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Abstract Neurogenesis plays an important role in adult hip-
pocampal function, and this process can be modulated by
intracellular calcium. The activation of transient receptor po-
tential vanilloid 4 (TRPV4) induces an increase in intracellular
calcium concentration, but whether neurogenesis can be mod-
ulated by TRPV4 activation remains unclear. Here, we report
that intracerebroventricular injection of the TRPV4 agonist
GSK1016790A for 5 days enhanced the proliferation of stem
cells in the hippocampal dentate gyrus (DG) of adult mice
without affecting neurite growth, differentiation, or survival
of newborn cells. GSK1016790A induced increases in the
hippocampal protein levels of cyclin-dependent kinase
(CDK) 6, CDK2, cyclin E1, and cyclin A2 but did not affect
CDK4 and cyclin D1 expression. The phosphorylation of ret-
inoblastoma protein (Rb) in hippocampi was enhanced in
GSK1016790A-injected mice compared with control mice.
Moreover, hippocampal protein levels of extracellular
signal-regulated kinase 1/2 (ERK1/2) and p38 mitogen-
activated protein kinase (p38 MAPK) phosphorylation were

enhanced by GSK1016790A. Finally, GSK1016790A-
enhanced proliferation was markedly blocked by a MAPK/
ERK kinase or p38 MAPK antagonist (U0126 or SB203580,
respectively). The increased protein levels of CDK2 and
CDK6, as well as those of cyclin E1 and cyclin A2, in
GSK1016790A-injected mice were substantially reduced by
co-injection of U0126 or SB203580. We conclude that
TRPV4 activation results in the proliferation of stem cells in
the adult hippocampal DG, which is likely mediated through
ERK1/2 and p38 MAPK signaling to increase the expression
of CDKs (CDK6 and CDK2) and cyclins (cyclin E1 and A2),
phosphorylate Rb consequently, and accelerate the cell cycle
ultimately.
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Introduction

In the hippocampus, endogenous neurogenesis continues
throughout adulthood in the subgranular zone (SGZ) of the
hippocampal dentate gyrus (DG) [1]. Adult hippocampal
neurogenesis is a complex process that begins with the prolif-
eration of stem cells, followed by commitment to a neuronal
phenotype, with newborn neurons finally integrating into the
hippocampal circuitry after 3 to 4 weeks of morphological and
physiological maturation. Neurogenesis plays an important
role in adult hippocampal function, and alterations in
neurogenesis have been found in neurological diseases such
as neurodegenerative diseases, depression, and temporal lobe
epilepsy [2]. During adult neurogenesis, the proliferation of
stem cells is a key event that can bemodulated by endogenous
and exogenous factors [2]. Calcium (Ca2+) is an important
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second messenger that regulates many cellular processes, in-
cluding cell proliferation, development, migration, invasion,
and survival [3, 4]. Ca2+ influx has been shown to control cell
growth and proliferation in several cell types. In the central
nervous system, Ca2+ entry through L-type voltage-dependent
calcium channels is involved in the hypoxia-induced prolifer-
ation of neural progenitor cells [5]. Ca2+-permeable glutamate
receptors are important in precursor cell proliferation and neu-
ronal motility [6]. Therefore, targeting Ca2+-permeable chan-
nels may modulate cell proliferation and thereby provide an
effective strategy for the regulation of neurogenesis.

Transient receptor potential vanilloid 4 (TRPV4), a mem-
ber of the vanilloid transient receptor potential (TRP) channel
family, is selectively permeable to Ca2+ [7]. TRPV4 activation
has been reported to increase the intracellular free Ca2+ con-
centration ([Ca2+]i) in various cell types. Furthermore, TRPV4
activation, accompanied by elevations in [Ca2+]i, participates
in the regulation of human brain capillary endothelial cell
proliferation and triggers collateral vessel growth during the
regeneration of arterial circulation [8, 9]. Activation of
TRPV4, together with TRPV1, is involved in the proliferation
and migration of pulmonary arterial smooth muscle cells and
is dependent on increases in [Ca2+]i [10]. Activation of tran-
sient receptor potential canonical 1 (TRPC1), another Ca2+-
permeable member of the TRP superfamily, has also been
shown to induce the proliferation of neural progenitor cells
in the adult hippocampus [11]. However, TRPV4 activation
has also been found to selectively inhibit tumor endothelial
cell proliferation as well as the transforming growth
factor-β1-induced proliferation of hepatic stellate cells [12,
13]. Currently, it is still unclear whether TRPV4 activation
can modulate the proliferation of stem cells in the adult hip-
pocampal DG.

Previously, we found that TRPV4 activation enhanced the
activation of mitogen-activated protein kinase (MAPK) (in-
cluding extracellular signal-regulated kinase 1 and 2
(ERK1/2) and p38 MAPK) signaling pathways which are in-
volved in the modulation of cell proliferation, differentiation,
and survival [14, 15]. Here, we investigated whether TRPV4
activation can modulate adult hippocampal neurogenesis and
further explored the mechanism underlying TRPV4 action.

Materials and Methods

Experimental Animals

Male mice (9–10 weeks old at the start of the experiment;
ICR, Oriental Bio Service Inc., Nanjing, China) were used
in the experiments. Animals were housed under standard con-
ditions (room temperature 23 ± 2 °C, humidity 55 ± 5 %,
12:12-h light/dark cycle) in the animal research center of
Nanjing Medical University and were permitted free access

to food and water. All animal experiments were approved by
the Animal Experimental Committee of Nanjing Medical
University. Each experimental group contained nine mice.

Drug Treatment

Drugs were intracerebroventricularly (icv.) injected as previ-
ously reported [14, 15]. Drugs were first dissolved in DMSO
and then in 0.9 % saline for a final volume of 2 μl with a
DMSO concentration of 1 %. Drugs were injected into the
right lateral ventricle (0.3 mm posterior, 1.0 mm lateral, and
2.5 mm ventral to the bregma) using a stepper-motorized
microsyringe (Stoelting, Wood Dale, IL, USA) at a rate of
0.2 μl/min. GSK1016790A (0.2 to 10 pmol/mouse/day) was
injected once daily for 5 days (GSK1016790A-injected mice).
SB203580 is a selective antagonist of p38 MAPK signaling,
and U0126 is an effective inhibitor of MAPK/ERK signaling
[16, 17]. U0126 (0.3 nmol/mouse/day) or SB203580 (2 nmol/
mouse/day) was injected 30 min before GSK1016790A injec-
tion and then injected once daily for 5 days. The doses of the
above antagonists were chosen based on previous reports [14,
15]. Control mice were injected with the same volume of
vehicle.

Histological Examination

For 5-bromo-2-deoxyuridine (BrdU) immunostaining, BrdU
was dissolved in 0.9 % saline at a final concentration of
10 mg/ml and the BrdU solution was made fresh just before
the injection. Mice received three intraperitoneal (ip.) injec-
tions of BrdU (50 mg/kg) at 8-h intervals for mitotic labeling
and that day as termed day 0 (Fig. 1a). The mice were anes-
thetized with chloral hydrate (400 mg/kg, ip.) and
transcardially perfused with 4 % paraformaldehyde at differ-
ent time points after the last BrdU injection (Fig. 1a). Brains

�Fig. 1 Effect of the TRPV4 agonist GSK1016790A on the proliferation
of stem cell. a The time course of the experimental procedure. BrdU
staining was examined 1, 7, 14, 21, and 28 days after the last BrdU
injection; Ki-67 staining was examined 5 days after GSK1016790A in-
jection; DCX stainingwas examined 14 days after the last BrdU injection;
BrdU/NeuN or BrdU/GFAP double staining was examined 28 days after
the last BrdU injection. b Injection of GSK1016790A (2 pmol/mouse/
day) increased the number of 1-day-old BrdU+ cells. Representative im-
ages of 1-day-old BrdU+ cells (black arrows) in control and
GSK1016790A-injected mice; ×20 objective, scale bar = 100 μM.
**p < 0.01 vs. control. c Numbers of 1-day-old BrdU+ cells in the pres-
ence of different doses of GSK1016790A. **p < 0.01 vs. control. dDose-
dependent GSK1016790A-mediated increase in 1-day-old BrdU+ cells. e
Injection of GSK1016790A increased the number of Ki-67+ cells.
Representative images of Ki-67+ cells (red arrows) in control and
GSK1016790A-injected mice; ×20 objective, scale bar = 100 μM.
**p < 0.01 vs. control. f Injection of GSK1016790A increased the hip-
pocampal PCNA protein level. **p < 0.01 vs. control (color figure online)
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were post-fixed overnight in 4 % paraformaldehyde at 4 °C
and coronally sectioned (40 μM thick) using a vibrating mi-
crotome (Microslicer DTK 1500; Dousaka EM Co., Kyoto,
Japan). Every fifth free-floating section was treated with 2 M
HCl for 30 min at 37 °C. The sections were treated with 3 %
normal goat serum and then incubated overnight with mouse
monoclonal anti-BrdU (1:1000; Millipore, Billerica, MA,
USA) at 4 °C. After several rinses with PBS, the sections were
incubated for 2 h with biotin-labeled goat anti-mouse IgG
(1:500; Bioworld Technology, Inc., St. Louis Park, MN,
USA). Immunostaining was visualized by avidin-biotin horse-
radish peroxidase complex (ABC Elite Kit; 1:50; Vector
Laboratories, Inc., Burlingame, CA, USA) using 3,3′-diami-
nobenzidine as a chromogen. For Ki-67 immunostaining, the
sections were incubated with rabbit monoclonal anti-Ki-67
(1:1000; Abcam; Cambridge, UK) followed by biotin-
labeled goat ant i - rabbi t IgG (1:500; Santa Cruz
Biotechnology; Santa Cruz, CA, USA). For doublecortin
(DCX) immunostaining, the sections were incubated with
goa t po lyc lona l an t i -DCX (1 :500 ; San t a Cruz
Biotechnology; Santa Cruz, CA, USA) followed by biotin-
labeled rabbit anti-goat IgG (1:200; Bioworld Technology,
St. Louis Park, MN, USA). For BrdU and neuron-specific
nuclear protein (NeuN) or BrdU and the glial marker glial
fibrillary acidic protein (GFAP) double immunostaining, the
sections were incubated with rat monoclonal anti-BrdU
(1:200; Abcam, Cambridge, UK) and developed using CY3-
labeled anti-rat IgG (1:500; Millipore, Billerica, MA, USA);
mouse monoclonal anti-NeuN or anti-GFAP (1:200;
Millipore, Billerica, MA, USA) was developed using FITC-
labeled anti-mouse IgG (1:50; Millipore, Billerica, MA,
USA).

BrdU-positive (BrdU+) and Ki-67-positive (Ki-67+) cells
were observed every fifth section (200 μm apart) on a con-
ventional light microscope (Olympus DP70, Tokyo, Japan)
with a ×40 objective. Total number of BrdU+ or Ki-67+ cells
per section were counted and multiplied by 5 to obtain the
total number of cells in DG [18]. BrdU+ cells expressing
NeuN (BrdU+/NeuN+) and BrdU+ cells expressing GFAP
(BrdU+/GFAP+) cells were observed via confocal laser scan-
ning microscopy (Leica, Heidelberg, Germany) [18]. DCX+

fibers in molecular layer were counted on a conventional light
microscope with an oil immersion lens (×100) and analyzed
with ImageJ software (NIH Image, Bethesda,MD, USA) [18].
The density and the length of DCX+ fibers were expressed as
the number of DCX+ dendrites per millimeter in the middle
third and the outer third of the molecular layer divided by the
number of DCX+ cells [18, 19].

Western Blot Analysis

Western blot analysis was performed 1 day after the last
GSK1016790A in jec t ion . Hippocampal p ro te in

concentrations were determined using a BCA Protein Assay
Kit (Pierce, Rochford, IL, USA). Equal amounts of protein
were separated by SDS-polyacrylamide gel electrophoresis
and transferred to PVDF membranes. The membranes were
blocked using 5 % nonfat milk in Tris-buffered saline (TBS)/
Tween-20 and then incubated with antibodies against
phospho-ERK1/2 (p-ERK1/2, 1:1000, Cell Signaling
Technology, Beverly, MA, USA), phospho-p38 MAPK (p-
p38 MAPK, 1:1000, Cell Signaling Technology, Beverly,
MA, USA), cyclin-dependent kinase (CDK) 2 (1:1000,
Abcam, Cambridge, UK), CDK4 (1:1000, Abcam,
Cambridge, UK), CDK6 (1:1000, Cell Signaling
Technology, Beverly, MA, USA), cyclin E1 (1:1000, Cell
Signaling Technology, Beverly, MA, USA), cyclin A2
(1:1000, Abcam, Cambridge, UK), cyclin D1 (1:1000,
Abcam, Cambridge, UK), PCNA (1:1000, Abcam,
Cambridge, UK), phospho-retinoblastoma protein (p-Rb,
1:1000, Cell Signaling Technology, Beverly, MA, USA), pro-
liferating cell nuclear antigen (PCNA) (Cell Signaling
Technology, Beverly, MA, USA) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (1:5000, Abcam,
Cambridge, UK) at 4 °C overnight. After being washed with
TBST, the membranes were incubated with HRP-labeled sec-
ondary antibody, developed using an ECL Detection Kit
(Amersham Biosciences, Piscataway, NJ) and analyzed using
ImageJ software (NIH). Following visualization of p-ERK, p-
p38 MAPK, and p-Rb, the blots were stripped by incubation
in stripping buffer (Restore, Pierce Chemical Co., Rockford,
IL) for 5 min, reblocked for 60 min with skim milk at room
temperature, and then incubated with ERK1/2 (1:1000, Cell
Signaling Technology, Beverly, MA, USA), p38 MAPK
(1:1000, Cell Signaling Technology, Beverly, MA, USA), or
Rb (Cell Signaling Technology, Beverly, MA, USA) antibody,
respectively. Hippocampal samples collected from the hemi-
spheres of three mice were considered a set for western blot
analysis. The data represent the average of three experimental
sets.

Chemicals

All chemicals, unless otherwise stated, were obtained from
Sigma-Aldrich Co.

Data Analysis

Data are expressed as the mean ± SEM, and statistical analy-
ses were performed using SPSS software, version 16.0 (SPSS
Inc., USA). ANOVA followed by Bonferroni’s post hoc test
was used to evaluate statistical significance, and the signifi-
cance level was set at p < 0.05 and p < 0.01. The protein levels
in mice injected with GSK1016790A and/or the kinase antag-
onist were expressed as the percentage of that in vehicle-
injected mice (control mice). The increases in the number of
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1-day-old BrdU+ cells resulting from different doses of
GSK1016790A were first normalized to the increase caused
by 10 pmol GSK1016790A. The dose-response curve was
fitted by the Hill equation, a = amax/[1 + (EC50/C)

n ], where
n is the Hill coefficient and EC50 value is the dose of
GSK1016790A that produced a 50 % effect.

Results

Effect of the TRPV4 Agonist GSK1016790A
on the Proliferation of Stem Cell

GSK1016790A was icv. injected for five consecutive days
before the last BrdU injection (day −4 to day 0, Fig. 1a).
BrdU+ cells in the hippocampal DG region were examined
at different time points (1, 7, 14, 21 and 28 days) after the last
BrdU injection (1-, 7-, 14-, 21- and 28-day-old BrdU+ cells;
Fig. 1a). The proliferating cells complete one mitotic division
within 24 h; therefore, 1-day-old BrdU+ cells indicate the pro-
liferation of stem cells. Compared with the control group,
more 1-day-old BrdU+ cells were found in mice injected with
GSK1016790A (GSK1016790A-injected mice) (Fig. 1b, c).
The number of 1-day-old BrdU+ cells showed a dose-
dependent increase in response to GSK1016790A at doses
ranging from 0.2 to 10 pmol/mouse/day, with a Hill coeffi-
cient and EC50 of 1.36 and 1.10 ± 0.16 pmol/mouse/day, re-
spectively (Fig. 1c). The number of 1-day-old BrdU+ cells
increased by 110.00 ± 3.70 % (p < 0.01) after the administra-
tion of 2 pmol/mouse/day GSK1016790A, and this dose was
used in the following experiments.

Ki-67 and PCNA are intrinsic markers of cell proliferation
[20]. As shown in Fig. 1e, more Ki-67+ cells were found in
GSK1016790A-injected mice than in control mice (p < 0.01).
PCNA protein level was markedly higher in GSK1016790A-
injected mice compared with control mice (Fig. 1f) (p < 0.01).
These results indicate that TRPV4 activation promotes the
proliferation of stem cells in the hippocampal DG.

Effect of GSK1016790A on the Expression of Cell
Cycle-Related Proteins

In mammals, the cell cycle is driven by the concerted ac-
tion of CDKs and their activating partners, the cyclins [21].
In the present study, CDK6 and CDK2 protein levels were
markedly enhanced following GSK1016790A administra-
tion (p < 0.01 in each case), whereas CDK4 level was
nearly unchanged (Fig. 2a). Additionally, cyclin E1 and
cyclin A2 protein levels were higher in GSK1016790A-
injected mice (p < 0.01 in each case), with cyclin D1 pro-
tein level nearly unchanged (Fig. 2b). As expected, phos-
phorylated Rb (p-Rb) protein level was significantly in-
creased upon GSK1016790A administration (p < 0.01)

(Fig. 2c). The above results indicate that TRPV4 activation
may accelerate the cell cycle by increasing the expression
of CDK2/6 and cyclin E1/A2 to facilitate Rb phosphoryla-
tion, resulting in enhanced stem cell proliferation.

Involvement of MAPK Signaling Pathways
in the GSK1016790A-Induced Promotion of Stem Cell
Proliferation and Increase of Cell Cycle-Related Protein
Expression

MAPK signaling pathways, including ERK, p38 MAPK, and
c-Jun N-terminal kinase (JNK), play an important role in reg-
ulating cell proliferation, differentiation, and survival [22]. In
the present study, p-ERK1/2 and p-p38 MAPK protein levels
were enhanced in mice injected with GSK1016790A for
5 days (p < 0.01) (Fig. 3a, b). Next, we examined the involve-
ment of ERK1/2 and/or p38 MAPK signaling pathways in the
GSK1016790A-enhanced proliferation of stem cell.We found
that 1-day-old BrdU+ cell count in GSK1016790A-injected
mice was significantly reduced by administration of a MEK

Fig. 2 Effect of GSK1016790A on cell cycle-related protein expression.
Western blot analysis of hippocampal CDK (a), cyclin (b), and p-Rb (c)
protein levels in control and GSK1016790A-injected mice. **p < 0.01 vs.
control
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antagonist, U0126, or a p38 MAPK antagonist, SB203580
(Fig. 3c). GSK1016790A-induced increase in 1-day-old
BrdU+ cells was attenuated from 110.00 ± 3.70 to
38.32 ± 5.56 % by U0126 and to 4.70 ± 1.67 % by
SB203580, respectively (p < 0.01 in each case). Fewer Ki-
67+ cells were found in mice that were co-injected with
GSK1016790A and U0126 or SB203580 (Fig. 3d). The in-
crease in Ki-67+ cells caused by GSK1016790Awas reduced
from 100.6 ± 1.89 to 31.52 ± 5.62 % by U0126 and to
3.45 ± 0.98 % by SB203580, respectively (p < 0.01 in each
case). Additionally, the increased PCNA protein level in
GSK1016790A-injected mice was blocked by U0126 or
SB203580 (p < 0.01 in each case) (Fig. 3e). These results
indicate that ERK1/2 and p38 MAPK signaling are involved

in the enhanced stem cell proliferation caused by TRPV4
activation.

We also assessed the effect of U0126 and SB203580 on the
GSK1016790A-induced modulation of cell cycle-related pro-
tein expression. As shown in Fig. 4a, b, co-injection with
U0126 or SB203580 markedly attenuated the increase in
CDK6 and CDK2 protein levels in GSK1016790A-injected

Fig. 3 Involvement of ERK1/2 and p38 MAPK signaling in the
GSK1016790A-induced promotion of stem cell proliferation. a, b
Western blot analysis of hippocampal p-ERK1/2 (a) and p-p38 MAPK
(b) protein levels in control and GSK1016790A-injected mice.
**p < 0.01 vs. control. c, d The increased numbers of 1-day-old BrdU+

(black arrows) (c) and Ki-67+ cells (red arrows) (d) were markedly

attenuated by the MEK antagonist U0126 or by the p38 MAPK antago-
nist SB203580. **p < 0.01 vs. control, ^^p < 0.01 vs. GSK1016790A,
##p < 0.01 vs. U0126. e Hippocampal PCNA protein level in
GSK1016790A-injected mice was markedly lower in mice co-injected
with U0126 or SB203580. **p < 0.01 vs. control, ^^p < 0.01 vs.
GSK1016790A, ##p < 0.01 vs. U0126 (color figure online)

�Fig. 4 Involvement of ERK1/2 and p38 MAPK signaling in the
GSK1016790A-induced modulation of cell cycle-related protein expres-
sion. Western blot analysis shows that the GSK1016790A-induced in-
creases in hippocampal CDK6 (a), CDK2 (b), cyclin E1 (c), cyclin A2
(d), and p-Rb (e) protein levels were markedly attenuated by U0126 or
SB203580. **p < 0.01 vs. control, ^^p < 0.01 vs. GSK1016790A,
##p < 0.01 vs. U0126, $$p < 0.01 vs. SB203580
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mice (p < 0.01 in each case). Cyclin E1 and cyclin A2 protein
levels were lower in mice co-injected with GSK1016790A
and U0126 or SB203580 compared with mice injected with
GSK1016790A alone (p < 0.01 in each case) (Fig. 4c, d).
Figure 4e shows that the increase in p-Rb protein level in
GSK1016790A-injected mice was strongly inhibited by
U0126 or SB203580 (p < 0.01 in each case) (Fig. 4f). These
results indicate that TRPV4 activation may increase ERK1/2
and p38 MAPK signaling, resulting in the upregulation of
CDKs, cyclins, and Rb phosphorylation and consequently ac-
celerating the cell cycle.

Effect of GSK1016790A on Neurite Growth,
Differentiation, and Survival of Newborn Cells

As shown in Fig. 5a, GSK1016790A injection also caused a
significant increase in the numbers of 7- and 14-day-old
BrdU+ cells (p < 0.01 in each case) and had no effect on the
number of 21- or 28-day-old BrdU+ cells. Here, we noted that
the rat io of 7-day-old/1-day-old BrdU+ cel ls in
GSK1016790A-injected mice was smaller than that in control
mice (p < 0.01) and that the 14-day-old/7-day-old BrdU+ ratio
in GSK1016790A-injected mice was similar to that in control

mice (Fig. 5b). DCX, a microtubule-associated protein, is spe-
cifically expressed in newly generated healthy neurons,
reaching a peak during the second week [23]. As shown in
Fig. 5c, the number of DCX+ dendrites per DCX+ cell in the
middle and outer third of the molecular layer was unaffected
by GSK1016790A. In addition, the numbers of 28-day-old
BrdU+/NeuN+ or BrdU+/GFAP+ were similar between
GSK1016790A-injected and control mice (Fig. 5d). These
results indicate that TRPV4 activation via the present protocol
does not affect neurite growth, differentiation, or survival of
newborn cells.

Discussion

Neurogenesis occurs throughout adult life and is regulated by
both physiological and pathological factors [1]. Ca2+ plays an
important role in modulating cell growth, differentiation, and
survival [3, 4]. TRPV4 is a member of the TRPV subfamily,
and this receptor is abundant in the hippocampus [7, 24].
Increased [Ca2+]i caused by TRPV4 activation has been con-
firmed in various cell types, including hippocampal neurons
[24]. Some TRPC family members that are permeable to Ca2+

Fig. 5 Effect of GSK1016790A
on neurite growth, differentiation
and survival of newborn cells. a
Effect of GSK1016790A
injection (see procedure in
Fig. 1a) on the numbers of 7-, 14-,
21-, and 28-day-old BrdU+ cells.
**p < 0.01 vs. control. b The ra-
tios of 7-day-old/1-day-old and
14-day-old/7-day-old BrdU+
cells in control and
GSK1016790A-injected mice.
**p < 0.01 vs. control. c DCX+

cells dendrites in control and
GSK1016790A-injected mice;
×40 objective, scale
bar = 100 μM. d BrdU+/NeuN+

and BrdU+/GFAP+ cells in control
and GSK1016790A-injected
mice. Representative images of
BrdU+/NeuN+ cells (white stars)
in control and GSK1016790A-
injected mice; ×40 objective,
scale bar = 100 μM
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are also reportedly involved in neurogenesis. For example,
TRPC1 activation is required for the proliferation of adult
hippocampal neuronal progenitor cells and contributes to the
basic fibroblast growth factor-induced self-renewal of embry-
onic rat neural stem cells [11, 25]. Higher TRPC4 and TRPC7
protein levels were found in proliferating cells in an immor-
talized hippocampal neuronal cell line (H19-7 cells). TRPC1
and TRPC3 may also control the switch between proliferation
and differentiation in H19-7 cells [26]. The present in vivo
study is the first to demonstrate that TRPV4 activation can
promote the proliferation of stem cell in the adult hippocampal
dentate gyrus.

In the adult hippocampus, stem cells are located in the
SGZ. As the first step of neurogenesis, stem cell proliferation
plays a vital role in controlling the subsequent process of
neurogenesis. BrdU is an analog of thymidine that can incor-
porate into proliferating cells, and Ki-67 is an intrinsic marker
of proliferation that is expressed throughout the cell cycle in
continuously dividing cells [20]. In the present study, the pro-
liferation of stem cell was first assessed using BrdU and Ki-67
labeling. We found that 1-day-old BrdU+ and Ki-67+ cell
counts were both markedly increased in mice injected with
GSK1016790A. We then found that the protein level of
PCNA, another intrinsic marker of proliferation, was signifi-
cantly enhanced in GSK1016790A-injected mice (Fig. 1).
These results confirmed that TRPV4 activation promotes the
proliferation of stem cell. However, for lack of the specific
markers, the present study could not identify which type of
progenitor cells proliferation was enhanced by TRPV4 activa-
tion. In fact, activation of TRPV4 also enhances proliferation
in other cell types. For example, application of the TRPV4
agonist 4α-PDD increased Ki-67+ cells in cultured porcine
endothelial cells and promoted BrdU incorporation in esoph-
ageal epithelial cells [9, 27]. TRPV4 activation also potentiat-
ed the proliferation of human brain capillary endothelial cells
[8]. Notably, the TRPV4-induced promotion of cell prolifera-
tion in the above reports is accompanied by increased [Ca2+]i.
Hence, these TRPV4-induced increases in [Ca2+]i are thought
to be responsible for promoting stem cell proliferation. In the
hippocampus, TRPV4 activation was reported to enhance N-
methyl-D-aspartate (NMDA)-mediated Ca2+ entry [28].
Therefore, the TRPV4-induced increase in [Ca2+]i in the hip-
pocampus may result from Ca2+ influx through the receptor
per se and/or through NMDA glutamate receptors.

The cell cycle is tightly regulated by CDKs and cyclins
[21]. [Ca2+]i is thought to play a crucial role in regulating
the cell cycle by stimulating the expression of genes associat-
ed with cell cycle progression, as well as by activating en-
zymes that participate in DNA replication and mitosis [4].
The role of Ca2+ influx through TRP channels in cell prolifer-
ation and cell cycle progression has been confirmed in previ-
ous studies. For example, knocking down TRPC1 induced G1
arrest and reduced the proliferation of endothelial progenitor

cells [29]. Knocking down TRPM7 also led to a block in G0/
G1 in pancreatic epithelial cells and slowed the G1/S transi-
tion in human retinoblastoma cells [30, 31]. In mammals, cell
proliferation is predominantly controlled during the G1 phase
of the cell cycle [32]. During G1, cyclin D binds to activate
CDK4 or CDK6, and their complexes phosphorylate Rb to
release E2F proteins, which promote the transcription of genes
required for cell cycle progression, including cyclin E.
Activated cyclin E-CDK2 complexes irreversibly inactivate
Rb and subsequently promote the G1/S transition. CDK2 then
partners with cyclin A to drive the cell through S phase, and at
the end of this cell cycle phase, CDK1/cyclin B and A com-
plexes promote the G2/M transition. In the present study,
CDK6 and CDK2 protein levels were markedly increased,
whereas CDK4 leve l was nea r ly unchanged in
GSK1016790A-injected mice. The cyclin E1 and cyclin A2
protein levels were higher in GSK1016790A-injected mice
than in controls, whereas the cyclin D1 level was unaltered.
Additionally, p-Rb protein level was elevated by
GSK1016790A injection (Fig. 2). Therefore, we propose that
TRPV4 activation facilitates Rb phosphorylation by increas-
ing the CDK6 and CDK2-cyclin E complexes to promote the
G1/S transition and then accelerate S phase by increasing
CDK2-cyclin A complexes. Therefore, this acceleration of
cell cycle progression is likely responsible for the promotion
of stem cell proliferation caused by TRPV4 activation.

MAPKs are a family of serine-threonine kinases that play
an important role in regulating multiple biological processes,
including proliferation, survival, differentiation, and transfor-
mation [22]. Previous studies in lung epithelial cells, trigem-
inal ganglion and dorsal root ganglion sensory neurons, cap-
illary endothelial cells, adipocytes, and hippocampi have
shown that TRPV4 activation may enhance ERK1/2 and
p38MAPK signaling [14, 15, 33–36]. Recently, we found that
application of a TRPV4 agonist had no effect on JNK signal-
ing [14]. Therefore, the present study focused on the involve-
ment of ERK1/2 and p38 MAPK signaling in the TRPV4-
induced promotion of stem cell proliferation. Consistent with
previous reports, p-ERK1/2 and p-p38 MAPK protein levels
were higher in GSK1016790A-injected mice (Fig. 3a, b).
TRPV4 is permeable to Ca2+ and activation of TRPV4 in-
duces an increase in [Ca2+]i. TRPV1 is another member of
TRPV subfamily and also permeable to Ca2+. It has been
reported that activation of TRPV1 can lead to the activation
of ERK and p38 MAPK signaling pathways, dependent on
TRPV1-induced Ca2+ signaling [5]. Therefore, it is deduced
that TRPV4-induced Ca2+ influx may be responsible for the
activation of ERK and p38 MAPK signaling pathways.
Besides this, activation of NMDA receptor is related to the
activation of ERK pathway. In our previous studies, NMDA
receptor function can be enhanced by TRPV4 activation and
blockage of NR2B subunit markedly attenuated TRPV4-
induced activation of ERK signaling pathway [15, 28].
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Therefore, the enhanced NMDA receptor is also likely in-
volved in the TRPV4-induced ERK signaling pathway acti-
vation. Here, GSK1016790A-increased p-p38 MAPK protein
level was markedly attenuated by U0126 (Supplementary
Fig. 1b), indicating that TRPV4-activated ERK signaling
pathway may facilitate p38 MAPK signaling pathway
activation.

ERK1/2 signaling pathway plays a pivotal role in control-
ling cell cycle progression and is involved in the prolifera-
tion of neuronal progenitor cells [22]. After activation, ERK
translocates to the nucleus, where it phosphorylates tran-
scription factors, resulting in expression of genes involved
in cell cycle progression (including CDKs and cyclins) [37].
Inhibition of p38 MAPK signaling blocks the proliferation
of neuronal and oligodendrocyte progenitors [38, 39]. The
effect of p38 MAPK in the proliferation of neuronal precur-
sors is probably limited to G2/M phase, when p38 MAPK is
phosphorylated by a specific MAPKK, PDZ-binding kinase/
T-LAK cell-originated protein kinase that is activated by
cyclin B/CDK1 [38]. p38 MAPK signaling-induced modu-
lation of oligodendrocyte progenitor proliferation is cooper-
ation with ERK signaling [39]. Activation of p38 MAPK is
linked to phosphorylation of Ser-389 of glycogen synthase
kinase 3β in adult hippocampal neural stem/progenitor cells,
which in turn results in reduced degradation and increased
intracellular level and nuclear accumulation of β-catenin
[40]. Here, the GSK1016790A-induced increase in 1-day-
old BrdU+ cells was markedly attenuated by either U0126
or SB203580 (Fig. 3c); the increased Ki-67+ cell counts and
PCNA expression in GSK1016790A-injected mice were
blocked by U0126 or SB203580 as well (Fig. 3d, e), indi-
cating that both ERK and p38 MAPK signaling pathways
are involved in TRPV4-enhanced stem cell proliferation. As
discussed above, GSK1016790A-increased ERK signaling
pathway activation may help to activate p38 MAPK signal-
ing pathway. However, TRPV4-induced increase in p-ERK
protein level was not affected by SB203580 (Supplementary
Fig. 1a). The detailed interaction between ERK and p38
MAPK signaling pathways under the condition of TRPV4
activation needs to be studied in the future. By assessing the
expression of cell cycle-related proteins, our data showed
that the increased protein levels of CDK6/CDK2 and cyclin
E1/cyclin A2 were attenuated by both U0126 and
SB203580; GSK1016790A-induced increase in p-Rb pro-
tein level was also blocked by U0126 and SB203580
(Fig. 4). These results indicate a convergence of the down-
stream targets of ERK and p38 MAPK signaling pathways.
Therefore, activation of TRPV4 may lead to activate ERK
and p38 MAPK signaling pathways and these two pathways
likely have cooperative effect on TRPV4-enhanced prolifer-
ation of stem cell through increasing the expression of pro-
teins that regulate both the G1/S transition and S-phase
progression.

The present study showed that the ratio of 7-day-old/1-day-
old BrdU+ cells was decreased by GSK1016790A (Fig. 5b),
suggesting that although TRPV4 activation promotes stem
cell proliferation, more newborn cells die during
neurogenesis. Here, GSK1016790Awas injected for five con-
secutive days and was supposed to be absent 7 days after
injection. The ratio of 14-day-old/7-day-old BrdU+ cells in
GSK-injected mice was similar to that in control mice, con-
sistent with our hypothesis. Therefore, the GSK1016790A-
induced increase in 7- and 14-day-old BrdU+ cells was more
likely a residual effect of the increased proliferation (Fig. 5a).
It is known that apoptosis and proliferation are intimately
coupled. Activation of TRPV4 has been proven to induce
apoptosis in various types of cells [14, 41, 42]. In our recent
study, activation of TRPV4 results in the apoptosis in hippo-
campus, which is mediated, at least partially, through activa-
tion of p38 MAPK signaling pathway [14]. Therefore, the
present enhanced proliferation of stem cell in SGZ is probably
a secondary response to TRPV4-induced neurotoxicity.
Besides this, apoptotic newborn cells may also exist upon
TRPV4 activation. As the ratio of 7-day-old/1-day-old
BrdU+ cells decreased markedly by GSK1016790A treat-
ment, therefore, it is deduced that apoptosis of newborn cells
may be prominent in the early stage of the neurogenesis in the
present drug administration protocol. More experiments are
needed to clarify this in the future study. Prior evidence sug-
gests that TRPV4 activation facilitates nerve growth factor-
induced neurite growth in peripheral neurons [43]. However,
our data showed that neither the density nor the length of
DCX+ fiber was affected by GSK1016790A (Fig. 5c), indi-
cating that TRPV4 activation did not affect neurite growth.
Moreover, the numbers of 28-day-old BrdU+, BrdU+/
NeuN+, and BrdU+/GAPDH+ cells in GSK1016790A-
injected mice were the same as those in control mice
(Fig. 5d), indicating that TRPV4 activation did not affect dif-
ferentiation or survival of newborn cells. As discussed above,
these negat ive resul ts were probably due to the
GSK1016790A injection protocol used in this study. More
experiments are needed to study the direct effect of TRPV4
activation on neurite growth, differentiation, or survival of
newborn cells during neurogenesis.

Besides hippocampal SGZ, another brain region that con-
tains the stem cells is the subventricular zone (SVZ) of the
lateral ventricles. However, there are differences across spe-
cies in the quantity of progenitor cells in SGZ vs. SVZ [44].
Changes in the number of proliferating stem cells in SGZ and
SVZ in the pathological conditions (such as Alzheimer’s dis-
ease and cerebral ischemia) have been reported [45, 46].
Whether the proliferation of stem cells in SVZ could be af-
fected by TRPV4 activation remains to be illuminated.

Our study provides in vivo evidence that TRPV4 activation
promotes the proliferation of stem cells in the adult hippocam-
pal DG, and this effect is likely mediated through activation of
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ERK1/2 and p38 MAPK signaling to increase the expression
of CDKs (CDK6 and CDK2) and cyclins (cyclin E1 and A2),
phosphorylate Rb consequently, and accelerate the cell cycle
ultimately. Therefore, TRPV4 may be a new target for the
modulation of adult neurogenesis under pathological
conditions.
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