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a b s t r a c t

Compartmentalization of neuronal function is achieved via specifically localized clustering of ion
channels in discrete subcellular membrane domains. Transient receptor potential (TRP) channels exhibit
highly variable cellular and subcellular patterns of expression. We previously revealed that the thermo-
sensor TRPV4 (activated above 34 �C) is gated by physiological brain temperatures in hippocampal
neurons and thereby controls their excitability. Here, we examined synaptic clustering of TRPV4 in
developing hippocampal neurons. We found that TRPV4 accumulated in the soma of immature hippo-
campal neurons, and did not localize to post-synaptic locations although PSD-95-labeled post-synaptic
structures were evident. During the maturation of neurons, TRPV4 was targeted to dendrites and also
clustered at post-synaptic locations. Taken together, we reveal that TRPV4 localizes to post-synaptic sites
and the post-synaptic targeting is strictly regulated in a neuronal maturation-dependent manner.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The hippocampus contains neural circuitry that is crucial for
higher brain functions, such as learning and memory [1]. The neu-
rons that form circuits in the hippocampus require transmembrane
cation influx fordepolarizationandactionpotential generation [2,3].
Many kinds of ion channels, such as voltage-gatedNaþ channels and
Ca2þ channels, contribute to membrane depolarization [2,4].

TRPV4 is a nonselective cation channel, first described as an
osmosensor detecting hypotonic stimuli, that shares 40% amino acid
identity with TRPV1 [5e8]. TRPV4 can also be activated by heat (i.e.,
temperatures>27e34 �C), the phorbol ester derivative 4a-PDD (4a-
phorbol 12,13 didecanoate), and lipid metabolites [9e12]. TRPV4
was reported to be necessary for the response to changes in osmotic
pressure and functions as an osmotic sensor in the CNS [13,14]. We
found that TRPV4 was strongly expressed in hippocampal neurons
and constitutively activated by physiological brain temperature to
control neuronal excitability [15]. Furthermore, we reported that
TRPV4 is also expressed in microglia and specific subtypes of
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astrocytes in the brain, where it regulates synaptic activity through
gliotransmitter release [16,17]. These results strongly indicate that
TRPV4 is a key molecule regulating neuronal excitability.

It is well known that small changes in brain temperature affect
brain function [18e21]. Clinical evidence suggests that brain tem-
perature is particularly a critical determinant of cognitive function.
For example, it has been reported that therapeutic hypothermia
leads to cognitive dysfunction in heart disease patients [22], while
cooling of the prefrontal cortex causes an impairment in the per-
formance of a delayed matching-to-sample task [23]. In rodents,
brain cooling significantly impairs spatial learning [24]. These re-
ports indicate that the maintenance of brain temperature is
important for healthy brain function. We have already revealed an
involvement of the thermo-sensor function of TRPV4 in brain
function following its activation by brain temperature changes
[15e17]. In this study, we examined the synaptic targeting of TRPV4
in developing hippocampal neurons.
2. Materials and methods

2.1. Animals

TRPV4-deficient (TRPV4KO) mice were generated by crossing
heterozygous mice, and the genotypes were determined by PCR as
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previously described [13]. We utilized the C57BL/6Cr strain of mice
as the wild-type (WT) control. All animal care and procedures were
performed according to Gunma University guidelines.

2.2. In situ hybridization and immunohistochemical analysis

Digoxigenin-labeled antisense/sense probes were used for in
situ hybridization as reported [15,25]. Detection of mRNA on cryo-
sectioned tissues (14 mm) was performed by NBT/BCIP through an
alkaline phosphatase-conjugated anti-DIG antibody (Roche).
Immunohistochemistry was performed as previously described
[15,26]. The following antibodies were used: rabbit polyclonal anti-
TRPV4 antibody (1:500, a generous gift from Dr. B. Nilius [27]),
mouse anti-PSD-95 (1:400, UC Davis NeuroMab) antibody, and
mouse anti-MAP2 (1:500, Sigma) antibody.

2.3. Reverse transcription PCR

TRPV4 channel expression was examined by reverse transcrip-
tion PCR (RT-PCR). Total RNA was prepared from the hippocampus
of WT mice using TRIzol reagent (Invitrogen). Total RNA (1 mg) was
converted to cDNA using SuperScriptII RNaseH (-) Reverse Tran-
scriptase (Invitrogen). TRPV4 and beta-actin were PCR-amplified
from cDNA with reported TRPV4 and beta-actin PCR primer sets
[15].

2.4. Cultivation of dissociated astrocytes and neurons

Mouse hippocampal neurons were prepared as reported [15]. In
brief, hippocampi were dissected from P0 pups and dissociated
using trypsin (0.25%) and trituration. Neurons were plated at a final
density of 1e5 � 105 cells/coverslip on poly-L-lysine-coated cover-
slips (glass coverslip 13 mm round, Assistant) in Neurobasal Me-
dium (Invitrogen) with B27 supplement (Invitrogen, Carlsbad, CA).
After 12 h, coverslips were filled with astrocyte-conditioned me-
dium (Neurobasal Medium with B27 supplement). To prevent
Fig. 1. Developmental expression of Trpv4 in hippocampus and cerebellum AeD; In situ hybr
performed from total RNA of isolated developing hippocampus by Trpv4 and beta-actin prim
200 mm.
overgrowth of glia, neuron cultures were treated with cytosine
arabinoside (5 mM; Calbiochem) at 3 days in vitro (DIV). Cortical
astrocytes were prepared from P0eP2 mice as previously described
[15]. The astrocytes were cultured in MEM þ 10% FBS þ 0.6% D-
glucose þ 100 U/mL penicillin þ 100 mg/mL streptomycin. For
ectopic expression of TRPV4-EGFP fusion protein, we transfected
the plasmid (TRPV4-EGFP/pEGFPC3, which contains the full coding
sequence of mouse TRPV4 in the vector with XhoI and EcoRI sites)
into developing hippocampal neurons using Lipofectamine2000
reagent (Invitrogen). Two days after transfection, we fixed and
stained the transfected neurons.
3. Results and discussion

We first determined whether Trpv4 expression was observed in
developing brain via in situ hybridization analysis utilizing a
reportedly specific anti-Trpv4 cRNA probe [15]. Specificity of the
probe was confirmed as described by our previous work [15]. In the
hippocampus, very weak Trpv4 expression was observed at em-
bryonic day 18 (E18) in the CA3 region (Fig. 1A), where neurons are
reported to express Trpv4 [15]. Compared with E18 hippocampus,
the Trpv4 signal was increased at P3 (Fig. 1B), and Trpv4 was
detected in the entire hippocampus (Fig. 1B). At P3, the Trpv4 signal
in Ammon's hornwas stronger than that in dentate gyrus (DG). The
Trpv4 signal was further increased at P7 (Fig. 1C). At P7, the Trpv4
expression pattern was very similar to that at P3 (The Trpv4 signal
in Ammon's horn was stronger than that in DG). Finally, Trpv4 was
strongly expressed in hippocampal neurons, and a specific subtype
of astrocytes and microglia in adult (8 week old) mice (Fig. 1D) as
we reported [15e17]. In the adult, Trpv4 signal in the CA3 and DG
were strongest in the hippocampus (Fig. 1D). These results strongly
indicate that neuronal Trpv4 expression begins in the embryonic
stage, and expression levels increase during progression to the
adult stage. To further confirm increases in Trpv4 expression levels
during development, we isolated the hippocampus from WT mice
of various ages and performed semi-quantitative RT-PCR. RT-PCR
idization of Trpv4 in developing mouse hippocampus. Scale bar; 100 mm. E; RT-PCR was
er sets. FeH; In situ hybridization of Trpv4 in developing mouse cerebellum. Scale bar;
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revealed that Trpv4 expression levels in the hippocampus increased
during development (Fig. 1E), consistent with the in situ hybridi-
zation results (Fig. 1AeD).

We also examined Trpv4 expression in the developing cere-
bellum. In contrast to hippocampal expression (Fig. 1A and B), we
failed to detect a Trpv4 signal at E18 or P3 (Fig. 1F and G). In the
adult cerebellum, strong Trpv4 expression was observed in the
Purkinje cell layer (Fig. 1H). These results strongly indicate that
Trpv4 expression in immature neurons is very different depending
on neuronal subtypes, and is likely determined by regional and
cellular characteristics.

The above results on the expression of TRPV4 during develop-
ment prompted us to conduct studies to determine the develop-
mental cellular localization of TRPV4. Hence, we performed
immunocytochemical experiments utilizing cultured hippocampal
neurons. For the analysis, we used the reportedly specific anti-
TRPV4 antibody [27]. Specificity of the antibody was confirmed
on adult brain sections (Fig. 2A). The antibody detected TRPV4
Fig. 2. Cellular distribution of TRPV4 in cultured hippocampal neurons during developmen
BeD; Immunostaining of TRPV4 (green) and MAP2 (red) in developing cultured hippocamp
signal only in WT choroid plexus but not in TRPV4KO tissue
(Fig. 2A), consistent with our previous report [28]. At 7 DIV, neu-
rons properly extended dendrites, which were labeled by MAP2
(Fig. 2B), and the majority of TRPV4 was observed in the soma and
tips of dendrites (Fig. 2B). At 14 DIV, the dendrites were further
extended, and TRPV4 signal was increased (Fig. 2C) compared with
7 DIV immature neurons (Fig. 2B). The majority of TRPV4 signals
were observed in dendrites (which were distinguished by MAP2
staining) and soma at 14 DIV (Fig. 2C). At 21 DIV, hippocampal
neurons were fully matured, and displayed long dendrites (Fig. 2D).
TRPV4 was highly localized in dendrites, and weakly clustered in
soma at 21 DIV (Fig. 2D). These results indicate that dendritic tar-
geting of TRPV4 is strictly regulated during neuronal maturation
(Fig. 2BeD), and that the final targeting might correspond with
final neuronal maturation. TRPV4 is an important molecule con-
trolling brain activity through its activation by brain temperature
(submitted). Hence, synaptic transmission might be required for
dendritic TRPV4 to modulate neuronal information through
t A; Immunostaining of TRPV4 in WT or TRPV4KO choroid plexus. Scale bar; 100 mm.
al neurons. Scale bar; 50 mm.
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intrinsic brain temperature. If so, why do immature neurons also
express TRPV4? In our observation, immature neurons express
TRPV4 in the tips of dendrites (Fig. 2B). Since activation of TRPV4
enhances neurite extension [29], TRPV4 in immature hippocampal
neurons is involved in the formation of neuronal networks. How-
ever, the contribution might be very small, since we have already
revealed that TRPV4KO hippocampus did not display any
morphological defects [15]. This raised another question as to
whether dendritic targeting of TRPV4 during neuronal maturation
also caused post-synaptic clustering. To examine this, we co-
labeled cultured hippocampal neurons with anti-TRPV4 and anti-
PSD-95 antibodies. In immature neurons (at 7 DIV), the majority
of dendritic TRPV4 was not co-localized with PSD-95, although
proximal dendrites expressed TRPV4 (Fig. 3A). In contrast to this
observation, the majority of TRPV4 was associated with formation
of punctate clusters (Fig. 3B and C as high magnification of Fig. 3B)
on dendrites in mature neurons (at 21 DIV), and most of these
TRPV4-clusters were co-localized with PSD-95 (Fig. 3B and C).
These results indicate that post-synaptic targeting of TRPV4
occurred at critical time periods after 7 DIV. To further confirm this,
we ectopically transfected the TRPV4-EGFP fusion expression-
vector into cultured hippocampal neurons. In this assay system,
over-expressed TRPV4-EGFP caused spillover from soma to den-
dritic shafts (Fig. 4A) different from endogenous TRPV4 localization
at P7 (Fig. 3A), since over-expression produced very large amount of
TRPV4-EGFP proteins. Although TRPV4-EGFP targeted to dendritic
shafts as the spillover (Fig. 3A), the majority of spiny PSD-95 clus-
ters, which were in dendritic spines, were not co-localized with
TRPV4-EGFP in the immature neurons at 7 DIV (Fig. 4A,
Fig. 3. Post-synaptic clustering of TRPV4 is observed in mature hippocampal neurons during
cultured hippocampal neurons. Scale bar; 50 mm.
arrowheads). These results indicate that the spillover of TRPV4 is
not sufficient to induce the post-synaptic targeting. Thus, it was
considered that the post-synaptic targeting of TRPV4 required
specific triggering signals. Indeed, PSD-95 signals on dendritic
shafts were well co-localized with TRPV4-EGFP signals at 7 DIV
(Fig. 4A). These results suggest that post-synaptic targeting of
TRPV4 is defined by waiting periods until neuronal maturation is
completed. In fact, PSD-95 clusters in dendritic spines werewell co-
localized with TRPV4-EGFP signals at 21 DIV (Fig. 4B, arrowheads).
Taken together, the post-synaptic clustering of TRPV4 is strictly
regulated depending on the state of neuronal maturation.

Previously, we reported that targeting of voltage-gated potas-
sium channel, Kv4.2 from the soma to the dendrites and synapses
of developing cerebellar granule neurons is induced by synapse
formation, and can be dynamically controlled by synaptic activity
[30e32]. However, the post-synaptic clustering of TRPV4 was
triggered by other mechanisms compared with that of Kv4.2, since
formation of post-synaptic structures was not sufficient for the
induction of the post-synaptic clustering of TRPV4 different from
that of Kv4.2 (Figs. 3A and 4A) [30]. It is reported that TRPV4 can
bind to alpha or beta-catenin, and modulates the function of
adherence junctions through its bindingwith E-cadherin and actin-
filament networks [33,34]. Maturation of synapses requires similar
molecular components such as beta-catenin and N-cadherin
[35,36]. Hence, the binding of TRPV4 with these proteins might be
involved in the post-synaptic clustering of TRPV4 in the developing
neurons after post-synaptic formation.

During neonatal development, mice cannot maintain constant
body temperature without their mother's care. Usually, mothers
development AeC; Immunostaining of TRPV4 (green) and PSD-95 (red) in developing



Fig. 4. Post-synaptic clustering of TRPV4 exhibits a strict waiting period during development A and B; We transfected the TRPV4-EGFP plasmid into developing hippocampal
neurons using Lipofectamine2000 reagent. Two days after transfection, we fixed and stained the transfected neurons. Immunostaining of EGFP (green) and PSD-95 (red) in
developing cultured hippocampal neurons is shown. Arrowheads represent PSD-95 positive dendritic spines. Scale bar; 50 mm.
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heat their babies under their body until the babies reach a critical
age (~10 days old). If mother mice leave in search of food, the body
temperature of babies is drastically decreased. Under such situa-
tions, the brain thermo-sensor TRPV4 might perturb neuronal
excitation, since TRPV4 activation and inactivation sequentially
occur in neonatal brain. To attenuate these disturbances, post-
synaptic clustering of TRPV4 (Figs. 3 and 4) might be strictly
regulated, as occurs in matured hippocampal neurons. Hence, our
results in immature neurons might involve temperature-
independent activation of TRPV4.

Thermosensitive TRP channels exhibit two different features,
including activation by temperature and activation by other
chemical ligands [37]. We recently reported that TRPV2 in em-
bryos promotes axon outgrowth and is involved in the regulation
of intestinal movements as a mechanosensor [38,39], although it is
also well known that TRPV2 is a noxious heat sensor [40].
Furthermore, we reported that TRPV4 in urinary bladder detects
urinary volume increases as a mechanosensor [41] while TRPV4
acts as a thermo-sensor in skin or esophageal keratinocytes
[9,42,43] and brain [15]. These results indicate that multiple li-
gands exist for thermosensitive TRP channels. Indeed, very
recently we reported that arachidonic acid activates astrocytic
TRPV4 in the hippocampus and that excited astrocytes release ATP
as a gliotransmitter [17]. Therefore, dendritic TRPV4 in immature
neurons (Figs. 2e4) might be activated primarily by endogenous
chemical ligands to promote the formation of neural networks as
reported [29]. Since the post-synaptic clustering of TRPV4 is
strictly regulated, this phenomenon implies a very important
signaling mechanism whereby regulation of neuronal excitability
through TRPV4 activation via brain temperature is required
following critical development periods after which the mainte-
nance of constant body temperature is acquired.
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