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Cellular/Molecular

Swelling and Eicosanoid Metabolites Differentially Gate
TRPV4 Channels in Retinal Neurons and Glia

X Daniel A. Ryskamp,1,2 Andrew O. Jo,1 X Amber M. Frye,1 Felix Vazquez-Chona,1 Nanna MacAulay,3

Wallace B. Thoreson,4,5 and X David Križaj1,2,6,7

1Department of Ophthalmology & Visual Sciences, Moran Eye Institute, and 2Interdepartmental Program in Neuroscience, Salt Lake City, Utah 84132,
3Department of Cellular and Molecular Medicine, University of Copenhagen, 1165 Copenhagen, Denmark, 4Department of Ophthalmology & Visual

Sciences, and 5Department of Pharmacology and Experimental Neurosciences, University of Nebraska Medical Center, Omaha, Nebraska 68198, and
6Department of Neurobiology & Anatomy and 7Center for Translational Medicine, University of Utah School of Medicine, Salt Lake City, Utah 84132

Activity-dependent shifts in ionic concentrations and water that accompany neuronal and glial activity can generate osmotic forces with

biological consequences for brain physiology. Active regulation of osmotic gradients and cellular volume requires volume-sensitive ion

channels. In the vertebrate retina, critical support to volume regulation is provided by Müller astroglia, but the identity of their osmo-

sensor is unknown. Here, we identify TRPV4 channels as transducers of mouse Müller cell volume increases into physiological responses.

Hypotonic stimuli induced sustained [Ca 21]i elevations that were inhibited by TRPV4 antagonists and absent in TRPV4 2/2 Müller cells.

Glial TRPV4 signals were phospholipase A2- and cytochrome P450-dependent, characterized by slow-onset and Ca 21 waves, and, in

excess, were sufficient to induce reactive gliosis. In contrast, neurons responded to TRPV4 agonists and swelling with fast, inactivating

Ca 21 signals that were independent of phospholipase A2. Our results support a model whereby swelling and proinflammatory signals

associated with arachidonic acid metabolites differentially gate TRPV4 in retinal neurons and glia, with potentially significant conse-

quences for normal and pathological retinal function.

Key words: retina; TRP channels; osmoregulation; Müller glia; ganglion cell

Introduction
The ability to sense increases in cell volume represents a primal
sensory modality used by cells and organisms as they detect and
adapt to activity-dependent changes in their physical environ-
ment. Within the CNS, swelling induces compensatory reloca-
tion of ions/water and long-term changes in enzyme activation/
gene expression in neurons and glia but can also result in
excitotoxicity, cytotoxic/vasogenic edema, and irreversible loss of
neural function (Hoffmann et al., 2009; Pasantes-Morales and
Cruz-Rangel, 2010). Astroglial swelling results in increased
intracellular calcium concentration [Ca 21]i, phospholipase
A2 (PLA2) activation, release of arachidonic acid (all-cis-
5,8,11,14-eicosatetraenoic acid; AA), and production of oxygen-
derived free radicals (Staub et al., 1994; Hoffmann et al., 2009;

Thrane et al., 2011); however, the detailed molecular mecha-
nisms that transduce cellular swelling within the brain into the
physiological response remain to be elucidated.

Müller cells mediate bidirectional ion and water transport
between retinal neurons and vascular endothelial cells in part
through strategically placed ion and water channels. Under path-
ological conditions, aquaporin 4 (AQP4)-mediated water fluxes
drive glial swelling and AA/eicosanoid release and may contrib-
ute to excitotoxic edema and ischemic damage (Da and Verk-
man, 2004; Verkman et al., 2008; Reichenbach and Bringmann,
2010). Here, we provide evidence that the transient receptor po-
tential vanilloid type 4 (TRPV4) channel mediates Müller cell
osmosensing, define its link to PLA2 and its downstream metab-
olite 5969-epoxyeicosatrienoic acid (5,6-EET), and formulate a
mechanistic framework for astroglial volume regulation.

Gain/loss of TRPV4 function has been related to deficient
osmoregulation, force transduction, and numerous neurological
and musculoskeletal phenotypes (Liedtke and Friedman, 2003;
Tian et al., 2009; Loukin et al., 2010; Nilius and Voets, 2013).
Nonetheless, the gating mechanism of this ubiquitous channel
(Strotmann et al., 2000; Nilius et al., 2004; Kunert-Keil et al.,
2006; Ryskamp et al., 2011) remains unclear. The canonical view,
that TRPV4 activation requires the involvement of PLA2 and
cytochrome P450 (CYP450) (Watanabe et al., 2003a; Nilius et al.,
2004; Vriens et al., 2004), has been challenged by studies in het-
erologously transfected yeast, oocytes, endothelial cells, and sen-
sory neurons (Loukin et al., 2009, 2010; Matthews et al., 2010;
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Lechner et al., 2011). Here we show that activation of astroglial,
but not neuronal, TRPV4 channels requires AA, its epoxidation
enzyme CYP450, and the downstream metabolite product 5,6-
EET. TRPV4-dependent Ca21 influx enables further swelling in a
hypoosmotic gradient and is sufficient to trigger glial reactivity.
This work thus expands the known relationships among glial
swelling, mechanical stress, proinflammatory signaling, and
edema (Pannicke et al., 2006; Reichenbach andBringmann, 2010;
Pinar-Sueiro et al., 2011; Križaj et al., 2014) into a cellular and
molecular framework that centers upon the osmosensor, TRPV4.

Materials and Methods
Animals. All experiments adhered to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the Association for
Research inVision andOphthalmology Statement for theUse of Animals
in Ophthalmic and Vision Research and were approved by the Institu-
tional Animal Care and Use Committees at the University of Utah and

the University of Nebraska Medical Center. Mouse strains C57BL/6J,
B6.Cg-Tg(Thy1-CFP)23Jrs/J, and pan-null TRPV4 2/2 12 (Liedtke and
Friedman et al., 2003)weremaintained in a 12 h light/dark cycle with free
access to food and water. Data from male and female mice were pooled.
No sex differences were noted.

Acutely dissociated retina preparation. Mice were killed, eye removed,
and retinas isolated in cold Leibovitz 15 (L15) medium (Invitrogen)
containing 11 mg/ml L15 powder, 20 mM D-glucose, 10 mM Na-HEPES,
2 mM Na-pyruvate, 0.3 mM Na-ascorbate, and 1 mM glutathione. To
digest the extracellular matrix, retinas were incubated in L15 containing
papain (7U/ml;Worthington) for 1 h at room temperature. Retinas were
rinsed, placed on ice, and cut into 500 mm pieces. One or two of these
pieces were triturated and plated on concanavalin A (1 mg/ml)-coated
coverslips. As appropriate, dissociated cells were loaded with fura-2 or
fura-5F AM (5–10 mM; Invitrogen) for 30–40 min and washed for 10–20
min. Under our experimental conditions, most plated cells maintained
homeostasis for several hours at 25°C without substantial shifts in base-
line [Ca 21]i or the amplitude of [Ca 21]i responses to agonists or depo-

Figure 1. TRPV4 mediates cation influx in Müller glia and RGCs. A–D, Vertical cryosections of mouse retinas immunolabeled for Müller glia marker GS (red) and AGB (green). Freshly isolated

retinaswere incubated for 10min at 37°Cwith the indicated conditions.A, Negative control (L15media alone;n 52).B, Retinas incubatedwithAGB (N 53). Basal cation (AGB1) influx takes place

in RGCs and photoreceptors. C, GSK101 (100 nM) induces cation influx in RGCs (arrowheads) and a subset of Müller glia (n 5 3).D, Agonist-induced cation entry is suppressed by HC-06 (1mM; n 5

3). E, F, Additional examples of cation influx in the absence (E) and presence (F ) of GSK101.G,H, AGB influx between the outer edge of the GCL and the outer limitingmembrane (OLM) (G) orwithin

theGCL (H )was quantified bymeasuring themean value (optical density) of AGB-ir. Ii–Iiii, Vertical cryosection ofmouse retina immunolabeled for theMüller cellmarker GS (red) and TRPV4 (green)

(Ii). TRPV4 is preferentially localized to the inner limitingmembrane region that contains the processes of protoplasmic astrocytes, Müller cell endfeet (arrows), and RGCs (blue asterisk). Müller cell

somata (white asterisk) lack TRPV4 in intact retinas. An example distal stalk/distal end is indicated with a bracket. Iii, Iiii, Close-up of Ii (dashed rectangle) showing TRPV4 (Iii) and the merge (Iiii).

J, TRPV4-ir is present throughout acutely dissociatedMüller cells and a presumedRGC soma. Proximal stalk indicated by arrowhead.K, In a human retina section, TRPV4 similarly localizes to endfeet

and proximal stalks of Müller glia as well as RGC somata and axon bundles (#). Scale bars, 10mm. I, Inner; O, outer; S, segments; N, nuclear; P, plexiform; L, layer; GC, ganglion cell. *p , 0.05.
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larization (Szikra et al., 2009; Ryskamp et al., 2011; Molnar et al., 2012).
Müller glia were identified by their distinctive morphology (Dyer and
Cepko, 2000; Gaiano et al., 2000) and retinal ganglion cells (RGCs) were
identified as in Ryskamp et al. (2011) (e.g., by Thy1:CFP expression). In
a subset of experiments, cellular identity was additionally confirmed by
postimaging immunocytochemistry (mouse anti-glutamine synthetase
[GS]; 1:1000; BD Biosciences) for Müller glia and rabbit anti-III
b-tubulin (TuJ1; 1:1000; Sigma) for RGCs.

Retinal slice preparation. Eye cups were loaded for 70 min with Oregon
Green BAPTA-1 AM (Invitrogen; 200 mM in L15 with 7 mg/ml pluronic
acid) to load the dye in Müller glia. The isolated retina was flat-mounted
(RGC side down) on filter paper using vacuum suction. Retinas were
sliced at 200 mm and rotated 90 degrees before mounting by lines of
vacuum grease on a BD Cell-Tak-treated coverslip (BD Biosciences).

Superfusion of retinal tissue and cell swelling assays. During imaging
experiments, Ringer’s solution was perfused at a rate of 1–2.5 ml/min. It
contained in mM the following: 133 NaCl, 2.5 KCl, 1.5 NaH2PO4, 1.5
MgCl2 (6H2O), 2 CaCl2, 10 glucose, 10 HEPES hemisodium salt, 1 pyru-
vic acid, 1 lactic acid, 0.5 L-glutamine, 0.5 glutathione, and 0.3 Na-
ascorbate. pH was set at 7.4 and osmolarity at 300 mOsm. Extracellular
osmolarity was set by addition or removal of mannitol, a procedure that
minimally disrupts ionic strength of the extracellular solution but also
reduces the secondary effects of regulatory volume decrease (RVD) in
Müller glia (Fernández et al., 2013). Following hypotonic stimulation
(HTS), the x-y cross-sectional area of calcein-loaded cells was deter-
mined offline using NIS-Elements AR 3.2 (Ryskamp et al., 2011). To
examine the geometric properties of swelling more closely, dissociated
retinal cells were labeledwith 100 mM sulforhodamine 101. Cell volume is
proportional to √ area 3 when swelling occurs uniformly in all directions,
which we confirmed with confocal z-stacks over time (data not shown).
Confocal imaging with a Zeiss LSM 510 was used to acquire z-stacks
before and during swelling. 3D volume was analyzed in ImageJ.

Optical imaging. Ratiometric Ca 21 fluorescence imaging was per-
formed on an inverted Nikon Ti or an upright Nikon E600 FN micro-

scope using 203 (0.75 NA oil), 403 (1.3 NA oil and 0.8 NA water), and

603 (1.0 NA water) objectives. Excitation was provided by the Lambda

DG-4 illumination system (Sutter Instruments). Images were captured

with a 14-bit CoolSNAPHQ 2 camera and processed usingNIS-Elements

AR 3.2 and Excel. [Ca 21]i was measured as described previously

(Ryskamp et al., 2011; Molnar et al., 2012), accounting for the Ca 21

dissociation constant of fura-2 and fura-5F at room temperature. We

followed the conventional Tsien protocol to determine the apparent free

[Ca21]i using the equation [Ca21]i 5 Kd 3 b 3 ((R 2 Rmin)/(Rmax 2 R)),

where R is the ratio of emission intensity at 510 nm evoked by 340 nm

excitation versus emission intensity at 510 nm evoked by 380 nm excita-

tion; Rmin is the ratio at zero free Ca 21; Rmax is the ratio at saturating

Ca 21; and b is F380max/F380min; the dissociation constant (Kd) of fura-2

for Ca 21 at room temperature was taken to be 224 nM (Grynkiewicz et

al., 1985), whereas the Kd for fura-5F was taken to be 2.29-fold higher

(e.g., Invitrogen Handbook). After permeabilization with 10 mM iono-

mycin, Rmin was established in 0 Ca 21/0.8 mM EGTA saline and Rmax

after exposure to ionomycin in 10 mM Ca 21 saline. All calibrated values

for Müller glia were obtained from experiments using the lower-affinity

indicator fura-5F; nonetheless, calcium signals ;.2 mM enter the non-

linear range and must be viewed as approximating the actual concentra-

tions. If exposure to calibrating solutions induced dye leakage or cells

died during the calibration procedure, DR/R (peak ratio 2 baseline/

baseline) was used. Glutamate (100 mM) was perfused to check for neuronal

health and responsiveness. Results represent averages of RGC or Müller cell

responses from a minimum of three animals.

Electrophysiology. Retina pieces were incubated in Hibernate A me-

dium with papain (30 U/ml) plus cysteine (0.2 mg/ml) for 25–30 min at

room temperature. Tissue was washed in ice-cold, Hibernate A supple-

mented with 1% BSA and DNase (1 mg/ml) followed by two additional

washes in ice-cold Hibernate A alone. Retinal cells were dissociated and

plated as before. After 10–15 min of plating, cells were superfused with

oxygenated Ames’ medium. Upon obtaining a whole-cell recording, the

Figure 2. TRPV4 activationmassively elevatesMüller cell calcium levels.A, GSK101 dose-dependently increases calcium levels above spontaneous calcium spikes.B, The amplitude ofMüller cell

responses to GSK101 was quantified using fura-5F. n 5 14, 12, and 4, respectively. C, 25 nM GSK101 increased calcium levels far more than other known modulators of Müller cell calcium

homeostasis. n 5 33, 26, 25, 19, and 19, respectively. D, According to the sigmoidal fit, the EC50 of GSK101 was;16 nM. n 5 12. E, GSK101 induced a current with an IV plot characteristic of

heteromeric TRPV4. Light gray trace represents voltage ramp-induced transmembrane current under resting conditions. Gray trace represents GSK101-induced current. Black trace represents

difference current after subtraction.n 5 10.F, TRPV4openingbyGSK101 resulted in a large inward conductance that coincidedwith an elevation in calcium.NS, Not significant (p . 0.05). ****p , 0.0001.
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superfusate was switched to Ames’ medium
containing 5 mM CsCl and 10 mM TEA (mini-
mizes inward and outward K1 currents).

Recording electrodes were pulled using a
PP-830 vertical puller (Narishige) from boro-
silicate glass pipettes (1.2 mm O.D., 0.9 mm
I.D.) to obtain tips that were 2 mm in diameter
and with resistance values between 8 and
10 MV. Müller cells were voltage-clamped at
270 mV using a Multiclamp 700A patch-
clamp amplifier. Voltage steps and ramps were
applied and membrane currents acquired using
pClamp 9.2 software with a Digidata 1322 inter-
face.Thepipette solutioncontained the following
(inmM): 125Cs gluconate, 10TEACl, 10HEPES,
3 EGTA, 1 ATP, 0.5 GTP, 3 MgCl2, 1 CaCl2, pH
7.2. Simultaneous ratiometric intracellular Ca21

measurements were made as before with 0.2 mM

fura-2 pentapotassium salt in the pipette.
Immunofluorescence. Eyes were removed af-

ter death, punctured with a needle at the ora
serrata, and placed in 4% PFA in 13 PBS for 10
min. In PBS, the anterior eye was cut away and
the posterior eye was fixed for another 50 min.
After 3 3 10 min washes with PBS, eyecups
were soaked in 15% sucrose for 45min at room
temperature and then 30% sucrose overnight
at 4°C. Cryoprotected eyecups were embedded
in OCT (Ted Pella), frozen at 280°C, sliced at
16 mm with a cryostat, and mounted onto Su-
perfrost Plus slides. Slides were warmed at
40°C for 10 min and circled with a PAP pen.
After washing with PBS, tissue was blocked for
30 min (10 ml PBS, 30 ml of Triton X-100, 100
mg BSA, 200 ml 5% w/v Na azide solution).
Primary antibodies in PBSwere incubatedwith
the tissue overnight at 4°C. Retinas were rinsed
with PBS, and secondary antibodies in PBS
were applied at 1:1000 for 1 h at room tem-
perature. After rinsing, labeled slices were
protected with Fluoromount-G (Southern
Biotechnology), coverslipped, and imaged.
Dissociated cells were fixed and immuno-
stained as above. The following primary anti-
bodies were used in this study: anti-TRPV4
(Lifespan Biosciences), 1:100–1:1000; anti-GS
(BD Biosciences), 1:1000–1:2000; anti-GFAP
(Dako), 1:500; and anti-AGB (Signature Im-
munologics), 1:100. The secondary antibodies
were goat anti-mouse or goat anti-rabbit IgG
(H1L) conjugated to fluorophores (Alexa-488
and Alexa-594; Invitrogen). Negative controls
without a primary antibody showed no stain-
ing. For the AGB loading experiment, retinas
were incubated in 5 mM AGB (agmatine) for 10
min at 37°C, fixed, and cryoprotected. Immunofluorescence and differ-
ential interference contrast images were acquired on a confocal micro-
scope (Zeiss LSM 510 or Olympus FX1000) using 488 nm Ar (10%) and
543 nm He/Ne (100%) lines for fluorophore excitation, suitable filters
for emission detection, and 403/1.2 NA oil objectives.

Reagents. Salts and reagents were purchased from Sigma, except where
noted otherwise. AA and its metabolites were from Cayman Pharmaceuti-
cals. Given the instability of AA and 5,6-EET due to auto-hydrolyzation, the
compounds were aliquoted, gassed with liquid nitrogen, and stored at
280°C until use.

Statistics. GraphPad Prism 6.0 was used to analyze statistics. Data are
mean 6 SEM. Unless specified, an unpaired t test was used to compare
two means and a one-way or two-way ANOVA along with the Holm-
Šídák test was used to compare three or more means.

Results
TRPV4 is functional in RGCs and Müller glia
To map the pattern of functional TRPV4 expression in the retina,
we incubated intact mouse retinas with AGB1, which permeates
most nonselective cation channels (Marc, 1999). Control light-
adapted retinas probed with an anti-AGB antibody displayed lit-
tle endogenous signal (Fig. 1A). AGB incubation (10min at 37°C)
revealed cation accumulation in RGCs and photoreceptors
(Fig. 1B,E). Stimulation with the selective TRPV4 agonist
GSK1016790A (hereafter GSK101; 100 nM) increased AGB im-
munoreactivity (ir) in large somata within the ganglion cell layer
(GCL) (Fig. 1C, arrowheads) and in radial processes of Müller
glia (Fig. 1C,F) marked by GS staining. Consistent with prefer-

Figure 3. TRPV4 mediates responses to GSK101 in Müller cells. A, B, External calcium is required for GSK101-induced calcium

elevations. n 5 16. C,D, Responses to GSK101 persist in the presence of the voltage-gated channel blocker cadmium (Cd 21). n 5

4. E, F, The nonselective TRP channel antagonist RutheniumRed (RuR) blocks responses to GSK101. n 5 21 for GSK101; n 5 15 for

GSK1011 RuR. G, H, GSK101 responses are also blocked by the selective TRPV4 antagonist HC-06. This inhibition is reversible

following a washout. n 5 30, except noise5 40. **p , 0.01. ****p , 0.0001.
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ential Müller glia and RGC cation loading, GSK101 increased
AGB-ir by 14.2 6 5.3-fold between the outer edge of theGCL and
the outer limiting membrane together with a 4.1 6 1.3-fold in-
crease in the GCL (p , 0.05 for both; Fig. 1G,H). Demonstrating
agonist specificity, AGB-ir was blocked by coincubation with the
selective TRPV4 antagonist HC-067047 (hereafter HC-06; 1 mM;
Fig. 1D,G–H). Thus, RGCs and Müller glia represent predomi-
nant transducers of TRPV4 signals in the mouse retina.

A TRPV4 antibody prominently labeled RGCs and Müller cell
processes (GS-ir) (Fig. 1I). The specificity of the staining was
confirmedby omitting the primary antibody and in sections from
TRPV42/2 retinas (Ryskamp et al., 2011). TRPV4-ir was stron-
gest in the perivascular endfoot region (Fig. 1I), suggesting a role
for the channel in negotiating ion/water fluxes between the inner
retina and blood vessels. Localization to glial endfeet was simi-
larly observed in the human retina (Fig. 1K).

TRPV4 agonists induce sustained elevations in Müller cell
[Ca 21]i

We next investigated the properties of TRPV4 signals in Müller
glia. Acutely dissociatedmouse cells had resting levels of 225 6 31
nM, similar to previously recorded [Ca21]MC levels in salamander
Müller cells (Keirstead andMiller, 1995). GSK101 elicited robust,
reversible, and dose-dependent increases in intracellular Ca21

([Ca21]MC; Fig. 2A–C) with an EC50 of ;16 nM (Fig. 2D). Hence,
25 nM GSK101 elevated [Ca21]MC to 2547 6 269 nM (p , 0.0001;
Tukey test; Fig. 2B). In our hands, the amplitudes of TRPV4-
mediated [Ca21]MC signals markedly exceeded calcium signals
evoked by other known [Ca21]MC modulators, including depo-
larization (32.5 mM KCl), release from internal stores (20 mM

carbachol), and saturating activation of purinergic (100 mM ATP)
and glutamate receptors (100 mM glutamate; p , 0.0001, Tukey
test; Fig. 2C).

To examine the mechanism underly-
ing the GSK101 response, we recorded
the transmembrane current in voltage-
clamped Müller cells. GSK101 (25 nM) in-
duced an increase in conductance (p ,

0.0212) averaging 1378 6 522 pS (n 5

9/10 cells). Consistent with imaging data,
ITRPV4 showed little inactivation during
3–10 min stimulation with the agonist,
showing a current–voltage relation typical
of nonselective cation channels with a re-
versal at 24.5 6 5.5 mV (Fig. 2E,F). This
observation was reinforced by concurrent
[Ca21]i and whole-cell recordings that
indicated substantial overlap between
[Ca21]i and ITRPV4 (Fig. 2F). GSK101-
induced [Ca21]MC increases were abol-
ished inCa21-free saline (p , 0.0001, Fig.
3A,B), insensitive to the voltage-operated
Ca21 channel blocker Cd21 (100 mM; p ,

0.01; Fig. 3C,D) and inhibited by the non-
selective TRP channel blocker Ruthenium
Red (10 mM; p , 0.0001; Fig. 3E,F) and
the selective TRPV4 antagonist HC-06
(p , 0.0001, Tukey test; Fig. 3G,H). The
TRPV1 antagonist capsazepine (10 mM)
hadno effect onGSK101-induced [Ca21]i
elevations in Müller cells (data not
shown).

The kinetics of TRPV4 activation differ in neurons and glia
In contrast to the inactivation of TRPV4 agonist-induced [Ca 21]i
responses in RGCs, signals in Müller cells were markedly more
sustained (Fig. 4). Concurrent recording from two cells identified
post hoc by their immunoreactivity for GS and the RGC marker
TuJ1 showed that GSK101 evokes a fast inactivating [Ca 21]i in-
crease in the neuron and a delayed response in the glial cell (Fig.
4A). The dichotomy in the neuronal versus glial response kinetics
stands out when TRPV4-mediated signals are normalized for
peak [Ca21]i (Fig. 4B) or when raw traces are statistically ana-
lyzed (Fig. 4C–F). GSK101 elevated [Ca21]i to a peak 215 6 15%
and 217 6 16%greater than the baseline inMüller glia andRGCs,
respectively (Fig. 4C). Four minutes after the peak, these [Ca21]i
levels declined to 179 6 11%and 116 6 5%of the baseline during
continued agonist stimulation (p , 0.05 for Müller glia and p ,

0.0001 for RGCs; two-way repeated-measures ANOVA). Müller
cells exhibited a slower response onset (95.3 6 18.4 s vs 26.9 6

3.6 s; p , 0.001, two-way ANOVA; Fig. 4D) and time-to-peak
[Ca21]i elevations (236.9 6 17.7 s vs 93.0 6 4.4 s; p , 0.0001,
two-way ANOVA). The slope of the GSK101 response diverged
for Müller glia (0.0132 6 0.0027 ratio/s) and RGCs (0.0319 6

0.0052 ratio/s; p , 0.01; Fig. 4E). The time constant of inactiva-
tion following the peak was larger in Müller glia than RGCs (t 5

346.2 6 31.6 s vs 123.0 6 12.3 s; p , 0.0001; Fig. 4F). Thus, glial
TRPV4 is characterized by distinct modulation and/or gating
compared with its neuronal counterpart. Nonetheless, exposure to
Ca21-free saline during initial response (Ryskamp et al., 2011; Fig.
3A) or the postpeak plateau phase of the agonist response (Fig.
4A) facilitated the recovery to baseline, indicating that the trans-
duction and sustained components in both cell types are medi-
ated primarily by plasma membrane Ca21 entry rather than
secondary release from internal stores.

Figure 4. TRPV4 response kinetics differ in RGCs and Müller glia. A, Representative raw traces of calibrated GSK101-induced

responses in a concurrently recorded RGC and Muller cell show a short-latency transient [Ca 21]i elevation in the RGC and a

sustained [Ca 21]i response in the glial cell. Ca
21-free saline suppressed the sustained response component and decreased the

[Ca 21]i baseline in the RGC. After the recording, the two cells were immunolabeled for TuJ1 and GS, respectively. B, Normalized

fura-5F fluorescence fromaGSK101-stimulated cohort of RGCs andglia (n 5 25Müller glia and 51RGCs). Responses to GSK101 are

fast and transient, whereasMüller cells exhibit delayed and sustained TRPV4 activation. C, GSK101 significantly increased calcium

levels in both cell types; however, RGC calcium levels returned closer to baseline levels 4 min after the response peak in the

continued presence of GSK101. D, The latency to the base (n 5 17 Müller glia and 19 RGCs), 50% amplitude, and peak response

(n 5 21Müller glia and 24 RGCs) was longer in Müller cells. E, F, The rate of TRPV4 activation (E; n 5 20Müller glia and 19 RGCs)

and inactivation (F; n 5 20 for each) was faster in RGCs. *p , 0.05. **p , 0.01. ***p , 0.001. ****p , 0.0001.
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Spatiotemporal TRPV4 activation in
Müller cells involves transcellular
Ca 21 waves
Müller glial Ca21 signals evoked by ago-
nists or membrane stretch typically took
the form of Ca21 waves propagating from
the endfoot or the distal end toward the
perikaryon (Fig. 5A–H). Ca21 store de-
pletion by cyclopiazonic acid (CPA), a re-
versible antagonist of sarco/endoplasmic
Ca21-ATPases, combined with stimula-
tion ofCa21 release by carbachol, reduced
the amplitude of the GSK101 response by
34.5 6 11.6% (p , 0.05; Fig. 5I). CPA also
suppressed Ca21 wave propagation (Fig.
5K–Q), suggesting that Ca21-induced
Ca21 release amplifies theTRPV4 response.

To follow glial TRPV4 activation in the
retinal slice (Fig. 5R), glia were loaded
with Oregon Green BAPTA-1 (OGB-1)
(Kurth-Nelson et al., 2009). GSK101 in-
duced Ca21 waves that originated within
focal points in the distal end of Müller glia
and/or the endfoot. The agonist elevated
[Ca21]i in 12 of 14 (86%) distal stalks, 26
of 30 (87%) somata, 21 of 26 (81%) prox-
imal stalks, and 20 of 28 (71%) endfeet.
Peak response amplitudes for these re-
gions in DF/F were as follows: distal stalk
0.4005 6 0.0662, soma 0.3707 6 0.0643,
proximal stalk 0.1980 6 0.0551, and end-
foot 0.2988 6 0.0642 (Fig. 5S). Somatic
Ca21 signals remained elevated after
[Ca21]i levels within apical and distal re-
gions returned to the baseline. The re-
sponse amplitudes for all Müller cell
domainswere greater thanRo (p , 0.01 in
all cases; Dunnett’s test). Response laten-
cies were (in seconds): distal stalk 214.8 6

15.2, soma 246.2 6 18.1, proximal stalk
353.0 6 14.3, and endfoot 262.6 6 14.9
(p , 0.001–0.0001; Bonferroni test; Fig.
5T). Thus, TRPV4 channels can initiate
and contribute to propagation of tran-
sretinal Ca21 waves, representing a plau-
sible candidate trigger mechanism for the
regenerative phenomena reported previ-
ously (Newman and Zahs, 1998).

Differential TRPV4 channel activation mediates neuronal and
glial responses to swelling
Astroglial swelling can compromise neuronal function through
edema and excitotoxicity (Pasantes-Morales and Cruz-Rangel,
2010; Reichenbach and Bringmann, 2010; Thrane et al., 2011).
Given that TRPV4 is activated by swelling (Strotmann et al., 2000;
Becker et al., 2005; Benfenati et al., 2011), we examined the rela-
tionship between hypotonicity and volume regulation in Müller
cells. HTS dose-dependently and reversibly increased the cell area
and volume of Müller glia and RGCs (Fig. 6). Although both cell
types express TRPV4, Müller cells were able to withstand larger
hypotonic challenges than concomitantly recorded RGCs (Fig.
6B), possibly because of the greater elasticity of the glial mem-
brane (Lu et al., 2006). As depicted in Figure 6, Müller cell swell-

ing was associated with increases in [Ca21]i with an EC50 of
34.15 6 3.31% HTS (Fig. 6C,D). The [Ca21]i response in Müller
cells and RGCs was abolished by the removal of extracellular
Ca21 (Fig. 6E; Ryskamp et al., 2011) and was inhibited by HC-06
(1 mM) (p , 0.05; Fig. 6F,G). Consistent with optical imaging
data, 50% HTS elicited inward currents (91.34 6 17.66 pA) that
were antagonized by HC-06 and were absent from TRPV42/2

cells (Fig. 6H, I). Thus, TRPV4 channels play a central role in the
hypotonicity-induced Ca21 signals of Müller glia.

TRPV4 activation might be secondary to stretch-induced
stimulation of PLA2 (Watanabe et al., 2003a). Consistent with
this, PLA2 inhibition with 4-bromophenacyl bromide (pBPB;
100 mM) blocked HTS-induced glial TRPV4 signals (p , 0.001;
Fig. 6F). pBPB (n 5 39) did not affectGSK101 responses (n 5 23)

Figure 5. TRPV4activation triggers Ca 21-inducedCa 21 releaseand calciumwaves.A–H, Uponapplying25nMGSK101 (B–G),

calcium typically first flows intoMüller glial endfeet (bottom) or their apical process (top). Calcium then elevates as a wave, filling

the cytosol globally. Scale bar, 10mm. The timing of the images (A–G) is indicated in the corresponding calcium trace (H ). The

rainbow scale specifies the 340/380 ratio level. I, TRPV4 stimulation by GSK101 further elevates Ca 21 via Ca 21 release (stores

depleted by bathing cells with 5mM CPAwhile stimulating releasewith applications of 20mM carbachol). n 5 19. J, A bright-field

image of the Müller cell. K–P, Store depletion by CPA attenuates the response to GSK101 (L–P) and the resulting wave. The

corresponding trace (Q) indicates timing of images (K, L). R, OBG-1 selectively loadedMüller glia in a retina slice. Four of themain

Müller cell compartments are labeled for one cell. This image is themedian composite of 10 temporally adjacent images separated

by 3 s in time during the response to GSK101. The contrast between the Müller cells and the background was enhanced with the

application of the rolling ball background subtraction function in ImageJ (10.0 pixel radius). ONL, Outer nuclear layer; OPL, outer

plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar, 10mm. S, Responses to 10

mM GSK were significantly above the baseline for all cellular compartments. T, The distal stalks and endfeet were the primary

transduction sites, as indicated by shorter response latencies (time to 1⁄2 peak). n 5 13 for distal stalk, 23 for somata, 16 for

proximal stalk, and 13 for endfeet. *p , 0.05. **p , 0.01. ***p , 0.001.
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(p . 0.05), suggesting that cell swelling andGSK101 activateMüller
TRPV4 through different mechanisms. Surprisingly, swelling-
induced [Ca21]i increases in RGCs were unaffected by pBPB (p .

0.05; Fig. 6G). Thus, the Müller glial TRPV4 response to swelling
requires the “canonical” PLA2 signaling pathway, whereas in neu-
rons TRPV4 may either be directly force sensitive (Loukin et al.,
2010) or reliant on a novel, indirect force transduction cascade.

Ruthenium Red reduced the percentage of Müller glia re-
sponding to 35% HTS with [Ca21]i elevations from 59 6 7% to
17 6 5% (p , 0.01, Dunnett’s test; Fig. 6J). HC-06 also reduced
the percentage of HTS-responding Müller glia to 29 6 8% (p ,

0.05), whereas capsazepine, a competitive inhibitor of TRPV1
channels, had no effect at 5 mM (p . 0.05). Likewise,HTS-evoked
[Ca21]i responses of RGCs were diminished by Ruthenium Red
and HC-06, but not capsazepine (Dunnett’s test; Fig. 6K). The
comparable efficacy of Ruthenium Red and HC-06 suggests that
TRPV4 is the primary TRP channel contributing to volume sens-
ing in Müller glia and RGCs. As neuronal and glial responses to

HTSandGSK101were almost completely absent in TRPV42/2 cells
(Fig. 7A–D), the residual responsiveness in the presence of TRPV4
blockers could be ascribed to incomplete blockade by HC-06.

TRPV4 gating in Müller cells, but not RGCs, requires
activation of PLA2
The prevailing model of TRPV4 gating involves PLA2 activation
and biosynthesis of epoxyeicosatrienoic acids, which act as en-
dogenous activators of TRPV4 (Watanabe et al., 2003a; Nilius et
al., 2004; Jang et al., 2012) (Fig. 8A). To test the function of this
canonical transduction pathway, we stimulated retinal cells with
AA and its downstream metabolite 5,6-EET and tested the role of
the crucial intermediary enzyme, CYP450. AA (100 mM) elevated
Müller glial [Ca21]i (DR/R 5 0.39 6 0.3; Fig. 8B,C) above spon-
taneous activity (noise; DR/R 5 0.16 6 0.03; p , 0.0001). Both the
CYP450 antagonist clotrimazole (CLT; 10 mM) and HC-06
strongly suppressed these responses (p , 0.001; Fig. 8B–E), sug-
gesting that AA-induced [Ca21]MC responses are mediated by

Figure 6. Differential TRPV4 channel activation mediates neuronal and glial responses to swelling. A, Changes in the volume of calcein-loaded Müller cells were apparent when switching from

isotonic (Ai) to hypotonic saline (Aii).Aiii, The volume changeswere approximatedbymeasuring cell area. Black represents isotonicity; gray represents hypotonicity. Scale bar, 10mm.B,Müller glia

andRGCs swelledand shrunkas a functionof tonicity.C, HTSelevatedMüller cell calciumas they swelled ina representative experiment.D, Swelling-evoked calciumelevationsweredose-dependent

(95% confidence band around the sigmoidal fit). n 5 13–20. E, Swelling-evoked [Ca 21]MC elevations required external calcium. F, PLA2 and TRPV4 contribute substantially to the hypoosmotic response of

Müller glia. n 5 10, 13, and 11, respectively. G, The PLA2 antagonist pBPB has no effect on RGC responses to cell swelling, even though these responses are mediated largely by TRPV4. n 5 23, 16, and 9,

respectively.H, I, The50%HTSevoked inwardcurrents inMüllerglia (n57) thatwereabsent in thepresenceofHC-06 (n58)or inTRPV4 2/2 cells (n57). J,Müllerglia responsiveness to35%HTS (n510

experiments) is reducedbytheTRPchannelantagonistRutheniumRed(RuR10mM;n55)or1mMHC-06(n56),butnot theTRPV1antagonist capsazepine(CPZ10mM;n53).K,RGCresponsiveness toHTS

(n 5 6) is impaired by RutheniumRed (n 5 6) andHC-06 (n 5 6), but not TRPV1 inhibition (n 5 3). NS, Not significant (p . 0.05). *p , 0.05. **p , 0.01. ***p , 0.001.
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TRPV4 and the PLA2 signaling pathway.
Although AA (10 mM) also induced
[Ca21]i elevations in RGCs (Fig. 8F,G),
these responses were not antagonized by
HC-06 (p . 0.05), despite the effective
blockade ofGSK101 responses (p , 0.05).
5,6-EET, a major astroglial epoxide me-
tabolite of AA, was proposed as the final
activator of TRPV4 (Nilius et al., 2004).
5,6-EET (5 mM) induced [Ca21]i increases
(DR/R 5 0.83 6 0.2 in Müller glia and
0.47 6 0.08 in RGCs) that were inhibited
by HC-06 (DR/R 5 0.40 6 0.07 in Müller
glia and 0.28 6 0.03 in RGCs; p , 0.05;
Fig. 8H–J). We therefore conclude that
glial but not neuronal TRPV4 activation
in the retina involves an intermediary
PLA2-CYP450 step.

Calcium influx via TRPV4 exacerbates
swelling in Müller glia and RGCs
Astroglial swelling is a major problem in
traumatic brain injury and retinal diseases,
such as diabetic retinopathy and glaucoma
(Staub et al., 1994; Pannicke et al., 2006; So-
froniew, 2009; Pasantes-Morales and Cruz-
Rangel, 2010; Pinar-Sueiro et al., 2011). We
exposed HTS-stimulated retinal cells to
HC-06 and compared the swelling re-
sponse in wild-type cells with TRPV42/2

cells. As shown in Figure 9A, HTS-
induced increases in cross-sectional area were counteracted by
HC-06 (reduced by 46.9 6 9.4%; p , 0.01; two-way ANOVA;
Dunnett’s test) and markedly reduced in TRPV42/2 Müller cells
(reduced by 47.3 6 6.1%; p , 0.01), indicating that swelling is
facilitated by TRPV4 activation itself. HC-06 did not cause a
further reduction in HTS-stimulated swelling in TRPV42/2

Müller glia, consistent with the central role for TRPV4 in the
swelling response. Moreover, HTS-induced swelling was more
pronounced in heterologously expressing HEK293:TRPV4 over-
expressors comparedwith control cells (p , 0.001 in 35%HTS at
each time, two-way ANOVA; Fig. 9B). Although the mechanism
through which TRPV4 channels contribute to the HTS-induced
swelling in recombinant cells, neurons, and glia remains to be
determined, the effect is likely to be mediated by Ca21 influx, as
also indicated by the suppression of the HTS-induced increase
retinal cell area by BAPTA-AM (200 mM; reduced by 45.7 6 7.2%
for RGCs; p , 0.0001; reduced by 33.2 6 6.3% for Müller cells;
p , 0.05; Fig. 9A).

Given that Müller glial swelling was proposed to involve PLA2
(Pannicke et al., 2006; Reichenbach and Bringmann, 2010), we
exposed wild-type and TRPV42/2 Müller cells to hypotonic sa-
line in the presence of pBPB to test the hypothesis that this pro-
posed obligatory activator of TRPV4 (Watanabe et al., 2003a;
Nilius et al., 2004) is involved in the swelling response. The PLA2
antagonist reduced cell swelling in wild-type Müller cells (re-
duced by 66.5 6 12.2%; p , 0.001) but was not effective in
TRPV42/2 Müller glia (Fig. 9A). Moreover, pBPB did not sup-
press HTS-induced swelling in RGCs (reduced by 2.9 6 9.2%;
p , 0.05). Thus, hypotonicity-induced increases in cell volume
are likely augmented by reciprocal stimulation between TRPV4-
mediated Ca21 influx and PLA2 activation in retinal glial cells
but not neurons.

We next tested whether CYP450, the downstream enzyme in

the signaling cascade proposed to govern HTS-mediated TRPV4

activation (Watanabe et al., 2003b; Nilius et al., 2004), contrib-

utes to swelling-induced Ca21 responses in TRPV4-expressing

retinal neurons and glia. Cells were stimulated with 35% and/or

50% HTS in the presence of the CYP450 antagonist 17-

octadecynoid acid (17-ODYA; 10 mM). Consistent with the in-

volvement of CYP450 in the transduction of glial swelling, the

antagonist suppressed Müller glial hypotonic swelling in 35%

HTS (p , 0.01) but had little effect on RGCs (p . 0.05) (Fig.

10A,B). Similar results were observed using both HTS stimuli as

well as the other antagonist, clotrimazole (data not shown). The

effect of 17-ODYA on swelling was substantiated at the level of

Ca21 homeostasis where the drug antagonized 50% HTS-evoked

[Ca21]i increases in Müller cells (p , 0.0001; n 5 5), but had no

effect on RGCs (p . 0.05; n 5 10) (Fig. 10A).

TRPV4 activation or deletion is sufficient to trigger

reactive gliosis

Reactive astrogliosis is an early indicator ofCNS stress induced by

mechanical stress and neuroinflammation (Tezel et al., 2003; In-

man and Horner, 2007; Sofroniew, 2009; Lindqvist et al., 2010;

Reichenbach and Bringmann, 2010). In control retinas, the gli-

otic marker GFAP was confined to astrocytes within the inner

limitingmembrane, whereas TRPV42/2 retinas exhibited amod-

erate level of GFAP-ir (Fig. 11A,B). After intravitreal injection of

GSK101, a marked upregulation in GFAP-ir was observed, espe-

cially at the endfeet and proximal processes within the inner plex-

iform layer (p , 0.01; two-way ANOVA, Dunnett’s test; Fig.

11A,B).

Figure 7. TRPV4mediates RGC andMüller cell responses to HTS andGSK101.A, The percentage of RGCs responding to 50%HTS

and 25 nM GSK101 is reduced by TRPV4 ablation (n 5 4–9 experiments, two-way ANOVA). B, Calcium elevations induced by HTS

and GSK are smaller in TRPV1 2/2 RGCs (N 5 12–74 cells, two-way ANOVA). C, The percentage ofMüller cells responding to 50%

HTS and 25 nM GSK101 is reduced by TRPV4 ablation (n 5 3–8 experiments, two-way ANOVA). D, Calcium elevations induced by

HTS and GSK are smaller in TRPV1 2/2Müller glia (n 5 14–66 cells, two-way ANOVA). *p , 0.05. **p , 0.01. ***p , 0.001.

****p , 0.0001.
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Discussion
This study provides new insights into retinal physiology by iden-
tifying the Müller glial osmosensor and demonstrating a mecha-
nistic framework that governs the relationship between glial
osmosensing, Ca21 homeostasis, acid metabolism, and swelling.
The differential modulation of neuronal and glial TRPV4 chan-
nels has broader implications for our understanding of volume
(dys)regulation and inflammatory signaling in the healthy and
diseased CNS.

At EC50, GSK101-evoked [Ca21]i signals far surpassed Müller
responses to other known effectors of Ca21 signaling, including
depolarization, purinergic signaling, and Ca 21-induced Ca 21

release. The close match between TRPV4-mediated currents
and [Ca21]i suggests that both the initial and the sustained

phases of the TRPV4 response are mainly
mediated by plasma membrane influx.
The I-V relationship underlying glial
ITRPV4 did not exhibit the outward rectifi-
cation typical of homomeric TRPV4 (Wa-
tanabe et al., 2003b; Loukin et al., 2010)
but rather resembled the stretch-sensitive
voltage-independent cation current ob-
served in cultured Müller cells (Puro,
1991). It is possible that the conductance
is linearized by heteromerization of
TRPV4 with auxiliary TRPC1 or TRPP2
subunits (Da Silva et al., 2008; Köttgen et
al., 2008; Ma et al., 2011) and/or modula-
tory influence of AQPs (Becker et al.,
2005; Benfenati et al., 2011). Release from
internal stores provided a minor contri-
bution to the overall [Ca21]i; however, as
in brain astrocytes (Butenko et al., 2012;
Dunn et al., 2013) and possibly mechani-
cally stimulated retinal glia (Newman and
Zahs, 1998), it fostered the propagation of
TRPV4-initiated Ca21 waves from the
endfoot toward the distal retina.

The mechanism of TRPV4 gating has
been controversial. The obligatory role
of PLA2 has been questioned because
TRPV4 is stretch-activated in excised
patches ofmembrane, which are devoid of
eicosanoids (Loukin et al., 2010, 2011)
and the channel is force-sensitive in yeast,
which do not express PLA2 (Loukin et al.,
2009). Nonetheless, our conclusion that
TRPV4 function in Müller glia requires
AA and/or itsmetabolite 5,6-EET, is based
on the following observations: (1) AA and
5,6-EET-induced [Ca21]MC elevations
are sensitive to TRPV4 antagonists; (2)
AA potentiates Müller cell swelling,
whereas PLA2 antagonists suppress TRPV4-
evoked and HTS-induced [Ca21]MC eleva-
tions; (3) PLA2 antagonists did not
further suppress HTS-evoked swelling in
TRPV42/2 Müller cells; (4) The lengthy
activation lag time in Müller cells is con-
sistent with activation of intermediary
steps; (5)HTS-evoked inward current and
[Ca21]i increases were not observed in
TRPV42/2 Müller cells or in the presence

of the selective TRPV4 antagonist HC-06; and (6) CYP450 block-
ers antagonized HTS-evoked signals in Müller glia but not RGCs.
By linking the proinflammatory AA pathway to the osmosensi-
tive TRPV4 mechanism, these findings provide a molecular con-
text for the reported effects of AA on glial swelling in cellular and
tissue models of ischemia, traumatic brain injury, and diabetic
edema and its role in reactive gliosis (Pannicke et al., 2006; So-
froniew, 2009; Nedergaard et al., 2010; Pasantes-Morales and
Cruz-Rangel, 2010; Reichenbach and Bringmann, 2010). The sim-
plest model to account for our results is that cell swelling, gener-
ated by hypotonic shock, induces TRPV4-dependent influx of
cations andwater intoRGCs andMüller glia. In the glia, this ionic
flux is augmented by PLA2 activation and possibly by the activa-
tion of the AQP4-mediated cell swelling.

Figure 8. TRPV4 gating inMüller cells, but not RGCs, requires activation of PLA2.A, Workingmodel for TRPV4 activation by cell

swelling. In hypotonicity, both RGCs andMüller glia swell. This stretches themembrane and activates PLA2 at least inMüller cells.

PLA2 synthesizes AA, which ismetabolized by CYP450 into 5,6-EET, an endogenous agonist for TRPV4. 5,6-EET can activate TRPV4

in both cell types, but its potency is significantly more pronounced in Müller glia. Although required in Müller cells, this indirect

force transduction pathway does not contribute to swelling responses in RGCs. Thus, RGCs either use a novel force transduction

pathway (solid blue arrow) or direct gating of TRPV4 bymembrane stretch (red arrows). B, C, AA elevates [Ca 21]MC by activating

TRPV4. n 5 34, 19, and 15, respectively.D, E, The CYP450 antagonist clotrimazole suppresses AA-induced [Ca 21]MC elevations. F,

G, AlthoughHC-06 (n 5 16) completely inhibits TRPV4 activation by GSK101 (n 5 10) in RGCs, the TRPV4 antagonist has no effect

on AA responses (n 5 46).H, Average traces from a representative experiment show that the 5,6-EET response is larger in Müller

cells (red) than RGCs (blue). I, J, 5,6-EET activates TRPV4 in both Müller glia (I; n 5 14) and RGCs (J; n 5 54). NS, Not significant

( p . 0.05). *p , 0.05. **p , 0.01. ***p , 0.001. ****p , 0.0001.
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Data from TRPV42/2 and HC-06-
exposed retinal cells and HEK293 overex-
pressors show that TRPV4 activation
contributes to cell swelling. This is in con-
trast to observations in salivary gland cells
and keratinocytes where TRPV4/Ca21

contributed to RVD (Becker et al., 2005;
Liu et al., 2006), and cultured astrocytes in
which RVD required AQP4, whereas hy-
potonic sensing was mediated by TRPV4
(Benfenati et al., 2011). AQP4 channels
are strongly expressed in Müller endfeet
and proximal processes (Nagelhus et al.,
1998) and could modulate TRPV4 acti-
vation and glial Ca 21 homeostasis by
boosting the rate of cell swelling. An-
other potential consequence of swelling-
induced Ca21 signaling is glial activation,
which has been previously correlated with
increased mechanical stress, arachidonic
acid release, and elevated intraocular
pressure (Inman and Horner, 2007;
Reichenbach and Bringmann, 2010;
Huang et al., 2011). We found that expo-
sure to the TRPV4 agonist was sufficient
to induce reactive gliosis, an effect that
could have resulted directly from Ca21

influx or as a secondary response to exci-
totoxic ATP release mediated by TRPV4-
evoked degeneration of RGCs (Ryskamp
et al., 2011; Križaj et al., 2014). Interest-
ingly, unstimulated TRPV42/2 retinas
also displayed mild gliosis, suggesting that
basal TRPV4 activity in healthy retinas re-
strains glial reactivity.

Excitation mapping and HTS con-
firmed previous evidence of functional
TRPV4 expression in RGCs (Ryskamp et
al., 2011); however, the fast, inactivating
[Ca21]i responses in RGCs were easily
distinguishable from lagging, sustained glial
signals. Given the relative insensitivity of
[Ca21]RGC to 5,6-EET and the inability of
pBPB, 17-ODYA, and clotrimazole to
block HTS-induced [Ca21]i elevations in
RGCs, we conclude that, as reported for
gastrointestinal neurons (Lechner et al.,
2011), retinal neuronal responses are
largely independent of the canonical
transduction mechanism. This further
suggests that TRPV4 might differentially
contribute to volume sensing and AA-
mediated proinflammatory signaling in
retinal neurons versus glia. The origin of
AA-mediated [Ca21]i increases in RGCs
is unclear but could involve modulation
of other TRP channels (TRPV1–3,
TRPA1), arachidonate-gated Ca (ARC)
channels composed of Orai1/3 subunits,
and/or auxiliary effects mediated through
epoxygenase, lipoxygenase, or cyclooxy-
genase pathways downstream from AA
(Meves, 2008; Ryskamp et al., 2014).

Figure 9. TRPV4 contributes toHTS-induced swelling.A, Themaximal extent ofMüller cell (red) andRGC (blue) swelling in 35%

HTS was reduced by chelating intracellular calcium with BAPTA-AM or by inhibiting TRPV4 and thereby limiting calcium entry.

TRPV4-mediated swelling was PLA2-dependent inMüller glia, but not RGCs. Swelling was reduced in cells from TRPV4 2/2mice.

HC-06 and pBPB had no additional effect on the reduction of swelling. For Müller glia, n 5 96, 14, 11, 8, 13, 18, and 14. For RGCs,

n 5 145, 31, 36, 24, 21, 9, and 22. B, 35% HTS increased the cross-sectional area of calcein-loaded, WT (n 5 51) and TRPV4-

overexpressing HEK293 cells (n 5 64); however, the extent of swelling was increased by the activation of TRPV4. NS, Not signifi-

cant ( p . 0.05). *p , 0.05. **p , 0.01. ***p , 0.001. ****p , 0.0001.

Figure 10. CYP450metabolism regulates swelling-mediated [Ca 21]i responses in Müller glia but not RGCs. A, 140mOsmHTS

induced [Ca 21]i elevations in both cell types; however, only HTS-evoked responses inMüller gliawere suppressed by 17-ODYA.B,

Normalized cell area measurements in 190 mOsm saline. The CYP450 antagonist suppresses HTS-induced swelling in Müller glia

but not in RGCs. NS, Not significant ( p . 0.05). **p , 0.01. ****p , 0.0001.

Figure 11. TRPV4 regulates GFAP expression inMüller glia.A, Twoweeks after a single intravitreal injection of a vehicle or 2ml

of 75mMGSK101,mouseeyeswereharvestedandprocessed for IHC.Only astrocytes on the vitreal surface expressedGFAPincontrol

eyes, whereas Müller glia also expressed GFAP in the GSK101-injected eyes of WT mice. TRPV4 2/2 Müller glia were reactive in both

conditions, but GSK101 did not further increase gliosis.B, The GFAP optical densitywas significantly greater in the GSK101-injected eyes.

n 5 3 for each. Scale bar, 20mm.OLM,Outer limitingmembrane; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear

layer; IPL, inner plexiform layer; ILM, inner limitingmembrane; a.u., arbitrary units. *p , 0.05. **p , 0.01.
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In conclusion, we report that TRPV4 is expressed in every
Müller cell and that its activation is essential for the normal glial
[Ca21] response to hypotonic stress, whereas both its absence
and overactivation are associated with reactive gliosis. Given that
Müller glia perform key housekeeping, osmoregulatory, and
mechanosensory functions in the retina, our findings implicate
TRPV4 in both normal visual function and injury responses
caused by excessive swelling and/or release of proinflammatory
metabolites. Although Müller cells are not classically excitable,
Ca21 waves induced by endfoot TRPV4 channels might translate
the effects of mechanical stress into interglial, gliovascular, and
neuroglial signals (Newman and Zahs, 1998; Kurth-Nelson et al.,
2009; Butenko et al., 2012; Dunn et al., 2013). Our data also
reinforce the importance of TRPV4 signaling in the homeostatic
response to mechanical stress. Because cell swelling, synaptic re-
organization, and dendritic remodeling represent early RGC re-
sponses to elevated intraocular pressure (Pinar-Sueiro et al.,
2011; Della Santina et al., 2013; Feng et al., 2013), TRPV4 target-
ing might mitigate the neuronal pressure-induced phenotype
while inhibiting the inflammatory response associated with con-
comitant glial activation (Inman and Horner, 2007; Pinar-Sueiro
et al., 2011; Ryskamp et al., 2011; Della Santina et al., 2013).
Parenthetically, ablation of the closely related vanilloid channel
TRPV1 was reported to have a protective effect on RGC survival
in a mouse model of glaucoma (Ward et al., 2014). Given that
retinal astroglial TRPV1 responses are markedly more sustained
compared with the typical Ca21-dependent inactivation ob-
served in RGCs and other neurons (Koplas et al., 1997; Ho et al.,
2014; Jo et al., 2014), the differences in response kinetics might
represent a more general feature of Ca21 homeostasis in neurons
versus glia. Together, these studies reinforce the notion that va-
nilloid TRP isoforms contribute to the panoply of cell type-
specific responses to stimulus modalities in the vertebrate retina
that include pressure, osmotic gradients, temperature, and me-
chanical injury. Our findings provide novel insights into differ-
ential neuronal and astroglial Ca21 responses to swelling and
inflammation together with a mechanistic context for TRPV4
signaling in the retina but also suggest that targeting TRPV4
channels might offer a rational new tool for mitigating swelling-
mediated neuronal damage and gliosis in patients with traumatic
ocular/brain injury, edema, ischemia, and glaucoma.
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