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Many retinal diseases are associated with pathological cell
swelling, but the underlying etiology remains to be established.
A key component of the volume-sensitive machinery, the tran-
sient receptor potential vanilloid 4 (TRPV4) ion channel, may
represent a sensor and transducer of cell swelling, but the
molecular link between the swelling and TRPV4 activation is
unresolved. Here, our results from experiments using electro-
physiology, cell volumetric measurements, and fluorescence
imaging conducted in murine retinal cells and Xenopus oocytes
indicated that cell swelling in the physiological range activated
TRPV4 in Müller glia and Xenopus oocytes, but required phos-
pholipase A2 (PLA2) activity exclusively in Müller cells. Volume-
dependent TRPV4 gating was independent of cytoskeletal rear-
rangements and phosphorylation. Our findings also revealed
that TRPV4-mediated transduction of volume changes is depen-
dent by its N terminus, more specifically by its distal-most part.
We conclude that the volume sensitivity and function of TRPV4
in situ depend critically on its functional and cell type–specific
interactions.

The transient receptor potential vanilloid 4 (TRPV4)3 chan-
nel is a Ca2�-permeable cation channel expressed in a variety of
tissues, including the retina, where the channel is localized to

Müller cells, microvascular endothelial cells, retinal pigment
epithelium, and retinal ganglion cells (1–3). As an indication of
TRPV4 being a key component of the response mechanism
during pathological events, excessive TRPV4 influx may drive
reactive gliosis and glial cytokine release (1, 4), modulate the
integrity of the blood-retina barrier (5, 6), and predispose reti-
nal ganglion cells to activation of Ca2�-dependent pro-apopto-
tic signaling pathways (7). TRPV4 channels display remarkable
gating promiscuity and are activated by a palette of physical
stimuli, such as mechanical forces, post-translational modifica-
tions, and chemical stimuli, such as synthetic lipid ligands (1,
8–12) (but see Ref. 13), in a manner that mimics the volume-
dependent activation of the channel (14). TRPV4 responds to
isosmolar cell swelling as well as to osmolarity-induced cell
swelling, translated via aquaporin water channels, and thus
functions as a sensor of abrupt volume changes irrespective of
the origin of the cell swelling (14 –16). However, a key unre-
solved question pertains to the structural determinants that
mediate the molecular coupling between cell swelling and
channel activation. Müller glia, endothelial cells, and HEK293
cells may require an intermediate step involving phospholipase
A2 (PLA2) activation and cytochrome P450 (CYP450)-depen-
dent arachidonic acid (AA) metabolites for swelling-dependent
activation of TRPV4 (1, 8, 17), whereas cell swelling has led to
TRPV4 activation independently of PLA2 and AA metabolites
in retinal ganglion cells, sensory neurons, yeast, renal vascular
cells, and Xenopus oocytes (1, 13, 18). It thus remains unre-
solved whether swelling-induced activation of TRPV4 can
occur directly or whether an intracellular signaling cascade is
required to couple cell swelling to TRPV4 activation.

TRPV4 belongs to a family of channels, of which several
members display volume sensitivity (19, 20) and activate either
in response to cell swelling as TRPV4 (14, 15) or to cell shrink-
age as the TRPV1 splice variant, VR.5�sv (21–24). TRPV4 pos-
sesses an extensive cytoplasmic N terminus, which contains
ankyrin repeats (25, 26) that are recognized as potential binding
hubs and thus could represent an important structural element
of volume-dependent channel gating. The reports of volume-
dependence of TRPV4 were based on introduction of large
osmotic gradients of 100–200 mosM (1, 14, 27, 28), which in most
cell types will induce cell swelling of a nonphysiological caliber
(29). The extent of TRPV4-mediated activation and gating upon
small physiologically relevant volume changes remains unex-
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plored. Here, we investigated swelling-induced TRPV4 activation
with physiologically relevant volume changes in murine retinal
cells and upon heterologous expression in Xenopus oocytes to
reveal the molecular coupling between cell swelling and TRPV4
activation.

Results

Swelling-induced activation of heterologously expressed
TRPV4 occurs independently of PLA2 activity

Whereas initial studies suggested that PLA2 activation is
required for swelling-induced TRPV4 activation (8, 9, 30), at
least two studies reported that canonical PLA2 signaling may
not be obligatory in neurons (1, 31). We therefore employed the
Xenopus laevis oocyte heterologous expression system based
on TRPV4 expression in Xenopus laevis oocytes that were
exposed to hyposmotic stimuli in the presence of PLA2 activa-
tors and blockers. As an additional control, we co-expressed
AQP4 in a subset of oocytes, which we previously showed facil-
itates TRPV4 activation through a robust increase in water
permeability and rate of swelling (32). TRPV4 and AQP4
expression in the plasma membrane was verified in immuno-
fluorescent micrographs after microinjection of cRNA encod-
ing the two proteins, whereas no expression was detected in
control (uninjected) oocytes (Fig. 1A). Oocytes were challenged
with a hyposmotic gradient of �100 mosM (obtained by
removal of 100 mM mannitol from the control solution to
decrease the osmolarity while keeping the ionic strength con-
stant, leading to 5–10% cell swelling in the tested time frame)
with continuous monitoring of their volume and current activ-
ity with conventional two-electrode voltage clamp (see repre-
sentative volume and current traces in Fig. 1Ai). This osmotic
challenge led to robust cell swelling of oocytes co-expressing
AQP4 and TRPV4, which was virtually absent in TRPV4-ex-
pressing oocytes or uninjected oocytes (Fig. 1Ai).

Activation of PLA2 by sc-3034 (3 �M) added to the test solu-
tion failed to affect TRPV4-mediated current activity, whether
or not the oocyte was exposed to an osmotic challenge during
the exposure (n � 10, Fig. 1 B and C). Despite earlier reports of
PLA2 activity in oocytes (33–36), we excluded the possibility
that lack of PLA2-mediated TRPV4 activation could originate
from PLA2 absence in the oocytes by circumventing PLA2
enzyme activity. The TRPV4-expressing oocytes were exposed
to the downstream metabolites of the PLA2 signaling pathway,
a mixture of the polyunsaturated fatty acids (PUFAs) AA (10
�M), oleic acid (10 �M), anandamide (10 �M), and 5�,6�-epoxy-
eicosatrienoic acids (EETs) (5 �M) to the extracellular side by
inclusion in the test solution (n � 10; Fig. 1D). As these metab-
olites are released intracellularly upon PLA2 activity, we, in
addition, microinjected the PUFAs directly into the oocyte dur-
ing the electrophysiological recordings (n � 10; Fig. 1, E and F).
Exposure of this mixture of PUFAs did not affect the TRPV4-
mediated current, whether AQP4 was co-expressed or not and
whether or not the cells were exposed to a hyposmotic chal-
lenge. Combined, these data illustrate that the canonical PLA2
signaling pathway and/or its associated downstream metabo-
lites do not lead to activation of TRPV4 expressed in Xenopus
oocytes.

To determine whether PLA2 was required for the volume-
induced TRPV4 activation, two different PLA2 inhibitors
(ONO-RS-82 (1 �M) or pBPB (1 �M)) were applied prior to
introduction of the osmotic challenge; PLA2 inhibition did not
affect the TRPV4-mediated current activity or prevent swell-
ing-induced TRPV4 activation (n � 9, Fig. 1 G and H). None of
the tested agonists/antagonists affected the membrane cur-
rents of uninjected oocytes or oocytes expressing only AQP4
(data not shown). These results demonstrate that swelling-in-
duced TRPV4 activation can indeed occur independently of
PLA2 activation.

Swelling-induced activation of TRPV4 is unaffected by
phosphorylation

Given that intermediary PLA2 activation is not required for
swelling-induced gating of heterologously expressed TRPV4,
we determined the involvement of other factors that have pre-
viously been implicated in TRPV4 function. To resolve the
requirement for protein phosphorylation in swelling-induced
activation of TRPV4, TRPV4 � AQP4 – expressing oocytes
were challenged with a hyposmotic solution (�100 mosM) in
the absence and presence of activators or inhibitors of protein
kinase G (PKG), A (PKA), or C (PKC) (Fig. 2). These kinase
modulators all efficiently target and activate their respective
kinases in Xenopus oocytes (37, 38) and do not affect AQP4
expression or activity within the employed time frame (�10
min) (37, 38). To determine the effect of PKA-, PKC-, or PKG-
dependent phosphorylation during swelling-induced activa-
tion of TRPV4, 200 nM phorbol 12-myristate 13-acetate (PMA)
(PKC activator) or 10 �M chelerythrine (PKC inhibitor), 300 �M

8-Br-cAMP (PKA activator) or 50 �M H89 (PKA inhibitor), or
100 �M 8-pCPT-cGMP (PKG activator) or 1 �M K252a (PKG
inhibitor) (n � 9 –12, Fig. 2, A–F, right panels) were added to
the test solution, and the TRPV4-mediated current activity was
measured (see Fig. 2H for a schematic of the experimental par-
adigm). Summarized data obtained for all six kinase modulators
at �85 mV are shown in Fig. 2G (n � 9 –12). Inhibition or
activation of PKC, PKA, and PKG did not significantly affect the
swelling-induced activation of TRPV4.

Swelling-induced TRPV4 activation occurs independently of
cytoskeletal rearrangements

To determine whether swelling-induced TRPV4 activation
relies on cytoskeletal dynamics, we monitored swelling-in-
duced activation of TRPV4 in the presence of two inhibitors of
cytoskeletal rearrangements, taxol (microtubules) and latrun-
culin A (actin) (39). Exposure of TRPV4 � AQP4 – expressing
oocytes to these inhibitors did not affect the TRPV4-mediated
current activity or the swelling-induced TRPV4 response (Fig.
3, A and B, n � 12). These results illustrate that swelling-in-
duced TRPV4 activation occurs independently of cytoskeletal
rearrangements.

The N terminus of TRPV4 determines the directionality of the
volume sensing

To resolve the structural identity of the TRPV4 volume sen-
sor, we included the phylogenetically related TRPV1 in its full-
length version as well as the heavily truncated splice variant

TRPV4 and sensing of volume changes
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thereof (VR.5�sv), the latter of which has been reported to open
upon cell shrinkage (21, 40). The experiments were designed
for each oocyte to act as its own control, and the effects of
osmotic challenges and agonists are presented relative to the
basal control current (see histograms in Fig. 4). In this manner,
the expression levels of the different constructs need not be
identical. Oocytes expressing AQP4 and each of the TRPV con-
structs (TRPV4 � AQP4 (Fig. 4A), TRPV1 � AQP4 (Fig. 4B),

and VR.5�sv � AQP4 (Fig. 4C)) were initially challenged with a
hyposmotic (�100 mosM) gradient during current recordings.
TRPV4 � AQP4-expressing oocytes presented with increased
current activity upon cell swelling (n � 9; Fig. 4Ai), which was
in contrast to both TRPV1 and VR.5�sv, neither of which
responded to cell swelling (n � 9; Fig. 4, Bi and Ci). Exposure to
a hyperosmotic gradient (�100 mosM) led to cell shrinkage-
induced current reduction in TRPV4 � AQP4 – expressing

Figure 1. TRPV4 is activated by increased cell volume independently of PLA2 activity. A, representative confocal laser-scanning micrographs of an
uninjected oocyte (top) and an oocyte expressing TRPV4 � AQP4 (bottom) after immunolabeling with phalloidin and anti-AQP4 and anti-TRPV4 antibodies
confirmed the plasma membrane expression. Ai, representative volume and current traces obtained from oocytes voltage-clamped at Vm � �20 mV and
challenged with a hyposmotic gradient (�100 mosM, indicated by a blue bar). Current traces were recorded with a 200-ms step protocol from an uninjected
oocyte (far left) and oocytes expressing either AQP4 (middle left), TRPV4 (middle right), or TRPV4 � AQP4 (far right). B–H, summarized I/V curves from TRPV4 – and
TRPV4 � AQP4 – expressing oocytes in control solution (black) or during application of a hyposmotic solution (red) without drug or in control solution and
hyposmotic solution with sc-3034 (PLA2 activator) (B and C; control solution in white, hyposmotic solution in blue), externally added PUFAs (D; control solution
in white, hyposmotic solution in light purple), microinjected PUFAs (E and F; control solution in white, hyposmotic solution in light purple), ONO-RS-082 (PLA2
inhibitor) (G; control solution in white, hyposmotic solution in dark purple), or pBPB (PLA2 inhibitor) (H; control solution in white, hyposmotic solution in dark
purple). Insets, TRPV4-mediated current activity at �85 mV obtained after exposure to �100 mosM (red), in control solution with drug (white), and after exposure
to �100 mosM with drug (blue, light, or dark purple) was normalized to that obtained in control condition without drug. N.S., not significant (p � 0.05); one-way
ANOVA, n � 9 –10 oocytes. Error bars, S.D. (bar graphs) or S.E. (I/V curves).

TRPV4 and sensing of volume changes
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oocytes (n � 9; Fig. 4Aii) but had no effect on TRPV1 � AQP4 –
expressing oocytes (which, nonetheless, responded robustly to
the TRPV1 agonist capsaicin (10 �M) (n � 9; Fig. 4Bii)). Oocytes
expressing the truncated version of TRPV1, VR.5�sv � AQP4,
in contrast, displayed robust current activation upon cell
shrinkage (n � 9; Fig. 4Cii) but were insensitive to capsaicin
(Fig. 4Cii). AQP4-expressing oocytes (Fig. 4 (Ai and Aii)) and
oocytes expressing the TRPV constructs in the absence of
AQP4 failed to display increased current activity upon cellular
volume changes. These related, but differentially gated, ion
channels (TRPV1 with its insensitivity to volume changes,
VR.5�sv with its shrinkage sensitivity, and TRPV4 with its swell-
ing sensitivity) thus serve as tools to resolve the structural
determinant of TRPV4 volume sensitivity.

To identify the N-terminal determination of the volume
response, we constructed a set of chimeric TRPV4 channels

composed of the N terminus from the phylogenetically related
TRPV1 (insensitive to volume changes) and its splice variant,
VR.5�sv (shrinkage-activated). Fig. 5 A and B illustrates the
schematics and immunofluorescent micrographs demonstrat-
ing plasma membrane expression of both chimeras upon
microinjection of cRNA encoding TRPV4:TRPV1 and TRPV4:
VR.5�sv. Although the basal control current was intact (and
employed for normalizing the response to volume changes and
agonists within each oocyte), oocytes expressing the TRPV4:
TRPV1 chimera failed to respond to both cell swelling and cell
shrinkage as well as to GSK101 (TRPV4 agonist) and capsaicin
(TRPV1 agonist) (n � 12; Fig. 5C, uninjected oocytes in inset).
The chimeric TRPV4:VR.5� channel, with replacement of the
TRPV4 N terminus with the heavily truncated N terminus of
VR.5�sv, exhibited significantly elevated current activity in
response to cell shrinkage (n � 12; Fig. 5D), whereas swelling-

Figure 2. No changes in swelling-induced activation of TRPV4 upon phosphorylation. A–F, representative I/V curves of TRPV4-mediated activity in control
solution or in hyposmotic solution. Control solution is shown in black and hyposmotic (�100 mosM) in red. A–C, activity with PKA-, PKC-, or PKG activators (right).
D–F, activity with PKA, PKC, or PKG inhibitors (right). G, current activity, I, at �85 mV obtained after exposure to �100 mosM is shown as bars. Filled red bars,
hypotonic solution–induced TRPV4-mediated activity without drug; open bars, response with drug. H, experimental paradigm. Application of a hyposmotic
gradient is indicated by a blue bar, and drug application is shown by a pink bar. Arrows indicate when current activity was recorded. N.S., not significant (p �
0.05), one-way ANOVA, n � 9 –12 oocytes. Error bars, S.D. (bar graphs) or S.E. (I/V curves).

TRPV4 and sensing of volume changes
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induced activation and GSK101-/capsaicin-elicited activation
was absent (Fig. 5D). These results illustrate that the N termini
of the related TRPV1 and VR.5�sv can partially substitute for
the TRPV4 N terminus and that this domain dictates the vol-
ume sensitivity of the channel.

The distant part of the N terminus of TRPV4 is required for
volume sensing

To determine which part of the TRPV4 N terminus dictates
the volume sensitivity, we compared swelling-induced activa-
tion of TRPV4 mutants with modified N termini (schematic in
Fig. 6A) with that of the WT TRPV4 (n � 9; Fig. 6A (Full N
terminus), B and C (left panels), and D (top)). Oocytes express-
ing a mutant TRPV4 with a deletion of the most distal part of its
N terminus (leaving part of the proline-rich domain intact,
Deletant I) failed to respond with increased membrane currents
upon cell swelling, while retaining its activation by the TRPV4
agonist GSK101 (Fig. 6A (schematic), B and C (right panels), and
D (second panel from the top)). Channels with shorter versions
of the N terminus all presented as insensitive to volume changes
as well as GSK101 (Fig. 6D) (despite proper membrane target-
ing; data not shown). The most distant part of the N terminus,
including part of the proline-rich domain, is thus required for
volume sensing of TRPV4.

TRPV4 is activated by small, physiologically relevant volume
changes in acutely dissociated Müller glia but not in retinal
ganglion cells

Studies employing heterologously expressed TRPV4 (Fig. 1)
demonstrate that PLA2 is not necessary for TRPV4 activation
under the conditions of cell swelling, but it remains unclear (i)
whether endogenously expressed TRPV4 ion channels can be
activated by physiological relevant osmotic gradients and (ii)
whether this process involves PLA2 activation. We took advan-
tage of the retinal preparation that allows simultaneous visual-
izations of TRPV4-mediated responses in neurons and glial
cells (1, 7). Dissociated cells were loaded with the Ca2� sensor

Fura-2AM and exposed to small osmotic gradients of �20 and
�40 mosM as [Ca2�]i was monitored in real time. The osmotic
gradients were obtained with constant electrolyte concentra-
tion by removal of mannitol from the test solution (see “Exper-
imental procedures”) to avoid concomitant changes in ionic
driving forces and membrane potentials. Introduction of such
osmotic challenges did not translate to altered Ca2� dynamics
in retinal ganglion cells (n � 19 cells; Fig. 7 A and B), although a
large osmotic gradient of �140 mosM did provoke a response
(Fig. 7A, inset), as observed previously (1, 7). In contrast, expo-
sure to small osmotic gradients consistently elevated cytosolic
Ca2�, [Ca2�]i, in Müller glia (�36% for �20 mosM; �48% for
�40 mosM, n � 9 –13 cells; Fig. 7, C and D). These osmotically
induced [Ca2�]i transients in Müller cells were mediated by
TRPV4, as indicated by their abrogation in the presence of the
TRPV4 inhibitor HC-067047 (HC-06; 1 �M) (n � 19 cells; Fig. 7,
E and F). These data demonstrate that TRPV4-dependent
transduction of physiologically relevant hyposmotic challenges
(and thus volume changes) to Ca2� signaling is cell type–
specific, with glial TRPV4 showing markedly augmented sensi-
tivity to osmotic stressors.

Phospholipase A2 activation is required for swelling-induced
TRPV4 activation in Müller cells

We next tested whether the differential volume transduction
in neurons and glia correlates with PLA2 activity. Suppression
of PLA2 activity has been shown to inhibit TRPV4 (1), but it is
not known whether PLA2 activity is sufficient to activate the
channel. PLA2 activation was prompted by the PLA2 agonist
sc-3034 (3 �M), which had no effect on retinal ganglion cell
[Ca2�]i dynamics (n � 29 cells; Fig. 8 A and B) but elicited
robust [Ca2�]i activity in Müller cells (�55%, n � 13 cells; Fig.
8, C and D). sc-3034 –induced calcium signals in the glia were
abolished by HC-06 (n � 10 cells; Fig. 8, E and F), indicating that
PLA2 signaling suffices to activate TRPV4 in Müller cells in the
absence of mechanical stressors.

Figure 3. Cytoskeletal rearrangements are not required for activation of TRPV4. A, experimental paradigm and representative volume traces (top).
Application of a hyposmotic gradient is indicated by a blue bar, and drug application is shown by a pink bar. Representative current traces (bottom) were
recorded as indicated by arrows (in control and hyposmotic solutions before drug application, after recovery and after latrunculin A and taxol application). B,
summarized I/V curves with control solution (black), hyposmotic solution (red), control solution (white), and hyposmotic solution (light purple) after latrunculin
A/taxol application. Insets, TRPV4-mediated current activity at �85 mV obtained after exposure to �100 mosM (red), in control solution with latrunculin A/taxol
(white) or in hyposmotic solution with latrunculin A/taxol (light purple) was normalized to that obtained in control condition. N.S., not significant (p � 0.05);
one-way ANOVA, n � 12 oocytes. Error bars, S.D.
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To resolve whether PLA2 activation was required for swell-
ing-induced TRPV4 activation in Müller glia brought about via
small gradients (�20 mosM), the cells were pretreated with the
PLA2 inhibitor ONO-RS-82 (1 �M) prior to introduction of the
osmotic challenges. Notably, wash-in of the PLA2 inhibitor
shifted the baseline F340/380 fluorescence ratio to another stable
level upon which the osmotic challenge was introduced. The
PLA2 inhibitor blocked the swelling-induced [Ca2�]i dynamics
in the Müller cells (n � 14 cells; Fig. 8, G and H), demonstrating
that volume-dependent activation of TRPV4 requires PLA2
activity. Upon wash-out of the inhibitor, the volume sensitivity
was restored to the Müller cells (Fig. 8, G and H). These results

show that the molecular properties of TRPV4 volume sensing
are cell type–specific, with intermediary PLA2 activation oblig-
atory for TRPV4 activation in Müller cells, whereas heterolo-
gously expressed TRPV4 in oocytes and retinal ganglion cells
responds to swelling through direct activation of the channel.
Thus, sensing of the physico-chemical milieu may require not
only the requisite transducer but also the appropriate intracel-
lular context associated with each cell type.

Discussion

We here demonstrate that sensing of volume changes by
TRPV4 occurs by distinct pathways in a cell type–specific man-

Figure 4. Related TRPVs are differentially gated. A–C, schematics of the phylogenetically related TRPV4 (top), TRPV1 (middle), and the V1 splice variant,
VR.5�sv (bottom). Shown are summarized I/V curves from TRPV4-expressing (top), TRPV1-expressing (middle), or VR.5�sv-expressing oocytes (bottom) with
control solution (black) and hyposmotic solution (red) (Ai–Ci) or with hyperosmotic solution (orange) or capsaicin (gray) (Aii–Cii). Insets, summarized I/V curves
from TRPV4-expressing and AQP4-expressing (top), TRPV1-expressing (middle), and VR.5�sv-expressing (bottom) oocytes. Current activity at �85 mV was
obtained after exposure to �100 mosM, �100 mosM, and capsaicin was normalized to that obtained in control conditions. N.S., not significant (p � 0.05); *, p �
0.05; **, p � 0.01; ***, p � 0.001; Student’s paired t test (Ai–Ci, Aii), one-way ANOVA (Bii–Cii), n � 9 oocytes. Error bars, S.D. (bar graphs) or S.E. (I/V curves).
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ner, with or without the requirement of an intermediate PLA2
activation. Our observation that TRPV4 responds to small
physiologically relevant levels of cell swelling in Müller cells but
not in retinal ganglion cells suggests that the TRPV4-mediated
volume response may in fact be physiologically relevant and not
exclusively a response to pathological levels of cell swelling. It is
generally accepted that TRPV4 is activated by cell swelling, yet
whether PLA2 activation is required to mediate the coupling
between cell swelling and channel activation has remained a
standing question. In tumor cells, pancreatic islets, endothelial
cells, epithelial cells, fibroblasts, and trabecular meshwork cells
(41–44), swelling has been shown to activate PLA2, but many of
these studies have relied on large, unphysiological osmotic gra-
dients (100 –200 mosM) that could have introduced additional
confounding elements (1, 14, 27, 28). Swelling-induced activa-
tion of glial TRPV4 required activity of endogenously expressed
PLA2, presumably involving the intermediary PLA2-CYP450-
EET axis, in agreement with previous observations based on
exposure to large hyposmotic gradients (1). Interestingly, the

ganglion cells were insensitive to exposure to small osmotic
gradients but demonstrated TRPV4 activation upon exposure
to large osmotic gradients, mimicking pathophysiological con-
ditions. It is unclear why TRPV4 is responsive to exposure of a
hyposmolar gradient when expressed in Müller cells and not in
retinal ganglion cells, given the similarity between the extent of
swelling in response to a large osmotic challenge in the cell
types (1). If this response is extrapolated to exposure to smaller
osmotic gradients, as employed in the present study, it may
suggest that PLA2 could function to amplify the response to
small levels of swelling. However, such a small osmotic gradient
may translate to a slower rate of cell swelling in the ganglion
cells compared with the Müller cells, which, in itself, could
impose a reduction in the osmotic activation of TRPV4 (14).

PLA2 activation leads to formation of arachidonic acid
metabolites, such as EETs. A recent discovery of a conserved
EET-binding pocket in TRPV4, involving residues from S4, the
S2-S3 linker, and the S4-S5 linker domains (47), supports a
direct link between PLA2 activation and TRPV4 gating. To

Figure 5. The N terminus of TRPV4 is essential for the directionality of the volume sensing. A and B, schematics of the constructed chimeras (top) with the
N terminus from TRPV1 (left) and the TRPV1 splice variant VR.5�sv (right) and micrographs of the chimeras immunolabeled with phalloidin and anti-AQP4 and
anti-TRPV4 antibodies, confirming plasma membrane expression. C and D, summarized I/V curves from TRPV4:TRPV1-expressing (C) or TRPV4:VR.5�sv-express-
ing (D) oocytes with control solution (black), hyposmotic solution (red), hyperosmotic solution (orange), GSK101 (TRPV4 agonist; green), and capsaicin (TRPV1
agonist; gray). Activity from uninjected oocytes is shown in Ci. Insets, current activity at �85 mV obtained after exposure to �100 mosM, �100 mosM, GSK101,
or capsaicin was normalized to that obtained in control conditions. N.S., not significant (p � 0.05); ***, p � 0.001; one-way ANOVA, n � 12 oocytes. Error bars,
S.D. (bar graphs) or S.E. (I/V curves).
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resolve whether PLA2 and its metabolites are required for swell-
ing-induced TRPV4 activation in an isolated setting, we co-ex-
pressed TRPV4 in Xenopus oocytes with AQP4 to promote
osmotically induced cell swelling (14). We have previously
excluded a significant contribution from endogenous Cl�
channels (48, 49) and confirmed that currents recorded from
TRPV4-expressing oocytes are of TRPV4 origin (by their cati-
onic nature and ruthenium red sensitivity) (14). Activation of

PLA2 had no effect on TRPV4-mediated membrane currents,
indicating that this canonical signaling pathway did not directly
activate TRPV4 in this cell type, as we also observed in retinal
ganglion cells. PLA2 activity has previously been demonstrated
in Xenopus oocytes (33–36). To rule out the possibility that the
lack of effect of PLA2 activation resided in low or absent PLA2
activity in this experimental cell system, we, in addition,
exposed TRPV4-expressing oocytes to the downstream prod-

Figure 6. The proline rich distant part of the N terminus of TRPV4 is required for swelling-induced activation. A, schematics of the full-length TRPV4 N
terminus and deletants. B, micrographs of TRPV4 and the functioning deletant (Deletant I) immunolabeled with phalloidin and anti-AQP4 and anti-TRPV4
antibodies, confirming plasma membrane expression. C, summarized I/V curves from TRPV4 (left) and Deletant I (right) with control solution (black), hyposmotic
solution (red), and GSK101 (green). D, current activity at �130 mV obtained in control solution, after exposure to �100 mosM or GSK101 in the full-length form
or deletants shown as bars. N.S., not significant (p � 0.05); ***, p � 0.001; one-way ANOVA, n � 9 oocytes. Error bars, S.D. (bar graphs) or S.E. (I/V curves).
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ucts of PLA2, thereby circumventing PLA2. These PLA2 prod-
ucts did not affect the TRPV4-mediated current, whether
applied via the surrounding test solution or upon microinjec-
tion into the oocytes during the experiment. The volume-de-
pendent activation of TRPV4 in Xenopus oocytes robustly
occurred irrespective of PLA2 activity (as tested with two dif-
ferent PLA2 antagonists). This ability to sense volume changes
in the absence of PLA2 activity confirms previous studies on

both oocytes and yeast (13, 18), as well as on thoracic sensory
neurons (31). Accordingly, whereas cell swelling may cause
PLA2 activation with subsequent accumulation of arachidonic
acid and other metabolites (41, 42, 50), this enzymatic action
seems to represent a required intermediary step for swelling-
induced TRPV4 gating only in select cell types. Although we
currently cannot explain the cell type–specific requirement for
PLA2, we hypothesize that the long N terminus of TRPV4 may

Figure 7. TRPV4 is activated by small osmotic gradients in Müller cells. A, representative raw trace of responses recorded in Fura-2AM–loaded retinal
ganglion cells. Application of osmotic gradients is indicated by the blue bar. Physiologically relevant osmotic gradients (�20 and �40 mosM) and, thus, small
volume changes, do not elevate retinal ganglion cell calcium levels above spontaneous calcium spikes. Calcium levels were evoked upon application of a large
gradient (�140 mosM) serving as a positive control for responsiveness. Inset, micrograph showing dissociated Müller and retinal ganglion cells. B, summary for
results shown in A. Shown are mean values of spontaneous manually detected spikes (peak 	 10 frames pre- and post-peak) before stimulation (Ctrl) and the
change in [Ca2�]i measured as spikes detected above a threshold (horizontal line) sat as spontaneous levels during stimulation (�20 or �40 mosM), n � 19 cells.
C, representative raw traces of responses recorded in Fura-2AM–loaded Müller cells presented as in A. A summary of results is shown in D, analyzed and
processed as in B, n � 10 –13 cells. E, representative raw trace of response recorded in Fura-2AM–loaded Müller cells displaying reduced responsiveness in the
presence of HC-06 with summary of results in F, n � 19 cells. N.S., not significant (p � 0.05); **, p � 0.01; ***, p � 0.001; two-sample t test. Error bars, S.D.

Figure 8. PLA2 activation is required for swelling-induced TRPV4 activation in Müller cells. A, representative raw trace of response recorded in Fura-2AM–
loaded retinal ganglion cells. Activation of PLA2 (sc-3034) is indicated by the pink bar. B, summary for results shown in A. Shown are mean) values before PLA2
activation (Ctrl) and the change in [Ca2�]i during stimulation (sc-3034), n � 29 cells. C, representative raw trace of response recorded in Müller cells with
summary of results shown in D, n � 13 cells. E, representative raw trace of responses recorded in Müller cells verifying their TRPV4 origin. The evoked PLA2
activation-induced responses are abolished in the presence of HC-06. F, summary of results in E, n � 10 cells. G, representative raw trace of response recorded
in Müller cells after pretreatment with a PLA2 inhibitor (ONO-RS-089, indicated by the pink bar) prior to application of an osmotic gradient (�20 mosM, indicated
by the blue bar) and after ONO-RS-089 washout. H, summary of results from G presenting the increase in swelling-induced calcium levels after washout of PLA2
blocker, n � 14 cells. N.S., not significant (p � 0.05); **, p � 0.01; ***, p � 0.001; two-sample t test. Error bars, S.D.
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interact with different cytoskeletal components in the different
cell types, which may cause a conformational shift of the chan-
nel, mimicking the PLA2-bound protein structure. Alterna-
tively, the retinal ganglion cells may not express the requisite
cPLA2 and/or CYP450 enzymes that epoxygenate the arachi-
donic acid precursor (51) and/or may express a cell type–
specific distinct splice variant, as is the case for the volume
sensitivity of TRPV1 (40) and piezo2 channels (52). It remains
to be seen whether the EET-binding pocket, which mediates
TRPV4 activation by EETs (47), is occluded in PLA2-nonre-
sponding oocytes, yeast, and neurons. The complexity of chan-
nel gating can, for example, be uncovered by exposing cells to
different TRPV4-activating stimuli, which might expose differ-
ent binding domains. For example, Vriens et al. (9) showed that
temperature- and agonist-induced channel gating in HEK293
cells are independent of PLA2 despite the obligatory require-
ment for swelling-induced activation, potentially due to a dif-
ferent state of Tyr-555 in transmembrane segment 3. Future
experiments will determine how mechanical properties and
lipid structure (i.e. relative fraction of �3 versus �6 polyunsat-
urated fatty acids) of the membrane influence TRPV4 gating in
neurons and glia.

From a functional perspective, augmented volume sensitivity
of glia versus neurons appears to be congruent with the central
role glia plays in the regulation of a microenvironment in the
retina and the brain (45), whereby glia-mediated membrane
transport across the parenchyma, subserved by TRPV4, pro-
tects the overall homeostasis (15, 16). This bears relevance to
neurodegenerative diseases such as glaucoma, in which Müller
glia shows substantial early reactive activation that precedes
retinal ganglion cell loss (46). It is possible that the PLA2
requirement in Müller cells provides a “safety” toward aberrant
volume activation of TRPV4 with each neuronal activity–
evoked glia cell swelling presumed to take place in the Müller
cells analogously to that of hippocampal astrocytes (53). In sup-
port of this hypothesis, we previously demonstrated that
TRPV4 activity did not influence the glia cell volume dynamics
occurring in the wake of neuronal activity, despite the observed
cell swelling (29). In such a scenario, only larger cell swelling
may lead to PLA2 activity in the glia cells and thus, in such a
setting, prevent TRPV4 activity and associated Ca2� influx (45).

To reveal a molecular coupling between cell swelling and
TRPV4 activation, we tested whether other intermediary regu-
lators could supplant the role of PLA2 in volume-induced
TRPV4 gating. A force-sensitive complex tethered to the cyto-
skeleton (microtubules and F-actin) (54 –56) has been pro-
posed to couple membrane stretch to TRPV4 activation (57–
59). The kinetics of volume-induced currents were not altered
by inhibitors of cytoskeletal rearrangement, leading us to con-
clude that TRPV4 volume transduction occurs independently
of dynamic rearrangement of cytoskeletal components. How-
ever, the volume-induced activation may still occur via N-ter-
minal anchoring to cytoskeletal components. The N terminus
of TRPV4 displays a site of phosphorylation via an anchored
regulatory kinase complex (56). To determine whether swell-
ing-induced activation of TRPV4 required protein phosphory-
lation, we monitored TRPV4-mediated membrane currents
after introduction of membrane-permeable inhibitors and acti-

vators of protein kinases A, C, G, all of which have been dem-
onstrated to be present and sensitive to such pharmacological
manipulation in the Xenopus oocytes (37, 38). Whereas TRPV4
may certainly be subject to phosphorylation and thus regulated
in this fashion in different cell types and experimental settings,
our data suggest that activation of protein kinase A, C, or G was
not a required molecular link between cell swelling and TRPV4
activation. Therefore, TRPV4 can be activated by volume
changes independently of PKA, PKC, or PKG activity. This
finding contrasts with previous reports on swelling-induced
TRPV4 activation in HEK293 cells, which was enhanced upon
PKC (60) and Src family kinase activation (61). However, the
amino acid residues involved in these responses appeared to be
required for sensitization rather than activation of the channel
and thus represent a possible modulatory mechanism (61).

To obtain a molecular handle on the putative TRPV4
volume-sensing domain, we included the phylogenetic relative,
TRPV1, and its splice variant VR.5�sv (21). Whereas TRPV1
was unresponsive to hyperosmotically induced volume
changes, as earlier reported in situ (22), the splice variant
VR.5�sv was activated by cell shrinkage and insensitive to cap-
saicin, the latter finding supported by earlier reports (21, 23,
40). It has been suggested that truncation of the N terminus, as
seen with this splice variant, may affect the trafficking to the cell
membrane (62). However, correct membrane targeting in
Xenopus oocytes (present study) (63) was evident. This volume-
sensing profile is opposite to that of TRPV4, which we here
demonstrate was inhibited by cell shrinkage (in addition to its
activation by cell swelling). These three distinct volume-sensi-
tivity profiles within one family of proteins provided a unique
platform for identification of the volume-sensing domain of
TRPV4. TRPV4 possesses an extensive cytoplasmic N terminus
containing ankyrin repeats (25, 26) that are recognized as bind-
ing hubs for proteins, small ligands (64), or cytoskeletal compo-
nents (54 –56) and could well contain the volume sensor. We
confirmed this hypothesis using a chimeric approach, which
demonstrated that the volume response of TRPV4 is dictated
by the origin of the N terminus; the channel became insensitive
to volume changes with an N-terminal replacement with that of
the volume-insensitive TRPV1 and a sensor of cell shrinkage
with an N-terminal replacement with that of the shrinkage-
activated splice variant of TRPV1 (VR.5�sv). The N terminus
thus dictates the TRPV4 channel volume sensitivity. Future
studies aimed at delineating whether the N terminus is the vol-
ume controller among all volume-sensitive TRPV channels
would be instrumental for complete understanding of the vol-
ume sensitivity of this class of ion channels. Stepwise deletions
of the N terminus illustrated that the most distal part of the tail
is required for the channel to respond to cellular swelling, as
the deletion of the initial segment and part of the proline-
rich domain rendered the channel insensitive to volume
changes but maintained responsiveness to the agonist GSK101
(although with an altered current/voltage relationship). Dele-
tion of larger sections of the N terminus rendered the channel
inactive (unresponsive to volume changes and GSK101),
although still correctly targeted to the plasma membrane. Our
results suggest that the proline-rich N-terminal domain is
necessary for TRPV4-dependent sensing of cellular volume
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changes. This notion aligns nicely with an earlier report of this
very domain interacting with the cytoskeletal protein PAC-
SIN3, which is implemented in the volume-sensing ability of
TRPV4 (65). The N terminus of the vanilloid TRP channels thus
appears to shape the unique and distinct activation profile that
represents the foundation of TRPV4 polymodality, which in
turn may bear importance in pathological conditions associ-
ated with abnormal nociception, heat transduction, and/or
transduction of ambient mechanical stressors (e.g. as observed
in gain- or loss-of-function mutations of TRPV4) (57, 66–69).

In conclusion, mechanical gating of TRPV4, which may be
involved in its pathological activation in conditions involving
cell swelling, appears to occur via cell type–specific pathways,
one of which relies on the enzymatic activity of PLA2, as in
retinal Müller cells. TRPV4 is, however, a volume sensor in its
own right, inasmuch as it can be directly activated by mem-
brane stretch upon cell swelling. This direct swelling-induced
activation of TRPV4 occurs in a manner independent of PLA2
activity (and its downstream metabolites), cytoskeletal rear-
rangements, and kinase activity (PKA, PKC, PKG). The volume
sensitivity of TRPV4 is determined by the N terminus, in which
the sensor of volume changes appears to reside, at least in part,
in the most distal part. These results support the view that sen-
sory transduction mediated by vanilloid TRP channels is a cell
type–specific process, with enzymatic activity providing crucial
determinants of channel polymodality and dynamic range of
activation.

Experimental procedures

Ethical approval

The experiments adhered to the guidelines of the Danish
Veterinary and Food Administration (Ministry of Environment
and Food), and the experiments conform to the principles and
regulations described previously (70) and to the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Ani-
mals and the Association for Research in Vision and Ophthal-
mology Statement for the Use of Animals in Ophthalmic and
Vision Research. Experiments conducted in X. laevis oocytes
were approved by the animal facility at the Faculty of Health
and Medical Sciences, University of Copenhagen, whereas
experiments conducted in mice (retinas) were approved by the
Institutional Animal Care and Use Committee at the University
of Utah. The Danish National Committee approved the surgical
protocol, by which the oocytes were retrieved, for Animal Stud-
ies, Danish Veterinary and Food Administration (Ministry of
Environment and Food). Mice were maintained in a 12-h light/
dark cycle with free access to food and water.

RNA preparation and heterologous expression in X. laevis
oocytes

Rat TRPV1, TRPV4, TRPV4 deletions/mutants, TRPV4 chi-
meras, VR.5�sv (TRPV1 splice variant), and AQP4 were sub-
cloned into the oocyte expression vector pXOOM. TRPV4 chi-
meras, VR.5�sv, and TRPV4 deletion mutants were either
purchased from GenScript Biotech Corp. (Piscataway, NJ) or
generated by use of the QuikChange mutagenesis kit (Strat-
agene) and sequenced prior to use. All constructs were linear-
ized downstream from the poly(A) segment and in vitro

transcribed using T7 mMessage machine according to the
manufacturer’s instructions (Ambion, Austin, TX). cRNA was
extracted with MEGAclear (Ambion, Austin, TX) and micro-
injected into defolliculated X. laevis oocytes: 4 ng of TRPV
RNA/oocyte only or in combination with 10 ng of AQP4 RNA.
X. laevis frogs were obtained from Nasco (Fort Atkinson, WI).
Oocytes were collected under anesthesia (2 g/liter tricain,
3-aminobenzoic acid ethyl ester; Sigma, A-5040). The prepara-
tion of defolliculated oocytes was carried out as described (38),
and the oocytes were kept in Kulori medium: 90 mM NaCl, 1 mM

KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM HEPES (pH 7.4) with
ruthenium red (100 �M; Sigma Aldrich, R-2751) to suppress
TRPV activity (71) for 3– 4 days at 19 °C prior to experiments.

Electrophysiology and volume measurements of oocytes

Conventional two-electrode voltage clamp studies were per-
formed with a DAGAN CA-1B high-performance oocyte clamp
(DAGAN, Minneapolis, MN) with a Digidata 1440A interface
controlled by pCLAMP software, version 10.5 (Molecular
Devices, Burlingame, CA). Electrodes were pulled (HEKA,
PIP5) from borosilicate glass capillaries to a resistance of 2– 4
megaohms when filled with 1 M KCl. The current traces were
obtained by stepping the clamp potential from �20 mV to test
potentials ranging from �50 to �130 mV (200-ms pulses) in
increments of 15 mV. Recordings were low pass–filtered at 500
Hz and sampled at 1 kHz. Oocytes were placed in an experi-
mental chamber and perfused, and volume measurements were
performed as described previously (32). In experiments where
hyposmotic solutions were used to induce cell swelling, the per-
fusion solution consisted of 50 mM NaCl, 2 mM KCl, 1 mM

MgCl2, 1 mM CaCl2, 10 mM HEPES, 100 mM mannitol (Tris-
buffered, pH 7.4, 220 mosM). The hyposmotic solution was
made by removal of 100 mM mannitol with resulting osmolarity
of 120 mosM, and the hyperosmolar solution was made by the
addition of 100 mM mannitol (320 mosM). GSK1016790A and
capsaicin (Sigma-Aldrich; 100 nM) were used to elicit TRPV4-
and TRPV1-mediated current activity, respectively. Experi-
ments were performed at room temperature, 23 °C. Drugs were
locally applied or applied intracellularly by microinjection
while recording current activity.

Immunocytochemistry of oocytes

Uninjected oocytes and oocytes expressing TRPV1 or
TRPV4 WT, chimeras, or deletion mutants were fixed for 1 h at
room temperature in 2% paraformaldehyde, washed, and left in
PBS overnight, incubated with primary antibodies (anti-AQP4
(Alomone Laboratories, AQP-004) and anti-TRPV4 (Abcam,
ab63079)) and conjugated secondary antibodies (Alexa Fluor�
488 goat anti-sheep, A-11015 (Invitrogen); Alexa Fluor� 546
goat anti-rabbit, A-11010 (Invitrogen); Alexa Fluor� 647 phal-
loidin (F-actin), A-22287 (Invitrogen)). Oocytes kept in 12-well
plates were mounted with ProlongGold, and the wells were
sealed with a coverglass and kept from light exposure. Phalloi-
din was used as a morphological marker. Micrographs were
recorded at room temperature using a Zeiss LSM710 point laser
(Argon Lasos RMC781272)-scanning confocal microscope
with a Zeiss EC Plan-Neofluar 
40/numerical aperture (NA)
1.3 oil objective (Carl Zeiss) and sampled with scan mode as
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frame with one line step, a frame size of 512 
 512, and a bit
depth of 16. No quantification was carried out from the micro-
graphs, as they only served to verify the expression and correct
localization of proteins of interest.

Acutely dissociated retina preparation and superfusion of
retinal cells

Mice were killed by isoflurane inhalation followed by cervical
dislocation, after which the eyes were enucleated and retinas
were isolated from the removed eyes by dissection. The retinas
were kept in cold Leibovitz 15 (L15) medium (Invitrogen) con-
taining 20 mM D-glucose, 10 mM Na-HEPES, 11 mg/ml L15
powder, 2 mM sodium pyruvate, 0.3 mM sodium ascorbate, and
1 mM GSH. Digestion of the extracellular matrix was carried out
with L15 medium containing papain (7 units/ml; Worthington)
for 1 h at room temperature. Subsequently, the retinas were
rinsed, placed on ice, and cut into pieces. Pieces were mechan-
ically dissociated, and the cells were plated on concanavalin A
(1 mg/ml)-coated coverslips. Dissociated cells were loaded with
Fura-2 AM (5–10 �M; Invitrogen) for 30 – 40 min and washed
for 10 –20 min. Retinal ganglion cells were identified as
described previously (7), and Müller glia were identified by
their distinctive morphology (72, 73). Retinal cell morphology,
stimulus responsiveness, and Ca2� homeostasis were main-
tained for several hours under these experimental conditions
(1, 7, 74). The perfusion solution used was a Ringer’s solution
containing 62.5 mM NaCl, 2.5 mM KCl, 1.5 mM NaH2PO4, 1.5
mM MgCl2 (6H2O), 2 mM CaCl2, 10 mM glucose, 10 mM HEPES
hemisodium salt, 1 mM pyruvic acid, 1 mM lactic acid, 0.5 mM

L-glutamine, 0.5 mM GSH, and 0.3 mM sodium ascorbate (pH
7.4; 300 mosM (adjusted with mannitol)). The hyposmotic solu-
tion was made by the removal of mannitol with resulting osmo-
larity of 280 and 260 mosM.

Optical imaging

Fluorescence imaging of Fura-2AM–loaded superfused
plated retinal cells was performed on an inverted Nikon Ti or an
upright Nikon E600 FN microscope using 
20 (0.75 NA oil),

40 (1.3 NA oil and 0.8 NA water), and 
60 (1.0 NA water)
objectives. A Lambda DG-4 illumination system (Sutter Instru-
ments) provided the excitation, and micrographs were cap-
tured with a 14-bit CoolSNAP HQ2 camera. Fluorescence
detection and processing were done blinded using Velocity ver-
sion 6.3.0 (PerkinElmer) and Excel. Spontaneous activity was
quantified by averaging manually detected spikes (peak � 10
frames pre- and post-peak) before stimulation. A threshold that
exceeds that mean spontaneous spike value was set to detect
evoked responses during stimulation. Results are shown as bars
representing averaged 340/380 nm ratios in individual condi-
tions from retinal ganglion cells or Müller cells in a minimum of
three animals (N) with cells (n) from each individual animals
acutely dissociated onto a minimum of 4 slides.

Chemicals

ONO-RS-082 (PLA2 inhibitor), GSK1016790A, arachidonic
acid (all purchased from Sigma), latrunculin A (F-actin poly-
merization inhibitor agent; ENZO Life Sciences), taxol (tubu-
lin-stabilizing agent), 5�,6�-EET (Cayman Chemicals), and

sc-3034 (PLA2 activator; Santa Cruz) were dissolved in DMSO.
Oleic acid and anandamide (N-arachidonoylethanolamine)
(both purchased from Sigma) were dissolved in ethanol. HC-06
and ruthenium red (Sigma) were dissolved in double-distilled
H2O. PMA (PKC activator), chelerythrine (PKC inhibitor),
8-Br-cAMP (PKA activator), H89 (PKA inhibitor), 8-pCPT-
cGMP (PKG activator), and K252 (PKG inhibitor) were all pur-
chased from Sigma and dissolved in water, DMSO, or water
containing 100 mM Tris base. Vehicles were always included to
match solvent concentrations. All drugs were kept at �20 °C
until use except from arachidonic acid and ONO-RS-082,
which were kept at �80 °C. Working solutions of free fatty
acids were used within 4 h after diluting into aqueous solutions.

Data presentation and statistics

GraphPad Prism 7.0 was used for analysis. Data are presented
as mean 	 S.D. (bar graphs) or mean 	 S.E. (I/V curves). Sta-
tistical significance was tested with two-sample or paired t test
or one-way analysis of variance (ANOVA) with Dunnet’s post
hoc test as indicated. p values �0.05 were considered statisti-
cally significant. The number of experiments performed in
oocytes (n) corresponds to independent measurements from at
least three different preparations. Data from female and male
mice were pooled and number of cells (n) corresponds to mea-
surements of cells from a minimum of 4 slides per animal. A
minimum of 3 animals were used. No sex differences were
noted.
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