showed total stability after 
3 months of storage in a freezer.  

    3.    The Maxin MA3 ®  device nebulizes continually; produces a  fi ne 
aerosol; has a reservoir for nebulized mist in a closed inhalation 
system; and provides a  fi xed constant  fl ow of 0.25 ml/min.  

    4.    We have no indications of any risk for the staff performing the 
tests. Capsaicin is irritating for the skin and protecting gloves 
should be used when handling the substance. We use natural 
capsaicin (from chili fruits) and any remaining substance may 
be thrown in the drain.  

    5.    After having performed more than 1,000 capsaicin inhalation 
tests, we have no indications of any serious side effects of the 
capsaicin inhalation test. Thirty- fi ve patients who answered a 
questionnaire about late symptoms occurring on the days after 
capsaicin inhalation provocation had signi fi cantly more cough 
and feeling of “weight on the chest” on the same evening com-
pared to before the provocation  (  49  ) . No such relationship 
was found for other symptoms like phlegm, rhinorrhea, or 
general symptoms. On the following 2 days there were no 

  4.  Notes
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signi fi cant differences in recorded symptoms. This in agreement 
with the experiences of other research groups  (  41  ) .  

    6.    At each provocation, FEV 1  was measured before and after each 
completed capsaicin test. Many studies have shown no 
signi fi cant changes in FEV 1  after the capsaicin provocations 
among either the patients or the healthy controls  (  41  ) , which 
is in line with our own experiences.  

    7.    In a series of studies we have evaluated the effect of different 
cut-off values on sensitivity and speci fi city and have established 
the limit values for the capsaicin test to 35 coughs for 0.06 and 
0.3  μ M capsaicin, respectively, with a positive reaction already 
on the  fi rst capsaicin concentration step indicating a more 
severe form of increased sensitivity  (  23,   25,   47  ) . When the 
patient coughs 35 times or more the provocation is stopped.  

    8.    At the higher concentration of capsaicin (0.3  μ M), the number 
of coughs correlated signi fi cantly between the two challenge 
occasions ( r  = 0.97,  P  < 0.001), but not at the lower capsaicin 
concentration (0.06  μ M) ( r  = 0.63,  P  < 0.09). The SD from the 
mean difference between eight pairs of repeated measurements 
was 7.4 coughs for the capsaicin concentration of 0.06  μ M and 
the coef fi cient of reproducibility was thus calculated as 14.8 
coughs. For 0.3  μ M capsaicin, the corresponding values were 
5 and 10 coughs, respectively.  

    9.       The ability to distinguish patients from control subjects of the 
capsaicin inhalation test was evaluated by constructing a 

  Fig. 1.    ROC curves of optimal cough cut-off levels to distinguish patients with SHR 
from healthy controls with the Maxin MA3 ®  device (capsaicin concentrations 0.06 and 
0.3  μ mol/L).       
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“receiver operator characteristic curve” (ROC curve) in which 
sensitivity versus 1-speci fi city was plotted for each possible 
cough cut-off level  (  50  ) . The ROC curve allows measurement 
of a method’s discriminative ability, for example, the ability to 
distinguish two groups from one another. An area under the 
curve of 0.5 suggests no discriminative ability, while an area 
under the curve of more than 0.90 indicates outstanding 
discriminative ability, more than 0.80 indicates excellent dis-
criminative ability, and more than 0.7 indicates acceptable 
discriminative ability  (  51  ) . The area under the curve with the 
Maxin MA3 ®  device was 0.80 for 0.06  μ M capsaicin and 0.94 
for 0.3  μ M capsaicin (Fig.  1 ).           
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    Chapter 19   

    TRP Channels in the Genitourinary Tract       

     Ana   Charrua    and    Francisco   Cruz          

  Abstract 

 Recently, TRP channels have been implicated in numerous pathologies of the genitourinary (GU) tract. 
TRP channels are differently expressed along the GU tract, and several lines of evidence suggest that they 
also have different roles in the pathophysiology of GU tract diseases. In this chapter, we focus on the 
expression and role of TRP in the urinary bladder and give an overall idea of TRP channel expression and 
function in the remaining GU tract.  

  Key words:   TRPV ,  TRPM ,  TRPA1 ,  TRPC ,  TRPP ,  TRPML ,  Urinary tract ,  Male genital tract ,  Female 
genital tract    

 

 TRP channels are abundantly expressed by bladder primary 
 afferents  (  1  ) . TRPV1 is the foremost studied TRP channel in the 
urinary bladder, where it can be found in varicose nerve plexus 
both in the mucosa and muscular layer  (  2,   3  ) . In the mucosa, 
TRPV1-positive  fi bers are located in the suburothelial space, 
apposed to the urothelial basal cells or running between them up 
to the bladder lumen  (  2,   3  ) . This receptor can also be found in 
nerve  fi bers surrounding blood vessels deeper in the  lamina pro-
pria   (  2,   3  ) . In what concerns the muscular layer, TRPV1-expressing 
 fi bers are located close to smooth muscle cells, with some terminals 
encroached in shallow grooves on the surface of muscle cells them-
selves  (  2,   3  ) . In the rodents TRPV1-expressing  fi bers coursing the 
urinary bladder have been reported to decrease with age  (  4  ) . 

 The secondly most well-studied TRP channel in the urinary 
bladder is TRPV4. Although TRPV4 could not be detected in 
nerve  fi bers that course the urinary bladder  (  5  ) , its presence has 
been described in the cell bodies of neurons of the L4–L6 dorsal 

  1.  TRP Channels 
in Bladder 
Afferents Coursing 
the Normal Urinary 
Bladder



374 A. Charrua and F. Cruz

root ganglia and in nerve terminal in the dorsal horn of the spinal 
cord  (  6–  8  ) . In fact, 88% of L4–L6 dorsal root ganglia neurons 
express TRPV4 but only a small proportion of L4–L6 dorsal root 
ganglia neurons co-express TRPV4 and TRPV1  (  8,   9  ) . 

 Rat TRPA1  fi bers were found throughout the bladder with 
higher prevalence in the out fl ow region  (  10  ) . Interestingly, TRPA1 
is expressed in the same  fi bers that express TRPV1, with a 1:1 
overlap  (  10  ) . 

 TRPM8 can be found in the dorsal root ganglia neurons that 
project to the bladder and in suburothelial nerve  fi bers  (  9,   11,   12  ) . 
TRPM8 is highly expressed in CGRP-immunopositive  fi bers and also 
has a small co-expression with TRPV1-imunopositive  fi bers and even 
lesser co-expression with IB4 population of primary afferents  (  13  ) .  

 

 Urothelial cells express TRPV1, TRPA1, TRPV4, TRPV2, and 
TRPM7, 8  (  2,   10,   14–  16  ) . TRPV1 can be found in all urothelial 
layers, with higher prevalence in the super fi cial layers where large 
umbrella cells prevail  (  3,   10  ) . Urothelial TRPV1 is functional. In 
vitro experiments performed with rodent urothelial cells have dem-
onstrated that TRPV1 activation with capsaicin induces calcium in fl ux 
and nitric oxide release  (  15  ) .    Consisting with these data, TRPV1 
present in human urothelial (hu) cells is activated by capsaicin, heat 
(41 and 45°C) and protons, and also by in fl ammatory mediators 
 (  16  ) . Furthermore, stimulation of huTRPV1 with capsaicin results in 
a substantial increase of ATP release from urothelial cells  (  16  ) . 

 TRPV4 expression in urothelial cells is undisputable and was 
detected in the urothelial membrane of rat, mice, and guinea pig 
 (  5,   7,   14,   17,   18  ) . In the mouse urothelium, TRPV4 is present in 
the basolateral membrane of the basal and intermediate layers  (  14, 
  19  ) . In the human healthy urothelium TRPV4 was identi fi ed near 
the adherence junctions in close connection alpha-catenin that 
links E-cadherins to actin network  (  20  ) . It is thought that around 
20% of urothelial cells express both TRPV4 and TRPV1 and around 
50% express both TRPV4 and TRPM8  (  18  ) . 

 The presence of TRPA1 in rat urothelium was detected both 
by  fl uorescence immunohistochemistry and RT-PCR  (  10  ) . 
However, in contrary to what is observed in neurons, there is 
almost no co-localization between TRPA1 and TRPV1. While 
these TRP receptors prevail in the umbrella cells, TRPA1 is found 
almost exclusively in the basal layers of the urothelium  (  10  ) . 

 TRPV2 and TRPM4 have been found in the super fi cial urothelial 
layer, in the apical membrane of umbrella cells  (  19  ) . In fact, these cells 
express both the full-length TRPV2 and a short splice-variant  (  21  ) . 
TRPC1, TRPM7, and TRPML1 were found in the cytoplasm and in 
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cytoplasmic membrane of urothelial cells  (  17  ) . TRPM8 was 
demonstrated to be present in human urothelium both by RT-PCR 
analysis  (  9  )  and immunohistochemistry  (  9,   12  ) . 

 Immunohistochemical analysis revealed the presence of TRPV1 
in interstitial cells, smooth muscle cells, and endothelial cells  (  3  ) . 
In addition the human and rodent smooth muscle cells express 
TRPV4 mRNA and protein  (  22  ) . 

 One report compared the density of TRPV1, TRPA1, and 
ASIC2 by gender  (  23  ) . Apparently, these TRP receptors are more 
abundantly expressed in female than in male urinary bladder  (  23  ) . 
It is temptive to relate this observation to the well known fact that 
painful urinary bladder pathologies such as interstitial cystitis are 
more common in women than men.  

 

 Birder and coworkers showed that TRPV1 knockout mice have 
more nonvoiding contractions, an increased bladder capacity and 
their bladder distension was unable to induce an increase in spinal 
cord Fos expression  (  24  ) . TRPV1 knockout mice produced more 
small-diameter urine spots that their wild-type littermates indicat-
ing a higher frequency of small-volume voidings  (  24  ) . Furthermore, 
they also found that cultured urothelial cells from TRPV1 knock-
out mice release less ATP when stretched  (  24  ) . Altogether these 
data indicated that TRPV1 participates in normal bladder func-
tion. However, these observations could not be partially repro-
duced by Charrua and coworkers  (  25  ) . The latter authors performed 
cystometries in anesthetized TRPV1 knockout mice and did not 
observe nonvoiding contractions during bladder  fi lling. Moreover, 
TRPV1 knockout mice had the same urinary frequency of to their 
wild-type littermate  (  25  ) . In agreement with the last observation, 
TRPV1 antagonist in therapeutic doses was devoid of any relevant 
effect when administered to normal animals  (  26  ) . Therefore, future 
experiments are needed to elucidate the role of TRPV1 in the nor-
mal bladder re fl ex activity. Eventually, the use of general anesthesia 
during cystometry may contribute for the differences between the 
two studies  (  24,   25  ) . 

 TRPV4 knockout mice present an increased micturition 
threshold and a reduced stretch-induced ATP release  (  5  ) . Awaken 
TRPV4 knockout mice have an incontinent phenotype, as shown 
by an increased number of small urine spots between micturitions 
 (  5  ) . Cystometry under anesthesia revealed that TRPV4 knockout 
mice have lower frequency of voiding contractions but a higher 
number of nonvoiding urinary bladder contractions  (  5  ) . The appli-
cation of TRPV4 agonist to awake rats did not alter the frequency 
of intact bladders but increased the amplitude of contractions. This 
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effect was not abolished by capsaicin treatment, indicating that it 
was mediated by the stimulation of capsaicin-insensitive bladder 
afferents  (  17  ) , in accordance with the fact that TRPV4 and TRPV1 
do not colocalize in bladder afferents  (  27  ) . The functional role of 
TRPA1 is basically unclear. The  fi nding that TRPA1 agonist 
induces detrusor overactivity in intact animals is strongly indica-
tive that this receptor may have in sensory transduction  (  10  ) . 
However the role TRPA1 expressed in urothelium and nerve 
 fi bers is totally unknown. 

 TRPM8 seems to be involved in the control of bladder mictu-
rition  (  28  ) . The application of AMTB, a speci fi c TRPM8 antagonist, 
to naïve animals reduced the bladder frequency in a dose-dependent 
manner  (  28  ) . TRPM8 is a cold receptor that detects temperatures 
between 8 and 30°C  (  29,   30  ) . Therefore, it has been suggested 
that this receptor is responsible for the urinary urgency evoke by 
cold sensation  (  31  ) . The explanation may not reside in the capacity 
of TRPM8 to encode an eventual decrease of urine temperature 
but rather in the fact that the receptor is expressed in a subset of 
dichotomizing afferents that have their cell bodies in L6–S1 dorsal 
root ganglia and have termination both in the skin and in the uri-
nary bladder  (  31  ) . 

 As stated above, interstitial cells express TRPV1  (  32  ) . TRPV1 
activation by capsaicin reduced the contractility of interstitial cells 
expressed in those cells  (  32  ) . However, it remains uncertain in 
which way TRPV1 and TRPV4 expressed in interstitial cells, smooth 
muscle cells and endothelial cells  (  3  )  contribute to normal micturi-
tion re fl ex.  

 

 TRPV1 role in urinary bladder micturition dysfunction was long 
foreseen before the receptor has been cloned. Capsaicin-sensitive 
 fi bers desensitization resulting from intravesical treatment with 
vanilloids, such as capsaicin and resiniferatoxin, reduced urinary 
incontinence by inhibiting involuntary detrusor contractions in 
patients with neurogenic (NDO)  (  33–  50  )  and idiopathic detrusor 
overactivity (IDO)  (  47,   51–  55  ) . In addition, instillation of the two 
vanilloid solutions was shown to improve pain and frequency in 
patients with interstitial cystitis (IC)  (  54–  58  ) . These results should 
however be interpreted with caution since a large randomized clin-
ical trial was unable to demonstrate the superiority of resinifera-
toxin over placebo in IC patients  (  59  ) . 

 The eventual effects of intravesical vanilloids on low urinary 
tract of patients with NDO, IDO and IC have, nevertheless, a 
strong molecular support. TRPV1 was shown to be increased in 
patients with NDO, IDO  (  49  )  as well as in patients with IC  (  60  ) . 

  4.  TRP Role During 
Micturition 
Dysfunction
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TRPV1 is desensitized by capsaicin and resiniferatoxin, decreasing 
its function and expression to further stimuli  (  61,   62  ) . 

 Recent animal studies con fi rmed the importance of TRPV1 for 
micturition control during in fl ammation and NDO. TRPV1 
knockout mice do not develop bladder overactivity during bladder 
in fl ammation  (  25  ) . Moreover, TRPV1 antagonists reverse bladder 
overactivity caused by in fl ammation or by chronic spinal cord 
transection  (  63  ) . 

 The mechanism by which TRPV1 increases in the bladder of 
IDO, NDO, and IC patients is being progressively unveiled. One 
mechanism might be the increase in TRPV1 levels due to an 
increase in TRPV1 translation  (  56,   64  ) . The TRPV1 promoter is 
nerve growth factor-dependent  (  65,   66  )  and coincidentally there 
is an increase in nerve growth factor in the urine of the patients 
with NDO, IDO, and IC  (  67–  72  ) . In addition, the cleavage    of 
phosphatidylinositol 4,5-bisphosphate by a nerve growth factor-
mediated pathway demonstrated in in vitro experiments may also 
be operative in the bladder  (  73  ) . 

 TRPV1 may be more active in the bladder of some of these 
patients due to a decrease in the amount of inhibitory splice variant 
of TRPV1, TRPV1b. These inhibitory splice variant have been sug-
gested to make nonfunctional heterodimers with TRPV1  (  74,   75  ) . 
In the rat, cystitis was shown to decrease the expression of TRPV1b 
 (  76  ) , therefore increasing the probability of formation of active 
homotetramers, composed exclusively by TRPV1 active channels. 

 TRPV1 can be directly activated by  N -arachidonoyl-
ethanolamine (anandamide)  (  77  ) ,  N -arachidonoyl-dopamine  (  78  ) , 
 N -oleoyl-dopamine  (  79  ) , eicosanoid acids and leucotrienes  (  80  ) , 
among other molecules. In fl amed urinary bladders have an increase 
concentration of anandamide compared to normal ones  (  81  ) . As 
these molecules are weak TRPV1 activators, it is also possible that 
the role of these endogenous agonists reside in the receptor sensi-
tization  (  82–  84  ) . An increase of TRPV1 traf fi cking from the 
cytoplasm to the neuronal membrane is another mechanism that 
may, additionally, lead to an increase in TRPV1 expression in the 
neuronal surface during in fl ammatory situations  (  84  ) . 

 An increase in TRPV1 expression is also detected in urothelial 
cells during bladder pathologies. In fact, TRPV1 mRNA is increased 
when human urothelial cells grow in culture media containing 
in fl ammatory mediators  (  15  ) . Also, urothelial TRPV1 was also 
increased in biopsies of patients with overactive bladder  (  85,   86  ) . 
Furthermore, intravesical vanilloid treatment decreased urothelial 
TRPV1 expression  (  85  ) . 

 Altogether, these data prompt TRPV1 as a therapeutic target 
to overcome bladder disorders  (  87  ) . However, the discovery of a 
speci fi c, effective molecule that could block TRPV1 activity has 
suffered a few, but important, setbacks. For instances, it has been 
discovered that most TRPV1 antagonists promote vasoconstriction 
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and launch into circulation the blood stored in the visceral bed, 
leading to an increase in body temperature  (  88–  93  ) . However, 
recent data showed that hyperthermia is attenuated after repeated 
application of TRPV1 antagonist, which renews the interest in 
already synthesized molecules  (  94,   95  ) . Another setback is the 
potential risk of enhancing the ischemic area of the heart after acute 
coronary obstruction  (  96  ) . In fact, TRPV1 knockout mice pre-
sented an increased postmyocardial infarction  fi brosis and impaired 
myocardial contractile performance than their wild-type littermates 
indicating that TRPV1 has a protective role in postmyocardial 
infarction recovery  (  96  ) . 

 The role of TRPV4 in pathological conditions has been 
studied in animal models and in vitro experiments. TRPV4 
knockout mice do not develop bladder hyperactivity in the cys-
titis model of cyclophosphamide, suggesting a potential role 
during bladder in fl ammation  (  97  ) . TRPV4 may also have a role 
bladder outlet obstruction. It was recently reported that patients 
with such condition have an increased expression of TRPV4 
 (  98  ) . Therefore, as observed for both TRPV1 and TRPA1, 
TRPV4 antagonists might be promising tools for the treatment 
of LUT in patients with prostatic enlargement. 

 TRPA1 activation by speci fi c exogenous agonists, allyl iso-
thiocyanate or cinnamaldehyde, leads to an increased frequency 
of re fl ex bladder contractions, in cystometries carried out in 
conscious rats  (  10,   99  ) . Hydrogen sul fi de, which may be pro-
duced in tissues during in fl ammation, can be an endogenous 
agonist of TRPA1  (  10  ) . Using a rat spinal cord injury (SCI) 
model, Andrade and coworkers have demonstrated that TRPA1 
protein and mRNA levels were elevated both in the urinary 
bladder and in L6–S1 dorsal root ganglion of animals with SCI, 
but not at the corresponding spinal cord segments  (  100  ) . 
Treating those animals with either a TRPA1 antagonist or with 
a TRPA1 antisense decreased the receptor expression, the num-
ber of nonvoiding contractions, and bladder overactivity  (  100  ) . 
TRPA1 antagonists do not induce hyperthermia, nor have any 
locomotor or cardiovascular problems that have been reported 
for some TRPV1 antagonist  (  101  ) . 

 Patients with IDO and IC present an increased expression of 
TRPM8 in thin, but not in thick, nerve  fi bers coursing the urinary 
bladder  (  12  ) . TRPM8 immunoreactivity in the urothelium was not 
changed in IDO and IC patients  (  12  ) . Interestingly, the increase in 
TRPM8 expression correlated with clinical symptoms, frequency 
and pain, but not with urgency  (  12  ) . In contrast with IDO and IC 
patients, those with bladder outlet obstruction that developed 
detrusor overactivity showed no alteration on TRPM8 expression 
in the bladder mucosa  (  102,   103  ) . Accordingly, the application of 
menthol, a TRPM8 agonist, in normal rats and in rats with bladder 
outlet obstruction produced similar effects  (  103  ) . The reason why 
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TRPM8 seems to be involved only IDO and IC, and not in other 
bladder pathologies is not yet known.  

 

 The interaction between TRP channels is a new  fi eld of research. 
Recent data from Charrua et al. have shown that co-application of 
TRPV1 and TRPV4 antagonist is more effective in reversing fre-
quency during cystitis than the application of these drugs per se  (  8  ) . 

 Furthermore, TRPV1 and TRPA1 present cross-desensitization, 
which allows the use of much lower doses of antagonist molecules to 
counteract these receptors activity  (  99  ) . 

 TRPV1 sensitization and activation results and is controlled by 
several molecules. TRPV1 can by phosphorylated with Ca 2+ /calmod-
ulin-dependent protein kinase, protein kinase A or protein kinase C 
 (  104  ) . Protease-activated receptor 2  (  105,   106  )  or 5-hydroxytryptam-
ine 7 receptor  (  107  )  are known to be involved in protein kinase A or 
C-induced TRPV1 sensitization. Accordingly, protease-activated 
receptor 2 is expressed in TRPV1-expressing  fi bers and is upregulated 
during cystitis  (  108  ) . Contrariwise, activation of group II metabotro-
pic glutamate receptors  (  109  )  or mu opioid receptor  (  110,   111  )  
inhibits TRPV1 activation, possibly by acting on the cAMP/PKA 
pathway  (  112  ) . 

 The ureter and/or bladder distension induce ATP release from 
rodent  (  113  )  and human  (  114  )  urothelium that activates P2X3 
receptors in suburothelial sensory  fi bers, thus contributing to 
modulation of bladder re fl ex activity  (  115  ) . During chronic bladder 
pathologies such as interstitial cystitis or IDO, there is an increase 
in the urothelial ATP release  (  116,   117  ) . Interestingly, the activation 
of TRPV1 by speci fi c agonist like capsaicin induces release of ATP 
from human  (  16  )  and rodents’  (  118  )  urothelial cells, therefore 
bridging the two receptors pathway. 

 P2X3 co-localize both with CB1  (  119–  122  )  and TRPV1 receptor 
 (  123  ) . CB1 and TRPV1 can be activated by anandamide. Anandamide 
levels increase in the urinary bladder tissues during cystitis, accompa-
nying bladder hyperre fl exia and hyperalgesia  (  81  ) . Curiously, the co-
application of anandamide and CB1 antagonist substantially increased 
the potency of anandamide  (  81  ) . This indicates that during 
in fl ammation the net effect of anandamide results from a balance 
between the activation of TRPV1 which increases bladder activity and 
the activation of CB1 which tends to produce the opposite effect. 

 Bradykinin receptor activation sensitizes TRPV1 through a 
PKC-dependent mechanism  (  124–  129  ) . Activation of bradykinin 
receptor can also induce phospholipase C and phospholipase A2 
activation, leading to the production of arachidonic acid metabolites 
which are TRPV1 agonists  (  128,   130,   131  ) .  

  5.  Interactions 
Between Different 
TRPs and Between 
TRP and Non-TRP 
Receptors
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 TRP channels are not exclusively found in the bladder. Several 
authors have described the presence of these receptors in the kidney, 
ureters, and urethra. TRPV1 has been found in nerve terminal that 
course both mucosa and muscular layer of the renal pelvis, ureters, 
and urethra  (  2  ) . It is thought that TRPV1 has a protective role in 
situations of exaggerated renal function and structural injury, by 
attenuating the progression of renal  fi brosis possibly through down-
regulation of TGF- β /Smad2/3 signaling pathway  (  132  ) . Recently 
experiments have demonstrated that TRPV1 attenuates renal 
in fl ammatory responses in mice subjected to DOCA-salt hyperten-
sion  (  133  ) . Oral administration of SA13353, a TRPV1 agonist, pre-
vents the ischemia/reperfusion-induced acute renal injury  (  134  ) . 

 The activation of TRPV1 in the renal pelvis TRPV1 expressed 
in afferent pelvic renal nerve increases glomerular  fi ltration rate 
and distal tubular delivery of sodium  (  135–  139  ) . Thus renal 
TRPV1 activation was shown to reverse salt-induced hypertension 
and its expression is reduced in hypertensive rats  (  138,   140,   141  ) . 
This is thought to be achieved through activation of endothelin 
receptor-1B, via the protein kinase C pathway, and by the release 
of SP and CGRP in the renal pelvis  (  135,   142–  145  ) . One possible 
endogenous activator of renal pelvic TRPV1 is anandamide, since 
this compound increases urine volume excretion  (  132  )  although 
capsazepine was unable to blockade the anandamide-induced 
increase of diuresis  (  146  ) . Moreover, anandamide-induced increase 
in urine volume excretion did not alter sodium excretion  (  146  ) . 

 As observed in the urinary bladder, TRPV1 splice variants are 
also present in the kidney. VR1 5   splice variant  (  74,   147  ) , TRPV1 
(VAR)  (  148  ) , TRPV1b  (  75  ) , but not TRPV1 β   (  149  ) , can be found 
in the kidney, and all of them have a dominant negative activity 
over TRPV1  (  75,   148,   150,   151  ) . However, the precise function 
of these kidney splice variants is still unveiled. 

 TRPV4 is strongly expressed throughout the kidney  (  152, 
  153  )  in the basolateral membranes of epithelial cells of the ascending 
thin limb  (  152  ) , thick ascending limb  (  152  ) , the distal tubules 
 (  152,   154,   155  ) , connecting tubule  (  152  )  and in intercalated cells 
(type A)  (  152  ) . In other words, TRPV4 is present in water 
impermeant nephron segments in which a great transcellular 
osmotic gradient occurs  (  152  ) . A weaker expression can be found 
in all collecting duct portions and in papillary epithelium  (  152  )  
and no expression can be observed in the proximal tubule, in 
descending thin limb and in water-permeant cells of the macula 
densa  (  152  ) . TRPV4 has similar expression as the renal exclusive 
sodium–potassium–chloride cotransporter 2 in thick ascending 
limb, although the latter being expressed apically  (  156  )  suggesting 

  6.  TRP Channels 
in the Kidney, 
Ureters, 
and Urethra
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that TRPV4 might also be involved in the regulation of sodium 
and water balance. 

 Several other TRPs have been described in the kidney, such as 
TRPV5, 6  (  157,   158  ) , TRPC1, 3, 4, 6, TRPM3, 6, TRPP1, and 
TRPP2. Although rat kidney seems to express only TRPV5, human 
kidney expresses both TRPV5 and TRPV6 in cells of the distal 
convoluted tubule and connecting segment of the nephron  (  157–
  162  ) . TRPV5 and TRPV6 control active reabsorption of calcium 
by limiting the rate of apical calcium entry into cells of the distal 
convoluted tubule and connecting segment of the nephron, during 
 trans -cellular calcium reabsorption  (  157–  162  ) . It is known that 
TRPV5 inactivation leads to severe hypercalciuria  (  163  ) . However, 
calcium reabsorption involves many other mechanism and pathways 
making unclear how important are TRP channel for calcium 
homeostasis. 

 TRPC1, 3, 4, and 6 were detected in different parts of the 
nephrons. TRPC1, TRPC4 and TRPC6 can be found in mesangial 
cell, and TRPC1 can also be found in the proximal tubule and in 
the thin descending limb, where it co-localizes with aquaporin-1 
 (  164–  167  ) . TRPC1 is present in the cytoplasm, while TRPC4 is 
found mostly in the cytoplasmic membrane of mesangial cells 
 (  166  ) . Using co-immunoprecipitation, it has been shown that 
TRPC1 directly interacts with TRPC4 and TRPC6 in human 
mesangial cells  (  168,   169  ) . 

 TRPC1, TRPP1/TRPP2, and alpha-epithelial sodium channel 
are expressed in primary cilium of renal epithelial cells, indicating 
that these receptors might have sensory transducer properties, 
possibly responding to changes in  fl uid  fl ow or having mechanical 
perception  (  170–  172  ) . 

 TRPC3 and 6 can be found in podocytes, and are also 
expressed in connecting tubule and collecting duct cells, since 
they co-localize with aquaporin-2  (  164,   165,   173  ) . However, 
both receptors do not co-localize with sodium/calcium exchanger 
or with renal peanut lectin binding site, meaning that they are 
expressed in principle cells of the collecting duct  (  164  ) . Although 
TRPC3 is localized in apical domain, while TRPC6 can be found 
in both the basolateral and apical membranes, the expression of 
these receptors can also be found in the cytoplasm  (  164,   173, 
  174  ) . In this cellular compartment only TRPC3 co-localizes with 
aquaporin-2 and their insertion in the membrane is stimulated by 
arginine-vasopressin stimuli  (  173  ) . 

 TRPC1, 3, and 6 can also be found in afferent arteriolar vascu-
lar smooth muscle cells, where they are thought to mediate calcium 
in fl ux upon noradrenalin stimulation  (  175  ) . TRPC4 was found to 
be expressed in descending vasa recta, where it interacts with 
sodium/hydrogen exchanger regulatory factor-2, having a possible 
role in the regulation of vasoactivity and the release of NO  (  176  ) . 
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 Renal distal convoluted tubule cells express TRPM6 on their 
apical membrane  (  177  ) . This receptor co-localizes with parvalbumin 
and calbindin-D28K on those cells, indicating that it may act as 
Mg 2+  buffers  (  178  ) . 

 As stated before, the urethra and ureters also express TRP 
channels. Similarly to what was observed in the urinary bladder, 
TRPV1 receptor expression was foreseen long before the receptor 
was cloned. Capsaicin produced an inhibitory effect on the nerve-
mediated contractions of the rat proximal urethra  (  179,   180  ) , 
showing that capsaicin-sensitive sensory nerves activation pro-
motes urethra relaxation and thus facilitating urine voiding. In 
fact, CGRP released from capsaicin-sensitive  fi bers, possible after 
TRPV1 activation, acts as inhibitory transmitter, contributing to 
ureteral motility  (  179–  183  ) . Furthermore, capsaicin- induced ure-
thra relaxation is nitric oxide-dependent  (  182  ) . It is now known 
that the interaction between urethral capsaicin- sensitive primary 
afferents and the somatic efferents leads to a supraspinally-medi-
ated activation of the external urethral sphincter  (  183  ) . Similar 
observations were witnessed in the ureters  (  184  ) . In vitro experi-
ments showed that capsaicin inhibited neuropeptide neurokinin 
A-activated ureter rhythmic contractions  (  184  ) . 

 Capsaicin also induces an in fl ammatory response, both in the 
urethra and ureters  (  184  )  indicating that capsaicin-sensitive  fi bers 
promote vasodilatation. 

 It is now known that TRPV1 is present in nerve terminal that 
course both mucosa and muscular layer of ureters and urethra  (  2  ) . 
Curiously, urethra activity and sensitization is modulated by several 
factors, such as estrogen levels, and, therefore, cross-organ sensiti-
zation should be taken into account when studying this organ 
 (  185  ) . In fact, TRPV1-mediated cross-organ sensitization between 
uterus and urethra varies during estrous cycle  (  185,   186  ) . 

 Urethral TRPV1 expressing  fi bers that course the mucosa and 
the muscular layers also co-express TRPA1  (  187  ) . Therefore, it was 
not surprising that TRPA1 agonist were able to induce urethra relax-
ation  (  187,   188  ) . TRPA1 immunoreactive  fi bers also express can-
nabinoid receptor 1 and cannabinoid receptor 2  (  188  ) . These two 
latter receptors might displace TRPV1/TRPA1 coupled activity 
 (  188  ) . In the urethralurothelium, TRPV1 was more predominant in 
the outer layers and TRPA1 in the basal layers  (  187  ) . Interestingly, 
urethral TRPA1 was also found in interstitial cells  (  187  ) .  

 

 The testicles express TRPV1, 4–6 and TRPM2–4, 7, 8  (  9,   189–
  192  ) . TRPV1 can be found in sertoli cells where it regulates the 
acidity of extracellular microenvironment which is crucial to 

  7.  TRP Channels 
in the Male Genital 
Tract
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maintain male fertility  (  193  ) . In fact, TRPV1 knockout mice 
present testicular hyperthermia which results in massive germ cell 
depletion from the seminiferous tubules  (  194  ) . However, TRPV1 
knockout mice are not sterile, raising some questions about the 
relevance of these observations. 

 TRPM2, 4, 7, and 8 were found in spermatogenic cells  (  192  ) . 
Activation of TRPM8 with menthol induces acrosome reaction, 
similar to what was observed upon progesterone or zona pellucida 
stimulation  (  192  ) , indicating that TRPM8 is eventually involved in 
sperm activity during fertilization. 

 TRPM8 can be found in smooth muscle cells from the epididy-
mal and prostatic portions of the rat vas deferens, both in the 
membrane and in sarcoplasmic reticulum, having a possible role in 
smooth muscle contraction  (  195,   196  ) . TRPV1 presence in vas def-
erens was pharmacologically demonstrated in several experiments, 
where it is thought to inhibit vas deferens smooth muscle cells 
contractions, through the release of neuropeptides  (  197–  203  ) . 

 TRP channels such as TRPV1–4, TRPM1–4, and TRPM6–8 
have also been described to be present in the prostate  (  204,   205  ) . 
The most abundant TRP mRNA found in the prostate is from 
TRPM2–4, TRPM8, TRPV2, and TRPV4. Although low levels 
TRPV1 mRNA were found in the prostate, high levels of the protein 
were detected both in the epithelium and in smooth muscle cells 
 (  204  ) . In fact, TRPV1 has been described to be present in primary 
afferents that course the urethral mucosa, verumontanum, ejaculatory 
ducts, and periurethral prostatic acini  (  205  ) . Furthermore, this 
receptor has also been found in interstitial cells  (  206  ) . 

 TRPA1 is also expressed in the prostate  (  102  ) . Immunoreaction 
against TRPA1 showed that this receptor is present on nerve cells that 
were also positive for CB1 and CB2 receptors, for calcitonin gene-
related peptide, for nitric oxide synthase, or for vesicular acetylcholine 
transporter, but not on adrenergic nerves  (  207  ) . TRPA1 was also 
found on basal cells of glandular epithelium and on basal and subepi-
thelial cells that also co-expressed vimentin and c-kit  (  102,   207  ) . The 
application of TRPA1 agonist into the precontracted prostate resulted 
in relaxation  (  207  ) , indicating that this receptor has a role on mecha-
no-afferent signaling of the gland. 

 Both TRPM8 RNA and protein have been found in the prostate, 
with more abundance in apical secretory epithelial cells  (  9,   208–
  210  ) . However, only secretory mature differentiated prostate 
primary epithelial cells expressed functional cytoplasmic membrane 
TRPM8  (  211  ) . TRPM8 expression on prostate epithelial cells is 
androgen receptor-dependent  (  212,   213  ) . In the prostate, TRPM8 
activation might be induced by lysophospholipids, an end product 
of calcium-independent phospholipase A2 signaling pathway, 
which induces long TRPM8 channel opening  (  214  ) . 

 In the prostate, TRPM8 can also be found in endoplasmic 
reticulum, where it controls calcium homeostasis and consequently 
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cell survival, independently of cell differentiation  (  211,   215  ) . This 
does not occur with TRPM8 expressed in cytoplasmic membrane 
of prostate epithelial cells since it is observed that TRPM8 in cyto-
plasmic membrane is downregulated during the loss of the apical 
differentiated phenotype  (  208,   215  ) . Although altogether these 
data prompt TRPM8 as a switch-off of epithelial cell mobility and 
proliferation, care should be taken when analyzing data coming 
from experiments where common known TRPM8 agonist is used. 
Both menthol and icilin have demonstrated to induce effects simi-
lar to the ones attributed to TRPM8, in a TRPM8-independent 
process  (  216,   217  ) . 

 The only TRP channel described in the penis is TRPM8  (  218  ) . 
TRPM8 expression decreases after castration and was recovered 
upon dihydrotestosterone treatment, indicating that TRPM8 is 
regulated by serum androgen  (  218  ) . Although TRPV1 is not 
described to be present in the penis, intraurethral application of 
capsaicin induced penile erection possibly involving the activation 
of a urethra-corpora cavernosa re fl ex arc  (  212  ) .  

 

 Little is known about TRP channels expression and function in 
the ovaries, fallopian tube, the uterus and vagina. TRPP1 and 
TRPP2 are known to be in primary cilia of granulosa cells of 
antral follicles, in the motile oviduct cilia, where possible they 
have a role in granulosa cell differentiation and in follicle matura-
tion  (  219  ) . TRPP1/2 expression increases upon ovulatory 
gonadotropic stimulation  (  219  ) . TRPV4 is present in a subpopu-
lation of epithelial cells motile cilia of the ampulla and isthmus, 
with higher intensity in the proximal invaginations of the epithe-
lial folds  (  219  ) . TRPV4 role is thought to have a role in the ovi-
duct properties upon ovulation  (  219  )  detecting viscosity changes, 
promoting cilia activity  (  220  ) . TRP channels are thought to be 
involved in uterus contractility and physiology during labor 
 (  221  ) . In what concern vagina, TRPV1 is thought to be expressed 
in nerve  fi bers that innervate the vagina  (  222  ) , although these 
data need clari fi cation.  

 

 In the human bladder, urothelial TRPV1 expression decreases in 
areas of transitional cell carcinoma  (  223  ) . In vitro experiments 
have shown that TRPM8 activation on bladder cancer cells induces 

  8.  TRP Channels 
in the Female 
Genital Tract

  9.  TRP Channels 
and Cancer



38519 TRP Channels in the Genitourinary Tract

cell death, revealing that TRPM8 has anticancer properties  (  103  ) . 
Similarly, TRPV2 activation on bladder cancer cells induces cell 
death  (  224  ) . This might be related to the progressive lost of a 
TRPV2 splice variant concomitant with a great increase of full-length 
TRPV2  (  21  ) . 

 The use of vanilloids, such as capsaicin and resiniferatoxin, to 
treat prostate cancer has been valuable. It is thought that capsai-
cin may act as an inhibitor of electron transport chain, inducing 
an excess of reactive oxygen species  (  225,   226  ) . The capsaicin 
direct action on TRPV1 will induce activation of caspase 1 and 3 
 (  225  ) . Furthermore, prostate TRPV1 activation by capsaicin also 
elicits a tumor necrosis factor- α -dependent production and secre-
tion of interleukine-6, through a signal pathway involving the 
activation of protein kinase C- α , phosphoinositol-3 phosphate 
kinase, Akt and extracellular signal-regulated protein kinase 
(ERK)  (  227,   228  ) . Capsaicin also activates c-Jun N-terminal 
kinases (JNK), which will induce ceramide production/accumu-
lation, interfering with cell viability  (  228  ) . Capsaicin increases 
the expression of p53, p21, and Bax, and downregulate the 
expression of prostate-speci fi c antigen (PSA) and androgen recep-
tor  (  229  ) . Given orally, capsaicin has shown to reduce the rate of 
growth of prostate cancer xenografts  (  226  ) . This might be medi-
ated by endoplasmic reticulum stress-regulated gene, such as 
GADD153/CHOP  (  230  ) . Interestingly, capsaicin may stabilize 
PSA  (  231  ) . If all the described effects are a result of capsaicin 
direct action over TRPV1 is still unknown. In fact, in some exper-
iments, incubation of PC3 prostate cancer cells with a moderate 
speci fi c TRPV1 antagonist capsazepine did not have any effect or 
also resulted in cell death  (  226,   232  ) . However, in other experiment 
capsazepine was able to reverse capsaicin-induced pro-apoptotic 
responses  (  227  ) . 

 As for TRPV1, TRPM8 also seems to be involved in the 
control of mechanisms such as cell proliferation, apoptosis, and 
migration during prostate cancer  (  233–  235  ) . In fact, the expression 
of TRPM8 is enhanced during prostate cancer  (  210,   233  ) . This 
seems to be a consequence of the increase of PSA during prostate 
cancer  (  233  ) . In fact, PSA can activate TRPM8, inducing a decrease 
in cancer cell mobility, suggesting that the increased transport of 
TRPM8 to the cytoplasmic membrane has a protective role in 
prostate cancer progression  (  233  ) . Importantly, TRPM8 was found 
to be more elevated in the urine and blood of patients with meta-
static disease than in those of healthy men but it was equally found 
in prostate cancer patients with localized disease and healthy men, 
indicating that tissue TRPM8 levels can be used as biomarker of 
prostate cancer, while urine and blood TRPM8 levels may distinguish 
metastatic disease from clinically localized prostate cancer during 
diagnosis  (  213  ) .      
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    Chapter 20   

 Animal Models of Cystitis       

     Célia   D.   Cruz    and    António   Avelino         

  Abstract 

 As in other areas of biomedical research, studies of bladder pathology rely heavily in animal models of 
cystitis. These can be basically divided in two types: induced by systemically administration and locally 
induced by challenge with immunogens or irritants. The choice between models is not easy, and several 
factors must be taken into account, namely side effects, intensity of the pathology, simplicity, and/or 
reproducibility of the method.  

  Key words:   Bladder ,  In fl ammation ,  Animal model ,  Cystitis    

 

 Translational urological research strongly relies on modeling of lower 
urinary tract dysfunction in order to describe and understand the 
pathophysiological mechanisms and propose new therapeutic 
approaches. Computational models of bladder function are attractive 
but are still far from being useful due to the complexity of the regula-
tion of lower urinary tract function and the current lack of integra-
tion of available data  (  1  ) . In vitro studies are highly desirable as they 
avoid the use of experimental animals. However, they are unlikely to 
accurately reproduce the pathophysiological mechanisms of lower 
urinary tract dysfunction. In the other end of the spectrum, patient-
based investigation also poses problems due to ethical concerns  (  2  ) . 
Animal models assume, therefore, an exceptional importance for uro-
logical research and can be used for investigating the fundamental 
biological mechanisms regulating bladder function in normal and 
pathological conditions. One should, however, be aware that only 
rarely animal models will fully re fl ect the human state in normal and 
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pathological conditions  (  3  )  but will still strongly contribute toward a 
better understanding of pathological states  (  4,   5  ) . 

 Animal models can be divided into  (  3  ) :

    1.    Induced animal models: The disease or disorder is induced 
either via a surgical approach or experimentally. Transgenic 
animal models also fall in this category.  

    2.    Spontaneous animal models: In this case, the animals naturally 
exhibit genetic variants that results in the development of a 
given pathology.  

    3.    Negative models: These models are in which a certain disease 
does not develop.  

    4.    Orphan animal models: These models refer to diseases initially 
identi fi ed in animals but without identi fi cation of the human 
counterpart.     

 In urological research, rodents are the most commonly used 
animals and include rats, mice, and guinea pigs  (  6  ) . Therefore, 
investigators should be fully aware of the physiological and mor-
phological differences between these animals and human subjects 
in what concerns the regulation of bladder function. One major 
difference resides in the neurotransmitters that are used to control 
bladder contractions. Whereas in humans, bladder contractions 
depend on acetylcholine, and in rats, mice, and guinea pigs, ATP is 
the most prominent mediator  (  7–  10  ) . In rats, used in many stud-
ies, there are no intramural ganglia in their bladder wall  (  11  ) , but 
they can be found both in mice and in guinea pigs. In most studies, 
female rodents are typically preferred for transurethral cystometry 
or for easy bladder instillation, but there may be small differences 
between males and females which may not be of importance in 
normal animals but may be exacerbated by genetic manipulation in 
the case of mice  (  7,   12  ) . 

 A particularly dif fi cult disease to model is bladder pain syn-
drome/interstitial cystitis (BPS/IC). BPS/IC is characterized by 
suprapubic pain related to bladder  fi lling, usually accompanied by 
frequency and nocturia, in the absence of urinary infection or 
other pathology  (  13,   14  ) . The prevalence in USA was suggested 
to reach 100/100,000 women  (  13  ) . However, more recent 
European epidemiological surveys have reported a prevalence of 
about 200–300/100,000 women  (  15,   16  ) . No cure exists yet for 
this disease and the etiology is unknown. This poses an immense 
dif fi culty in establishing accurate animal models for this syndrome. 
Nevertheless, translational urological research on phosphate buf-
fer saline (PBS)/IC commonly utilizes induced animal models 
that rely in the administration of irritants or immune stimulants to 
the animal either systemically (such as cyclophosphamide (CYP), 
pseudorabies virus (PRV), or bladder homogenates) or directly to 
the bladder (bacterial products, acids, mustard oil, and croton oil). 
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There is also a natural animal model of PBS/IC, the feline 
 interstitial cystitis (FIC). However, there is no perfect model and 
advantages and disadvantages differ. This has been reviewed 
recently  (  17  ) , and here we will describe the procedures needed for 
the most commonly used models and pinpoint some of their 
advantages and weaknesses.  

 

 It should be mentioned in the  fi rst place that all the procedures 
that require urethral catheterization should be performed in females. 

      1.    In this case, no special materials are necessary to induce BPS/
IC.      

      1.    Female mice or rats. Some studies have used Balb/cAN mice, 
C57BL/6, and C3H/HEN  (  18,   19  )  while other have reported 
the use of Lewis rats (VAF, Harlan Sprague–Dawley)  (  20,   21  ) .  

    2.    PBS with Triton.  
    3.    BCA protein assay reagent or Bradford reagent.  
    4.    Complete Freund’s adjuvant (CFA).      

      1.    Female guinea pigs or mice; we have not found any indication 
of the strains used.  

    2.    Allergen: Ovalbumin (OVA) or dinitrophenyl (DNP) 4 -human 
serum albumin (HSA).      

      1.    Adult female C57BL/6J mice or Sprague–Dawley rats  
    2.    Samples of the attenuated Bartha strain of PRV  
    3.    PK-15, ATCC CCL33 (pig kidney cells) cell line  
    4.    DMEM with 10% fetal calf serum,  l -glutamine, and antibiotics  
    5.    Anesthetics: Xylazine/ketamine; volatile anesthesia  
    6.    Hamilton syringe  
    7.    Sutures      

       1.    Cyclophosphamide.  
    2.    Adult animals. Rats (Wistar and Sprague–Dawley) and mice 

have both been used.      

      1.    Lipopolysaccharide (LPS)  
    2.    Adult rats or mice      

  2.  Materials

  2.1.  Feline Interstitial 
Cystitis

  2.2.  Experimental 
Autoimmune Cystitis

  2.3.  Antigen-Induced 
Cystitis

  2.4.  Virus-Induced 
Cystitis

  2.5.  Cystitis Induced 
by Administration of 
Irritant Compounds

  2.5.1.  Cyclophosphamide

  2.5.2.  Lipopolysaccharide
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      1.    Bacillus Calmette-Guérin (BCG)  
    2.    Adult mice      

      1.    Turpentine, mustard oil, and croton oil are dissolved in olive 
oil.  

    2.    Acetic and hydrochloric acids as well as acrolein are dissolved 
in saline.        

 

  FIC is a spontaneously occurring disease affecting domestic cats 
 (  22  ) . Therefore, in this case no animal manipulation is required. 
Indeed, if one allows for the differences between species, FIC is the 
closest resembling animal model of BPS/IC. The list of similarities 
comprises important features of both diseases, including increased 
urothelial permeability  (  23  ) , decreased urinary excretion of gly-
cosaminoglycan  (  24  ) , alterations in the expression of purinergic 
receptors in the bladder  (  25  ) , and higher levels of nerve growth 
factor (NGF) in the urine of FIC cats  (  26  ) . The FIC model pos-
sesses, however, some important drawbacks. Like in human BPS/
IC, the causes of FIC remain largely unknown. Whereas BPS/IC 
affects mostly women  (  13,   14  ) , FIC each gender is equally affected. 
Finally, it is very dif fi cult to have access to affected cats which 
depends on the willingness of owners and veterinarians  (  27  ) .  

  The contribution of autoimmune mechanisms to BPS/IC is still 
controversial. Several studies report the association between BPS/
IC and several autoimmune disorders, including rheumatoid arthri-
tis, ulcerative colitis or lupus erythematosus, and higher levels of 
autoantibodies  (  28,   29  ) . Therefore, the development of an induced 
model of autoimmune cystitis has attracted attention over the 
years. The classical method is as follows  (  18–  21  ) :

    1.    Bladders from healthy animals are collected, fragmented with 
sterile scissors, and homogenized in sterile PBS, 0.1 M, pH 
7.2, containing 0.5% Triton X-100. Homogenates may be cen-
trifuged for 10 min at 1,000 ×  g . The supernatants    are collected 
the protein content assayed either with the Bradford method 
or via the BCA protein microassay.  

    2.    The homogenate is then diluted in PBS to a concentration of 
10 mg/ml protein and then further diluted 1:2 in CFA.  

    3.    The mixture obtained is injected subcutaneously at the base of 
the tail.  

    4.    Twelve to 16 weeks after immunization, the establishment of 
cystitis can be detected by the presence of bladder hyperactivity 

  2.5.3.  Bacillus Calmette-
Guérin

  2.5.4.  Chemical Irritants: 
Turpentine, Mustard Oil, 
Croton Oil, Acids, and 
Acrolein

  3.  Methods

  3.1.  Feline Interstitial 
Cystitis

  3.2.  Experimental 
Autoimmune Cystitis 
(See Note 1)
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(either by cystometry or by ultraviolet analysis of urine spots in 
 fi lter paper) and by analyzing the histology of the bladder to 
detect signs of in fl ammation such as alterations of the urothelial 
layer and in fi ltration of in fl ammatory cells in the bladder wall.     

 The main disadvantage of this experimental model resides in the 
fact that it is not clear if PBS/IC has an autoimmune origin or if it 
is merely accompanied by autoimmune disorders.  

  In this experimental model of PBS/IC, cystitis is induced by sensi-
tizing experimental animals by exposing them to known allergens. 
In most studies, 1 week after allergen administration, cystitis is 
established. This model involves no infectious agents or direct expo-
sure of the bladder to noxious substances. However, despite many 
PBS/IC patients showing a higher prevalence of allergies than the 
general population, it is still controversial if allergic reactions may 
be part of the pathophysiological mechanisms of PBS/IC. 

 In the cases OVA is chosen as the allergen, this is the most 
commonly used approach  (  30–  34  ) :

    1.    Guinea pigs are sensitized by intraperitoneal three injections of 
OVA 10 mg/kg at 48-h intervals. The control group should 
receive saline injections at the same occasions. Twenty-one 
days after the last OVA injection, animals are either sacri fi ced 
for tissue collection for in vitro studies or anesthetized for 
in vivo studies  (  35  ) .  

    2.    In the cases using DNP4-HSA   , the most frequently used rou-
tine is described in  (  36–  39  ) : Adult mice are sensitized via intra-
peritoneal injections of 1  μ g of DNP 4 -HSA in 1 mg of alum on 
days 0, 7, 14, and 21. One week after the last administration of 
this allergen, cystitis is induced by intravesical instillation of 
DNP 4 -OVA (1  μ g/ml) under deep anesthesia. Infusion of the 
bladder was repeated twice at 30-min intervals to ensure even 
exposure of the bladder mucosa to DNP 4 -OVA.      

  In this model of cystitis, bladder in fl ammation is induced by deliv-
ery of a modi fi ed strain of virus. In the late 1990s, neurotropic 
viruses, including herpes simplex virus type 1 and the attenuated 
Bartha strain of PRV, were being widely used to map neuronal cir-
cuits due to their ability to cross several synapses and infect neurons 
involved in speci fi c circuit  (  40  ) . It was observed that administration 
of the PRV caused hemorrhagic cystitis that was prevented by blad-
der denervation  (  41,   42  ) . The main advantage    of this model is that 
it demonstrates that cystitis can result from abnormal activity of the 
neuronal circuitry regulating bladder function. However, like in 
other models, it is not clear if IC/BPS results from viral infection. 
Another important drawback is that there is no evidence of increased 
frequency of bladder re fl ex contraction in virus-induced cystitis. 
This model is seldom used nowadays due to the speci fi c care required 

  3.3.  Antigen-Induced 
Cystitis (See Note 2)

  3.4.  Virus-Induced 
Cystitis (See Note 3)
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for virus manipulation. Nevertheless, the described method is as 
follows:

    1.    In most studies  (  41–  47  ) , the Bartha strain of PRV was used 
and propagated in an appropriate cell line. Studies refer the 
PK-15, ATCC CCL33 (pig kidney cells). These cells are culti-
vated in DMEM with 10% fetal calf serum,  L -glutamine, and 
antibiotics. Cells are then infected with the virus, and the pres-
ence of infectious PRV is determined by plaque assay.  

    2.    When plaques are visible, cells are  fi xed with methanol and the 
number of plaques counted. The virus titers are expressed as 
plaque-forming units (pfu).  

    3.    Once the virus is titrated, animals are deeply anesthetized 
either with a mixture of ketamine (50 mg/kg) and xylazine 
(12 mg/kg) via an intraperitoneal injection  (  47  )  or with ade-
quate volatile anesthesia  (  41,   42,   44  ) .  

    4.    An incision is performed at the base of the tail to expose the 
abductor caudalis dorsalis (ACD) muscle. With a Hamilton 
syringe, animals are injected with an appropriate volume con-
taining 2.29 × 10 6  pfu of Bartha’s PRV. As negative controls, 
ultraviolet-irradiated/heat inactivated PRV stocks should be 
employed. Injection should be performed slowly, followed by 
compression of the injection site to prevent systemic diffusion 
of the virus. The incision is then sutured.  

    5.    Behavioral signs indicating the presence of cystitis are observed 
as early as 48 h after PRV injection  (  41,   42,   46  ) .      

  In this category    fall the majority of studies addressing the 
pathophysiological mechanisms of cystitis and investigating new 
therapeutic strategies. Administration of irritants to experimental 
animals is accomplished by intravesical administration or simply by 
intraperitoneal injections. In either case, it is easy to follow the 
development of cystitis, its duration and severity and choose when 
and how to intervene. However, one should be careful as the 
mechanism of the animal’s response to the irritant may not neces-
sarily correspond to the natural mechanisms of IC/BPS. The most 
widely used irritants used to induce bladder in fl ammation are LPS, 
BCG, acid, turpentine, mustard oil, croton oil, and acrolein. While 
this group of substances is administered via intravesical route, CYP 
is given as intraperitoneal injection. While the former induce cysti-
tis by direct contact with the bladder mucosa, CYP is metabolized 
in the liver into acrolein. Acrolein is excreted via the urinary system 
and accumulates in the bladder until excreted and acts as a local 
irritant to the bladder mucosa. 

  3.5.  Cystitis Induced 
by Administration of 
Irritant Compounds
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  Systemic administration of CYP as a means to induce cystitis has 
been used since 1970s  (  48  ) . Because CYP administration is easily 
performed, numerous studies have used this model. A PubMed 
search using the terms “CYP, rat, cystitis” results in 124 papers. 
The dosages and protocol may vary slightly in what concerns the 
dosage and time of in fl ammation  (  49  ) . Therefore, we will refer to 
the following two most widely used protocols:

    1.    CYP may be given as single intraperitoneal injection. In this 
case, the dosage may vary between 150 mg/kg  (  50–  52  )  and 
200 mg/kg  (  53–  56  ) . Adult rats are injected and followed for a 
period of 2–3 days. Behavioral tests and cystometry demon-
strate that this approach induces chronic cystitis.  

    2.    Another protocol that may be followed for CYP administration 
involves a higher number of intraperitoneal injections over 
time. In this case, the most frequently used protocol consists of 
three intraperitoneal injections of CYP, at a dosage of 75 mg/
kg, in a period of 10 days  (  50–  52,   57,   58  ) .      

  LPS, obtained from  Escherichia coli , is an endotoxin thought to 
induce bladder in fl ammation by binding to the toll-like receptor 4 
 (  59  ) . In this case, LPS is administered via intravesical instillation 
 (  39,   60–  64  ) .

    1.    Animals are anesthetized using either volatile anesthesia or by 
injection of a mixture of xylazine/ketamine.  

    2.    A polypropylene catheter, with a size appropriate to mice or 
rats, is lubricated and inserted in the urethra. Light pressure is 
applied to the abdomen to drain urine from the bladder.  

    3.    An adequate volume of an LPS solution (1 mg/ml) (50–150  μ l 
for mice; 350–500  μ l for rats) is injected in the bladder via the 
catheter. This injection should be made slowly in order to pre-
vent trauma and vesicoureteral re fl ux.  

    4.    In some studies, authors have repeated LPS infusion to ensure 
full contact of LPS with bladder mucosa.  

    5.    LPS is left in contact with the bladder for 30 min, after which 
the bladder is rinsed with sterile saline.  

    6.    On the following day, cystitis is established.      

  BCG is prepared from an attenuated form of  Mycobacterium bovis . 
Its use as a means to induce cystitis is very recent  (  65–  67  ) . It has 
been used to study the in fl ammatory components of cystitis in 
mice, but there are no reports analyzing its effects on bladder func-
tion. The protocol described is as follows and is very similar to LPS 
administration (see above):

    1.    Mice are anesthetized and a lubricated catheter is placed in the 
urethra. BCG is then instilled (200  μ l, total dose of 1.35 mg). 

  3.5.1.  Cyclophosphamide 
(See Note 4)

  3.5.2.  Lipopolysaccharide

  3.5.3.  Bacillus 
Calmette-Guérin
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Mice are euthanized and bladder collected 7 days after BCG 
administration.  

    2.    To induce chronic cystitis, BCG may be administered once 
every week for a period of 4 weeks  (  66  ) .      

  Intravesical administration of chemical irritants has long been 
used to induce bladder in fl ammation. For administration of these 
compounds, animals (rats or mice) are anesthetized either with 
volatile anesthesia or with i.v. anesthetics. A lubricated catheter 
with an appropriate gauge is inserted into the urethra. Solutions 
are slowly injected to avoid vesicouretral re fl ux and damage of 
the bladder wall. In most studies, irritants are left in contact with 
the bladder mucosa for 30 min to 1 h, after which the bladder is 
rinsed with sterile saline and the animals allowed awaking and 
recovering.

    1.    Turpentine: The use of turpentine was  fi rst described by 
McMahon and Abe  (  68  ) . Turpentine is prepared in olive oil in 
concentrations that vary between 25%  (  68  )  and 50–100%  (  69  ) . 
Turpentine induces bladder in fl ammation 1 h after instillation 
that lasts for at least 48 h. This irritant    is known to induce both 
alterations in bladder function, visceral pain and alterations on 
the properties of bladder sensory afferents similar to what is 
known to happen during IC/BPS  (  68,   70–  74  ) .  

    2.    Mustard and croton oils: Like turpentine, mustard and croton 
oils use was  fi rst reported by McMahon and Abe  (  68  ) . Both 
are prepared in olive oil in a concentration of 2–2.5%. An ade-
quate volume of oil is instilled via a previously positioned cath-
eter and left in the bladder for 30 min  (  68,   69,   74–  76  ) .  

    3.    Acetic acid: This acid has been used since the early 1990s as an 
irritant capable of inducing bladder in fl ammation  (  77  ) . In this 
case, it is infused into the bladder and left in contact with the 
mucosa for 30 min to 1 h  (  77–  80  ) .  

    4.    Hydrochloric acid: Like acetic acid, hydrochloric acid is slowly 
infused in the bladder (0.4 M; 500  μ l) and left in contact with 
the bladder mucosa for 1 h. Animals should receive daily saline 
injections in the following 3 days to prevent blood clot forma-
tion in the urine. Cystitis is present soon after acid instillation 
and is long-lasting  (  81,   82  ) .  

    5.    Acrolein: Acrolein was identi fi ed many years ago as the irrita-
tive agent of CYP-induced cystitis  (  83  ) . It is now well estab-
lished that acrolein per se can induce cystitis if it is administered 
directly to the bladder of an intact experimental animal  (  84, 
  85  ) . The most commonly used procedure describes one infu-
sion (acute cystitis) or three (at 72-h intervals; subacute/
chronic cystitis) of 1 mM of an acrolein solution  (  86–  89  ) . 
Effective dosages of acrolein were established in previous stud-
ies  (  90,   91  ) .        

  3.5.4.  Chemical Irritants: 
Turpentine, Mustard Oil, 
Croton Oil, Acids, and 
Acrolein
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     1.    To experimental autoimmune cystitis: 
   So far, investigators have used either Lewis rats or Balb/cAN 

mice. Recently, one group has successfully induced autoimmune 
cystitis using the SWXJ strain of mice  (  92  ) . This strain of mice 
has the advantage of increased susceptibility to several autoim-
mune diseases initiated by Th1-type response  (  93,   94  ) . Although 
classically autoimmune cystitis is considered an induced animal 
model, more recently at least two transgenic models of autoim-
mune cystitis have been developed. Altuntas et al.  (  95  )  used a 
homogenate obtained from the bladders of mice stabling express-
ing uroplakin 2 under the control of the SV40 promoter. The 
authors extracted the protein, which was used to inject SWXJ 
mice. According to the authors, the resultant autoimmune cystitis 
is speci fi c to the bladder tissue. Very recently, a novel transgenic 
model of autoimmune cystitis has been reported  (  96,   97  ) . This 
strain of mice, designated as URO-OVA, expresses a membrane 
form of ovalbumin under the control of the uroplakin 2 promoter 
and develops in fl ammatory signs in the bladder that closely follow 
BPS/IC. The main drawback of these new models relies on the 
fact that they have not yet been characterized in terms of pain, 
afferent hypersensitivity and urothelium integrity and function.  

    2.    To antigen-induced cystitis: 
   In most studies addressing bladder in fl ammation using the 

antigen exposure strategy, mice and guinea pigs have been pre-
ferred. However, in a few studies, Sprague–Dawley  (  98  )  or 
Wistar  (  99  )  rats have been used.  

    3.    To virus-induced cystitis: 
   It was noted  (  43,   44  )  that PRV administration altered  fl uid 

intake. Therefore, PRV-infected animals should be hydrated 
daily by subcutaneous bolus of sterile saline.  

    4.    To cystitis induced by administration of irritant compounds CYP: 
   When purchasing CYP, one must be aware that there are several 

formulations available in the market. CYP should be adminis-
tered as an isotonic solution. Therefore, it should be prepared 
either in sterile water if the chosen formulation includes sodium 
chloride or in sterile saline. Another important matter research-
ers should be aware refers to the harshness of secondary effects 
of CYP administration as it may induce blood loss through the 
urine. It is important to daily evaluate the animals, particularly 
in longer periods of testing. Loss of a high number of animals is 
common when repeated doses are used. This outcome seems to 
vary between different laboratories, without a known cause.      

 This study was supported by INComb FP7 HEALTH project no 
223234      

  4.  Notes
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    Chapter 21   

 Overactive Bladder Models       

     Roberto   Soler   ,    Lysanne   Campeau   ,    Claudius   Füllhase   , 
and    Karl-Erik   Andersson           

  Abstract 

 The overactive bladder (OAB) can be de fi ned in humans as a urodynamic observation (detrusor overactiv-
ity), or symptomatically (urgency, frequency, incontinence, nocturia) as the OAB syndrome. For obvious 
reasons, there are no animal models of the OAB syndrome. In humans, urinary incontinence can be due 
to  involuntary  bladder contractions demonstrable by cystometry during the  fi lling phase. In animals, cys-
tometric bladder hyperactivity (bladder contractions voluntary and/or involuntary) can be found in many 
animal models. It can occur spontaneously or be provoked, and the pathophysiology may include both 
peripheral and central mechanisms. To study bladder hyperactivity in animals, cystometry plays an impor-
tant role. The present protocol describes the basic cystometry technique and its application in a few animal 
models speci fi cally used for the study of bladder hyperactivity.  

  Key words:   Overactive bladder ,  Animal models ,  Cystometry ,  Bladder hyperactivity ,  Lower urinary 
tract    

 

 Urinary incontinence can be due to involuntary bladder contrac-
tions during the  fi lling phase. Such contractions may be demon-
strated by cystometry. According to the International Continence 
Society (ICS), “ detrusor overactivity  is a  urodynamic observation  
characterized by involuntary contractions during the  fi lling phase 
which may be spontaneous or provoked.” Detrusor overactivity 
(DO) may be neurogenic when there is a relevant neurological 
condition, or idiopathic when there is no de fi ned cause  [  1  ) . The 
“ overactive bladder” (OAB) syndrome  (urge syndrome or urgency-
frequency syndrome) is a  symptom-based  clinical diagnosis de fi ned 
by the ICS as “urgency, with or without urge incontinence, usually 

  1.  Introduction
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with frequency and nocturia”  (  1  ) . DO may be associated with the 
OAB syndrome in many, but not all cases. For example, Hashim 
and Abrams  (  2  )  found that overall, 83% of patients with DO had 
symptoms of OAB and 64% of patients with OAB had DO. 

 Bladder hyperactivity can be found in many animal models. It 
can occur spontaneously or be provoked, and the pathophysiology 
may include both peripheral and central mechanisms. It should be 
emphasized that  there are no animal models of the OAB syndrome.  
OAB can only be diagnosed in humans, since urgency is the central 
symptom, and this obviously cannot be assessed in animals. What 
can be studied in animal models is bladder hyperactivity, which is 
probably a better term to use for animal recordings than DO, since 
this term is de fi ned and used in human cystometry. However, the 
terms DO and bladder hyperactivity are often used synonymously 
in animal cystometry. 

 For animal in vivo physiological studies on bladder dysfunc-
tion, cystometry plays an important role  (  3  ) . The cystometry tech-
nique and a few of the models speci fi cally used for the study of 
bladder hyperactivity are discussed later. Each animal model has a 
unique pathophysiology and is therefore described separately in 
different subheadings of this chapter.  

 

 Cystometry is widely used in animals, e.g., rodents, rabbits, and 
cats, to functionally study lower urinary tract function  (  3  ) . A num-
ber of animal models utilize cystometric investigation to evaluate 
the effect of spontaneous, or chemically or surgically induced void-
ing dysfunction, as well as the effect of different therapies on blad-
der function. Different approaches may be used and the 
methodological details may vary depending on the species investi-
gated; those below can be used for cystometry in rodents. 

      1.    Polyethylene tubing (PE-50; PE90 or PE10) (Harvard 
Apparatus, Holliston, MA, USA)—for bladder catheterization 
and connections (Note 1)  

    2.    Metabolic cage (Harvard Apparatus)  
    3.    Swivel for infusion (optional) (Harvard Apparatus)  
    4.    Force displacement transducer—for micturition volume mea-

surement (FT-302, iWorx/CB Sciences, Dover, NH, USA)  
    5.    Pressure transducer—for bladder pressure measurement (BP-

100, iWorx/CB Sciences)  
    6.    Syringe infusion pump (Harvard Apparatus)  

  2.  Cystometry

  2.1.  Materials
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    7.    Three-way stopcock—to connect the tubing from the bladder, 
the pressure transducer, and the tubing from the infusion pump  

    8.    Transducer ampli fi er (ETH-401, iWorx/CB Sciences)  
    9.    Data acquisition system (PowerLab, AD Instruments, Colorado 

Springs, CO, USA)  
    10.    Computer and speci fi c software  
    11.    Room temperature saline  
    12.    Surgical instruments  
    13.    5-0 and 4-0 polyglactin suture  
    14.    Needles with appropriate size to the speci fi c tubing  
    15.    Syringe (the 60-mL syringe is preferred, since the solution 

does not have to be replaced during cystometry)     

  Cystometry setup . The animal is placed in a metabolic cage with a 
funnel to provide urine collection. The urine is collected into a cup 
connected to a force displacement transducer. The bladder catheter 
is connected through tubing to a three-way stopcock, which is also 
connected to the pressure transducer and to the infusion pump. 
Both transducers are connected to the transducer ampli fi er, which 
is then connected to the data acquisition system. A computer with 
speci fi c software is in turn connected to the data acquisition system 
and displays the tracings in real time.  

       1.    Prepare the bladder catheter (Note 2).  
    2.    Anesthetize the animal, and use appropriate analgesia.  
    3.    Place the animal on a heating pad to avoid cooling and take 

other supportive measures (eye ointment, subcutaneous saline 
injection for hydration).  

    4.    The hair on the suprapubic abdominal area is cut short or 
shaved, and povidone/iodine is applied on the surgical  fi eld. 
All surgical procedures are performed in an aseptic fashion.  

    5.    A midline longitudinal incision of approximately 2 cm is done 
on the suprapubic abdominal area. The rectus fascia is opened 
in the midline.  

    6.    Identify the bladder.  
    7.    Place a purse-string absorbable suture (such as polyglactin 5-0) 

in the dome of the bladder.  
    8.    With micro scissors (or a large gauge needle) incise (or punc-

ture) the bladder in the middle of the purse-string suture and 
insert the catheter with the cuff extremity (avoid touching the 
trigone with the catheter).  

    9.    Pull the purse-string suture tight, and slightly pull the catheter 
back until the cuff gets in contact with the purse-string suture 
and test bladder leakage (Note 3).  

  2.2.  Methods

  2.2.1.  Bladder 
Catheterization: 
Conscious Animals
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    10.    Relocate the bladder in situ and use the median umbilical 
 ligament as an orientation landmark to avoid any distortion/
twisting of the bladder.  

    11.    Make a small incision on the back of the neck of the animal and 
dissect the surrounding tissues.  

    12.    Insert a piercing tunneled instrument subcutaneously through 
the neck incision to the ventral surface of the abdomen. The 
piercing instrument should enter the abdominal cavity at the 
level where the bladder lies anatomically. The bladder catheter 
is passed through the instrument until it is exteriorized. This 
will prevent the animals from reaching the catheter.  

    13.    Anchor the catheter to the neck incision and thermally seal the 
free extremity. This will prevent leakage and infection.  

    14.    Close the incisions with 4-0 polyglactin suture or clips.  
    15.    The cystometry may be performed within 0–3 days after blad-

der catheterization. The choice of our group is 3 days after 
catheterization to allow proper recovery and healing.      

      1.    For cystometry in anesthetized animals, the catheter can be 
inserted either via the urethra or via the bladder, and in this 
case, it can be externalized suprapubically.  

    2.    The same type of tubing described earlier can be used as cath-
eters, but alternatively, other types of cannulas or catheters may 
be used.  

    3.    Urethral catheters can be secured with a hitch suture onto the 
lower abdomen, avoiding altering the normal urethral axis.  

    4.    Urethane is the anesthetic of choice, since other anesthetics 
may affect bladder function  (  3  ) .      

      1.    Calibrate pressure and volume transducers. The pressure trans-
ducer must be at the level of the animal bladder.  

    2.    Open the sealed extremity of the catheter.  
    3.    Empty the animal’s bladder either via the catheter or by man-

ual abdominal compression.  
    4.    Place the animal in the metabolic cage.  
    5.    Connect the bladder catheter to the swivel, which is connected 

by tubing to the three-way stopcock, as are the pressure trans-
ducer and the tubing from the infusion pump (Note 4).  

    6.    Start the continuous infusion of saline in room temperature 
(Note 5).  

    7.    Allow the animals to accommodate, usually for 30 min, and 
record the micturition cycles for a period of 30–120 min. 
Bladder pressure and urine volume are continuously and syn-
chronously recorded (Notes 6 and 7).       

  2.2.2.  Bladder 
Catheterization: 
Anesthetized Cystometry

  2.2.3.  Cystometry



41521 Overactive Bladder Models

      1.    The most suitable catheter will depend on the size of the ani-
mal, catheter resistance, and the tendency to cause obstruction 
and twisting.  

    2.    The length of the tubing must be some centimeters longer 
than the distance from the suprapubic area to the back of the 
neck of the animal. The inserted end of the catheter should be 
heated to dilate and create a cuff. This can be made by approxi-
mating a cautery or a  fl ame.  

    3.    To test bladder leakage, inject saline through the catheter. Any 
leakage point must be sutured. Fill the bladder until  fl uid starts 
leaking out of the urethral meatus.  

    4.    The tubing connections are made by using needles that have 
the appropriate diameter to that speci fi c tubing.  

    5.    Infusions rates may vary depending on the animal species (e.g., 
1.5–3 mL/h for mice, 2.4–11 mL/h for rats, and 9–12 mL/h 
for guinea pigs).  

    6.    The procedure must be supervised until completion in order 
to avoid and correct any artifact or complications, such as cath-
eter twisting or obstruction, catheter disconnection, or any 
technical issue.  

    7.    Troubleshooting:
   (a)    Sudden high amplitude rise in bladder pressure: check for 

causes of obstruction, such as bladder catheter twisting, 
blood clots in the bladder extremity of the catheter (gently 
infuse saline through the bladder catheter), or obstruction 
of any part of the tubing and connections  

   (b)    Sudden decrease in bladder pressure: check for leaking of 
any part of the tubing and connections  

   (c)    Negative pressure or volume: re-calibrate the system  
   (d)    Absence of voiding contractions for a longer period than 

expected: check the volume of saline in the syringe           

 

   Spontaneous hypertensive rat.  The spontaneous hypertensive rat 
(SHR) is widely used as a genetic model of hypertension. However, 
the SHR also exhibits abnormal bladder function and hyperactive 
behavior  (  4–  6  ) . Compared with the normotensive Wistar Kyoto 
(WKY) rats, SHRs exhibit a reduced bladder capacity and micturi-
tion volume, increased urinary frequency, and a greater occurrence 
of nonvoiding contractions (NVCs: i.e., pressure increases during 
the  fi lling phase not associated with  fl uid output). These rats have 
an increased bladder sympathetic innervation, and hypertrophy of 

  2.3.  Notes

  3.  Animal Models

  3.1.  Spontaneous 
Hyperactivity
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both afferent and efferent neurons supplying the bladder, but the 
exact cause for their abnormal voiding function is not known. 
However, both peripheral and spinal mechanisms seem to be 
involved. The effects of intrathecal and intra-arterial doxazosin on 
cystometric parameters were more pronounced in SHR than in 
WKY rats. There was a marked reduction in NVCs after intrathecal 
(but not intra-arterial) doxazosin in SHRs  (  4  ) , suggesting involve-
ment of spinal  α -adrenoceptors (AR). 

 Many reports have studied awake SHRs (and other rodents) 
cystometrically and diagnosed DO (bladder hyperactivity) subjec-
tively only by the shape of the curve of intravesical pressure (IVP) 
changes. However, it seems unlikely that this approach can reliably 
discriminate between true DO (=NVCs) and IVP changes caused 
by abdominal straining. Lee et al.  (  7  )  measuring intraabdominal 
pressure, reported that among total events of IVP increases during 
the  fi lling phase in SHRs, true DO represented up to 76% of the 
pressure changes, whereas the remaining 24% were caused by 
abdominal straining. 

 As a control for SHRs in studies of hypertension, most research-
ers use the genetically normotensive WKY rat. Less often, the 
Wistar-ST (Wistar) rat of their mother strain or the Sprague–Dawley 
(SD) rat has been used. Jin et al.  (  6  )  showed that in contrast to 
WKY rats, which showed DO, the Wistar and SD strains did not. 
Therefore, with respect to bladder hyperactivity, the Wistar and SD 
strains should be the most appropriate controls for SHRs  (  6  ) . 

 Notably, development of bladder hyperactivity in SHRs is age 
dependent: young animals (e.g., less than 12 weeks) often show 
normal cystometry. 

       1.    Polyethylene catheter (PE-50) with a 0.05-mL balloon on its 
tip cuff  

    2.    Same material as described in the bladder catheterization      

      1.    Fill the balloon and the catheter with saline or distilled water 
and seal the distal end of the catheter.  

    2.    Fix the intraabdominal catheter with a silk tie to the posterior 
side of the bladder catheter to a distance of approximately 1 cm 
from the bladder (Note 1).  

    3.    Tunnel the catheter subcutaneously together with the bladder 
pressure to the back of the neck of the animal and anchor it.  

    4.    The detrusor pressure is de fi ned as the bladder pressure sub-
tracting the intraabdominal pressure.      

      1.    This distance needs to be  fi xed. If too short, the  fi lled bladder 
will affect the balloon pressure erroneously and if too long, the 
perivesical pressures will not be representative, apart from in 
the bladder        

  3.1.1.  Intraabdominal 
Pressure Measurement 
During Cystometry

   Materials

   Methods

   Notes
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  Instillation of various agents into the bladder to stimulate speci fi c 
receptors or to produce in fl ammation/hypersensitivity is com-
monly used as acute models. For example, PGE 2  instillation  (  8  )  is 
effective in rodents (as in humans;  (  9  ) ). Stimulation of TRPV1 
receptors with intravesical resiniferatoxin and capsaicin  (  10  ) , and 
TRPA1 receptors by hydrogen sul fi de (NaHS, donor of H 2 S), allyl 
isothiocyanate, and cinnamaldehyde, are other examples  (  11  ) . 
Other means of stimulation of bladder hyperactivity more 
nonspeci fi cally include instillation of, e.g., acid (acetic, citric, or 
hydrochloric acid  (  12  ) , protamine sulphate  (  13,   14  ) , and acrolein 
 (  15  ) . It is important to emphasize that even if the common denom-
inator for this intervention is probably stimulation of nociceptive 
C- fi bers and consequent increases in afferent activity, they most 
probably do not re fl ect the DO that may be associated with the 
OAB syndrome. 

 Stimuli inducing bladder in fl ammation and provoking bladder 
hyperactivity include, e.g., systemic administration of  cyclophosph-
amide   (  16  ) , intravesical instillation of  bacterial endotoxin   (  17  ) , and 
 bladder radiation   (  18  ) . Chronic chemical cystitis can be induced 
using different compounds and routes of administration. The ani-
mal model of cyclophosphamide-induced bladder in fl ammation 
was developed following the observation of hemorrhagic cystitis 
following the systemic treatment with this antineoplastic drug in 
humans. The bladder effects of the drug are caused by urinary 
excretion of the active metabolite acrolein. The intraperitoneal 
injection of cyclophosphamide in rodents has been used as a model 
of visceral pain because the animals demonstrate characteristic 
behavioral signs in parallel with the development of bladder lesions. 
However, the cystitis related changes are particularly complex 
involving local, peripheral, central modi fi cations, as well as micturi-
tion abnormalities. The exact mechanism of the induced 
in fl ammation was attributed to increased levels of endogenous 
nitric oxide (NO) that causes urothelial damage and other 
in fl ammatory events. Cyclophosphamide causes a rise in inducible 
NO synthase (NOS) that may be mediated by platelet activating 
factors  (  19  ) . The cyclophosphamide cystitis also increases c-Fos 
expression in the subnuclei of the dorsal vagal complex and of the 
ventrocaudal bulbar reticular formation  (  20  ) . This model is 
achieved in female rats (200–300 g) by injecting four doses of 
cyclophosphamide (75 mg/kg) intraperitoneally every third day 
for 7 days. 

 Intravesical chemical irritants are also used to induce persistent 
in fl ammation related bladder hyperactivity such as hydrochloric 
acid and acetic acid  (  21,   22  ) . A short duration of intravesical 
protamine sulfate instillation can induce irritative effects and 
shorten the intermicturition interval in a rat model  (  23  ) . 

 All these models have limitations. For example, cyclophosph-
amide administration may be a good chemically induced bladder 
in fl ammation model, associated with alterations in neurochemical, 

  3.2.  In fl ammation 
Provoked 
Hyperactivity
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electrophysiological, and functional properties of micturition 
 pathways  (  24  ) , and may also re fl ect the hemorrhagic cystitis 
encountered in patients treated with the drug. However, it may 
not be a good model for OAB or interstitial cystitis/painful blad-
der syndrome (IC/PBS), because there is no evidence for 
in fl ammation in OAB (which, as mentioned, can only be diagnosed 
in humans), and in fl ammatory changes are not prominent in IC/
PBS. DO is also not a characteristic  fi nding when cystometry is 
performed in IC/PBS patients. In addition, cystometric  fi ndings 
can be in fl uenced in an unpredictable way with cyclophosphamide 
as it produces profound systemic effects in the animals. 

  Bladder hyperactivity can be observed acutely during intravesical 
administration of several compounds during conscious cystometry. 
The technique for this acute model  fi rst involves the bladder cath-
eter implantation and cystometry recording described in the mate-
rials and methods of the cystometry section. Each compound 
described in the material section should be used distinctly on its 
own in different animals. 

      1.    Syringe (10, 20, or 60 mL) compatible with the infusion pump 
used for cystometry  

    2.    Prostaglandin E 2  (Sigma-Aldrich, St-Louis, MO, USA): A 
stock solution is made of 0.01 M in ethanol. Concentrations as 
low as 10  μ M in saline (0.9% w/v NaCl solution) have been 
shown to increase micturition pressure and bladder pressure, 
and to decrease micturition volume and bladder capacity  (  8  ) . 
Concentrations between 20 and 60  μ M have been demon-
strated to cause bladder hyperactivity  (  25  ) , but the most com-
monly used concentration is 50  μ M in saline.  

    3.    Capsaicin (Sigma-Aldrich): Capsaicin-induced bladder hyper-
activity in conscious rats was observed to be reversible and 
repeatable  (  26  ) . Capsaicin is  fi rst prepared as a stock solution 
as 0.1 M in ethanol. Concentrations of 10 to 30  μ M in saline 
have been described in visceral pain models  

    4.    Resiniferatoxin (Sigma-Aldrich: Urodynamic changes can be 
found with concentration of 30–100 nM  (  10  ) ).  

    5.    Sodium hydrogen sul fi de (donor of H 2 S) (Sigma-Aldrich): 
The intravesical instillation of hydrogen sul fi de (1 mM) should 
be preceded by intravesical protamine sulfate (10 mg/mL) for 
30 min to increase its penetration, and therefore changes in 
urodynamic parameters  (  11  ) .  

    6.    Allyl isothiocyanate (AI) and cinnamaldehyde (CA) (Sigma-
Aldrich): Stock solutions (0.1 mol/l in ethanol) of AI and CA 
should be kept at –20°C until use. Different concentrations of 
AI (10 and 100  μ M) and CA (100 and 500  μ M) can produce 
urodynamic changes  (  11  ) .      

  3.2.1.  Transient Bladder 
Hyperactivity During 
Intravesical Instillation

   Materials
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      1.    The animal is placed in a metabolic cage, and its bladder 
 catheter (PE 50) is connected to the three-way stopcock, which 
is in turn connected to a pressure transducer and a syringe with 
room temperature saline as described in the cystometry 
method.  

    2.    With the help of a syringe infusion pump, room temperature 
saline is infused at a rate of 10 mL per hour.  

    3.    It is  fi rst important to obtain a stable and analyzable cystome-
try recording including several micturition cycles  (  3,   4  )  and 
lasting for approximately 20–30 min.  

    4.    The compound should be prepared the same day as the cys-
tometry recording and should be at room temperature.  

    5.    The time of syringe change should be noted on the cystometry 
recording software. The pump is stopped, and the syringe is 
disconnected from the PE tubing.  

    6.    The syringe with the compound is connected to the PE tub-
ing. The syringe is then placed back in the pump, and infusion 
is started again.  

    7.    There will be a certain time lapse between the start of the infu-
sion and the effect of the intravesical compound in the bladder, 
as the remaining saline is being  fl ushed through the PE 
tubing.  

    8.    Instillation of the compound should be continued until a sta-
ble and analyzable cystometry recording is obtained (Note 1).      

      1.    It is recommended to  fl ush the polyethylene tubing after each 
usage with ethanol, and then with saline, because certain com-
pounds can adhere to the tube lining.        

  Another way of provoking cystometric changes is to induce  hyperc-
holesterolemia/hyperlipidemia  in rat  (  27,   28  ) . Sprague–Dawley rats 
fed a high fat/cholesterol diet developed not only erectile dysfunc-
tion, and prostate enlargement, but also bladder hyperactivity  (  27, 
  28  ) . The mechanisms behind these changes are unclear, but may be 
due to both vascular, detrusor, and neurogenic components, similar 
to what has previously been shown in rabbits  (  29,   30  ) . 

 Animal models of atherosclerotic vascular disease have initially 
been developed to study vasculogenic erectile dysfunction. A high 
cholesterol diet would be the most physiological method of induc-
ing vascular disease in rats. However, rats require very prolonged 
period of this special diet before presenting endothelial dysfunc-
tion because they seem to be “resistant” to the effects of choles-
terol. Park et al.  (  31  )  accelerated the process by interrupting the 
nitric oxide synthase pathway early on and demonstrated dimin-
ished erectile function. The same model was then found to decrease 
voiding intervals and bladder capacity on cystometrography  (  28  ) . 

   Methods

   Notes

  3.3.  Hypercholester-
olemia/Hyperlipidemia
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The hyperlipidemia model developed by Rahman et al.  (  27  )  caused 
more bladder overactivity in rats. 

       1.    Male Sprague–Dawley rats (250–300 g)  
    2.    1% Cholesterol diet (CRF-1; Oriental Yeast Co. Ltd, Osaka, 

Japan)  
    3.    NG-nitro- l -arginine methyl ester (L-NAME, 3 mg/ml) 

(Sigma-Aldrich)      

      1.    The animals are fed a daily 1% cholesterol diet for 8 weeks.  
    2.    The animals are also given a daily dose of L-NAME in their 

drinking water early on for 2 weeks.  
    3.    Cystometry is performed as previously described (Note 1).      

      1.    Cystometry should be done at the end of the required time 
frame.       

       1.    Male Sprague–Dawley rats (250–300 g)  
    2.    2% cholesterol and 10% lard (Zeigler Brothers, Gardner, PA, 

USA)      

      1.    The animals are fed a daily 2% cholesterol and 10% lard diet for 
6 months.  

    2.    Cystometry is performed as previously described (Note 1).      

      1.    Cystometry should be done at the end of the required time 
frame.        

  Models of  diabetes  both type 1 and 2 have been successfully estab-
lished in rats and mice  (  32  ) . Destruction of pancreatic  β -cells using 
streptozotocin   , leading to type 1 diabetes is widely used and 
accepted as a valid model for type 1 diabetes complications, includ-
ing diabetic cystopathy. Rat models of type 2 diabetes often have 
comorbidities that can in fl uence urodynamic parameters, e.g., 
nephropathy and obesity  (  33,   34  ) . 

       1.    Streptozocin diluted in 0.1 M citrate buffer solution, pH 4.5 
(Sigma-Aldrich)  

    2.    Alloxan monohydrate diluted in saline (Sigma-Aldrich)      

  The most common models are:

    1.    Nonobese diabetic mouse  
    2.    Akita mouse  
    3.    Diabetes prone BioBreeding rat      

  3.3.1.  Hypercholesterolemia

   Materials

   Methods

   Notes

  3.3.2.  Hyperlipidemia

   Materials

   Methods

   Notes

  3.4.  Diabetes

  3.4.1.  Materials

   Type 1 Diabetes: 
Chemically Induced

   Type 1 Diabetes: Genetic 
Models (Note 1)
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  The most common models are:

    1.     ob/ob  mice  
    2.     db/dB  mice  
    3.    Zucker diabetic fatty (ZDF) rats  
    4.    Spontaneously diabetic Torii (SDT) rats     

 For all models, a blood glucose monitoring system (Roche 
Diagnostics, Indianapolis, IN) is required.   

       1.    Deprive the animals of food for 12–24 h.  
    2.    Inject streptozocin (50–65 mg/kg body weight) intraperitoneally.  
    3.    After 3 days collect blood from the tail vein to estimate the 

blood glucose level and select the diabetic ones (blood glucose 
equal or greater than 200–350 mg/dL) (Note 2).      

      1.    Deprive the animals of food for 12–24 h.  
    2.    Inject alloxan (120–150 mg/kg body weight) intraperitoneally.  
    3.    After 7–14 days collect blood from the tail vein to estimate the 

blood glucose level and select the diabetic ones (blood glucose 
equal or greater than 200–350 mg/dL) (Note 2).       

      1.    Genetic models exhibit the chronological evolution of diabetic 
bladder dysfunction.  

    2.    Changes in bladder function were seen 3 weeks after chemi-
cally inducing diabetes and a shift from compensated to dec-
ompensated bladder function was observed around 9–12 weeks 
after the induction.       

  Men with benign prostatic hyperplasia (BPH) often experience 
symptoms of OAB, and DO is a common cystometric  fi nding in 
these patients  (  35  ) . Bladder outlet obstruction (BOO) has been 
successfully employed in multiple animal species, including rats, 
mice, and guinea pigs  (  36–  38  ) . The obstruction can be acute 
(hours)  (  39  )  or chronic (days to weeks)  (  36  ) . Generally, a metal 
rod with a  fi xed diameter (in rats usually around 1 mm) is applied 
close to the urethra, partially obstructing it. The approach can be 
transabdominal or transperineal (see below;  (  40  ) ). A ligature is 
placed around the urethra and the metal rod, which is then 
removed. Even though BOO is a well-established procedure in 
rodents, the resulting urodynamic changes are not always uniform, 
which may depend on several factors, including the degree and 
time of obstruction. Animals may have an overactive or underac-
tive voiding pattern  (  41,   42  ) . In overactivity, higher residual vol-
ume, threshold and maximum pressures, and the occurrence of 
NVCs are often seen. An underactive pattern may represent the 
development of decompensation. Increased bladder weight is an 

   Type 2 Diabetes and 
Obesity: Genetic Models 
(Note 1)

  3.4.2.  Methods for the 
Chemically Induced 
Type 1 Diabetes

   Streptozocin-Induced 
Diabetes

   Alloxan-Induced Diabetes

  3.4.3.  Notes

  3.5.  Out fl ow 
Obstruction



422 R. Soler et al.

important parameter in this model and represents both muscle 
hypertrophy and hyperplasia. Besides being used to study the 
pathophysiology and therapeutic approaches to out fl ow obstruc-
tion, this model is also used to study bladder hyperactivity, since 
NVCs are typical cystometric  fi ndings. It is important to note 
though that in contrast to what happens in the majority of OAB 
cases, the changes in this model are the result of a speci fi c lesion. It 
should also be noted that BOO in rodents is a dynamic process, 
both morphology and bladder function changing with time of 
obstruction. As a result, urodynamic  fi ndings change at different 
time points after obstruction, and comparisons between different 
studies cannot be made if this is not taken into consideration. 

 Below are described some of the techniques used for rats. This 
protocol can also in principle also be used for rabbits, guinea pigs, 
and mice, but has to be modi fi ed according to the species used and 
the size of the animal 

      1.    Surgical instruments  
    2.    Plastic or metal rod with 1 mm outer diameter (or a 19 gauge 

needle)  
    3.    3-0 polypropylene suture and 4-0 polyglactin suture      

       1.    Anesthetize the animal.  
    2.    The hair on the suprapubic abdominal area is cut short or 

shaved, and povidone/iodine is applied on the surgical  fi eld. 
All surgical procedures are performed in an aseptic fashion.  

    3.    A midline longitudinal incision of approximately 2 cm is done 
on the suprapubic abdominal area. The rectus fascia is opened 
in the midline.  

    4.    Identify the bladder.  
    5.    Reach and expose the bladder neck area. Use cotton swabs to 

blunt separation of the bladder from surrounding connective 
tissue (Note 2).  

    6.    Starting from the dorsal side, place a tie (e.g., 3-0 polypropyl-
ene) around the urethra right below the bladder neck and the 
uretrovesical junction, then move the bladder so that the ante-
rior wall can be seen, and close the tie loosely (Note 3).  

    7.    Place the sterile 1 mm metal bar under the tie on the proximal 
urethral surface, then pull the tie tight. When the suture is 
secured, remove the metal bar, leaving the urethra partially 
obstructed.  

    8.    Close the incision with 4-0 polyglactin suture (Notes 4 and 5).      

      1.    Anesthetize the animal.  
    2.    The hair on the perineal area is cut short or shaved, and povi-

done/iodine is applied on the surgical  fi eld. All surgical proce-
dures are performed in an aseptic fashion.  

  3.5.1.  Materials

  3.5.2.  Methods

   Partial Urethral 
Obstruction: Retropubic 
Approach (Note 1)

   Partial Urethral 
Obstruction: Perineal 
Approach
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    3.    Incise longitudinally the area from the penoscrotal junction to 
the midscrotum.  

    4.    Bluntly dissect the surrounding connective tissue to isolate the 
bulbous penis with a string.  

    5.    Identify the urethra and separate it from the cavernous 
bodies.  

    6.    Place the metal bar on the outer surface of the urethra and 
proceed as described earlier (Notes 4 and 5).       

      1.    The use of an operation microscope is highly recommended 
for the retropubic approach.  

    2.    When dissecting the bladder, it is important to identify the 
ureters. In male rats, carefully dissect the prostatic urethra to 
avoid harming the seminal vesicles and the ureters at the ure-
terovesical junction.  

    3.    In this step, be careful not to include the distal ureters in the 
tie.  

    4.    The expected mortality rate after partial urethral obstruction 
procedures can reach up to 20%.  

    5.    Two weeks after PUO changes in bladder function can be seen 
and the severity of the obstruction usually increases with time.       

  Normal voiding function relies on the integrity of a complex neu-
ronal control system. Important regulatory centers are located in 
the cortex, pons, and spinal cord. Depending on the level of the 
lesion in the CNS speci fi c alterations in the bladder function will 
take place. Several models of CNS injury have been used to study 
the pathophysiology of the neurogenic bladder dysfunction and 
some of them are discussed below. 

  Animal models of spinal cord injury (SCI) have greatly added to 
the understanding of the neuronal spinal control of bladder func-
tion  (  42  ) . After SCI the bladder is initially arre fl exic and the blad-
der has to be emptied manually at least twice a day. When a spinal 
micturition re fl ex pathway emerges, dependent in part on plasticity 
of neuronal connections within the spinal cord, the bladder often 
becomes overactive. Moreover, detrusor-sphincter dyssynergia may 
also occur  (  42  ) . The development of neurogenic bladder dysfunc-
tion following SCI is due in part to changes in C- fi bers afferent 
neurons. Nerve growth factor may play a role in those changes in 
afferent neurons and remodeling of spinal synaptic connections, 
since its level is increased in the spinal cord of SCI rats  (  43  ) . 

 LUT dysfunction in spinal injury caused by cord contusion has 
a time course different from that in spinal cord transection 
 (  44–  46  ) . Since a majority of SCI patients are those with partial 
cord injury, animal models of spinal contusion-caused LUT dys-
function are important. 

  3.5.3.  Notes

  3.6.  Neurological 
Models

  3.6.1.  Spinal Cord 
Transection/Injury
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      1.    Female Sprague–Dawley rats (200–250 g)  
    2.    Povidone/iodine  
    3.    Scalpel and surgical instruments (scissors, needle-holder, 

graspers)  
    4.    Small retractors  
    5.    Cotton swabs and gauze pads  
    6.    4-0 vicryl and 4-0 PDS  
    7.    Gelfoam (Baxter, Deer fi eld, IL, USA)      

      1.    The animal is anesthetized and given proper analgesia.  
    2.    The animals should be kept warm during the procedure with a 

heating pad.  
    3.    The hair on the back is cut short or shaved, and povidone/

iodine is applied on the surgical  fi eld. All surgical procedures 
are performed in an aseptic fashion.  

    4.    A midline sagittal incision of approximately 2 cm is done on 
the spine from the level of the last rib caudally. The incision is 
extended through the spinal processes.  

    5.    The muscle on both sides of the spinous processes from T9 to 
T11 is incised, and the vertebral bodies are exposed with the 
help of small retractors. Bleeding can also be avoided if the 
incision is done as close as possible to the spinous process in 
the tendinous region.  

    6.    A laminectomy is performed at T10 by using a heavy scissors 
on the lateral lamellae of the vertebral body.  

    7.    The spinal cord is exposed. If bleeding persists, pressure can be 
applied with cotton swabs (Note 1).  

    8.    The spinal cord is completely severed under magni fi cation 
(Note 2). A small square of gelfoam (1–2 mm thick) is placed 
at the site of transaction, preventing any spinal cord contact.  

    9.    The paravertebral muscles are approximated using interrupted 
4-0 vicryl sutures.  

    10.    The skin is closed with interrupted 4-0 PDS sutures.  
    11.    A dose of antibiotic is given pre- and postoperatively.  
    12.    Following the procedure, the rats are housed singly in separate 

cages containing wood shaving bedding to prevent the forma-
tion of decubitus ulcers.  

    13.    Upon awakening, the animals will be paraplegic. Their bladders 
should be evacuated 3 times daily using the Crede maneuver. This 
involves holding the animal with both hands and applying pressure 
to the lower abdomen (over the bladder) to empty it. This maneu-
ver is performed until the re fl ex voiding recovers. It will become 
apparent as the volume expelled will become progressively smaller. 
They are subsequently emptied twice daily.      

   Materials

   Methods
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      1.    Exposure and visualization is the most important component 
of this procedure. It allows a clean and straight transection of 
the spinal at the adequate level.  

    2.    The transection can be done with a No 11 Blade or a pair of 
sharp scissors.       

   Lower urinary tract symptoms are frequently reported in PD 
patients, specially increased daytime frequency, nocturia, and 
urgency. Hesitancy and slow stream are also symptoms reported by 
PD patients. The most frequent urodynamic abnormality is detru-
sor overactivity, which may be accompanied by impaired contractil-
ity. Underactivity, acontractility, and detrusor-sphincter dyssynergia 
may also be observed  (  47–  49  ) . The dopaminergic pathway 
in fl uences micturition depending on the type of dopamine recep-
tors that are activated. Activation of D1-like dopamine receptors 
causes inhibition, whereas D2-like receptors are involved in facili-
tation of the micturition re fl ex  (  50,   51  ) . Animal models of PD 
induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
or by injection of 6-hydroxidopamine into the striatum, medial 
forebrain bundle (MFB), or the substantia nigra (SN)  (  51–  53  )  
have been used to study bladder dysfunction. Soler et al.  (  53  )  eval-
uated the development of bladder dysfunction after injection of 
6-OHDA into the MFB. Changes were seen as early as 3 days after 
the injury. A de fi ned pattern of bladder hyperactivity was estab-
lished 14 days postlesion and persisted for 28 days. 

      1.    Female Sprague–Dawley rats (150–250 g)  
    2.    Povidone/iodine  
    3.    Scalpel and surgical instruments (scissors, needle-holder, 

graspers)  
    4.    Cotton swabs and gauze pads  
    5.    5-0 Vicryl suture and 4-0 PDS suture  
    6.    Stereotactic frame (Stoelting, Wood Dale, IL, USA)  
    7.    Small electrical drill (Ram Products Inc, Forth Worth, TX, USA)  
    8.    Hamilton glass syringe (10 or 20  μ L) (Hamilton, Reno, NV, 

USA)  
    9.    26 gauge blunt needle ( fl at end) (Hamilton)  
    10.    Manual injector (Stoelting)  
    11.    Stereotactic syringe minipump (optional) (Stoelting)  
    12.    6-hydroxydopamine (Sigma-Aldrich)      

      1.    The compound 6-hydroxydopamine is supplied by Sigma at a 
concentration of 2.5 mg/mL in 0.1% ascorbic acid. A solution 
of 2 mg/mL is made by diluting the supplied compound with 
saline or Phosphate Buffered Saline (PBS). The volume of this 
solution injected in each animal will be 4  μ L.  

   Notes

  3.6.2.  Suprapontine 
Models

   Parkinson’s Disease

   Materials

   Methods
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    2.    The animal is anesthetized with an intraperitoneal injection 
and given proper analgesia.  

    3.    The hair on the head from behind the ears to above the eyes is 
cut short or shaved, and povidone/iodine is applied on the 
surgical  fi eld. All surgical procedures are performed in an asep-
tic fashion.  

    4.    A midline sagittal incision of approximately 2 cm is done on 
the dorsal surface of the head. The incision is extended through 
the subcutaneous fascia.  

    5.    The cranium is exposed with the help of cotton swabs and 
gauze pads, and the bregma is identi fi ed. The bregma is the 
point of reference used for stereotactic localization.  

    6.    The animal is placed in the stereotactic frame by  fi rst symmetri-
cally pressing the lateral rods to the temporal bone of the ani-
mal’s head. The mouth piece is then gently inserted by opening 
the inferior jaw of the animal.  

    7.    The dorsal surface of the cranium should then be leveled paral-
lel to the horizon using the adjustable mouthpiece height, by 
ensuring that both the bregma and the dorsal sutures are 
located at the same height.  

    8.    The solution of 6-OHDA is aspirated in the Hamilton syringe, 
and all air bubbles are removed (Note 1).  

    9.    The syringe is placed in the injector. The stereotactic frame 
allows the movement of the syringe in three dimensions 
(antero-posteriorly (AP), medio-laterally (ML), and dorso-
ventrally (DV)). The tip of the needle is placed directly in the 
center of the bregma. The corresponding coordinates (AP and 
ML) are noted and are used as references (Notes 2 and 3).  

    10.    The 6-OHDA lesion is performed unilaterally, consistently on 
the same side for all animals. The coordinates to inject in the 
medial forebrain bundle (MFB) of a female Sprague–Dawley 
(150–250 g) are based on The Rat Brain in Stereotaxic 
Coordinates by Paxinos and Watson  (  54  ) , and are: AP: −0.4; 
ML: −1.6 (for the right side); DV: −7 from bregma. Therefore, 
the AP and ML coordinates are added to the reference coordi-
nates measured at the bregma. The syringe is elevated and dis-
placed to the calculated coordinates. The needle is then 
descended to touch the cranium, and the corresponding site is 
marked. The needle and syringe is again elevated.  

    11.    With the help of the drill, a small burr hole (less than 1 mm 
diameter) is done at the marked site. The hole should remain 
within the bony cranium and super fi cial to the dura membrane.  

    12.    The needle and syringe is descended until the tip of the blunt 
needle touches the dura. This corresponds to the appropriate 
DV coordinates of reference (Note 3).  
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    13.    After ensuring that the head of the animal is immobile and 
stable, the needle is descended to the corresponding calculated 
DV coordinate.  

    14.    Injection is performed at a rate of 0.5–1  μ L per minute until a 
total of 8  μ g (4  μ L) is delivered. This can be done manually or 
with the help of a stereotactic syringe minipump (Note 4).  

    15.    The needle is left in place for 5 min after injection, prior to 
slowly retracting it back. If bleeding occurs, slight pressure can 
be applied with a cotton swab until bleeding resolves.  

    16.    The subcutaneous fascia is closed with a 5-0 vicryl suture in a 
running fashion. The skin is closed with interrupted 4-0 PDS 
suture.  

    17.    The operative site is cleaned with saline of any excess blood or 
povidone/iodine.      

      1.    The diluted solution of 6-OHDA should be made fresh on the 
day of the surgery and kept on ice covered from the light.  

    2.    Good exposure and identi fi cation of the bregma is critical to 
the stereotactic injection.  

    3.    The AP and ML coordinates are in reference to the bregma, 
while the DV coordinate is in reference to the dura at the injec-
tion site.  

    4.    A slow and regular injection rate renders a more consistent 
lesion. Keeping the needle in place for 5 min following the 
injection allows the intracerebral pressure to equilibrate.       

  Unilateral occlusion of the medial cerebral artery (MCA) is used to 
create an animal model of stroke. Cystometry in these animals 
mainly reveals low bladder capacity. This model of bladder hyper-
activity has been utilized to study pathophysiology and therapeutic 
approaches. When dizocilpine or MK-801, NMDA glutamate 
receptor antagonists, was given to rats at the time of the MCA 
occlusion, bladder hyperactivity was prevented, suggesting a role 
for glutamatergic stimulation in the initial stage of the develop-
ment of bladder dysfunction  (  52,   55  ) . There is evidence of involve-
ment of COX-2 and nitric oxide in bladder hyperactivity following 
MCA occlusion  (  55,   56  ) . 

      1.    Microsurgical instruments  
    2.    Microsurgery microscope  
    3.    4-0 nylon suture (for rats)  
    4.    6-0 silk suture  
    5.    7-0 nylon suture  
    6.    4-0 polyglactin suture      

   Notes

   Medial Cerebral Artery 
Occlusion

   Materials
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      1.    Anesthetize the animal.  
    2.    The hair on the anterior neck area is cut short or shaved, and 

povidone/iodine is applied on the surgical  fi eld. All surgical 
procedures are performed in an aseptic fashion. Place the ani-
mal under the microsurgery microscope.  

    3.    Make a midline incision in the anterior neck.  
    4.    Expose the common carotid artery.  
    5.    Position a retractor between the digastrics and sternomastoid 

muscles and divide the omohyoid muscle.  
    6.    Identify and coagulate the branches of the external carotid 

artery: the occipital, the superior thyroid, and the ascending 
pharyngeal arteries.  

    7.    Dissect the external carotid artery further distally and coagu-
late it along with the terminal lingual and maxillary artery 
branches.  

    8.    Isolate and carefully separate the internal carotid artery from 
the adjacent vagus nerve.  

    9.    Ligate the pterygopalatine artery (a branch of the internal 
carotid artery) close to its origin with 7-0 nylon suture.  

    10.    At this point, the internal carotid artery is the only remaining 
branch of the common carotid artery.  

    11.    Place a loose 6-0 silk suture around the external carotid artery 
stump.  

    12.    Place a curved microvascular clip across both the common 
carotid artery and the internal carotid artery adjacent to the 
external carotid artery origin.  

    13.    Heat the tip of a 5-cm length 4-0 mono fi lament nylon suture 
(suitable for rats) to round it.  

    14.    Puncture the external carotid artery and introduce the rounded 
tip nylon suture through it.  

    15.    Tie the silk suture around the external carotid stump around 
the intraluminal nylon suture to prevent bleeding.  

    16.    Remove the microvascular clip.  
    17.    Gently advance the nylon suture from the external carotid 

artery to the internal carotid artery lumen.  
    18.    After the suture passes the base of the skull and it is no longer 

visible, continue inserting it until a resistance is felt and a slight 
curving of the suture or stretching of the internal carotid artery 
is observed (Note 1).  

    19.    The origin of the middle cerebral artery is then blocked and all 
sources of blood  fl ow from the internal carotid, anterior cere-
bral, and posterior cerebral arteries are occluded.  

   Methods
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      Concluding Remarks

   As highlighted in the introduction to this book, much remains to be discovered about the 
Transient Receptor Potential (TRP) superfamily of ion channels. Even the most thoroughly 
characterized member of the family continues to provide controversy and surprises. Our 
goal is to summarize the current state of the art in regard to the literature as well as meth-
ods. This comprehensive collection provides up-to-date information on targets that are 
being pursued in human clinical trials (TRPV1 and TRPA1) as well as less-explored family 
members that may serve as the next generation of “hot” drug targets. Of particular interests 
are the TRP channels that human genetic data implicate in disease. These include TRPML1 
(mucolipidosis type IV), TRPC6 (Focal Segmental Glomerular Sclerosis), TRPP2 (Polycystic 
kidney disease), TRPV4 (varied peripheral neuropathies and spinal dysplasias), and TRPM4 
(progressive familial heart block type 1). We expect the material presented here will help 
investigators as they think about targeting TRP channels to improve human health and will 
promote discussion of this exciting and diverse family of proteins.  

Cambridge, MA, USA Magdalene M. Moran      
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