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ABSTRACT

TRP genes encode a diverse family of ion channels
which have been implicated in many sensory functions.
Because several TRP channels have similar properties to
the elusive hair cell transduction channel, recent
attention has focused on TRP gene expression in the
inner ear. At least four TRP genes are known to be
expressed in hair cells: TRPC3, TRPV4, TRPA1, and
TRPML3. However, there is little evidence supporting
any of these as a component of the transduction
complex. Other less well-characterized TRP channels
are expressed in the inner ear, in particular, within the
organ of Corti. Because of their potential role in sensory
function, we investigated the developmental expression
of RNA that encodes all 33 TRP subunits as well as
several splice variants. We designed a quantitative PCR
screen using cochlear samples acquired before, during,
and after the time when mechanotransduction is
acquired in sensory hair cells (embryonic day 17 to
postnatal day 8). Cochleas, which included the organ of
Corti, stria vascularis, and Reissner’s membrane, were
subdivided into four equal quadrants which allowed for
regional comparison during development. Expression
of RNA transcripts that encoded 33 TRP subunits plus
several splice forms and beta-actin were quantified in 28
samples for a total of 1,092 individual measurements,
each done in triplicate. We detected RNA that encoded
all TRP channels except two: TRPC7 and TRPM8. The
largest changes in RNA expression were for TRPA1
(9100-fold), TRPP3 (950-fold), and TRPC5.2 (920-fold)

which suggested that these subunits may contribute to
normal cochlear function. Furthermore, the screen
revealed TRPP3 and PKD1L3 RNA expression patterns
that were correlated with the acquisition of sensory
transduction in outer hair cells (Lelli et al., J Neuro-
physiol. 101:2961–2973, 2009). Numerous spatiotempo-
ral expression gradients were identified many of which
may contribute to the normal functional development
of the mouse cochlea.

Keywords: mouse, inner ear, organ of corti, TRP
channels, development, quantitative PCR

INTRODUCTION

The Transient Receptor Potential (TRP) superfamily
encodes over 33 distinct proteins which have been
implicated in numerous cellular and sensory functions
including detection of chemical, thermal, and mechan-
ical stimuli (Montell 2005; Damann et al. 2008). The
mammalian family is divided into six subfamilies: TRPC
(Canonical), TRPM (Melastatin), TRPV (Vanilloid),
TRPA (Ankyrin), TRPP (Polycystin), and TRPML (Muco-
lipin). Over the past decade, interest in TRP expression
in the ear has risen in part due to the ongoing search for
the elusive hair cell transduction channel which has
biophysical properties consistent with those of several
TRP channels. The transduction channel is a non-
selective cation channel with a conductance of about
100 pS, permeable to calcium and sensitive to inhibition
by TRP channel antagonists, ruthenium red, and lantha-
num in turtle (Farris et al. 2004) and mouse (Géléoc and
Holt, unpublished). Several TRP channel subunits have
been presented as hair cell transduction channel candi-
dates, including TRPN1 (Walker et al. 2000), TRPV4
(Liedtke et al. 2000), TRPA1 (Corey et al. 2004), and
recently, TRPML3 (Grimm et al. 2007; Nagata et al. 2008;
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vanAken et al. 2008). Yet, targeted gene deletion of single
TRP genes has not revealed deficits in hair cell mecha-
notransduction. However, since TRP channels may
consist of heteromultimers, the hair cell transduction
channel may be composed ofmore than one type of TRP
subunit; hence, upregulation of subunits that remain
may compensate for absent subunits. Furthermore, it is
possible that the identity of the hair cell transduction
channel remains hidden within the pool of TRP genes
not yet examined. Alternatively, the hair cell transduction
channel may be composed of ion channels that do not
belong to the TRP family.

Despite the lack of evidence supporting a role for
TRP channels in hair cell transduction, it is clear that
TRP gene expression is critical for normal auditory
function. Analysis of two TRP genes, TRPV4 and
TRPML3, expressed in the ear revealed important non-
sensory roles for TRPs in hearing and balance. TRPV4 is
expressed in hair cells, stria vascularis, and vestibular
dark cells (Liedtke et al. 2000; Takumida et al. 2005),
and disruption of TRPV4 causes delayed-onset hearing
loss and increases susceptibility to acoustic injury
(Tabuchi et al. 2005). TRPML3 is expressed in sensory
hair cells and in the marginal cells of the stria vascularis
(Di Palma et al. 2002; Nagata et al. 2008; Van Aken et al.
2008).Mutations in TRPML3 lead to deafness in varitint-
waddler (Va) mice due to defects in stria vascularis and
hair cells. The Va mutation induces constitutive activa-
tion of inward currents which causes cellular degener-
ation (Nagata et al. 2008; Van Aken et al. 2008).

Other TRP channels, such as TRPC3, are known to
be expressed in the ear and may play important roles as
well. Conventional RT-PCR analysis of TRP genes in the
mouse organ of Corti revealed expression of 19 TRPs
(Cuajungco et al. 2007). A separate large-scale analysis
of ion channel expression identified 21 TRP genes
expressed in the inner ears of species that ranged from
zebrafish to humans (Gabashvili et al. 2007) (See
Table 1). However, neither screen provided a quantita-
tive description of TRP expression. As such, we opted to
examine TRP RNA expression in the mouse cochlea
during the first postnatal week, when hair cells become
functional (Lelli et al. 2009). We performed a quantita-
tive analysis of RNAs that code for 33 TRP subunits and
their alternative splice forms in four cochlear quadrants
between embryonic day 17 (E17) and postnatal day 8
(P8). We present the results of our analysis and discuss
several TRP genes with spatiotemporal expression
patterns that may be worthy of further investigation.

MATERIAL AND METHODS
Tissue harvest

Inner ear organs from embryonic (E) and early
postnatal (P) Swiss Webster mice (Taconic Farms,

Germantown, NY) were harvested and used to gen-
erate cDNA banks as described previously (Lelli et al.
2009). Briefly, a total of six to 20 ears were dissected at
each developmental stage: E17, E18, P0, P2, P4, P6,
and P8. For each cochlea dissected, the entire length
of the organ was measured using an Axiocam MRC5
video camera and Zeiss Image Browser (Zeiss, Ober-
kochen, Germany). Subsequently, the organ was
divided into four equal quadrants: basal end (BA),
mid-basal (MB), mid-apical (MA), and apical end
(AP). Sections from the same quarter and develop-
mental stage were combined to prepare total RNA.
Each section included the organ of Corti, the stria
vascularis, and the Reissner’s membrane. All protocols
used for this study have been approved by the Animal
Care Committee of the University of Virginia (Proto-
col #3123).

cDNA bank preparation and quantitative PCR

cDNA banks for quantitative PCR (qPCR) were
prepared as described previously (Lelli et al. 2009).
Total RNA of each quarter was purified using
RNAqueous Micro kit (Ambion Inc., Austin, TX)
followed by a treatment with Turbo DNA-free
(Ambion Inc., Austin, TX). Samples were analyzed
using a bioanalyzer (Agilent Technologies, Santa
Clara, CA) to determine RNA integrity. Only samples
with RNA integrity number (RIN) greater than 8.0
and free of contamination with genomic DNA were
used for further procedures (Supplemental Fig. 1). A
threshold RIN of eight was chosen to minimize the
likelihood of RNA degradation (Fleige and Pfaffl
2006). One microgram of total RNA was used for
linear amplification using RiboAmp RNA amplifica-
tion kit (Arcturus, Mountain View, CA). The amplified
RNA from each quarter was reverse-transcribed for
the cDNA bank with an iScript kit (Biorad, Hercules,
CA). Expression of TRP genes, as well as the house-
keeping gene β actin (Actb) was analyzed by single
color real-time PCR with SYBR GreenER qPCR
reagent (Invitrogen, Carlsbad, CA) and iCycler (Bio-
rad, Hercules, CA). Primer sets were designed within
the region of 1 kb upstream from the polyA site using
the PrimerQuest Software from Integrated DNA
Technologies (http://www.idtdna.com) and validated
on control tissue (see Supplemental Table 1). When
splice variants existed that did not share this region,
extra primer sets were designed (see Supplemental
Table 1). Quantitative PCR reactions were performed
according to the manufacturer’s instruction (SYBR
GreenER qPCR reagent, Invitrogen, Carlsbad, CA).
Each reaction was executed in triplicate simultane-
ously and included primers at 200 nM and cDNA
generated from 12.5 ng of amplified RNA. The cycle
threshold (Ct) values of triplicates for each sample
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were averaged and normalized relative to the aver-
aged Ct value of β actin obtained from the same
sample. The fold difference for each TRP gene
expression level was calculated with the comparative
∆Ct method and normalized to most immature
quarter E17 apex as described previously (Lelli et al.
2009).

RESULTS

RNA samples were prepared from inner ear tissue
harvested from four quadrants of the developing
mouse cochlea between E17 and P8. We used
quantitative RT-PCR to examine the relative RNA
expression of 33 TRP genes and several alternative
splice variants using a total of 38 primer sets. We did
not determine the efficiency of each TRP primer set;
therefore, direct comparison of expression level
between different TRP subunits was not possible.
Rather, relative RNA expression levels were calculated
which allowed for comparison of expression levels for
each of the 28 samples for a given TRP primer set. To
calculate relative RNA expression, we normalized to
beta-actin RNA expression level for each of the 28
samples. Each dataset was then normalized to the
sample taken from the apex at E17, which, we
reasoned, was the most immature. The results are
presented in five consecutive figures in which TRP
channels of the same or similar families are grouped
together. The mean relative abundance values of for
all datasets ± standard deviation are included in
Supplemental Table 2. In the following sections, we
present the data for each family and note both spatial
and temporal gradients of RNA expression for a
number of TRP transcripts. We describe both increas-
ing spatial gradients (base low, apex high) and
decreasing spatial gradients as well as increasing
temporal gradients (E17 low, P8 high) and decreasing
temporal gradients. Some TRP transcripts showed no
clear gradients in expression and some had more
complex patterns.

TRPC family

There are seven canonical transient receptor poten-
tial channels (TRPC) subunits which form tetrameric,
calcium-permeable ion channels, some of which can
be activated by G-protein coupled receptors, the
second messenger diacylglycerol DAG, and changes
in intracellular calcium concentrations (Ramsey et al.
2006; Kiselyov and Patterson 2009). We analyzed
expression of RNA coding for the seven TRPC
subunits using specific primer probes including two
for TRPC5 (-C5.1 and -C5.2) to detect alternative
TRPC5 splice variants (Supplemental Table 1):

TRPC1, TRPC2, TRPC3, TRPC4, TRPC5.1, TRPC5.2,
TRPC6, and TRPC7 (Fig. 1). All primer sets were
validated on cerebellum extracts or P4 cochleas
(Supplemental Table 1). No signal was detected for
TRPC7, suggesting that if TRPC7 transcripts were
present their expression levels were below our detec-
tion threshold. To better appreciate the range of
expression levels during development and along the
cochlea, we calculated the largest fold-change in
expression observed for each TRP transcript regard-
less of quadrant or developmental stage. The largest
spatiotemporal fold-change in expression for each
TRPC channel were, respectively: -C1, 3.4; -C2, 4.5;
-C3, 10.4; -C4, 7.3; -C5.1, 4.6; -C5.2, 22.5; and -C6, 12.3.
TRPC1 expression was fairly stable amongst the 28
samples indicating no major change in expression.
TRPC2 demonstrated a temporal decrease in expres-
sion across the organ. There was both a spatial and
temporal decrease in expression of TRPC3 and
TRPC4 such that both were more highly expressed
in the base and at earlier stages. RNA coding for
TRPC5 was higher in the apex at earlier stages (E17-
P2 for TRC5.1 and E17-E18 for TRPC5.2) but other-
wise stable across the organ and during development.
TRPC6 expression also decreased during develop-
ment but remained relatively stable along the length
of the cochlea.

TRPM family

The TRPM subfamily comprises eight mammalian
members which play a role in various sensory and non-
sensory functions. Except for TRPM4 and TRPM5,
TRPM channels form Ca2+-permeable cation channels
(for review, see Owsianik et al. 2006). TRPM3 splice
variants possess different selectivity; some with high
permeability to Ca2+ and Mg2+ and blocked by extrac-
ellular monovalent cations (Oberwinkler et al. 2005). As
many as nine TRPM3 splice variants have been identi-
fied (Oberwinkler et al. 2005 and the Mouse Genome
Database, Jackson Labs). We designed two primer sets
(-M3.1 and -M3.2) which together allowed us to detect
all TRPM3 splice variants. TRPM3.1 detected all splice
variants but one and TRPM3.2 detected the remaining
variant but may have also detected others (See
Supplemental Table 1 for accession numbers). None
of the TRPM3 primers detected non-TRPM3 transcripts.
We, therefore, analyzed expression of RNA coding for
eight TRPM subunits which included two primer sets
designed to detect TRPM3 splice variants: TRPM1,
TRPM2, TRPM3.1, TRPM3.2, TRPM4, TRPM5, TRPM6,
TRPM7, TRPM8 (Fig. 2). Signals for all TRPM channels
were detected in our preparation with the exception of
TRPM8 which appeared not to be expressed in the
cochlea. The largest spatiotemporal changes in expres-
sion for each TRPM channel were, respectively, -M1,
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12.8; -M2, 4.8; -M3.1, 2.5; -M3.2, 2.0; -M4, 2.45; -M5, 8.6;
-M6, 4.2; and -M7, 6.7. RNA coding for TRPM3 tran-
scripts did not shown large changes in expression either
across the organ or during development. TRPM4
showed little change in expression spatially but did
display a slight increase in expression developmentally.
Larger changes were observed for the othermembers of
the family, in particular TRPM1 which was much more

highly expressed at P2, particularly in the basal half.
TRPM5 also showed significant spatiotemporal changes:
a decreasing spatial gradient was evident at E17;
expression then leveled off by E18-P0, after which it
decreased dramatically first in the base at P2 then after
P4 in the apex. The rise in TRPM5 expression coincided
with the pattern of acquisition of transduction in the
cochlea (Lelli et al. 2009). RNA coding for TRPM6 was

FIG. 1. RNA expression of TRPCs along the cochlea from E17 to
P8. The 3D plot illustrates relative qPCR measurements of six TRPC
subunits (TRPC1–TRPC6) normalized to beta-actin and the most
immature stage E17 Apex (E17AP). Two sets of primers were used to

detect TRPC5 expressions, which are listed as TRPC5.1 and
TRPC5.2. Corresponding numerical values ± SD are listed in
Supplemental Table 2. No signal was detected using a TRPC7-
specific primer set.

FIG. 2. RNA expression of TRPMs along the cochlea from E17 to
P8; The 3D plot illustrates relative qPCR measurements of seven
TRPM subunits (TRPM1–TRPM7) normalized to beta-actin and the
most immature stage, E17AP. Two sets of primers were used to detect

TRPM3 expressions which are listed as TRPM3.1 and TRPM3.2.
Corresponding numerical values ± SD are listed in Supplemental
Table 2. No signal was detected using a TRPM8-specific primer set.

ASAI ET AL.: TRP Channels Expressed in the Ear 31



relatively constant across the organ; however, an
increase in expression was clear over the first postnatal
week. TRPM7 expression decreased at older stages
without any apparent spatial gradient. TRPM2 had a
more complex expression pattern with a slight decreas-
ing spatial gradient at E17; an increasing temporal
gradient in the apex and a decreasing temporal gradient
in the base.

TRPV family

Expression of six TRPVs, vanilloid receptor-like chan-
nels was analyzed. Members of the TRPV channel
family have been shown to play a role in sensory
transduction as well as in other non-sensory pathways.
TRPV4 in particular has been shown to be expressed
in inner and outer hair cells, vestibular hair cells, stria
vascularis, and vestibular dark cells (Liedtke et al.
2000; Takumida et al. 2005). Our RNA expression
screen revealed spatial and/or temporal gradients in
expression for most of the TRPV channels (Fig. 3).
TRPV5, however, was not detected for 15 of the 28
samples with none detected at P4 or P6. The largest
spatiotemporal changes in expression for each TRPV
channel were: -V1, 13.8; -V2, 6.4; -V3, 5.5; -V4, 7.0; -V5,
8.34; and -V6, 6.0. TRPV1 was more highly expressed
in the basal quarter between P0 and P6. Smaller
changes in expression were observed in the apex.
TRPV2 mainly showed a developmental gradient with
a decrease in expression during maturation of the
organ. TRPV3 showed a peak in expression in the

base at P0 but otherwise was relatively stable. TRPV4
presented a developmental gradient with a gradual
increase from E17 to P0 in the base and E17 to P6 in
the apex. TRPV6 displayed a decreasing gradient in
expression with higher expression at E17 followed by
a gradual decrease up to P8 all along the cochlea.

TRPA1 channels

Expression of the ankyrin repeat rich TRPA1 channel
was also analyzed (Fig. 3). TRPA1 is of particular interest
since it was presented as a candidate for the mechano-
transduction channel in inner ear hair cells and in the
lateral line (Corey et al. 2004). Subsequent work
determined that TRPA1 is required for chemosensation
in zebrafish and mammals, as well as cold and mechan-
ical reception in mammals, but is not required for
mechanosensory hair cell function in either mammals
(Bautista et al. 2006; Kwan et al. 2006) or zebrafish
(Prober et al. 2008). Interestingly, TRPA1 RNA expres-
sion remained fairly constant at the base but was
elevated in the apex particularly around P0 and P2,
around the time of acquisition of mechanotransduction
in apical outer hair cells (Lelli et al. 2009). Of all the
TRP channels examined in our screen, the largest fold-
change in expression observed was for TRPA1 with a
change of 101-fold between the lowest (P4BA) and
highest RNA expression level (P2AP). Whether this
steep spatial gradient in TRPA1 RNA expression is of
functional significance for the developing cochlea
remains to be determined (see “Discussion”).

FIG. 3. RNA expression of TRPVs and TRPA1 along the cochlea
from E17 to P8; The 3D plot illustrates relative qPCR measurements
of six TRPV subunits (TRPV1–TRPV6) and TRPA1 normalized to beta-

actin and the most immature stage, E17AP. Corresponding numerical
values ± SD are listed in Supplemental Table 2.
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TRPP family

The TRPP channels are polycystins originally named
polycystic kidney disease (PKD) channels because
mutations in these channels result in renal cyst
formation. The TRPP family is large and divided in
two subgroups: (1) the PKD1 like group which
includes TRPP1, PKDREJ, PKD1L1, PKD1L2, and
PKD1L3 and (2) the PKD2 like which includes pore
forming proteins TRPP2, TRPP3 (PKD2L1), and
TRPP5 (PKD2L2). TRPP1 subgroup members encode
large accessory proteins. Figure 4 shows RNA expres-
sion for all the TRPP members. RNA expression was
detected using specific probes (Supplemental Table 1)
which included two different primer sets designed to
detect variants of TRPP2 (-P2.1 and -P2.2) and three
sets designed to detect variants of TRPP5 (-P5.1, -P5.2,
-P5.3). The largest spatiotemporal changes in expres-
sion for each TRPP subunits were: -P1, 3.8; -P2.1, 7.4;
-P2.2, 8.1; -P3, 59; -P5.1, 2.7; -P5.2, 3.3; -P5.3, 12.1;
PKD1L1, 8.1; PKD1L2, 8.8; PKD1L3, 4.7; and PKDREJ,
5.8. TRPP3 RNA had the largest fold-change in

expression for the TRPP family. The highest TRPP3
expression level was observed in the mid apical region
at P2 and expression also increased in the basal half
before P2. The pattern of TRPP3 RNA expression
paralleled the gradient of acquisition of transduction
in hair cells (Lelli et al. 2009). A similar pattern was
observed for PKD1L3 although the change in RNA
expression was less pronounced. TRPP1 and TRPP2.2
RNA signal did not show a substantial spatial gradient
but did display an increasing temporal gradient, while
RNA detected with the TRPP2.1 probe presented a
slightly decreasing temporal gradient. TRPP5.2 and
TRPP5.3 RNA signals were somewhat erratic and not
easily characterized whereas TRPP5.1 RNA expression
appeared relatively stable throughout the cochlea and
the first postnatal week. PKD1L1 displayed a complex
expression pattern, increasing in the apex and
decreasing in the base during the first postnatal week.
PKD1L2 also had a complex pattern with a prominent
peak at P4 in the apex. Lastly, there was an increasing
temporal gradient for PKDREJ expression which was
more prominent in the base.

FIG. 4. RNA expression of TRPPs along the cochlea from E17 to P8;
The 3D plot illustrates relative qPCR measurements of 8 TRPPs
subunits (TRPP1-3, TRPP5, PKD1L1, PKD1L2, PKD1L3, and PKDREJ)
normalized to beta-actin and E17AP. Two sets of primers were used
to detect expression TRPP2 splice forms which are listed as TRPP2.1

and TRPP2.2 (see Supplemental Table 1). Three sets of primers were
used to detect TRPP5 splice forms which are listed as TRPP5.1,
TRPP5.2, and TRPP5.3. Corresponding numerical values ± SD are
listed in Supplemental Table 2.
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TRPML family

TRPML family includes three members TRPML 1–3
of which one, TRPML3, is known to be expressed in
the inner ear (Nagata et al. 2008; Van Aken et al.
2008; Grimm et al. 2009; Takumida and Anniko
2009). While we were able to detect signal that
encoded all TRPML members (Fig. 5), the largest
fold-change in expression remained low at 2.2 for
-ML1, 3.6 for -ML2 and 3.4 for -ML3 between E17 and
P8 along the cochlea. Although neither TRPML1 nor
TRPML2 showed any clear expression gradients,
TRPML3 displayed a slight spatiotemporal gradient.

DISCUSSION

The pattern of RNA expression for all 33 TRP
subunits and several splice variants was analyzed using
qPCR and RNA harvested from four cochlear quad-
rants at seven developmental stages between E17 and
P8. The goal of the analysis was to identify spatiotem-
poral expression patterns for each TRP gene during
maturation of the cochlea over the first postnatal
week, when hair cells become functional, just prior to
the onset of hearing. To optimize transcript integrity,
RNA was harvested within the first few minutes of
inner ear dissections. The organ of Corti, the tectorial
membrane, the stria vascularis, and the Reissner’s
membrane were included in the samples. Integrity of
all 28 RNA samples was confirmed and determined to
be of high quality. In a previous study using the same
28 RNA samples we demonstrated that the expression
pattern of RNA that encoded prestin (Lelli et al.
2009) matched the functional acquisition of somatic
outer hair cell motility in developing sensory hair cells
(Belyantseva et al. 2000; Abe et al. 2007), which raised
confidence that our samples could yield functionally
relevant RNA expression patterns. The advantage of a
qPCR screen of this sort is that it is a very sensitive
assay and allows for direct and quantitative compar-
ison between samples. Although the screen did not
permit expression level comparisons between differ-

ent TRP subunits, it did allow us to compare expression
levels between samples for a given TRP subunit and
identify correlations between the spatiotemporal pat-
terns of TRP expression and prior measures of
cochlear function. As such, we present these data as
an initial screen of TRP RNA spatiotemporal expres-
sion in the cochlea and intend that they may form a
basis for future study of TRPs of particular interest. We
not only highlight several TRP genes with noteworthy
expression patterns but also note that the expression
data may reveal other patterns or correlations worthy
of further attention. Of course, it is important to bear
in mind that in some cases, there may be little
correlation between the spatiotemporal pattern of
RNA expression and the functional expression of the
protein. While a lack of correlation cannot be taken as
evidence that a gene is not involved in a given cochlear
function, a positive correlation can call attention to a
particular TRP subunit. Furthermore, since RNA
expression must precede the functional expression of
any protein, RNA expression that turns on after
functional acquisition of a given property can be used
to rule out that RNA from further consideration as
having a role in the function.

TRP subunits with no or little expression
and/or no distinct expression pattern

The result of our screen demonstrated that RNAs
encoding all but two TRP subunits, TRPC7 and
TRPM8, were detected. TRPV5 expression was also
low such that none was detected in half the samples.
RNA transcripts for TRPC7, TRPM8, and TRPV5 were
also undetected in a conventional RT-PCR screen of
mouse organ of Corti (Cuajungco et al. 2007). Our
analysis revealed nine other TRP channels that did
not show substantial changes during the first postnatal
week of development. The following nine TRPs either
revealed no prominent spatiotemporal expression
patterns or revealed little change in expression level
during the time frame we examined: TRPC1, TRPV3,
TRPM3.1, TRPM3.2, TRPP5.1, TRPP5.2, PKD1L1,
TRPML1, and TRPML2. While we cannot take the

FIG. 5. RNA expression of TRPMLs along the cochlea from E17 to
P8; the 3D plot illustrates relative qPCR measurements of 3 TRPML
subunits (TRPML1–TRPML3) normalized to beta-actin and the most

immature stage E17 Apex (E17AP). Corresponding numerical values ±
SD are listed in Supplemental Table 2.
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data to mean that these 12 TRP subunits are incon-
sequential for normal cochlear function, the lack of
correlation with functionally relevant aspects of coch-
lear development gives us no reason prioritize them
for further investigation.

TRP subunits previously shown to be expressed
in the inner ear

We were interested to examine the expression pattern
of TRP channels previously identified and known to
be expressed in the inner ear. TRPC3 has been shown
to be expressed in cochlear hair cells and may
contribute to calcium homeostasis (Raybould et al.
2007). Interestingly, Raybould et al. demonstrated a
three-fold difference in TRPC3 currents between
basal and apical outer cells of the guinea pig cochlea.
We noted a similar three-fold basal to apical gradient
in TRPC3 RNA, particularly around P0, further
supporting the notion that our RNA expression data
may correspond to functionally relevant measures of
cochlear physiology.

Another notable TRP subunit, TRPA1, gained
considerable attention when it was presented as a
candidate for the mechanosensitive transduction
channel (Corey et al. 2004). However, it was later
ruled out as a candidate based on the lack of an
auditory or vestibular deficit in TRPA1-deficient mice
(Bautista et al. 2006; Kwan et al. 2006). To our
surprise, TRPA1 RNA expression spiked over 100-fold
in the apex at P0 and P2 relative to the base at P4. We
confirmed the TRPA1 expression profile in pre-
amplified RNA preparations. The range of expression
of TRPA1 was well above the maximal change in
expression of all other TRP subunits, TRPP3 being
the nearest competitor with a 59-fold-change in
expression. Although TRPA1-deficient mice do not
shown any vestibular or hearing deficit, our data
suggest that TRPA1 may play a significant role,
particularly in the low frequency, apical end of the
cochlea. However, since no deficits in hearing or hair
cell transduction were detected even in the low
frequency range, it remains possible that loss of TRPA1
expression in the knockout mice may have been
compensated by upregulation of a functionally redun-
dant protein. While TRP channels are known to form
heteromultimers, it is not clear which TRP subunits can
heteromultimerize with other TRP partners. If TRPA1
co-assembles with another TRP subunit, it is conceiv-
able that the other subunit can compensate for the
loss of TRPA1 in the mutant animals. Interestingly,
analysis of our TRP expression data from wild-type
mice revealed that TRPV1 followed an inverse
pattern of expression, particularly around P0 to P2
with higher expression in the base. We find the
inverse basal/apical gradient for TRPA1 and TRPV1

intriguing and wonder whether the two subunits
might interact with varying stoichiometries and
thereby confer a gradual change in functional
properties along the length of the cochlea. While
TRPA1 and TRPV1 co-assembly may seem unlikely,
these two subunits are co-expressed in various cell
types. Like TRPA1, TRPV1 subunits are cation
channels expressed in nociceptive sensory neurons
where they have been implicated in inflammatory
pain (Caterina et al. 1997; Woolf and Costigan 1999;
Montell 2005; Wang and Woolf 2005). Recent reports
demonstrated that the TRPA1 and TRPV1 channels
can interact and regulate the expression of the other
(Akopian et al. 2007; Salas et al. 2009). Thus, it is
conceivable that altered expression of one channel
could affect expression of the other (Salas et al.
2009) and perhaps even compensate for loss of the
other. If this relationship holds true in the cochlea,
we hypothesize that there may be an upregulation of
TRPV1 expression that could functionally compen-
sate for the loss of TRPA1 expression in TRPA1-
deficient mouse cochleas.

TRPV4 has also been shown to be expressed in
vertebrate cochlear hair cells and in stria vascularis
(Liedtke et al. 2000). Our RNA expression screen
revealed a spatiodevelopmental pattern such that an
increase in expression occurred in the basal quarter
from E17 to P0, up to P2 in the mid-basal quarter, and
P4–P6 in the apical half. The basal-apical gradient
that was observed during development follows the
maturation of the organ. Because the TRPV4-deficient
mice suffer from delayed-onset hearing loss, it is
possible that TRPV4 channels play an important role
in the mature organ, in which case we predict that
TRPV4 expression may continue to rise after P8.
TRPV4, TRPC1, and TRPC6 are frequently co-
expressed in DRG neurons (Alessandri-Haber et al.
2009). In the cochlea, TRPC1 and TRPC6 did not
have similar expression patterns. TRPC6, in partic-
ular, showed an opposing expression gradient suggest-
ing that these channels might not be co-expressed
within the same cells in the inner ear. Since our qPCR
screen does not provide cellular resolution immuno-
localization or in situ hybridization will be required to
identify where within the cochlea TRP subunits are
expressed and whether they are colocalized in the
same cell types.

Although TRPML3 is expressed in the inner ear
(Nagata et al. 2008; Van Aken et al. 2008; Grimm et al.
2009; Takumida and Anniko 2009), our expression
screen did not reveal large changes in expression
between E17 and P8. TRPML3 showed a shallow RNA
expression gradient during development and across the
organ. In situ hybridization data showed that TRPML3
RNA was widely detected in numerous cells of the
cochlea (Nagata et al. 2008). Thus, the trend in RNA
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expression we observed cannot be attributed to any
particular cell type as it represents the total change in
expression across the entire cochlea which may obscure
changes in subpopulations of cells within the cochlea.

Other TRP subunits with noteworthy
spatiotemporal RNA expression patterns

Previously, Cuajungco et al. (2007) analyzed expres-
sion of 33 TRP channels in an organ of Corti library.
In their screen, they were able to detect expression of
19 TRP genes (Table 1). We detected transcripts that
encoded 30 TRP subunits in our screen. The differ-
ence may have resulted from a more sensitive
expression screen in our study or, more likely, because
our samples included not only the organ of Corti but
also stria vascularis and Reissner’s membrane. If the
later, we hypothesis that the 11 TRP subunits detected
in our screen that were not detected by Cuajungco et
al. (2007) may be localized to stria vascularis and
Reissner’s membrane, i.e., outside the organ of Corti
(Table 1).

TRPP channels have gained recent attention as
they have several properties that are consistent with
the hair cell transduction channel, including large
conductance and Ca2+ permeability. Furthermore,
TRPP subunits are known to form heteromultimers
with different properties and interact with ancillary
subunits that could act as linkers between the tip link
and the pore-forming subunit (Fettiplace 2009).
Cuajungco et al. (2007) detected RNA transcripts for
four of five TRPP channels in the organ of Corti. In our
screen, we identified several TRPP subunits that had
noteworthy expression patterns. TRPP3 (PKD2L1)
expression changed dramatically with a spatiotemporal
rise of expression that roughly paralleled the devel-
opmental acquisition of transduction in the mouse
cochlea (Lelli et al. 2009). A developmental basal–
apical gradient was evident with a delayed rise in
expression in the apex and overall higher expression
in the apex. TRPP3 also displayed the second largest
fold-change in expression of all the TRPs in our screen.
As such, we wonder whether TRPP3 may play a role in
hair cell transduction. Interestingly, TRPP3 has been
shown to interact with alpha actinin which has recently
been localized to stereocilia of inner and outer hair
cells (Li et al. 2007).

PKD1L3 also displayed a spatiotemporal rise in
expression that paralleled the acquisition of trans-
duction and, therefore, may be worthy of further
investigation. PKD1L3 and TRPP3 (PKD2L1) have
been shown to form heteromeric channels in sensory
taste receptor cells and may contribute to sour taste
transduction (Ishimaru et al. 2006). It is attractive to
speculate that the parallel rise in expression that we
note heremay indicate an interaction between PKD1L3

and TRPP3 in the cochlea that gives rise to physiolog-
ically significant aspects of cochlear function.

Clearly, the data we present here can only call
attention to patterns of RNA expression. As such, we
feel these data may form the foundation for future
follow-up experiments including localization of TRP
message and protein, acute, or chronic genetic
deletion of TRP sequences followed by evaluation of
the consequences for single cell function, auditory
organ function, and behavioral assays. Furthermore,
since over 30 mouse models have been generated that
carry targeted deletions or mutations of single TRP
genes, and yet, none have been shown to be necessary
for hair cell transduction, we suggest that animals
deficient in two or more subunits may yield more
fruitful outcomes. Based on our screen, we suggest
that animals deficient in TRPA1 and TRPV1 or TRPP3
and PDK1L3 may yield interesting phenotypes.
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