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Fluid secretion by the ciliary body plays a critical and irreplaceable
function in vertebrate vision by providing nutritive support to the
cornea and lens, and by maintaining intraocular pressure. Here, we
identify TRPV4 (transient receptor potential vanilloid isoform 4)
channels as key osmosensors in nonpigmented epithelial (NPE) cells of
the mouse ciliary body. Hypotonic swelling and the selective agonist
GSK1016790A (EC50 ∼33 nM) induced sustained transmembrane cation
currents and cytosolic [Ca2+]i elevations in dissociated and intact NPE
cells. Swelling had no effect on [Ca2+]i levels in pigment epithelial (PE)
cells, whereas depolarization evoked [Ca2+]i elevations in both NPE
and PE cells. Swelling-evoked [Ca2+]i signals were inhibited by the
TRPV4 antagonist HC067047 (IC50 ∼0.9 μM) and were absent in
Trpv4−/− NPE. In NPE, but not PE, swelling-induced [Ca2+]i signals
required phospholipase A2 activation. TRPV4 localization to NPE
was confirmed with immunolocalization and excitation mapping
approaches, whereas in vivo MRI analysis confirmed TRPV4-mediated
signals in the intact mouse ciliary body. Trpv2 and Trpv4 were the
most abundant vanilloid transcripts in CB. Overall, our results sup-
port a model whereby TRPV4 differentially regulates cell volume,
lipid, and calcium signals in NPE and PE cell types and therefore rep-
resents a potential target for antiglaucoma medications.
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Formation of aqueous humor in the vertebrate eye takes place
within the ciliary body (CB), a highly folded tissue consisting

of pigmented epithelial (PE) cells, nonpigmented epithelial
(NPE) cells, and the ciliary muscle (1, 2). Together, PE cells,
which face the vascularized stroma and represent a forward con-
tinuation of the retinal pigment epithelium (RPE), and NPE cells,
which face the posterior chamber (lumen) of the eye and extend
the neuronal retina, form the blood–aqueous barrier and regulate
the production and secretion of aqueous humor. The aqueous
fluid supplies nutrients and oxygen to nonvascularized tissues
(lens, cornea, and trabecular meshwork) and is ultimately drained
through the ciliary muscle and the trabecular meshwork in the
anterior chamber of the eye. Aqueous secretion is subserved by
the unidirectional transport of ions and water through gap junc-
tions between PE cells and NPE cells (3, 4) and is driven by the
osmotic gradient generated by Na+/K+ exchange across baso-
lateral NPE membranes (2–5). Despite the critical dependence of
aqueous humor secretion on osmotic pressure (1, 4, 6), the mo-
lecular mechanism through which NPE and PE cells sense and
regulate changes in volume is not well understood.
In addition to osmotic shifts, CB cells experience mechanical

forces associated with mean and time-varying aspects of intraocular
pressure (IOP), a phenomenon that reflects balanced regulation of
fluid secretion from NPE cells and its drainage from the anterior
eye. Excessive IOP elevations represent the primary, and major,
risk factor for contracting glaucoma (6, 7), an optic neuropathy that
represents the second leading cause of blindness in the world.

Therefore, aqueous secretion is often targeted by antiglaucoma
medications that include β-adrenergic receptor antagonists, car-
bonic anhydrase inhibitors, α2-adrenergic agonists, and muscarinic
cholinergic agonists (7). A key question, however, is whether CB
cells themselves are able to sense force mediated by membrane
stretch induced by hydrostatic pressure or swelling, and what such
mechanisms might be.
Here, we identify a key osmosensor in CB as transient receptor

potential channel vanilloid isoform 4 (TRPV4), a polymodal non-
selective cation-permeable channel that has been implicated in
mechanotransduction (8, 9) as well as regulation of paracellular
permeability in multiple epithelial tissues (10–15). Intriguingly, we
found that TRPV4 is selectively distributed across CB by being
confined to the NPE and excluded from PE cells. We characterized
the functional role of TRPV4 as the predominant NPE swelling
sensor and determined its contribution to swelling-dependent in-
tracellular second messenger signaling mediated through calcium
ions and long-chain, polyunsaturated lipids associated with the
phospholipase A2 (PLA2) pathway. By elucidating the molecular
mechanisms that underlie differential volume regulation in the two
CB constituent cell types, and characterizing their susceptibility to
lipid messenger modulation, our findings may provide new insight
into the mechanism of aqueous fluid secretion and IOP modulation.
A preliminary account of this work has been recently given (16).

Results
TRPV4 Immunolocalization Within the CB. We sought to determine
the identity of the osmotransducer that links hypotonic stimuli to
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Ca2+ homeostasis in CB cells by focusing on TRPV4, a non-
selective cation channel that was originally identified by its
sensitivity to hypotonic challenge (8, 17) but was also recently
suggested to regulate melatonin release from the CB (18). Im-
munocytochemistry with a validated antibody (19, 20), showed
clear TRPV4 immunoreactivity (ir) across the mouse CB. The
fluorescent signal was predominantly concentrated in the ciliary
processes of the pars plicata (arrows in Fig. 1A, iv), whereas
stroma showed minimal immunoreactivity (arrowheads in Fig.
1A, iv). Staining was also observed in the corneal epithelium that
anchors the CB (arrowhead in Fig. 1A, ii). The specificity of the
signals was confirmed by concomitant staining of Trpv4−/− tissue,
which showed markedly lower fluorescence compared with
the WT CB and by labeling CB tissue from nonpigmented mice
(Fig. S1).
Because vanilloid TRP isoforms show a predilection toward

heteromerization (21, 22), we evaluated the overall expression
pattern of Trpv4 and cognate vanilloid mRNAs in the mouse
CB tissue. Primers targeting TRP isoforms (Table S1) showed
strong expression for Trpv2 and Trpv4 transcripts in every sample
(n = 3). Messenger RNAs produced by Trpv1, Trpv3, and Trpv6
genes were also detected (Fig. S2), but their expression levels
were markedly lower compared with isoforms 2 and 4. Down-
regulation of Trpv1 and Trpv3, but not Trpv2, gene expression
in Trpv4−/− CB suggests that, as observed recently in the retina
(23), TRPV4 activation might be linked to the transcription
apparatus.

Functional TRPV4 Expression in CB in Vivo and ex Vivo. To investigate
functional TRPV4 expression at higher spatial resolution, we
performed excitation mapping in intact CB sheets from WT and
KO tissue. To eliminate the potentially confounding fluorescence
screening by the pigment, the WT experiments were additionally
performed in isolated from nonpigmented [B6.Cg-Tg(Thy1-YFP)HJrs/J]
mouse eyes. Tissue was perfused with AGB+, an immunogenic
cation that has been used previously to mark activity-dependent
cation permeability in vertebrate tissues, including the retina (20,
24), and double-labeled for DAPI to localize NPE vs. PE nuclei.
The anti-AGB antibody showed a modest degree of ir at the
basolateral membrane in unstimulated cells preincubated with the
immunogen (arrowheads in Fig. 1B, i), suggesting unstimulated
NPE experiences steady-state cation influx. Despite the steady-
state AGB+ signal in the basolateral NPE (Fig. 1B), comparison of
fluorescence averaged across regions of interest (ROIs) positioned
over NPE vs. PE layers showed them not to be significantly dif-
ferent (Fig. 1E). The selective agonist GSK1016790A (GSK101)
(100 nM) profoundly enhanced AGB-ir at the basolateral edge of
the NPE layer (Fig. 1 C, i and E), which expresses the highest
density of TRPV4 channels (Fig. 1A and Fig. S1). The normalized
AGB-ir in WT CB was 2.16 ± 0.34-fold higher in GSK101-exposed
NPE cells compared with vehicle-treated controls (P < 0.0001; n =
3). The small (and nonsignificant; P > 0.05) increase in ir observed
in the PE layer may be attributed to cation influx through gap
junctions between the two epithelial layers and/or potential spill-
over of fluorescence from the NPE layer. AGB-ir in Trpv4−/−

tissue (from pigmented animals) did not change following expo-
sure to the TRPV4 agonist (Fig. 1D). Rather, the steady-state
cation entry in GSK-treated and unstimulated CB KO cells was
similar to signals observed in unstimulated WT cells (Fig. 1 B–E).
These data demonstrate that functional TRPV4 signaling is
mainly confined to the NPE layer with negligible cation influx into
the PE layer or stroma. Interestingly, these data show that the
basolateral NPE membrane supports steady-state, non-TRPV4-
mediated cation influx that is counterbalanced by plasmalemmal
clearance mechanisms that may include high-affinity calcium
ATPases (PMCAs; Fig. S1D).
We took advantage of manganese-enhanced MRI (MEMRI)

to evaluate the functional consequence of TRPV4 activation in
the intact mouse eye. MEMRI, based on the activity-dependent
Mn2+ influx as a contrast agent that readily permeates cation
channels but is much more slowly removed through intracellular
clearance mechanisms, represents the imaging modality of
choice for noninvasively mapping ion influx into ocular cells in
vivo (25–28). In vehicle-treated eyes, systemic (i.p.) injection of
MnCl2 resulted in a 51% increase over baseline CB 1/T1 values.
Intravitreal injection of the GSK101 evoked an 86% increase in
the CB over baseline that was statistically significant (P < 0.05)
compared with eyes injected with the vehicle (PBS) (Fig. 1F and
Fig. S3). These data are consistent with functional TRPV4 sig-
nals in the mouse CB.

Swelling Triggers TRPV4-Mediated [Ca2+]i Increase in NPE, but Not
PE, Cells. Although osmotic gradients are likely to play a key role
in fluid ultrafiltration and aqueous secretion in the CB (2, 4), it is
not yet known how CB cells sense the swelling impelled by hy-
potonic environments. Fig. 2 shows that the volume of both CB
cell types is highly sensitive to a decrease in extracellular tonicity.
A 37% decrease in tonicity at constant ionic strength, achieved
by switching to hypotonic stimulation (HTS; 190 mOsm) from
isotonic saline (300 mOsm), reversibly decreased fluorescence
intensity in dissociated PE and NPE cells (Fig. 2 A–C), indicating
an increase in cell volume. It was immediately apparent that
NPE cells exhibit a greater tendency to swell compared with PE
(Fig. 2A). Furthermore, in contrast to PE cells, fluorescent signals
in NPE cells gradually recovered in the continued presence of
HTS, indicative of regulatory volume decrease (RVD). Following

Fig. 1. Localization and functional expression of TRPV4 in the mouse CB.
(A, i and ii) Vertical cryosections of WT mouse retinas immunolabeled for
TRPV4 show preferential localization to the basolateral layer corresponding to
NPE, with additional signals in the limbal corneal epithelium (arrowheads).
(i) Transmitted image of the CB and the supporting cornea; (ii) TRPV4 im-
munoreactivity. (Scale bar, 100 μm.) (iii and iv) Close-up of the CB epithelium,
showing TRPV4-ir in putative NPE cells (arrows). Modest immunofluorescence
is detected in the putative stromal area (arrowhead). (Scale bar, 20 μm.) (B–E)
Excitation mapping shows TRPV4-evoked cation influx into CB ex vivo. CBs
were fixed, stained with an anti-AGB antibody (FITC), and counterstained with
DAPI (blue). ROIs of equal size were placed around DAPI-positive cells in the
NPE layer and PE layer, respectively. (B, i and ii) Transmitted + fluorescence
image of isolated unstimulated (PBS-treated) nonpigmented CB tissue. (C, i
and ii) Transmitted+ fluorescence image of nonpigmented CB tissue stimulated
with GSK101 (100 nM) and tested for AGB-ir + DAPI. (D, i and ii) Transmitted +
fluorescence image of Trpv4−/− CB tissue stimulated with GSK101 simulta-
neously with preparations in B and C. (Scale bar, 20 μm.) (E) Quantification
of fluorescence from GSK101-treated vs. PBS-treated WT and KO sections.
P < 0.005. (F) In vivo CB signal evaluated using MEMRI. Quantification of aver-
age CB 1/T1 from vehicle (n = 5) and GSK101-treated (100 μM; n = 5) eyes. Values
are presented as means ± SEM; *P = 0.02, ***P < 0.005, ****P < 0.0001.
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termination of the hypotonic challenge, both NPE and PE cells
rapidly recovered the initial volume.
To test whether HTS-induced swelling in CB cells is facilitated

by TRPV4 activation, we exposed them to HTS in the presence
of the selective antagonist HC067047 (HC-06). As illustrated in
Fig. 2 B and C, HC-06 significantly suppressed the extent of HTS-
induced increase in NPE cell volume but had little effect on swelling
of (melanin-containing) PE cells. Consistent with this observation,
the extent of cell swelling was inhibited in NPE cells isolated from
Trpv4−/− tissues, whereas Trpv4−/− PE cells exhibited no differences
from controls (Fig. 2 B and C). These findings suggest that TRPV4
channels differentially regulate swelling within the CB.
Given that TRPV4 channels are permeable to Ca2+ (PCa/PNa

∼6) (8, 9, 11), which regulates numerous epithelial functions that
include secretion (12–15, 29, 30), we tested whether HTS affects
Ca2+ homeostasis in PE and NPE cells. Analysis of fluorescent
signals from cells loaded with the Ca2+ indicator dye Fura-2 AM
showed cell swelling to be associated with significant eleva-
tions in ½Ca2+�i (Fig. 2 E and F). Interestingly, this effect was
confined to NPE cells, in which exposure to 190 mOsm saline
increased the average 340/380 ratio by 65.55 ± 7.56% from the
baseline of 0.13 ± 0.021 (n = 57; P < 0.0001) (Fig. 2F). During

continued HTS, ½Ca2+�NPE levels returned to a sustained plateau
that mirrored RVD dynamics observed during volume measure-
ments (Fig. 2 A and E, arrowheads). HTS-evoked [Ca2+]i re-
sponses were not observed in the absence of extracellular Ca2+

(Fig. 2D), indicating that that Ca2+ influx across the plasma
membrane is required for swelling-induced Ca2+ homeostasis. The
selective TRPV4 antagonist HC-06 reduced the amplitude of HTS-
evoked ½Ca2+�i elevations by 82.21 ± 9.55% to 0.1486 ± 0.02 (n =
46; P < 0.05) (Fig. 2F). To determine whether TRPV4 is necessary
for mediating the osmoresponse in the hypotonic direction, we
challenged CBs from Trpv4−/− tissue with HTS. ½Ca2+�i levels in
KO NPE cells were unaffected by the exposure to HTS (n = 53),
demonstrating that TRPV4 mediates hypotonically evoked calcium
signals in NPE. Interestingly, PE cells did not respond to HTS with
½Ca2+�i elevations (Fig. 2G). These observations indicate that NPE
and PE cells exhibit fundamental differences in terms of their
osmotransduction and Ca2+ homeostasis.
Given the fundamental difference in TRPV4 sensitivity, we

asked whether NPE and PE cells differ in their response to de-
polarization, known to induce regenerative calcium signals in rabbit
CB (31). Mouse CB cells responded to depolarization evoked by
increased extracellular KCl (30 mM) with ½Ca2+�i elevations.

Fig. 2. Hypotonic challenge (190 mOsm) differentially regulates cell swelling and calcium homeostasis in dissociated NPE and PE cells. (A) Cell volume changes in
concomitantly recorded NPE (blue) and PE (red) cells. The 340/380 Fura-2 ratio ΔF, adjusted to yield calcium-insensitive fluorescence, shows dose-dependent de-
creases as cell volume increases in the presence of hypotonic saline. Both volume increase and RVD (arrowhead) are more pronounced in NPE cells. (B) Percent
swelling in NPE cells. WT cells (dark blue) swell more compared with Trpv4−/− cells (light blue); the TRPV4 antagonist HC-06 (1 μM) suppresses volume increase in WT
(n = 33) but not KO cells (n = 29). (C) WT PE cells (dark red; n = 30) and Trpv4−/− cells (light red; n = 31). Percent swelling is unaffected by the loss of the Trpv4 gene or
TRPV4 antagonism. (D) NPE and PE cells swell by comparable amounts in the absence of extracellular Ca2+ (n = 23 and 27, respectively). (E–G) HTS elevates ½Ca2+�i in
NPE (n = 57), but not PE (n = 42), cells. (F) HTS-evoked ½Ca2+�i signals are antagonized by HC-06 and absent in Trpv4−/− cells. (G) [Ca2+]i levels in WT (n = 46) and KO
(n = 53) PE cells are unaffected by HTS. (H) Thirty millimolar KCl. Depolarization evokes comparable ½Ca2+�i elevations in NPE (blue; n = 23) and PE (red, n = 21) cells.
High KCl-induced signals were antagonized by the L-type channel blocker nicardipine. (I–L) Whole-cell patch clamp experiments. Hypotonicity activates TRPV4-
mediated currents in NPE cells. (I) Experimental configuration with NPE recording in ex vivo CB tissue. (J) Representative time course of the whole-cell current in a
NPE cell at the holding potentials of −100 mV and 100 mV. I-V curves taken immediately before the application of HTS (baseline) were subtracted from preceding
and following traces. (K) Averaged current–voltage relationship curves of HTS-induced transmembrane currents in untreated control, Trpv4−/−, and HC-06–treated
NPE cells. The antagonist (5 μM) was administered at least 10 min before applying HTS. HTS-induced currents were calculated by subtracting I-V curves taken before
the application of HTS from the peak response. (L) Cumulative data for GSK101-induced current amplitudes at +100 mV. The numbers in bars indicate the number
of cells studied per each condition. Results are represented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.005.
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Unlike the responses evoked by GSK101 and despite the fluo-
rescence screening by PE pigment, the amplitudes of de-
polarization-evoked ½Ca2+�i signals denoted by 340/380 ratios
were comparable in NPE and PE cells, and were antagonized by
nicardipine (5 μM) (Fig. 2H and Fig. S4). Thus, depolarization-
evoked ½Ca2+�i responses in both epithelial layers of the CB are
mediated by high-threshold L-type channels.
We next addressed the functional connection linking TRPV4-

mediated Ca2+ signaling and cell swelling by directly recording
transmembrane ion fluxes in NPE cells. These experiments were
performed in the presence of carbenoxolone (100 μM) and meflo-
quine (10 μM) to suppress potential leakage across gap junctions
and hemichannels, and/or possible ATP release (16, 32, 33). As il-
lustrated in Fig. 2 I–L, HTS evoked reversible increases in the
amplitude of the transmembrane current. HTS-induced currents
had outwardly rectifying current–voltage relationship, with am-
plitudes of −381.8 ± 77.0 pA and 732.9 ± 124.7 pA at the holding
potentials −100 mV and 100 mV, respectively (n = 8 cells). HTS-
evoked currents were significantly attenuated by HC-06 to −185.5 ±
63.0 pA and 317.0 ± 83.7 pA at −100 mV and 100 mV, respectively
(n = 7 cells, P < 0.05; Fig. 2 K and L). Thus, during the NPE
swelling response, TRPV4 mediates a significant portion of the
membrane conductance.

TRPV4 Activation Mediates [Ca2+]i Increases in NPE, but Not PE, Cells.
To directly evaluate the relationship between TRPV4 activation
and ½Ca2+�i, we stimulated CB cells with the selective agonist
GSK101. Stimulation with different GSK101 concentrations
established an EC50 of ∼33 nM (Fig. S5), comparable to the half-
maximal response observed in retinal neurons and glia (20, 23).
Consistent with the data obtained in HTS-stimulated cells, GSK101
(25 nM) evoked large, sustained and reversible ½Ca2+�i elevations in
NPE cells, whereas PE cells were unresponsive (Fig. 3). Altogether,
a significant 74.395 ± 8.3% increase in ΔR/R over the baseline of
0.128 ± 0.022 was measured (n = 62 NPE cells; n = 4 animals; P <
0.005), compared with the baseline level of 0.131 ± 0.015 in PE
cells (n = 46 cells; n = 4 animals; P not significant). Demonstrating
specificity, agonist-induced responses in NPE were blocked by
HC-06 (10 μM) (P < 0.005) and were not detectable in Trpv4−/−

cells (Fig. 3B). The antagonist had an IC50 of ∼900 nM (Fig. S5).
These data confirm that TRPV4 is functionally localized to NPE,
but not PE, cells of the CB. The blockade of HTS-induced ½Ca2+�i
elevations by HC-06 demonstrates that the channel represents a
primary transducer of NPE cell swelling.

TRPV4 Signaling in NPE Cells Requires Activation of the Canonical
Lipid Messenger Pathway. Cell swelling in numerous cell types
activates the cytosolic isoforms of PLA2 (cPLA2), which is re-
quired for TRPV4 activation in some, but not all, cell types (10,
20, 23). According to a prevailing schema (20, 34, 35), the pri-
mary PLA2 product arachidonic acid (AA), a long-chain poly-
unsaturated ω6 fatty acid metabolite, is the precursor for
epoxyeicosatrienoic acids (EETs), which function as endogenous
final activators of TRPV4. To simulate this transduction pathway,
we exposed CB cells to AA (50 μM). AA elevated ½Ca2+�i in NPE
cells but had no effect on ½Ca2+�i levels in PE cells (P < 0.01) (Fig.
4A) and was markedly curtailed in KO NPE (Fig. S6). HC-06
inhibited AA-evoked ½Ca2+�i elevations in NPE cells (n = 35; P =
0.023), indicating that AA was stimulating Ca2+ increases pri-
marily through TRPV4.
To test whether this pathway is activated by osmotic stress, we

challenged NPE cells with HTS in the presence of the PLA2
blocker 4-bromophenacyl bromide (pBPB; 100 μM). In the
presence of pBPB, HTS-evoked ½Ca2+�i elevations in NPE cells
were blocked (n = 29; P < 0.01; Fig. 4B). We also observed that
pBPB does not affect GSK101-evoked ½Ca2+�i responses (n = 23)
(P > 0.05), suggesting that, as reported for HEK 293 cells het-
erologously overexpressing TRPV4 (35), cell swelling and ago-
nists activate NPE TRPV4 channels through different transduction
pathways. Further consistent with this canonical pathway, the ei-
cosanoid 11,12-EET (5 μM) induced ½Ca2+�i increases (ΔR/R =
0.52 ± 0.076) that were also inhibited by HC-06 (ΔR/R = 0.26 ±
0.035) (Fig. 4C). AA- and 11′,12′-EET-evoked ½Ca2+�i increases
were reduced or absent in Trpv4−/− NPE cells (Fig. S6). We con-
clude that TRPV4 activation in NPE cells involves the requisite
PLA2-CYP450 step, whereas swelling does not stimulate arachi-
donic acid metabolism in PE cells.
It has been suggested that TRPV4 channels in anterior eye

tissues such as the CB and/or trabecular meshwork might regu-
late IOP (18, 36). Specifically, if TRPV4 channels control the
“inflow” pathway by regulating steady-state release of aqueous
fluid then activation, suppression, or ablation of the channel might
be expected to affect steady-state IOP. However, intravitreal in-
jection of the antagonist (HC-06, 10 μM) or the agonist (GSK101;
75 nM) had no effect on IOP levels in WT or KO tissue (Fig. S7).
Moreover, IOP levels in WT eyes were comparable to those in
KOs. This suggests that TRPV4 channels are not likely to control
steady-state IOP levels in healthy mouse eyes.

Discussion
We report that the polymodal TRPV4 channel is essential for
osmoregulation and Ca2+ homeostasis in the mammalian CB. Our
findings include (i) identification of the NPE osmosensor as
TRPV4, (ii) discovery that calcium ions potentiate NPE swelling,
(iii) observation of differential osmoregulation and Ca2+ homeo-
stasis mechanisms in NPE vs. PE cells, and (iv) previously un-
identified role for lipid metabolism in calcium signaling and
osmoregulation within the CB. By showing differential contribu-
tions to volume regulation and Ca2+ signaling in a tightly coupled
epithelial syncytium that plays an essential function in mammalian
vision, these findings expand the known key role for TRPV4 in
epithelial gene expression, intracellular signaling, protein trans-
port, and secretion (11, 13–15, 30, 37, 38) and place it within the
context of ocular volume regulation (39).
The expression of the TRPV4 gene and protein in CB was

determined with transcript analyses and immunostaining and
confirmed with functional studies that included excitation mapping,

Fig. 3. TRPV4 is functionally expressed in NPE, but not PE, cells. (A–C) Disso-
ciated cells. (A) The selective agonist GSK101 (25 nM) evokes ½Ca2+�i signals in
NPE (black trace; n = 15), but not PE (gray trace; n = 14), cells. (B) NPE cells.
GSK101-evoked responses were observed in WT (n = 62) but not Trpv4−/− cells
(n = 41) and were antagonized by the selective blocker HC-06 (1 μM). (C) PE
cells were unresponsive to GSK101 (WT, n = 54; KO, n = 34). (D and E) Rep-
resentative time course of the calcium response in dissociated NPE (Top) and PE
cell (Bottom) stimulated with GSK101. Note the melanin pigment in the PE cell.
The timing of each calcium response in D is shown on the intensity time course
in E (blue, NPE; red, PE). ***P < 0.005.
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electrophysiology, and optical imaging in dissociated cells, ex vivo
tissue, and intact mouse eyes. MRI imaging provided in vivo con-
firmation that TRPV4 activation induces cation influx into the CB.
Antibody staining and functional analyses showed no obvious
spatiotemporal differences in TRPV4 distribution, suggesting that
CB regions, which vary in morphology and function (40, 41), uni-
versally use the channel to regulate their response to osmotic stress.
To our knowledge, few if any studies have concurrently investigated
Ca2+ signaling mechanisms in NPE and PE cells. Excitation map-
ping showed that TRPV4-induced cation influx takes place in the
NPE layer but is absent from the PE layer. This is consistent with
critical importance of calcium homeostasis and volume regulation
in these aqueous fluid-producing cells (2, 4, 5, 32, 33, 37, 41–44).
The confinement of the agmatine signal to the vicinity of the
plasma membrane suggests that potent local cation clearance
mechanisms (Na/K ATPases and PMCAs) limit the diffusion of
Ca2+ signals and their spread across the NPE–PE syncytium. The
absence of HTS-induced signals in Ca2+-free saline, in cells with
deleted Trpv4 gene, and the effectiveness of pharmacological
TRPV4 blockers suggest that TRPV4 is obligatory for transducing
increases in NPE cell volume into elevated ½Ca2+�i. Swelling-
induced TRPV4-mediated ½Ca2+�NPE responses were sustained,
indicating continuous activation of PLA2 (20, 34). It remains to be
determined whether TRPV4-mediated Ca2+ signaling in NPE is
modulated by downstream Ca2+/calmodulin binding and/or het-
eromerization with other TRP subunits (e.g., refs. 21, 22, and 45).
Recent investigations have shown that TRPV4 is ubiquitously

expressed in secretory and absorptive epithelia, where it regulates
Ca2+ signaling, volume changes, cytoskeletal remodeling, and re-
sponses to shear flow and mechanical stress (11–15, 29, 39). We
hypothesize that the channel influences the transepithelial CB
resistance, NPE volume regulation, and fluid secretion through
Ca2+-dependent modulation of Na/K ATPases, PMCAs, Cl−

channels, aquaporin channels, and/or ATP release (23, 29, 32, 33,
37, 43). Multiple lines of evidence indicate that TRPV4 signaling
in NPE cells requires activation of the PLA2 pathway. Thus, HTS-
evoked ½Ca2+�NPE increases were inhibited by PLA2 and CYP450
antagonists. Furthermore, AA and 11,12-EET, two endogenous
activators of the channel, evoked ½Ca2+�i elevations that were
suppressed by TRPV4 blockers and channel ablation. While
modulation of TRPV4 resulted in significant changes in NPE cell
volume and [Ca2+]i it had very little effect on PE cells. ½Ca2+�i
signals, induced by relatively low AA concentrations (50 μM),
were inhibited by HC-06, indicating that this abundant poly-
unsaturated fatty acid, often present in phospholipids, selectively
stimulated TRPV4. Higher concentrations (>100 μM) of AA may
modulate additional intracellular signaling mechanisms (possibly
including Orai/ARC, Cl−, and/or TREK1 channels) (46). If Ca2+

influx through TRPV4 stimulates the cPLA2 C2 domain when
the enzyme is phosphorylated at serine-505, it would activate a

positive feedback loop mediated through CYP450 (34, 35)
whereas Ca/CaM could contribute an inactivation component
through the C terminus (45).
Sensing and regulation of cell volume is of critical importance

for CB cells, which continuously sustain the inflow pathway. It is
therefore noteworthy that NPE and PE layers differ in volume
sensing, regulation, and the expression and function of volume-
activated Cl− channels, K+ channels, PMCAs, Na/K ATPases, and
NKCC transporters (5, 33, 43, 44). The distinctiveness of volume
regulatory and Ca2+ homeostatic apparati is consistent with the
strikingly different functions in generation and secretion of
aqueous humor (2, 4). Interestingly, we found that NPE and PE
cells both respond to depolarization almost exclusively through
high-threshold L-type voltage-gated channels. It is likely that
volume-sensitive TRPV4-mediated Ca2+ elevations in these cells
modulate Ca2+-dependent Cl− and K+ channels (38), Ca2+-CaM
kinase II, volume-sensitive Cl− currents, and/or AQP-mediated
water transport (23, 32, 37, 38) that modulate RVD (23, 37),
exocytosis (18), and/or secretion (32). Expression of transcripts
encoding other vanilloid TRP isoforms suggests additional ho-
meostatic complexity that might involve TRPV1-3 and TRPV6
isoforms together with metabotropic mechanisms associated
with muscarinic AcH, α2-norepinephrine, somatostatin, endo-
thelin, bradykinin, and P2Y1/P2Y2 receptor activation (2, 4, 47–
49) within NPE/PE layers and stroma.
In summary, we present evidence that links swelling-induced

Ca2+ signals in CB NPE cells to an identified molecular channel,
TRPV4. Given that Ca2+ regulates epithelial secretory activity (15,
30), might regulate ATP release from NPE (as shown for lens and
airway epithelia; refs. 29, 39, and 47) and modulate secretion of
ions, water transport, pigment production, and release of nitric
oxide (18, 23, 24, 43, 48), it is not inconceivable that volume-
sensitive, PLA2-dependent TRPV4 signals affect Ca2+-dependent
activity of Na/K ATPases, the primary determinant of aqueous
humor secretion (2, 5, 32, 39). Consistent with this conjecture,
topical application of Ca2+ ionophores elevates IOP without
significantly changing the outflow facility (50). Our finding that
genetic ablation and intraocular injection of GSK101/HC-06
have no effect on IOP argues against a role for the channel in
steady-state maintenance of IOP (e.g., ref. 36). However, its
possible sensitivity to mechanical stimuli (10, 35) suggests that
TRPV4 might be overactivated during ocular hypertension.
Mutations in a CB CYP450 isoform (CYP1B1) represent the
predominant cause of primary congenital glaucoma (2), sugges-
tive of possible links between elevated IOP, anomalous aqueous
secretion, and biosynthesis of eicosanoid TRPV4 activators. The
differential localization and function of the volume-sensitive
TRPV4 channel suggests a new complexity in volume regulation of
cell types forming epithelial syncytia.

Materials and Methods
Animals. Pigmented C57BL/6J, nonpigmented B6.Cg-Tg(Thy1-YFP)HJrs/J and
pan-null Trpv4−/− mice with excised transmembrane domains 5 and 6 encoded
by exon 12 of the TRPV4 gene (17) were maintained in a 12-h light/dark cycle
with free access to food and water. Trpv4−/− mice were back-crossed with
C57BL/6J mice for 10 generations so that C57BL/6J animals could be used as
controls. The experiments adhered to the NIH Guide for the Care and Use of
Laboratory Animals (51) and the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and were approved by the Institutional
Animal Care and Use Committees at the University of Utah.

CB Preparation. More detail is available in Supporting Information. CB tissue
was dissected out of the eye and plated onto Con A-coated coverslips. The
NPE layer was distinguished from the PE layer by absence of melanin, DAPI
staining, and outward location in the tissue. Cells were dissociated from CB
in papain using published protocols (19, 20, 52) and identified based on size
and melanin content (Fig. S2).

Fig. 4. TRPV4 activation in NPE cells requires activation of the canonical PLA2
pathway. Dissociated cells. (A) AA-evoked ½Ca2+�i elevations in NPE cells (n = 30)
were antagonized by HC-06. AA had little effect on ½Ca2+�PE levels (n = 28).
(B) NPE cells. The PLA2 antagonist pBPB inhibits HTS-evoked ½Ca2+�i signals (n =
25). (C) NPE cells. 11′,12′-EET induces ½Ca2+�i elevations that are antagonized by
HC-06 (n = 32).
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Immunofluorescence. Antibody staining in WT and KO tissue was conducted
as described preciously (19, 53, 55) using rabbit anti-TRPV4 and anti-agmatine
antibodies.

Superfusion of CB Tissue and Cell Swelling Assay. Changes in cell volume were
measured following the Fura-2-based protocol (23, 53).

Calcium imaging was conducted following routine protocols (20, 52, 54, 55).
½Ca2+�i was detected using the ratiometric protocol based on the fluorescent
dye Fura-2. In each experiment, ΔR/R (peak F340/F380 ratio – baseline/baseline)
quantification was obtained for multiple cells in the same visual field. Results
represent cell responses from at least three animals, averaged across multiple
cells and several slides per eye.

Electrophysiology. Whole-cell transmembrane currents in NPE cells were
performed using standard whole-cell recording (20, 23, 54). Data acquired
were sampled at 10 kHz and filtered at 2 kHz.

High-Resolution MRI. The general MEMRI procedure in mice has been de-
scribed previously (25–27). For GSK or vehicle injection, 2 μL of either 100 μM
GSK101 or vehicle was injected into the anterior chamber over 45 s.

Statistical Analysis. Means are shown ± SEM. Unless specified, an unpaired t
test was used to compare two means and an ANOVA along with Tukey’s
multiple comparisons test was used to compare three or more means.
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