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Abstract
The TRPC5 ion channel is activated upon depletion of intracellular calcium stores, as well as by various stimuli such as
nitric oxide (NO), membrane stretch, and cold temperatures. TRPC5 is abundantly expressed in the central nervous system
where it has important neuronal functions. In the chick retina, TRPC5 expression was shown to be restricted to amacrine
cells (ACs) and Müller glial cells, although its expression was also observed in the ganglion cell layer (GCL) in displaced
ACs, as determined by their characteristic cell morphology. However, it is possible that this expression analysis alone might
be insufficient to fully understand the expression of TRPC5 in retinal ganglion cells (RGCs). Hence, we analyzed TRPC5
expression by in situ hybridization and immunostaining in the developing mouse retina, and for the first time identified that
developing and mature RGCs strongly express TRPC5. The expression begins at E14.5, and is restricted to ACs and RGCs.
It was reported that TRPC5 negatively regulates axonal outgrowth in hippocampal neurons. We thus hypothesized that
TRPC5 might have similar functions in RGCs since they extend very long axons toward the brain, and this characteristic
significantly differs from other retinal cell types. To elucidate its possible involvement in axonal outgrowth, we inhibited
TRPC5 activity in developing RGCs which significantly increased RGC axon length. In contrast, overexpression of TRPC5
inhibited axonal outgrowth in developing RGCs. These results indicate that TRPC5 is an important negative regulator of
RGC axonal outgrowth. Since TRPC5 is a mechanosensor, it might function to sense abnormal intraocular pressure changes,
and could contribute to the death of RGCs in diseases such as glaucoma. In this case, excessive Ca2+ entry through TRPC5
might induce dendritic and axonal remodeling, which could lead to cell death, as our findings clearly indicate that TRPC5 is
an important regulator of neurite remodeling.

Introduction

The retina is an important sensory organ that converts visual
information (light stimuli) into electrical signals and trans-
mits them to the brain through the optic nerve. Thus, the
retina is an ideal model for studying neural development and

regeneration. The retina is a laminar structure composed of
seven cell types (six types of neurons and one type of glial
cell), and these cells exist in three cell layers: the rod and
cone photoreceptors in the outer nuclear layer, the horizontal
cells, amacrine cells (ACs), bipolar cells and Müller glial
cells in the inner nuclear layer (INL), and retinal ganglion
cells (RGCs) in the ganglion cell layer (GCL) [1]. During
embryonic stages, RGCs are the first neuronal cell type to
form, and cone photoreceptors, horizontal cells, and ACs
form at about the same time following RGC specification. In
contrast, rod photoreceptors, bipolar cells, and Müller glial
cells are generated during postnatal stages [1, 2]. Among
these cell types, RGCs are the specific neurons that extend
long axons through the optic nerve and project to the brain.
This unique feature of RGCs is strictly distinct from other
retinal cell types; thus, RGCs have been widely used as a
model to study axonal growth and regeneration.

The developmental processes of cell proliferation, cell
migration, axonal outgrowth, axon pathfinding, and synapse
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formation are necessary for neural circuit formation during
development [3–6]. During this period, the growth cone at
the tip of the growing axon receives information from the
extracellular environment; this includes secreted factors that
guide axons toward the target site. Growth factors, such as
NGF, regulate axonal outgrowth, pathfinding, or movement
via changes in intracellular calcium/cyclic nucleotide
(cAMP and cGMP) levels [7]. In particular, intracellular
Ca2+ influx drives intracellular signaling cascades that
regulate axonal outgrowth and growth cone motility [8, 9].
The molecular identity of the ion channels that mediate
intracellular Ca2+ in developing neurons is largely
unknown, although transient receptor potential (TRP)
channels are good candidates because most TRP channels
are permeable to Ca2+ [10].

TRP channels are a large group of ion channels that
comprise six subfamilies (TRPC, TRPV, TRPM, TRPA,
TRPML, and TRPP), and 28 different ones have been iden-
tified in mammals [11, 12]. TRP channels serve as key
molecules for transmitting sensory information such as che-
mical stimulation, thermal stimulation, and mechanical sti-
mulation [13–16]. Among the TRP channels, the TRP
canonical (TRPC) subfamily was identified during a search
for homologues of the Drosophila transient receptor potential
gene (trp) [17]. In mammals, seven members of the TRPC
subfamily have been identified (TRPC1–TRPC7) and func-
tion as Ca2+ permeable nonselective cation channels by
forming homo- or heterotetramers [11, 18]. The TRPC sub-
family is also activated by receptor stimulation, depletion of
intracellular Ca2+ stores, and interactions with other proteins.

TRPC5 was originally cloned and identified as a channel
that is activated upon depletion of intracellular Ca2+ stores
[19], as well as by various stimuli such as the Gq-PLC
pathway, NO, mechanical stimulation (membrane stretch),
and cold temperatures (<25–37 °C) [20–25]. TRPC5 is
abundantly expressed in the embryonic rodent brain
[26, 27]. Notably, it has been reported that Ca2+ influx via
TRPC5 activation in the growth cone suppresses axonal
outgrowth in rat hippocampal neurons [28]. Therefore, we
hypothesized that TRPC5 might be expressed in the
developing retina, where the increase in Ca2+ influx through
TRPC5 activation may play similar physiological roles as in
hippocampal neurons during development.

In the chick, the expression of TRPC5 in the retina is
restricted to ACs and Müller glial cells [29]. Consistent with
this finding, in the mouse retina TRPC5 is expressed in the
IPL and INL in what are thought to be ACs and Mueller glia
[30, 31]. Chick TRPC5 is also expressed in cell bodies of
the GCL, and these cells are presumed to be displaced ACs
based on their characteristic cell morphology [29].　
Moreover, it has been reported that TRPC5 expression in
the chick retina is required for NO-dependent increases in
dendritic Ca2+ and GABA release from ACs [29]. However,

given that this previous analysis in chick focused specifi-
cally on ACs, it is possible that it failed to identify TRPC5
expression in the RGCs, because RGCs and ACs coexist in
the GCL. Furthermore, the expression profile and function
of TRPC5 during development remains largely unknown. In
this study, we examined whether TRPC5 is expressed in
RGCs and contributes to the regulation of neural circuit
formation during development.

Materials and methods

Animals

All animal experiments were performed according to the
guidelines of the Gunma University Animal Care and
Experimentation Committee. C57BL/6 mice were pur-
chased from SLC (Japan). Embryos were defined as E0.5
when a copulation plug was observed.

BrdU labeling

For bromodeoxyuridine (BrdU, Sigma Aldrich) labeling
experiments, pregnant females were injected intraper-
itoneally with 10 mM BrdU (20 µL/g body weight) 1 h
before they were sacrificed.

Immunohistochemistry and in situ hybridization

For immunohistochemistry and in situ hybridization,
embryos (E12.5—P0) and eye cups (P3—adult) were fixed
in 4% paraformaldehyde (PFA)/PBS at 4 °C overnight. The
samples were infused with 30% sucrose at 4 °C overnight
and frozen in OCT compound (Tissue-Tek). The samples
were cryosectioned at 16–20 µm. In situ hybridization was
performed as previously described [32]. Digoxigenin-labeled
antisense probes were used for this study. After linearizing
the plasmid (antisense: NheI, sense: NotI), digoxigenin-
labeled antisense probe and sense probe were synthesized by
RNA polymerase (antisense: T3 RNA polymerase, sense: T7
RNA polymerase). Detection of mRNA on retinal cryosec-
tions (20 µm) was performed by nitro blue tetrazolium
chloride/5-bromo-4-chloro-3-indolyl phosphate using an
alkaline phosphatase conjugated anti-digoxigenin antibody
(Roche). For immunohistochemistry, retinal sections were
washed three times with PBS containing 0.3% Triton X-100
(PBS-T) and blocked in 3% bovine serum albumin (BSA) in
PBS-T at room temperature for 1 h. The sections were then
incubated with primary antibodies at 4 °C overnight. The
following antibodies were used: rabbit anti-TRPC5 (1:250,
Sigma Aldrich), mouse anti-Brn3a (1:100, Santa Cruz),
mouse anti-calretinin (1:1000, Millipore), sheep anti-Chx10
(1:200, Exalpha), mouse anti-calbindin D28K (1:2000,
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Swant), mouse anti-glutamine synthetase (GS; 1:500, Milli-
pore), mouse anti-Ki67 (1:500, BD Pharmingen), and rat
anti-BrdU (1:1000, Abcam), rabbit anti-IgG (1:5000, GE
Healthcare Life Sciences). After washing with PBS-T, slides
were incubated in secondary antibodies for 1 h at room
temperature. The following secondary antibodies were used:
goat anti-rabbit IgG (Alexa Fluor 488, 1:500, Thermo Fisher
Scientific), donkey anti-mouse IgG (Alexa Fluor 546, 1:500,
Thermo Fisher Scientific), donkey anti-sheep IgG (Alexa
Fluor 568, 1:500, Thermo Fisher Scientific), and goat anti-rat
Alexa Flour 546 IgG (1:500, Thermo Fisher Scientific).
Hoechst 33342 (Sigma Aldrich) was used for staining nuclei.
All fluorescence images were captured with a fluorescence
microscope (BZ-9000, Keyence) or a confocal microscope
(LSM-880, Zeiss).

Transfection of cDNAs and immunocytochemistry

HEK293 cells cultured 1 day were transfected with 1 μg/mL
of mouse TRPC5/pCX with 0.1 μg/mL EGFP/pCX or 1 μg/
mL EGFP/pCX alone cDNAs using Lipofectamine2000
Reagent (Invitrogen). The cells were fixed in 4% PFA/PBS
for 10 min. Those were washed three times with PBS-T and
blocked in 3% BSA in PBS-T at room temperature for 1 h.
The cells were then incubated with primary antibodies at
4 °C overnight. The following antibodies were used: rabbit
anti-TRPC5 (1:250, Sigma Aldrich) and rat anti-GFP
(1:1000, Nacalai Tesque). After washing with PBS-T,
the following secondary antibodies were used: donkey
anti-rabbit Alexa Fluor 546 IgG (1:500, Thermo Fisher
Scientific) and goat anti-rat Alexa Flour 488 IgG (1:500,
Thermo Fisher Scientific).

Culture of dissociated embryonic retinal cells

Embryonic retinal cell cultures were established using
E17.5 embryos. Eyes were enucleated, and the retinas were
carefully isolated and placed in cold Neurobasal medium
(Invitrogen) containing 2% B27 supplement (Invitrogen),
0.25% GlutaMax (Gibco), 10% fetal bovine serum (FBS;
Thermo Fisher Scientific), and 1% penicillin–streptomycin
(Gibco). To digest the extracellular matrix, eye cups were
incubated in Neurobasal medium containing papain (7 U/
mL, Worthington) for 1 h at room temperature. After
digestion, retinas were rinsed in cold Neurobasal medium,
and cut into 500 µm pieces. Cells were dissociated using
mechanical trituration, and were plated on poly-L-lysine
(100 µg/mL) and laminin (20 µg/mL) coated coverslips
(14 mm round; Matsunami). The following antagonists
were diluted in culture medium to the specified final con-
centrations: 10 µM clemizole (Tocris) or 75 µM tranilast
(Sigma Aldrich), antagonists of TRPC5 and TRPV2,
respectively. Four days after plating on coverslips,

dissociated embryonic retinal cells were fixed with 4%
PFA/PBS for 20 min. Cells were washed with PBS-T and
blocked in 3% BSA in PBS-T, then were incubated with the
following primary antibodies: rabbit anti-Neurofilament M
(NF-M; 1:500, Millipore) and rat anti-GFP (1:1000, Nacalai
Tesque) for 2 h at room temperature. After washing with
PBS-T, the following secondary antibodies were used: goat
anti-rabbit Alexa Fluor 488 IgG (1:500, Thermo Fisher
Scientific), donkey anti-rabbit Alexa Fluor 546 IgG (1:500,
Thermo Fisher Scientific), and goat anti-rat Alexa Flour 488
IgG (1:500, Thermo Fisher Scientific). The length of retinal
ganglion cell axons was measured using Image J software
(http://imagej.nih.gov/ij/; provided in the public domain by
the National Institutes of Health).

Ca2+ imaging

Fluo-4 fluorescence was measured in dissociated embryonic
RGCs using standard bath solution containing 140 mM
NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM
HEPES, and 10 mM glucose at pH 7.4 (adjusted with
NaOH). Fluo-4 AM was diluted to 2 µM in a standard bath
solution with 0.1% pluronic F-127 (Life Technologies) and
loaded into the cells by incubation for 30 min at 37 °C with
5% CO2. After incubation, excess Fluo-4 AM dye was
washed out with three rinses of the standard solution.
Fluorescence images of Fluo-4 AM were captured at 5 s
intervals for 150 s with an upright fluorescence microscope
(BX51WI, Olympus) equipped with a CMOS camera (Neo,
Andor).

Plasmid construction

The full-length mouse TRPC5 in the pCI Neo plasmid was
cut out by NheI and NotI digestion, and the fragment was
treated with T4 DNA polymerase to generate blunt ends.
The TRPC5 fragment was subcloned into pCX (in which
the NheI site was blunt ended).

In vitro electroporation

Electroporation was performed as previously described
[32]. TRPC5/pCX plasmid solutions (final concentration,
5 µg/100 µL) in PBS containing EGFP/pCX plasmid DNA
were transferred to the electroporation chamber with the
embryonic eye cups (E17.5). Five square pulses (33 mV) of
50 ms duration with 950 ms intervals were applied by a
pulse generator, ECM830 (BTX).

Data analysis

Data are expressed as the means ± SEM. Significance of the
observed changes was assessed using Student’s unpaired
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t test and ANOVA. A difference of p < 0.01 was considered
statistically significant.

Results

TRPC5 expression is restricted to the GCL and INL in
the developing mouse retina

We first examined the expression patterns of TRPC5 during
development through adulthood (E12.5—adult) by in situ
hybridization in mouse retinal tissue sections. As the
negative controls, we performed in situ hybridization with
sense probe to confirm the specificity of antisense probe.
The signal was not detected with sense probe (Supple-
mentary Fig. 1A–D). Very weak TRPC5 mRNA signal was
detected in the GCL at E12.5 (Fig. 1a, arrowheads), we
expected that this weak signal might be negative. To further
confirm whether the weak signal was positive or negative,
we checked the protein expression. We failed to detect the
protein signals (Supplementary Fig. 1E). Therefore, we
concluded that TRPC5 was not expressed at E12.5 (Fig. 1a
and Supplementary Fig. 1E). At E14.5, clear TRPC5 mRNA
signals were detected in the GCL (Fig. 1b). Approximately
70% of the cells were TRPC5-positive in the GCL (Fig. 1b,
arrowheads). Compared with E14.5, the number of TRPC5-
positive cells in the GCL was not changed at E16.5
(Fig. 1c). At P0, TRPC5-positive cells comprised most of
the cells in the GCL (Fig. 1d). Moreover, at postnatal

stages, in addition to the GCL, TRPC5 mRNA expression
was also detected in the INL at P3 (Fig. 2a). TRPC5 mRNA
expression in the GCL and INL continued from P3 to P21,
and the TRPC5 mRNA signal was stronger depending on
the maturity of the cells in the INL (Fig. 2a–d). In the adult
retina, the level of TRPC5 mRNA detected in the GCL and
INL was stronger than at P21. It was previously reported
that TRPC5 is required for the NO-dependent increase in
dendritic Ca2+ and GABA release from ACs in the chicken
retina [29]. The level of TRPC5 expression in the INL of the
adult retina is likely stronger than at P21 because it is
predicted that the increased expression regulates neuro-
transmitter release from the ACs through TRPC5 activation.

We next examined TRPC5 protein expression in the
adult retina (Fig. 3). We performed an immunoblotting or
an immunostaining experiment to confirm the specificity of
the TRPC5 antibody. We prepared HEK293 cells expres-
sing EGFP alone or mouse TRPC5+ EGFP. Unfortunately,
the TRPC5 antibody was not suitable for immunoblotting
experiment, since we failed to find significant differences
about the band patterns between EGFP alone and TRPC5+
EGFP (data not shown). By immunostaining detection,
TRPC5 protein was not detected in EGFP-negative cell
(Fig. 3a, arrow). TRPC5 protein was specifically observed
in the EGFP-positive cells (Fig. 3a). The TRPC5 is loca-
lized in the endoplasmic reticulum and the endosome, also
localized in plasma membrane (Fig. 3a, arrowheads). These
results clearly indicated that the TRPC5 antibody specifi-
cally recognized the TRPC5 protein by immunostaining
(Fig. 3a). We also compared the results by TRPC5 antisense
probe and TRPC5 antibody in adult retina. TRPC5 mRNA
was detected in the GCL and the INL by the antisense probe
(Fig. 3b, left), but TRPC5 mRNA signal was not detected

Fig. 1 Expression pattern of TRPC5 mRNA during prenatal
stages. a–d The expression pattern of TRPC5 mRNA at prenatal
stages (E12.5, E14.5, E16.5, and P0) by in situ hybridization. High-
magnification images of the GCL were added in a and b. The
arrowheads indicate TRPC5-positive mRNA in the GCL. Scale bar:
100 µm (a–d). NBL neuroblast layer, GCL ganglion cell layer.

Fig. 2 Expression pattern of TRPC5 mRNA during postnatal
stages. a–d The expression pattern of TRPC5 mRNA during postnatal
stages (P3, P7, P14, and P21) by in situ hybridization. Scale bar: 50 µm
(a–d). NBL neuroblast layer, GCL ganglion cell layer, IPL inner
plexiform layer, INL inner nuclear layer, ONL outer nuclear layer.
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by the sense probe (Fig. 3b, right). Consistent with the
expression pattern of TRPC5 mRNA (Fig. 3b, left), TRPC5
protein was detected in the GCL and the INL (Fig. 3c). But,
the signal was not detected by anti-rabbit IgG by immu-
nostaining (Fig. 3d). These results indicate that our TRPC5
antibody and TRPC5 antisense probe are able to specifically
detect the TRPC5. Combined, these results indicate that
TRPC5 is strongly expressed in the GCL and INL during
mouse retinal development.

TRPC5 is strongly expressed in developing RGCs
and ACs

The early-born neurons such as RGCs, ACs, horizontal cells,
and cone photoreceptors are generated during embryonic
stages. For example, RGC generation begins around E11 and
continues until P1 [33]. In order to determine which cell types
express TRPC5 protein in the GCL at embryonic stages, we
performed double immunostaining for TRPC5 and RGC
marker (Brn3a) or AC marker (calretinin; Fig. 4). First, we
examined whether TRPC5 is expressed in Brn3a-positive

RGCs. Brn3a expression was observed in the GCL from
E14.5 to P0 as reported [34], and TRPC5 signals were clearly
colocalized with Brn3a in the GCL (Fig. 4a–d, inset). In the
P0 retina, TRPC5 expression was also observed in the INL
(Fig. 4d). The number of TRPC5 and Brn3a-positive cells
increased depending on the developmental stage until E18.5.
We next compared the retinal expression of TRPC5 and
calretinin. Calretinin was expressed in the GCL at E14.5 and
E18.5 (Fig. 4e, f). Consistent with the Brn3a results (Fig. 4a,
c), TRPC5 expression was colocalized with calretinin in the
GCL at E14.5 and E18.5 (Fig. 4e, f). The number of TRPC5
and calretinin-positive cells was greater at E18.5 than at
E14.5, similar to Brn3a (Fig. 4a, c). These results indicate that
TRPC5 is expressed in the RGCs and ACs of the GCL at
prenatal stages.

TRPC5 expression begins in postmitotic cells at
embryonic stages

Since the expression of TRPC5 at E12.5 was undetectable
by in situ hybridization and immunostaining (Fig. 1a and

Fig. 3 Comparison of TRPC5
mRNA and protein expression
in the adult retina. a HEK293
cells expressing mouse
TRPC5+ EGFP were stained
by anti-GFP (green) and anti-
TRPC5 (red) antibodies. The
nuclei were visualized by
Hoechst (cyan). The arrow
indicates EGFP- and TRPC5-
negative cell. The arrowheads
indicate TRPC5 protein
localized in the plasma
membrane. b The expression
pattern of TRPC5 mRNA by
antisense probe (left) and sense
probe (right) in the adult retina.
c Immunostaining for TRPC5
(green) and Hoechst (cyan)
in the adult retina.
d Immunostaining by anti-rabbit
IgG antibody (green) and
Hoechst (cyan) in the adult
retina. Scale bar: 5 µm (a);
20 µm (b–d). GCL ganglion cell
layer, IPL inner plexiform layer,
INL inner nuclear layer, ONL
outer nuclear layer.
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Supplementary Fig. 1E). Thus, we concluded that TRPC5
expression begins at approximately E14.5 by in situ
hybridization and immunostaining (Figs. 1b and 4a).
Embryonic-specific events such as cell proliferation, apop-
tosis, cell migration, and neurite outgrowth occur in
developing embryonic stage cells and are accompanied by
TRPC5 expression. This suggests that TRPC5 may be
expressed in proliferating precursor cells and is involved in
cell proliferation. Thus, we performed double immunos-
taining with a cell proliferation marker, Ki67, to confirm
whether TRPC5 is involved in cell proliferation. We
observed that most cells of the neuroblast layer were

proliferative (Ki67-positive cells). However, not all
TRPC5-positive cells were coexpressed with Ki67 in the
GCL at E14.5 and E18.5, and the Ki67-labeling experiment
suggests that TRPC5 is only found in postmitotic cells at
E14.5 and at E18.5 (Fig. 5a, arrowheads and b). We also
performed a BrdU-labeling experiment at E18.5. BrdU was
injected into pregnant dams at E18.5 and animals were
sacrificed 1 h later. The expression of TRPC5 was not
observed in S-phase proliferating cells (Fig. 5c). These
results indicate that TRPC5 is expressed in postmitotic cells
of the GCL beginning at E14.5, and suggest that TRPC5 is
not related to cell proliferation.

Fig. 4 Comparison of TRPC5
expression with markers of
RGCs or ACs at prenatal
stages. a–d Immunostaining for
TRPC5 (green) with an RGC
marker, Brn3a (red), and
Hoechst (cyan) from E14.5 to
P0. e, f Immunostaining for
TRPC5 (green) with an AC
marker, calretinin (red), and
Hoechst (cyan) at E14.5 and
E18.5. The white boxed regions
in the merged figures are high-
magnification views of the same
images; the insets in a–d show
TRPC5 and Brn3a-positive cells
in the GCL; insets in e, f show
TRPC5 and calretinin-positive
cells in the GCL. Scale bar:
20 µm. NBL neuroblast layer,
INL inner nuclear layer, GCL
ganglion cell layer.
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TRPC5 is functionally expressed in developing RGCs

To confirm the functional expression of TRPC5 in RGCs,
we performed Ca2+ imaging experiments using Fluo-4 AM
dye (Fig. 5d). Dissociated retinal cells were prepared from
E17.5 mouse embryos and cultured for 4 days. We then
measured changes in [Ca2+]i in RGCs after application of
10% FBS to confirm if TRPC5 is functionally expressed in
RGCs. Application of 10% FBS evoked an acute and large
increase in [Ca2+]i in RGCs (Fig. 5d). This FBS-evoked
[Ca2+]i increase was reduced by the application of 10 µM
clemizole, a TRPC5 specific antagonist [35] (Fig. 5d, the
red boxed region is shown as a higher magnification graph

at far right). These results indicate that TRPC5 is func-
tionally expressed in developing RGCs.

TRPC5 is expressed in RGCs, ACs, and Müller glial
cells at postnatal stages

To examine the developmental changes in TRPC5 expres-
sion in postnatal RGCs and ACs, we performed double
immunostaining for TRPC5 with an RGC (Brn3a) or AC
marker (calretinin; Figs. 6 and 7). Brn3a expression was
observed in the GCL throughout postnatal stages, and most
TRPC5 signal was colocalized with Brn3a in the GCL
(Fig. 6a–d, inset), indicating that TRPC5 is strongly

Fig. 5 Comparison of TRPC5
expression with a marker of
proliferating cells. a, b
Immunostaining for TRPC5
(green) with the proliferating
cell marker Ki67 (red) and
Hoechst (cyan) at E14.5 and
E18.5. The arrowheads represent
TRPC5-positive and Ki67-
negative cells in the GCL.
c Immunostaining for TRPC5
(green) with BrdU (red) and
Hoechst (cyan) at E18.5. Scale
bar: 20 µm (a–c). d The figure at
left shows representative traces
of [Ca2+]i changes in cultured
RGCs. [Ca2+]i changes were
measured by Fluo-4 AM, and
data were quantified as ΔF/F0.
Fetal bovine serum (FBS, 10%)
was applied at 30 s. At 90 s, the
TRPC5 antagonist clemizole
(10 µM) was added. The figure
at right is an enlarged graph of
the red boxed region in the left
figure, and shows the changes in
[Ca2+]i from 80 to 130 s.
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expressed by RGCs. The number of double-positive cells
comprised ~40% of cells in the GCL at P7 (Fig. 6a). In P21
and adult retinas, the number of double-positive cells
increased to ~70% of the total GCL cells (Fig. 6c, d). These
results indicate that mature RGCs require TRPC5 for their
physiological functions. Since the double immunostaining
with Brn3a reduced the TRPC5 signals (may be due to the
cross-reaction), we had to take the photographs by the high-
gain mode. These procedures unfortunately increased the
background. Therefore, the TRPC5 image in Fig. 6d was
different from that in Fig. 3c. To examine the subcellular
localization of TRPC5 protein in the RGCs, we took the
high-magnification image in adult (Fig. 6e). Notably,
TRPC5 signals observed in outside of nuclei labeled by
Brn3a and Hoechst (Fig. 6e). These results (Fig. 6e) and our
Ca2+-imaging results (Fig. 5d) indicate that the TRPC5
protein was localized in both the plasma membrane and
cytoplasm. As described above, our antibody did not detect
any nuclear localization of TRPC5 in HEK293 cells

(Fig. 3a). In contrast to these results, we observed the
colocalization of TRPC5 and Brn3a in RGCs (Fig. 6e).
Thus, TRPC5 might be localized in RGC nuclei. Especially,
we observed the dendritic localization of TRPC5 in the
high-magnification images (Fig. 6e, arrowheads). Thus, we
demonstrated that TRPC5 protein was localized in plasma
membrane and cytoplasm in addition to the nuclei. Calre-
tinin expression was observed in the GCL throughout
postnatal stages, and its expression in the INL also began at
P7 (Fig. 7a–d). Most TRPC5-positive cells were colocalized
with calretinin in the GCL throughout postnatal stages
(Fig. 7a–d, inset). The number of double-positive cells
was ~30% of the total cells in the GCL at P7 and P14
(Fig. 7a, b). In the P21 and adult retina, the number of
double-positive cells increased to ~70% of the GCL cells,
and those were more localized to the GCL than the INL
(Fig. 7c, d). The cell bodies of ACs located in the GCL and
INL, and ACs located in the GCL are termed displaced
ACs. Therefore, these results indicate that TRPC5 is mainly

Fig. 6 Comparison of TRPC5
expression with an RGC
marker at postnatal stages.
a–d Immunostaining for TRPC5
(green) with the RGC marker
Brn3a (red) and Hoechst (cyan)
from P7 to adult. The white
boxed regions in the merged
figure are high-magnification
views of the same images
showing TRPC5 and Brn3a-
positive cells in the GCL.
e High-magnification images of
immunostaining for TRPC5
(green) with the RGC marker
Brn3a (red) and Hoechst (cyan)
in the adult. The image at right is
further high-magnification
image. The arrowheads indicate
TRPC5 protein localized in the
plasma membrane and the
dendrites. Scale bar: 50 µm
(a–c); 20 µm (d); 5 µm (e). GCL
ganglion cell layer, INL inner
nuclear layer, ONL outer
nuclear layer.
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expressed in RGCs and displaced ACs in the GCL at
postnatal stages.

The late-born cells, such as bipolar cells and Müller glial
cells, are generated during early postnatal stages [33]. To
further determine if TRPC5 protein is expressed in these
late-born cells and horizontal cells, we performed double
immunostaining for TRPC5 with a bipolar cell marker
(Chx10), horizontal cell marker (calbindin), and Müller
glial cell marker (glutamine synthetase, GS; Figs. 8 and 9).
First, we examined the colocalization of TRPC5 and Chx10.
Chx10 expression was observed in the INL throughout the
postnatal stages (Fig. 8a–d). The number of Chx10-positive
cells peaked at P14 then was gradually reduced (Fig. 8a–d).
At P7, TRPC5-positive cells were not colocalized with
Chx10, and its expression pattern was observed throughout
postnatal stages (Fig. 8a–d). These results indicate that
TRPC5 is not expressed in bipolar cells during postnatal
stages.

Next, we examined the colocalization of calbindin or GS
in the adult retina. In adult retina, calbindin was detected in
the INL, and TRPC5-positive cells did not colocalize with
calbindin (Fig. 9a). Furthermore, GS-positive cell bodies
were observed in the INL in the adult retina, and some
TRPC5-positive cells in the INL overlapped with the GS
signals which represent Müller glial cell bodies (Fig. 9b).
Since the double immunostaining with GS reduced the

TRPC5 signals (may be due to cross-reaction), we had to
take the photographs by the high-gain mode. These proce-
dures unfortunately increased the background. Therefore,
the TRPC5 image in Fig. 9b was different from that in
Fig. 3c. Thus, these results suggest that TRPC5 is expressed
in ACs and Müller glial cells in the adult retina, which is
consistent with previous reports in the chicken retina [29].
Furthermore, for the first time we show that TRPC5 is
expressed in the RGCs of the adult retina.

TRPC5 activation inhibits axonal outgrowth in
developing RGCs

Since the peak timing of RGC axonal outgrowth occurs
between E11 and P1 [33], and TRPC5 expression begins at
E14.5 in RGCs (Fig. 4a), we hypothesized that TRPC5
activation might regulate RGC axonal outgrowth during
retinal development similar to its function in hippocampal
neurons [28]. To confirm this hypothesis, we examined
whether TRPC5 activation regulates RGC axonal out-
growth. We prepared dissociated retinal cells from E17.5
mouse embryos and applied the TRPC5 antagonist clem-
izole (10 µM) for 4 days. In addition, as a negative control,
the TRPV2 antagonist tranilast [36] (75 µM) was also
applied. We performed immunostaining using NF-M to
identify RGCs within the dissociated cells [37], and

Fig. 7 Comparison of TRPC5
expression with an AC marker
at postnatal stages. a–d
Immunostaining for TRPC5
(green) with the AC marker
calretinin (red) and Hoechst
(cyan) from P7 to adult. The
white boxed regions in the
merged figures are high-
magnification views of the same
images showing TRPC5 and
calretinin-positive cells in the
GCL. Scale bar: 50 µm (a–c);
20 µm (d).
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quantified the longest axon length in the RGCs. We then
determined the differences in axonal outgrowth between
control and inhibitor treated RGCs. Compared with con-
trols, clemizole treatment significantly enhanced axonal
outgrowth (Fig. 10a, b), suggesting that TRPC5 activation
suppressed axonal outgrowth. In contrast to clemizole-
treated cells, axon length in tranilast-treated RGCs was
similar to control cells (Fig. 10a, b). We generated a his-
togram showing the proportion of varying axon lengths

(Fig. 10c). The histogram indicated that the percentage of
short axons (0–25 µm) was reduced (Fig. 10c), whereas the
percentage of medium sized axons (26–50 µm) was
increased in clemizole-treated cells compared with control
cells (Fig. 10c). Moreover, the population of longest axons
(>50 µm) was slightly increased in clemizole-treated cells.
Hence, the shape of the histogram of clemizole-treated cells
was shifted to the right compared with control cells
(Fig. 10c). In contrast, the histogram of tranilast-treated

Fig. 8 Comparison of TRPC5
expression with a bipolar cell
marker. a–d Immunostaining
for TRPC5 (green) with the
bipolar cell marker Chx10 (red)
and Hoechst (cyan) from P7 to
adult. Scale bar: 50 µm (a–c);
20 µm (d).

Fig. 9 Comparison of TRPC5
expression with markers of
horizontal cells or Müller
glial cells in adults.
a Immunostaining for TRPC5
(green) with the horizontal cell
marker calbindin (red) and
Hoechst (cyan) in the adult.
b Immunostaining for TRPC5
(green) with the Müller glial cell
marker GS (red) and Hoechst
(cyan) in the adult. Scale
bar: 20 µm.
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cells was unchanged. These results indicate that TRPC5 acts
as a negative regulator of axon outgrowth in developing
RGCs.

Next, we examined whether TRPC5-overexpression
suppressed axonal outgrowth. We electroporated cDNA
for EGFP alone (as a control) or TRPC5+ EGFP into the
eye cup of E17.5 embryos. The axon length of TRPC5+
EGFP-overexpressing cells was shorter than that of EGFP-
overexpressing cells (Fig. 11a). These results are consistent
with previous findings in hippocampal neurons [28]. The
histogram of TRPC5+ EGFP-overexpressing cell numbers
indicated that the percentage of cell numbers bearing middle
length axon (50–100 µm) increased (Fig. 11b), whereas the
percentage of cell numbers bearing long axon (>100 µm)
was reduced compared with EGFP-overexpressing cells. In
contrast, the percentage of cell numbers bearing short axons
(0–50 µm) was unchanged (Fig. 11b). Moreover, the shape
of the histogram of TRPC5+ EGFP-overexpressing cells
shifted to the left compared with that of EGFP-
overexpressing cells (Fig. 11b). Taken together with the
clemizole results (Fig. 10), these results (Fig. 11) indicates
that TRPC5 is an important negative regulator of RGC
axonal outgrowth.

Discussion

Here, we found that retinal TRPC5 expression begins at
E14.5 (Figs. 1 and 4), and is restricted to postmitotic
neuronal precursors, ACs, and RGCs (Fig. 5). Notably, we
revealed for the first time that developing and mature RGCs

strongly express TRPC5 (Figs. 1–6) distinct from previous
reports in the chick retina [29]. TRPC5 expression is then
observed in Müller glial cells in addition to RGCs and ACs
later during development (Figs. 1–9). Based on these find-
ings, we focused on the function of TRPC5 in RGC
development. It was reported that TRPC5 negatively

Fig. 10 TRPC5 inhibition
enhances axonal outgrowth in
developing RGCs.
a Representative images of
cultured RGCs. The TRPC5
antagonist clemizole (10 µM) or
the TRPV2 antagonist tranilast
(75 µM) were applied to the
RGCs. After 4 days in culture,
immunostaining for the RGC
marker NF-M was performed.
b Quantification of the longest
axon lengths (control: n= 120
cells; clemizole: n= 120 cells;
tranilast: n= 79 cells).
c Histogram of axon lengths.
Scale bar: 20 µm. **p < 0.01.

Fig. 11 Overexpression of TRPC5 suppresses axonal outgrowth in
developing RGCs. a Representative images of EGFP or TRPC5+
EGFP-expressing RGCs. After 4 days in culture, immunostaining for
EGFP and the RGC marker NF-M was performed. b Histogram of
axon lengths (EGFP: n= 15 cells; TRPC5+ EGFP: n= 22 cells).
Scale bar: 20 µm.
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regulates axonal outgrowth in hippocampal neurons [28].
Therefore, we hypothesized that TRPC5 might have similar
functions in RGCs since they extend very long axons
toward the brain, and this characteristic is significantly
different from other retinal cell types. To test this, we
inhibited TRPC5 in developing RGCs which resulted in
significantly increased RGC axon length (Fig. 10). Con-
versely, overexpression of TRPC5 inhibited axonal out-
growth in developing RGCs (Fig. 11). These results indicate
that TRPC5 is an important negative regulator of RGC
axonal outgrowth similar to hippocampal neurons [28].

We previously reported that TRPV2 promotes axonal
outgrowth in a membrane stretch dependent manner
[32, 38]. In addition to our report, it has also been suggested
that TRPV1 and TRPV4 have similar functions [39, 40].
Furthermore, the activity of TRPC1, TRPC3, or TRPC6
was shown to be required for nerve growth cone guidance
by netrin-1 or BDNF [41, 42]. Hence, these TRP channels
are positive regulators of axonal outgrowth. In contrast,
TRPC5 has the opposing effect of suppressing axonal out-
growth and acting as a negative regulator (Figs. 10 and 11).
Combined with the present results, these studies demon-
strate that the balance between positive regulators and
TRPC5 is important for neuronal circuit formation. This
also leads us to conclude that TRPC5 activation is advan-
tageous for elongating axons, because it enables them to
better sense netrin-1 or BDNF by tempering their axonal
outgrowth via TRPC5. These periods of suspended growth
caused by TRPC5 can evoke further driving force for
axonal outgrowth. Therefore, TRPC5 might amplify the rate
of axonal outgrowth in cooperation with TRPV2 [32] and
other factors.

This leaves the question as to how TRPC5 is activated in
developing RGCs. In our study, we found that serum
application significantly elevated intracellular Ca2+ levels
(Fig. 5d), and TRPC5 inhibition partially inhibited this
serum-induced elevation in intracellular Ca2+ levels
(Fig. 5d). Hence, some trophic factors found within the
serum might activate TRPC5 in developing RGCs. It was
reported that TRPC5 inhibited NGF-induced axonal out-
growth [43], suggesting that NGF is a candidate for the
TRPC5 activator. It is well known that the PLC signaling
cascade activates TRPC5 [22], thus the PLC pathway can
be activated by NGF. As described above, we previously
reported that the movement of growth cones generates
membrane stretch, and this stretch activates TRPV2 [44, 45]
which promotes axonal outgrowth [32]. Thus the mechan-
osensing function of TRPV2 regulates neuronal circuit
formation. TRPC5 also possesses mechanosensory function
[24]; therefore, membrane stretch might also be an activator
of TRPC5 in RGCs. TRPC5 has also been shown to be
activated by cold temperatures (<37 °C) [25]. Specifically,
TRPC5 is very sensitive to physiological temperature

ranges. Thus, in regions where tissue is cooler, TRPC5
might be activated based on its temperature. Indeed, we
recently reported that the adult brain has regional tem-
perature diversity dependent on cell type, which was
determined by measuring cell-specific intracellular tem-
peratures [45]. Based on our results, the temperature of
some regions is 2–3 °C cooler than other regions in the adult
brain [45]. Hence, developing tissues might show alter-
native patterns of unique temperature distribution, and
cooler temperatures could activate TRPC5 in RGCs.
TRPC5 has also been identified as a NO sensor protein [23].
Previous studies revealed that NO contributes to the switch
from cell proliferation to differentiation during neurogenesis
[46]. Thus, NO might affect axonal outgrowth through
TRPC5 activation in developing RGCs.

In the adult mouse retina, TRPC5 expression was
observed in most RGCs (Fig. 6) and a subset of ACs
(Fig. 7). In the chick retina, it was reported that NO acti-
vates TRPC5, and increases intracellular Ca2+ levels. This
triggers the release of GABA from the ACs [29]. These
results suggest that TRPC5 activation modulates visual
signaling by enhancing GABAergic inhibition. A similar
mechanism may be at work in mouse ACs and RGCs during
visual processing. The roles of TRPC5 in mature neurons
are still not fully understood. In the brain, TRPC5 activation
in mature neurons is associated with fear processing in the
amygdala [47]. Hence, TRPC5 expression in RGCs may
regulate neuronal excitability responses to visual informa-
tion. Further studies will clarify the involvement of TRPC5
in these processes.

Excessive mechanical stress reduces the viability of cells
in the visual system. Glaucoma, a visual impairment dis-
ease, is associated with pathological mechanical stress in the
eye [48]. Significant positive correlations between intrao-
cular pressure and RGC loss have been reported in glau-
coma animal models as well as in patients [49, 50]. In
glaucoma, Ca2+ influx is evoked by activation of mechan-
osensitive ion channels, which is proposed to influence the
dendritic and axonal remodeling of RGCs that may lead to
cell death [48]. RGCs themselves are highly sensitive to
mechanical forces [48]. A recent study raised the possibility
of TRPV4 as a candidate for the glaucoma mechanosensor
[51]. Very recently, we reported that TRPV4 is a critical
mechanosensory ion channel in Müller glial cells at body
temperature [52]. The swelling of Müller glial cells by
retinal detachment causes excessive activation of TRPV4
and the release of MCP-1; this results in the accumulation
of microglia near the photoreceptors, and subsequent death
of the photoreceptors [52]. As described above, TRPC5 is
also a mechanosensitive ion channel [24]. Hence, TRPC5
may sense the abnormal intraocular pressure in glaucoma
and lead to the death of RGCs. In this case, the excessive
Ca2+ influx through TRPC5 can evoke dendritic and axonal
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remodeling, and this may lead to cell death, as our data
clearly indicate that TRPC5 is an important regulator of
neurite remodeling (Figs. 10 and 11). Future studies will
reveal the molecular mechanisms as to how TRPC5 loca-
lized to RGCs senses the abnormal intraocular pressure in
glaucoma as suggested by our findings.
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