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1. ABSTRACT

The capsaicin receptor (TRPVI1) is a non-
selective cation channel predominantly expressed in
specialized sensory neurons that detect painful stimuli.
Although its many functional roles continue to be revealed,
it has been confirmed to play a critical role in the
perception of peripheral inflammatory hyperalgesia and
pain. TRPV1 not only is sensitized and/or activated under a
wide range of conditions including inflammation and nerve
injury but also undergoes changes in expressed levels in
response to these same pathologic conditions. Just as our
understanding of the structural requirements of TRPV1
activation has grown, there is evidence that TRPV1 forms
heteromeric channel complexes. This review is focused on
the structural and functional consequence of TRPV1 splice
variants: VR.5’sv, TRPV1b/beta and TRPV1var. Through
their co-expression and formation of heteromeric
complexes with TRPV1, they have been shown to modulate
TRPV1 activation. Moreover, TRPV1 splice variant
subunits may also contribute unique properties of activation
such as the detection of hypertonic conditions.
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2. INTRODUCTION

With the isolation of the capsaicin receptor, now
known as TRPV1 (transient receptor potential vanilloid
subtype -1 channel), our understanding of peripheral
sensory transduction has undergone a revolution (1-2).
However, despite the realization that TRPV1 plays a
central role in nociceptive processing, our understanding
of the impact of variations in TRPV1 channel structure
and subunit assembly on physiology remains very
limited. As detailed below, comparison of the structural
and functional attributes of the TRPV1 splice variants
individually and when co-expressed with the full length
TRPV1, should provide a new perspective in which to
navigate future investigations. Moreover, TRPVI
participates in a diverse array of signaling processes
including central temperature regulation, insulin release,
lipid metabolism and bladder function. Therefore, a
greater understanding of TRPV1 subunit diversity is
expected to impact not only our understanding of
nociception but other integrated physiologic systems as
well
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Figure 1. Predicted topology of a TRPV1 protein subunit
spanning the plasma membrane. The N - terminal
intracellular region is distinguished by three ankyrin repeat
domains that participate in channel stability, activation and
modulation. The C-terminal intracellular region also plays a
critical role in channel activation — especially through
interaction with second messenger pathways such as PKC.
Six transmembrane spanning domains establish the channel
structure with a pore — loop region interdicted between
transmembrane domains five and six. The simplest model
proposes that four of these subunits assemble to form a
channel complex that is activated by the binding of
capsaicin to the complex of intracellular domains.

3. TRPV1: STRUCTURE AND FUNCTION

3.1. TRPV1 Structure

Following the initial isolation of a cDNA
encoding a functional capsaicin receptor (TRPV1) isolated
from rat dorsal root ganglia (DRG) (1), sequence analysis
predicted an ion channel subunit containing an N-terminal
intracellular domain notable for three ankyrin repeats, six
transmembrane (TM) spanning regions interdicted with a
pore loop domain (between TM 5 & 6) and a large C-
terminal intracellular domain (Figure 1) (1). Furthermore,
TRPV1 was found to share sequence identity with the
transient receptor potential superfamily of ion channel
subunits  initially  described in the Drosophila
phototransduction system. This linked, for the first time,
the capsaicin receptor (TRPV1) to a superfamily of TRP
channels involved in sensory and cellular signal
transduction (3).

Although the precise macro-molecular structure
of the endogenous TRPV1 ion channel complex is
unknown, important details have emerged following the
study of TRPVI1 subunit expression and comparative
sequence analysis (4). From earlier work, the simplest
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model arising from non—denaturing protein gel analysis
predicted a homo-tetrameric complex (5). Structurally,
TRPV1 is homologous to members of the super-family of
voltage-gated potassium channels providing useful data for
structure function analysis (6). In fact, a tetrameric model
has been supported through the analysis of cloned TRPV1
expressed on the cell surface using high-resolution electron
microscopy and modeling data from the voltage gated
potassium channel K,1.2. In addition, there has been recent
progress in structural analysis through the combination of
various techniques including electron cryomicroscopy (7),
although the full-length crystal structure of TRPV1 remains
unknown. What has emerged thus far is an ion channel with
a ‘basket’ like” structure formed from each of four subunits
contributing both an N-, and C-terminal intracellular
domain (8). Importantly, the N-terminal intracellular
domain appears to make a significant contribution to the
intracellular activation of TRPV1. For example, activation
of TRPV1 by pungent compounds ranging from onions to
garlic can be profoundly altered by modification of a single
N-terminal cysteine (9). The N-terminal intracellular
domain also interacts with adjacent modulatory proteins
and possibly the C-terminal intracellular domain. In the
closed state of the channel, the N-terminal domain is likely
exposed to the binding of ATP and the C-terminal to
phosphoinositides that have been shown to facilitate
channel activation. In contrast, a desensitized state may be
promoted through the interaction of the N- and C-terminal
domains which are brought closer together through a
modulatory action involving calcium — calmodulin (10-11).

Another signature of TRPV channels is the
identification of ankyrin repeat domains residing within the
encoded N-terminal intracellular domain forming a region
of three repeats spanning amino acids 101-364 in TRPV1
(1). These short 33 amino acid repeat units have previously
been considered to participate in protein—protein (subunit)
interactions (12). In addition to their importance for subunit
interactions, recent data demonstrate the presence of
concave binding surfaces for ATP within the ankyrin
repeats of the N-terminal intracellular domain of TRPV1,
modulating channel activation and function and preventing
tachyphylaxis to various vanilloid agonists such as
capsaicin (13). As we will discuss later, a functional
consequence of splice-variants lacking one or more of their
N-terminal ankyrin repeat domains is the loss of activation
by capsaicin or other vanilloid-like agonists.

3.2. TRPV1 Function

TRPV1 expressed in peripheral sensory neurons
functions to integrate a wide range of noxious stimuli into
an inward current response resulting in depolarization of
specialized small-diameter primary afferent nociceptive
neurons - nociceptors. Following peripheral detection of a
noxious stimulus, central afferent processes, entering at the
superficial portion of the dorsal horn of the spinal cord,
synapse with second order neurons to initiate signaling to
the CNS. Subsequently, ascending tracks serve to transmit
the nociceptive signals to higher centers where they are
perceived as painful.

Agents capable of activating TRPV1 range from
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extracellular stimuli including plant derivatives (capsaicin)
and other environmental irritants as well as by noxious heat
(> 43-45 °C). Under certain conditions, thermal energy
(physiologic temperatures of 34-37 °C) facilitates TRPV1
activation. This is probably best illustrated by proton-
mediated reduction in the heat activation threshold of
TRPV1 by binding to an extracellular domain (14-15).
Other extracellular events such as inflammation may in turn
trigger intracellular signaling leading to the activation or
sensitization of TRPV1. Inflammatory compounds such as
bradykinin can activate TRPV1 through distinct but
associated receptor systems. Products of the lipoxygenases
have also been implicated in mediating pain due to their
increased production during inflammation and their ability
to direct hyperalgesia when injected under the skin (16). In
fact, bradykinin, a product of inflammation, results in the
synthesis of membrane associated lipoxygenase products
such as 12-HPETE and leukotriene B4 with concomitant
activation of TRPV1 (17). Moreover, any process that leads
to the intracellular synthesis of 12(S), 15(S)-HPETE
(hydroperoxyeicosatetranoic acid) and/or leukotriene B4 in
nociceptors could result in direct activation of TRPV1 (18).
PKC-mediated sensitization can also reduce the thermal
activation threshold into the physiologic temperature range
(34-37 °C) (17, 19-20). In addition, phosphatidylinositol-
4,5-bisphosphate (PIP2) binding to Pirt, a PIP2 regulatory
subunit of TRPV1 has been proposed to mediate
inflammatory pain (21).

Chief among the multiple inflammatory
mediators is Nerve Growth Factor — NGF, a growth factor
synthesized in abundance by target tissues (fibroblasts,
peripheral blood mononuclear cells) and known to activate
/ sensitize TRPV1 through the TrkA receptor (22-24).
Importantly, NGF mediated acute pain and thermal
hyperalgesia act primarily through phosphoinositide-3-
kinase (PI3K) and mitogen activated protein kinase
signaling pathways (25-27). In addition to chemical and
thermal stimuli, changes in physical properties such as
osmolality / cell shape, have been shown to activate
nociceptors and sensitize the response to capsaicin and
other noxious stimuli. Notably, TRPV1 -/- mice have
defects in systemic osmoregulation (28). In these studies,
magnocellular neurons in the hypothalamus respond to
application of hypertonic conditions in wild type mice but
not in TRPV1 -/- mice. Interestingly, hypertonic responsive
magnocellular cells do not express the full-length TRPV1
but rather a TRPV1 variant that contains a truncated N-
terminal intracellular domain (28). Moreover, TRPV1-
mediated diuresis and natriuresis by hypertonic saline in the
kidney can be blocked by the TRPV1 antagonist,
capsazepine (29). This suggests that hypertonic induced
changes in cellular volume may trigger cellular responses
through an expressed TRPV1 receptor splice variant.

Taken together, TRPV1 functions as an integrator
for a variety of sensory inputs. Its activation requires
thermal energy and the thermal activation threshold is
modulated by a wide range of mechanisms. Our knowledge
of the diverse structural and functional features of TRPV1
suggests that a modification of either the N-terminal and/or
C-terminal intracellular domain will result in important
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changes in both intracellular and extracellular activation of
TRPVI1. Although most studies based on the functional
expression of the cloned TRPV1 ¢cDNA in mammalian cell
lines support a homo-tetrameric structure (5, 30) the
isolation of at least three divergent TRPV1 splice variant
cDNAs suggests that a heteromeric TRPV1 receptor
complex is plausible and is expressed in vivo. As described
below, we will focus on the functional consequences of
TRPV1 in combination with TRPV1 splice variants
containing modifications of N-terminal intracellular
domains — a common feature of three of the TRPV1 splice
variants reported thus far.

4. TRPV1 SPLICE VARIANTS

4.1. VR.5’sv

An important mechanism capable of regulating
the activity of ion channels is a change in heteromeric
subunit composition (31-32). In an effort to explain the
divergent pharmacology, previously observed in early
capsaicin receptor binding and electrophysiologic studies,
the isolation of potential TRPV1 splice variants was
undertaken. The first published TRPV1 splice variant
c¢DNA was identified with the cloning and characterization
of the rat vanilloid receptor 5’ splice variant (VR.5’sv)
(33). VR.5’sv represents a combination of two variations
when compared with the sequence of full length TRPV1.
First: A TRPV1-like gene product that originates from an
alternative initiation of translation resulting in expression
of only a small portion of the predicted N-terminal
intracellular domain (Figures 2 & 3) and Second: the
skipping of an exon resulting in a loss of 60 amino acids
encoding a portion of the N-terminal intracellular region
including a portion of the third ankyrin repeat domain
(Figure 2) (33). VR.5’sv is expressed in DRG at a ratio of
1:20 (TRPV1:VR.5’sv) but in brain, kidney and peripheral
blood mononuclear cells at ratios are closer to 1:1 (33).
VR.5’sv functions as a dominant negative subunit when co-
expressed with TRPV1 in Xenopus oocytes. It is proposed
that this results from the co-assembly of VR.5’sv as part of
a heteromeric channel complex (34). This hypothesis is
supported by evidence of overlapping TRPV1 and VR.5’sv
protein expression in the plasma membrane of
microinjected Xenopus oocytes. Other investigators using
engineered constructs, have suggested that truncation of the
TRPV1 N-terminus may result in a lack of transport to the
cell membrane (35). However, in an oocyte expression
model, TRPV1 protein expression appears unchanged at the
plasma membrane surface with concomitant expression of
VR.5’sv directing the dominant negative phenotype (34).
The biologic relevance of VR.5’sv has also been advanced
with the confirmation of a VR.5’sv — like protein expressed
in rat DRG based on Western blot analysis (34).

To further test the hypothesis of a dominant-
negative effect of VR.5’sv, we have examined its expressed
function in a mammalian expression system. HEK293 cells
were transiently transfected with cDNAs encoding TRPV1
or VR.5’sv or both in equivalent amounts. To allow for
tracking of cells successfully expressing the desired
messages, we performed co-transfection in the presence of
a cDNA expressing green fluorescent protein (GFP). GFP
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Figure 2. Comparison of predicted subunit topologies of TRPV1 (A) with TRPV1 splice variants (B-D). Splice variant VR.5’sv
(B) is identical to TRPV1 except for a dramatically modified N-terminal intracellular region that retains only a small portion of
the third ankyrin repeat domain. TRPV1b (C) is identical to TRPV1 except for the partial deletion of the third ankyrin repeat
domain and adjoining polypeptide sequence. TRPV 1var (D) is unlike TRPV1 or the TRPV1 splice variants as it completely lacks
both transmembrane spanning and C-terminal intracellular regions. TRPV1var encodes a truncated N-terminal intracellular
region retaining the first ankyrin repeat domain. Despite differences in their predicted N-terminal intracellular regions, there is
evidence to support the formation of heteromeric complexes between TRPV1 and the TRPV1-splice variants

TRPV1 TRPV1 + VR.5'sv (1:1) VR.5'sv
cap cap oap
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Figure 3. Whole cell inward current responses induced by capsaicin in HEK293 cells transfected with TRPV1 and VR.5’sv
cDNAs or a combination of both cDNAs in equal amounts (0.8ug/coverslip/construct). From left to right the three traces are
representative for recordings from cells expressing TRPV1 alone, TRPV1 and VR.5’sv (ratio 1:1), and VR.5’sv alone,
respectively. Cells co-expressing TRPV1 and VR.5’sv show a greater than 70 % reduction in current response (1pmol/l capsaicin
for 15 s). The application of capsaicin is indicated by bars above the traces (cap). The inset shows a microscopic image of a
transfected cell during patch-clamp recording. The fluorescent signal from GFP expression can be appreciated in the cell
indicating successful expression. The arrow points to the recording pipette on the cell. The recordings were obtained in voltage
clamp mode in a whole cell patch clamp preparation. Solutions (in mmol/l: internal - KC1 140, MgCl, 1, EGTA 5, HEPES 5, and
ATPNa, 5; external - NaCl 140, CaCl, 2, KCI 4, MgCl,, glucose 11, HEPES 5 and CsCl 3. The recording chamber was at room
temperature (20-23°C) and continuously perfused with external solution (2 ml/min). Capsaicin was applied through a capillary,
positioned 150 pm from cell. The holding potential was -60 mV.
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positive cells were examined for their inward current
response to noxious stimuli known to activate TRPV1 ion
channels using a whole-cell patch clamp electrophysiology
approach. As expected, cells expressing only VR.5’sv do
not show any response to capsaicin exposure (Figure 3). In
addition, HEK293 cells co-transfected with TRPV1 and
VR.5’sv (in equal amounts) showed a greater than 70%
reduction of the expected inward current response to
capsaicin (1 pmol/l for 15 s) when compared to HEK293
cells expressing TRPV1 alone (Fig. 3). Interestingly, the
magnitude of this effect also matches our previous findings
in oocytes (34).

The genomic structure of the rat, mouse and
human TRPV1 gene was also investigated to better
understand the origins of VR.5’sv and determine if
additional splice variants could be predicted. VR.5’sv is
notable for its genomic origins that diverge from TRPV1
through the use of an additional transcriptional start site.
The transcript that uses this site begins within intron IV,
includes exon — intron 5 and has an alternative translation
start site (Met 308 of TRPV1) within exon 6 that will
encode a TRPV1-like channel subunit with a truncated N-
terminal intracellular domain. VR.5’sv lacks exon 7
completely, resulting in an additional modification of the
predicted third ankyrin repeat domain (36). This appears to
be result of the use of a non-typical splice site between
exon — intron 7 (Tgt rather than the more commonly found
Ggt). Moreover, the 3’ splice site was agA rather than agG
(36). We also proposed the existence of an additional
TRPV1 splice—variant that was identical to TRPV1 except
for the solitary loss of polypeptide sequence encoded by
exon 7. This was initially identified as VRILI in reference
to the Genbank No. AB041029. As discussed below, the
independent isolation of such a splice variant was
subsequently demonstrated with the isolation of a mouse
TRPVlbeta (37) and human splice variant TRPV1b (38).
An additional TRPV1 variant was also reported and, at the
time, termed SIC (39). However, following additional
investigation, its genomic origin could not be confirmed
and appears to be the result of an aberrant cDNA
construction rather than representing an authentic mRNA
cellular transcript (36).

Given that VR.5’sv encodes a variant of TRPV1
that is truncated at the N-terminus similar to that predicted
by the RT-PCR results of the Bourque laboratory (28), we
have become interested in determining if VR.5’sv or other
TRPV1 splice variants participate in hypertonic-induced
channel activation. Although VR.5’sv did not direct
hypertonic induced current responses when expressed in
oocytes (34), its response to osmotic stimuli in mammalian
cells, either alone or when co-expressed with other variants
(TRPVlvar, TRPV1b, or TRPV4) has not been
investigated nor has the relationship between hypertonic
activated currents in DRG neurons and the presence of
TRPV1 splice variant transcripts.

4.2. TRPV1b / TRPVl1beta

Building on the isolation of VR.5’sv and the
proposal that additional TRPVI1 splice variants are
expressed in DRG (33, 36), two TRPV1 splice variants
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were subsequently identified in mouse and human that
contained a modification of the N-terminal intracellular
domain encoded by exon 7. TRPV1beta was cloned from
C57BL/6 mice and was found to be derived from an
alternative intron signal within exon 7 resulting in a 30
nucleotide loss (10 amino acid loss) in the N-terminal
intracellular domain disrupting the third ankyrin repeat
domain (37). Expression of TRPV1beta was found to be
abundant in DRG, skin stomach and tongue. However,
TRPV1 beta expression in Xenopus oocyte and HEK293
cells did not direct functional channel activity and when co-
expressed with the full length mouse TRPV1, directed a
dominant — negative effect in response to noxious stimuli
(37). Although it appeared that the TRPVl1beta variant
mRNA could be synthesized at a similar rate as that of the
parent TRPV1, much lower amounts of the encoded protein
were found in cells suggesting that the TRPV1beta mRNA
and/or protein was unstable (37) and required an excess in
TRPV1 beta subunit mRNA for adequate inhibition of
TRPVI1. Although evidence that a human variant existed
was first presented based on RNAse protection experiments
(40), a human cDNA with similar structural characteristics
to TRPV1 beta was isolated and characterized (38).
TRPV1b described a human clone that lacked exon 7,
encoding a portion of the third ankyrin repeat domain.
TRPV1b was resistant to capsaicin and protons but
surprisingly could be activated by thermal stimuli at > 47°C
(rather that ~ 43 - 45 °C as previously reported for TRPV1
(1, 14).

An investigation of the human TRPV1b variant
was subsequently undertaken with a detailed study of its
co-expression with TRPV1 in HEK293 cells (41). In these
studies, the resistance of TRPV1b to thermal stimuli (up to
50 °C) was convincingly demonstrated. When hTRPV1b
was co-expressed with TRPV1 in HEK293 cells, it
functioned as a dominant — negative subunit blocking
activation of TRPV1 exposed to capsaicin, heat and low pH
(41). Whereas previous reports found TRPVI1b in rat
trigeminal ganglion, it now was identified in DRG (41). In
fact, when a panel of human RNAs was examined, DRG,
fetal brain, and cerebellum contained the highest copy
number of human TRPV1b mRNA. In comparison, TRPV1
was expressed at approximately 20 fold higher levels in
these tissues. How does the loss of the third ankyrin repeat
domain disrupt the functional integrity of TRPV1?
Although in a related TRP channel, TRPV6, the third
ankyrin repeat domain was required for the formation of
channel complexes (42), this is not the case for
homotetrameric complexes of TRPVI1b or heteromeric
complexes in combination with TRPV1 (41). Nevertheless,
TRPV1b was still more difficult to express in HEK293
cells than TRPV1 and partially reduced the expression of
TRPV1 when co-expressed. Therefore, loss of the third
ankyrin domain in TRPV1 appears to decrease the stability
of the channel subunit. In addition, TRPV1b may prefer to
form homotetramers over heteromultimers with TRPVI1 -
possibly reducing the frequency of heteromeric channel
formation (41). Nevertheless, the dominant — negative
effects directed by TRPVI1b are consistent with other
studies that have examined sequential deletion of the N-
terminal intracellular region of TRPV1 (43) as well as with
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our initial observations with VR.5’sv (33). Keratinocytes, a
cell type known to express TRPV1 are surprisingly
resistant to the cytotoxic effects of capsaicin. Interestingly,
it has been observed that the splice variant TRPV1b is also
expressed in keratinocytes, possibly explaining the relative
resistance of these cells to capsaicin, especially if TRPV1b
is indeed functioning as a dominant-negative subunit (44).
An alternative explanation, is that expressed levels of
TRPV1 are inadequate in keratinocytes to direct a classical
response to capsaicin (44). Taken together, these findings
may also explain the observation that certain tissues have
TRPV1-like immunoreactivity but lack a robust response to
capsaicin or other vanilloid compounds.

4.3. TRPV1var

Finally, a cDNA encoding TRPVlvar was
isolated from rat kidney papilla, a portion of the kidney that
experiences high osmotic conditions secondary to sodium
chloride and urea. Its genomic divergence from TRPV1
results from the failure to splice out intron 5 (36) and
therefore retains an additional 101 bp of intron sequence.
The resultant mRNA is slightly larger that the original
TRPV1 mRNA but encodes a dramatically truncated N-
terminal intracellular region (Figure 2). Therefore,
TRPVlvar encodes a portion of the N-terminal intracellular
region that includes only the first ankyrin repeat domain,
but is completely lacking in transmembrane spanning
domains or a C-terminal intracellular region (45). This is
the result of a translational read through into the retained
intron 5 until an in-frame stop codon is reached. Although
TRPV1 var was originally isolated in kidney, an mRNA
based RT-PCR product was also reported in the original
report (45). Our laboratory has identified both mRNA and a
TRPVl1var-like protein in rat DRG (unpublished
observations). This suggests that TRPVlvar, if co-
expressed with TRPV1 could potentially regulate responses
mediated by TRPV1 in nociceptors. In support of this
hypothesis, we also have evidence (in collaboration with
Dr. D. Cohen - Oregon Health & Science University) of
TRPVlvar directing a dominant-negative effect when co-
expressed with TRPV in Xenopus oocytes (unpublished
observations).

Beyond the commonly reported function of ion
channel splice variants directing inhibitory (dominant-
negative) action, TRPVIvar may direct unique properties
among the TRPV1 splice variants. For example, TRPV1var
was reported to direct augmentation of TRPV1 activation in
response to resiniferatoxin (RTX) in HEK293 cells but
inhibition in COS cells (45). TRPVlvar may also
participate in mechanoreceptor function in specialized
tissues such as the kidney or in the sensory terminal
innervating structures specialized to detect changes in
membrane stress or osmotic change (46).

5. TRPV1, TRPC AND TRPM SPLICE VARIANTS:
COMMON THEMES

TRPC channels are the mammalian homologues
of TRP channels (trpl-7) initially identified in the
drosophila photo-transduction pathway (3). In general,
TRPC channels function in capacitative calcium entry
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under conditions of intracellular calcium store depletion
resulting in prolonged influx of extracellular calcium (47).
They can be activated by g-protein coupled receptors such
as carbachol-induced activation of muscarinic receptors. In
other cases, TRPC channels are coupled to IP3 receptor
activation and/or diacylglycerol (DAG) (48). As compared
with  TRPV1, TRPC channels contain shortened N-
terminal and C- terminal intracellular domains but retain
the N-terminal ankyrin repeat domains observed in TRPV
channels. Given their general role in the regulation of
intracellular calcium, it has also been proposed that TRPC
channels (TRPC 3 & 4) participate in the cellular response
to oxidative stress that can lead to cellular injury. Although
individual subfamily members (TRPC2) participate in
specialized roles such as sex discrimination (49), TRPC
members also form macromolecular complexes and in so
doing will direct additional channel functions. For example,
TRPC channels 1/4/5 and TRPC 3/6/7 preferentially form
channel complexes and the TRPC 1/3 complex was shown
to suppress carbachol — induced calcium entry (50).

Given the multiplicity of TRPC channel subunits
(1-7) and their propensity to form heteromeric ion channel
complexes, it may not be surprising that a number of TRPC
splice variants have been identified. Importantly, the
majority of the TRPC -variants diverge at their N-terminal
intracellular domains — a phenomenon previously described
for TRPV1 splice variants: VR5’sv, TRPV1b, and
TRPVlvar. Moreover, the co-expression of a TRPC
channel member with a particular splice variant invariable
leads to a blockade / inhibition of channel activation, as has
been reported when TRPV1 splice variants are co-
expressed with TRPVI1. TRPC2 splice variants with
progressively shorter N-terminal domains have been
described that retain their six transmembrane spanning
regions (51). However, the N-terminal splice variant of
TRPC2 (smTRPC2) encodes a truncated N-terminal
intracellular domain that lacks all 6 transmembrane
spanning domains yet combines with the full length TRPC2
in the plasma membrane to block epo-induced calcium
entry in primary erythroid cells (51). Therefore, the
structure of smTRPC2 is nearly identical to that found for
the TRPV1 splice variant TRPV 1var (45). (Fig. 2) and both
may function as dominant- negative subunits. Additional
N-terminally modified splice variants of TRPC have been
reported (47, 52) and include a TRPC-4 splice variant
capable of binding the IP3 receptor, (53) and TRP7 splice
variants 1 / 2 that demonstrate differential expression in
smooth muscle cells (54). Beyond TRPC, other examples
of TRP - related splice variants have been reported
particularly amongst members of the TRPM channel
family.

TRPMI1 is expressed in melanocytes and its level
of expression has been correlated with the aggressiveness
of melanoma whereas other members participate in cellular
proliferation (55). Functionally, the C-terminal portion of
TRPMI1 directs a wide range of functions in response to
oxidative stress and cellular binding of TNF alpha.
Curiously, TRPM2-delta N, includes a deletion of aa 538-
557 (a small exon), resulting in an inactive channel as well
as one that blocks wild type TRPM2 activation in a
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Figure 4. (A) Map illustrating the differences in organization of TRPV1 (center, darker color), TRPV1b and VR.5’sv (bottom),
and TRPV1var (top) messages. TRPV1b skips exon 7 but is otherwise identical to TRPV1 whereas TRPV 1var retains intron 5, as
depicted above (exons 4-7 are indicated by boxes and numbers 4-7). VR.5’sv is missing the majority of the N-terminal
intracellular region in addition to the polypeptide sequence associated with deletion of exon 7, also present in TRPV1b. It
becomes clear that the four resulting PCR products (green shading) differ in size (length of product listed on right side). The three
gel images (B-D) represent findings from single cell RT-PCR experiments and illustrate the presence of the different variants
alone or in combination in different cells. The location of the primer pairs used to differentiate between the variants is indicated
by the vertical green bars. (B) Three bands of the appropriate sizes were detected in the RT-PCR reaction from a single cell (left
two lanes: TRPV1 primer pair, right lanes: GAPDH). (C) Another cell was negative for full length TRPV1 (right two lanes) but
was positive for VR.5’sv (left lane, green arrow). The middle lanes show the GAPDH PCR product. (D) Single cell RT-PCR
from this cell using the same primers as in (B) resulted in only one band, likely to be full length TRPV1 (white arrow). Double
lanes represent different dilutions of product from first round PCR (left: 1:1000; right: 1:10,000) when added as template for
second round PCR.

dominant-negative manner (56). Such a deletion is 6. TRPV1 SPLICE VARIANTS: SENSORY
reminiscent of that found with TRPVIb and VR.5’sv NEURONAL EXPRESSION

(Figure 2). Other TRPM splice variants have been

described without similarity to VR.5’sv, TRPVI1b or We (34, 36), and others (37-38, 45) have shown
TRPV1var. Notably, TRPM4 b, results from the skipping that TRPV1 splice variants are present in DRG. Is the
of a portion of exon 2 forming a channel subunit that is not functional consequence of TRPV1 splice variant expression
active through the loss of integrity of its second in sensory neurons limited to blockade or reduction of
transmembrane spanning domain (57) and TRPM-2 — S TRPV1 activation? In addition to blockade of TRPV1
(short) containing a deletion of the entire C-terminal activation, TRPV1 splice variants may combine
intracellular region (including 4 of the 6 transmembrane independently to direct physiologic functions that are not
domains) (58). The result of co-expression of TRPM2 with traditionally described for the parent TRPV 1. Alternatively,
TRPM-2 — S is suppression of cell death induced by are TRPV1 splice variants capable of independent function
oxidative stress mediated by the wild type version of by association with other subunits of the TRPV sub family?
TRPM2. Expression of such a dominant —negative subunit Preliminary investigations in our laboratory now show that
should provide an advantage under cellular stress — injury individual rat dorsal root ganglion neurons in culture
and promote survival (59). One might speculate whether contain a diverse pattern of full length versus splice variant
selective expression of dominant-negative TRPV1 splice TRPV1 mRNA expression. As shown in (Figure 4), using
variants under conditions of inflammation / injury may play single cell RT-PCR techniques, a single sensory neuron
a similar protective role. was observed to express three isoforms of the nociceptive
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channel receptor: TRPV1, TRPVIb and TRPVlvar.
Whereas, another sensory neuron, expressed only VR.5’sv
and yet in others, predominantly the full length TRPV1 was
observed. In addition, Western blots from rat DRG protein
probed with an antibody directed at the N-terminal of
TRPV1 have revealed lower molecular weight bands in the
size range as would be expected for TRPV1var. Although
evidence for the presence of VR.5’sv, TRPV1b and
TRPV1var mRNA and protein have been reported, data
supporting a functional role regulating TRPV1
responsiveness in native tissues is only now emerging. An
alternate hypothesis is that TRPV1 splice variants form
receptor / channel complexes amongst themselves and/or
with other TRP family members and direct a unique
function such as depolarizing sensory terminals in response
to hypertonic stimuli.

7. PERSPECTIVE: TRPV1 SPLICE
INFLAMMATORY PAIN TO DIABETES

VARIANTS-

NGF applied to cultured DRG neurons or derived
from increased production following tissue injury has been
found to be a critical signal in increasing TRPV1 mRNA,
protein and associated pain / hyperalgesia (60-62). In
addition, increased NGF in tissue or in cultured DRG
neurons has been shown to be a critical signal in increasing
TRPV1 mRNA and protein (63-66). However, our
understanding is now that there are at least three splice
variants that potentially can be changed by the action of
NGF. Moreover, TRPV1 may combine with these splice
variant subunits, such as the VR.5’sv, TRPV1b, (36, 38,
41) or TRPVlvar (45). This suggests a role for NGF in
regulating the differential expression of TRPV1 versus
TRPV1 variants and thereby the nociceptor phenotype /
sensitivity. However, it remains to be shown what functional
role these splice variants play in the modulation of TRPV1
activation in nociceptors under normal or inflammatory
conditions. Interestingly, experimental (cyclophosphamide)
cystitis is associated with TRPV1 b down regulation in DRG,
and may representing an example where TRPV1 expression
remains constant, while a variant splice variant subunit is
altered (67).

Beyond the peripheral nervous system, TRPV1 has
been localized in selective sub-regions of the brain such as the
hippocampus (68), in peripheral blood mononuclear and
dentate cells of the immune system (33, 69), cervical cancer
cells (70), prostate cancer cells, normal prostate tissue (71),
and insulin-secreting pancreatic islet beta cells (72). Our
collaborative efforts have included helping to identify novel
TRPV1 expression in skin keratinocytes and other
subcutaneous structures of normal and pathologic skin (73).
Moreover, recent developments have identified TRPV1 in
such diverse physiologic processes as control of hair shaft
elongation (74) and bladder (75-76) and gastrointestinal
function (77-78). Perhaps even more intriguing is the link of
TRPV1 to diabetes (79). Therefore, fundamental regulatory
mechanisms controlling TRPV1 expression in nociceptors,
may also apply to other systems or tissues under normal and
pathophysiologic conditions. As the role of TRPV1 splice
variants emerge, their particular pedigree in regulating these
diverse physiologic functions will be revealed.
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