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Brain edema formation occurs after dysfunctional control of extracellular volume partly through impaired astrocytic ion and water
transport. Here, we show that such processes might involve synergistic cooperation between the glial water channel aquaporin 4 (AQP4)
and the transient receptor potential isoform 4 (TRPV4), a polymodal swelling-sensitive cation channel. In mouse retinas, TRPV4 colo-
calized with AQP4 in the end feet and radial processes of Müller astroglia. Genetic ablation of TRPV4 did not affect the distribution of
AQP4 and vice versa. However, retinas from Trpv4�/� and Aqp4�/� mice exhibited suppressed transcription of genes encoding Trpv4,
Aqp4, and the Kir4.1 subunit of inwardly rectifying potassium channels. Swelling and [Ca 2�]i elevations evoked in Müller cells by
hypotonic stimulation were antagonized by the selective TRPV4 antagonist HC-067047 (2-methyl-1-[3-(4-morpholinyl)propyl]-5-
phenyl-N-[3-(trifluoromethyl)phenyl]-1H-pyrrole-3-carboxamide) or Trpv4 ablation. Elimination of Aqp4 suppressed swelling-induced
[Ca 2�]i elevations but only modestly attenuated the amplitude of Ca 2� signals evoked by the TRPV4 agonist GSK1016790A
[(N-((1S)-1-{[4-((2S)-2-{[(2,4-dichlorophenyl)sulfonyl]amino}-3-hydroxypropanoyl)-1-piperazinyl]carbonyl}-3-methylbutyl)-1-benzo-
thiophene-2-carboxamide]. Glial cells lacking TRPV4 but not AQP4 showed deficits in hypotonic swelling and regulatory volume de-
crease. Functional synergy between TRPV4 and AQP4 during cell swelling was confirmed in the heterologously expressing Xenopus
oocyte model. Importantly, when the swelling rate was osmotically matched for AQP4-positive and AQP4-negative oocytes, TRPV4
activation became independent of AQP4. We conclude that AQP4-mediated water fluxes promote the activation of the swelling sensor,
whereas Ca 2� entry through TRPV4 channels reciprocally modulates volume regulation, swelling, and Aqp4 gene expression. Therefore,
TRPV4 –AQP4 interactions constitute a molecular system that fine-tunes astroglial volume regulation by integrating osmosensing,
calcium signaling, and water transport and, when overactivated, triggers pathological swelling.
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Introduction
Osmolality in the brain is an important physiological parameter
that is under stringent homeostatic control. Activity-dependent

fluxes of osmolytes and the volume of the extracellular space
(ECS) are disproportionately regulated by astrocytes, which take
up neuroactive substances (glutamate, K�, protons) and redis-
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Significance Statement

We characterize the physiological features of interactions between the astroglial swelling sensor transient receptor potential
isoform 4 (TRPV4) and the aquaporin 4 (AQP4) water channel in retinal Müller cells. Our data reveal an elegant and complex set
of mechanisms involving reciprocal interactions at the level of glial gene expression, calcium homeostasis, swelling, and volume
regulation. Specifically, water influx through AQP4 drives calcium influx via TRPV4 in the glial end foot, which regulates expres-
sion of Aqp4 and Kir4.1 genes and facilitates the time course and amplitude of hypotonicity-induced swelling and regulatory
volume decrease. We confirm the crucial facets of the signaling mechanism in heterologously expressing oocytes. These results
identify the molecular mechanism that contributes to dynamic regulation of glial volume but also provide new insights into the
pathophysiology of glial reactivity and edema formation.
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tribute water among neuronal, glial, vascular, and ECS compart-
ments. Osmotic gradients, caused by even relatively low levels of
neuronal activity, cause sizeable increases in astrocyte volume as
a result of influx of K� and water (Risher et al., 2009; MacAulay
and Zeuthen, 2010; Florence et al., 2012). Pathological swelling of
astrocytes, caused by augmented rates of water flow into and out
of the brain, occurs in many CNS diseases (Manley et al., 2000;
Papadopoulos and Verkman, 2013). Therefore, investigations
into the molecular mechanisms through which astrocytes sense
osmotic imbalance and regulate their water and ionic homeosta-
sis represent an important facet of translational neuroscience.
However, it is unclear whether glial swelling is sensed by a single
type of sensor molecule or whether it involves complex mecha-
nisms composed of multiple components (Pasantes-Morales et
al., 2006).

Swelling in primary, cultured astrocytes and astrocytes in vivo
is associated with dynamic changes in [Ca 2�]i that can have mul-
tiple effects on cell physiology, including stimulation of Ca 2�-
dependent ion channels, glycogen synthesis, release of osmolytes,
gliotransmitters, and arachidonic acid. Swelling in astrocytes can
also lead to activation of regulatory volume decrease (RVD; an
adaptive decrease in cell volume in the continued presence of
hypotonicity; Kimelberg et al., 1992; Schliess et al., 1996; Fischer
et al., 1997; Hoffmann et al., 2009). In addition, Ca 2� signals
were associated with reactive gliosis, a graded progression of mo-
lecular, cellular, and functional changes in astrocytes that repre-
sents a hallmark of nearly every brain pathology (Huang et al.,
2011; Kanemaru et al., 2013). Elimination of aquaporin 4 (AQP4)
channels abolished hypotonically induced swelling-mediated
Ca 2� signals, altered activity-dependent changes in ECS volume,
and compromised glial RVD (Pannicke et al., 2010; Benfenati et
al., 2011; Haj-Yasein et al., 2015). The impermeability of AQP4 to
ions suggests that other channels must subserve swelling-induced
Ca 2� entry. A strong candidate is transient receptor potential
isoform 4 (TRPV4), a polymodal nonselective cation channel
that was proposed to bind and/or functionally interact with mul-
tiple AQP isoforms (Liu et al., 2006; Benfenati et al., 2011; Galizia
et al., 2012). The mechanism by which AQP4 might activate
TRPV4 is unclear and the functional significance of AQP–TRPV4
interactions for astrocyte swelling, volume regulation, and intra-
cellular signaling remains to be determined. Because TRPV4 ex-
pression is confined to a subset (�30%) of cortical astrocytes
(Shibasaki et al., 2014), we studied the effect of TRPV4 –AQP4
interactions in Müller glia, which show close to 100% penetrance
for both channels (Nagelhus et al., 1998; Ryskamp et al., 2014).
Taking advantage of Trpv4�/� and Aqp4�/� animal models, we
demonstrate that TRPV4 and AQP4 cooperatively participate in
swelling-induced Ca 2� signaling and retinal glial cell volume reg-
ulation under hypotonic challenges. We confirmed the func-
tional significance of AQP4 –TRPV4 interactions in the Xenopus
laevis expression system, leading us to conclude that the two
structurally highly dissimilar channels form a functional symbi-
otic unit that mediates swelling-induced signaling and volume

regulation in the retina. Part of this paper have been published
previously in abstract form (Križaj et al., 2013).

Materials and Methods
Animals. For mice, experiments were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals, the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision Research,
and the Institutional Animal Care and Use Committees at the University
of Utah. C57BL/6J mice, Trpv4�/� mice with excised exon 12-encoding
transmembrane pore domains 5 and 6 (Liedtke and Friedman, 2003),
and Aqp4�/� mice with part of exon 1 replaced with a selection cassette
causing transcript truncation (Ma et al., 1997) were maintained in a
pathogen-free facility with a 12 h light/dark cycle and ad libitum access to
food and water. Data were gathered from male and female mice, but no
gender differences were noted. For Xenopus laevis, experiments complied
with the European Community guidelines for the use of experimental
animals and were approved by the Danish National Committee for An-
imal Studies.

Reagents. The TRPV4 antagonist HC-067047 (2-methyl-1-[3-
(4-morpholinyl)propyl]-5-phenyl-N-[3-(trifluoromethyl)phenyl]-1 H-
pyrrole-3-carboxamide) (HC-06) was purchased from Calbiochem or
Sigma. Arachidonic acid and phospholipase A2 (PLA2) antagonists
were purchased from Cayman Chemical or Sigma. All other salts and
reagents were purchased from Sigma. GSK1016790A [(N-((1S)-1-{[4-
((2S)-2-{[(2,4-dichlorophenyl)sulfonyl]amino}-3-hydroxypropanoyl)-
1-piperazinyl]carbonyl}-3-methylbutyl)-1-benzothiophene-2-carboxa
mide] (GSK101; 1–10 mM) and HC-06 (4 mM) stock in DMSO were
diluted 1:1000 in extracellular saline just before use and placed into reser-
voirs connected to gravity-fed perfusion systems (Warner Instruments).

Semiquantitative real-time PCR. Retinas were collected from two to
four mice per group [wild type (WT), Trpv4�/�, and Aqp4�/� cohorts].
Retinal RNA was isolated with the TRI Reagent (Sigma), and total RNA
concentrations (5 �g) were converted to cDNA using the SuperScript III
First-Strand Synthesis kit (Invitrogen). RT-PCR was performed using
the Cyber Green PCR master mix (Applied Biosystems) and was run on
the CFX Connect Real-Time PCR System (Bio-Rad) following the pro-
tocols of the manufacturer (Takara; 95°C for 15 s, 95°C for 5 s, 60°C for
30 s, 40 cycles). After amplification, the ratio of gene-of-interest mRNA
to the housekeeping gene �-tubulin was calculated for each sample. Four
to eight independent biological replicates (retinas) were used. The prim-
ers are listed in Table 1.

Immunofluorescence. Enucleated eyes were punctured and fixed in 4%
paraformaldehyde in PBS for 10 min. Eyes were hemisected, and the
eyecup was fixed for another 50 – 60 min. After three washes for 10 min
with PBS, eyecups were cryoprotected by incubation in 15% sucrose for
45 min at room temperature and in 30% sucrose overnight at 4°C (Wit-
kovsky et al., 2008; Ryskamp et al., 2011). Eyecups were transferred to
OCT (Ted Pella), frozen at �80°C, sliced with a cryostat (16 �m sec-
tions), and mounted onto Superfrost Plus slides. Slices were dried for 1 h
at room temperature or overnight at 4°C before processing for immuno-
histochemistry or storage at �80°C. After washing with PBS, slices were
blocked for 30 min in blocking buffer (10 ml of PBS, 30 �l of Triton
X-100, 100 mg of BSA, and 200 �l of 5% w/v Na azide solution). Primary
antibodies were diluted in PBS and applied overnight at 4°C. After rins-
ing, slices were incubated with secondary antibodies diluted to 1:1000 in
PBS 1 h at room temperature. Unbound antibodies were rinsed away,
and conjugated fluorophores were protected with Fluoromount-G
(Southern Biotech) before mounting coverslips and confocal imaging.
Primary antibodies included the following: rabbit anti-TRPV4 (1:100 –
1:1000; Lifespan Biosciences), rabbit anti-Kir4.1 (1:500; catalog #APC-
035; Alomone), guinea pig anti-Kir4.1 (1:200; catalog #AGP-012;
Alomone), rabbit anti-glial fibrillary acidic protein (GFAP; 1:500; catalog
#Z0334; Dako), mouse anti-glutamine synthetase (GS; 1:1000 –1:2000;
catalog #610517; BD Biosciences), and mouse anti-AQP4 (1:1000; cata-
log #SC-20812; Santa Cruz Biotechnology). Goat anti-mouse, goat anti-
rabbit, and goat anti-guinea pig IgG (heavy and light chain) secondary
antibodies were conjugated to fluorophores (Alexa Fluor 488 or Alexa
Fluor 594; Life Technologies). The primary antibodies did not label
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knock-out (KO) tissues (Da and Verkman, 2004; Ryskamp et al., 2011).
Secondary antibodies did not label retinal tissue when primary antibod-
ies were omitted. Immunostaining was imaged with confocal micro-
scopes (Zeiss LSM 510 or Olympus FV1200) using argon (488 nm) and
helium/neon (543 nm) lasers, suitable emission filters, and 40�/1.2 nu-
merical aperture (NA) oil-immersion or 40�/0.9 NA water-immersion
objectives.

Acute dissociation of Müller cells. After the animals were killed, mouse
eyes were enucleated, and retinas were isolated by dissection in ice-cold
Leibovitz 15 (L-15) medium (Life Technologies) containing 11 mg/ml
L-15 powder, 20 mM D-glucose, 10 mM Na-HEPES, 2 mM Na-pyruvate,
0.3 mM Na-ascorbate, and 1 mM glutathione. Retinas were incubated at
room temperature in L-15 medium containing papain (7 U/ml; Wor-
thington) to digest the extracellular matrix. Retinas were rinsed with cold
L-15 medium and diced into �500 �m pieces. One to two pieces of retina
were dissociated mechanically by trituration and plated on coverslips
pretreated with concanavalin A (1 mg/ml). Plated cells were loaded with
the ratiometric Ca 2� indicator fura-5F AM for 30 – 40 min and were
washed for 10 –20 min in dye-free L-15 medium. Ca 2� homeostasis and
stimulus responsiveness is maintained for several hours under these ex-
perimental conditions (Ryskamp et al., 2014). Müller cells were identi-
fied by their distinctive morphology and prominent Ca 2� signals during
TRPV4 activation. Cellular identity was confirmed in a subset of exper-
iments by post-imaging immunocytochemistry (mouse anti-GS) as in
the study by Ryskamp et al. (2014).

Superfusion of Müller cells and cell swelling assays. Volume regulation in
dissociated Müller glia was investigated following published protocols
(Ryskamp et al., 2011, 2014). Briefly, saline solutions were delivered
through a gravity-fed eight-reservoir system (Warner Instruments) that
converged toward a manifold tube inserted into the experimental cham-
ber. The control saline contained the following (in mM): 133 NaCl, 2.5
KCl, 1.5 NaH2PO4, 1.5 MgCl2 (6H20), 2 CaCl2, 10 glucose, 10 HEPES
hemisodium salt, 1 pyruvic acid, 1 lactic acid, 0.5 L-glutamine, 0.5 gluta-
thione, and 0.3 Na-ascorbate, pH 7.4 (osmolarity at 300 mOsm). With
NaCl kept at 57.5 mM, anisosmotic solutions were prepared by addition
or removal of mannitol, a procedure that maintains the ionic strength of
the extracellular solution. Mannitol may reduce the contribution of
volume-activated channels to RVD, whereas the reduction in NaCl could
disinhibit volume-activated chloride channels (Fernández et al., 2013;
Minieri et al., 2015). Osmolarity was checked thermometrically using a
vapor pressure osmometer (Wescor). Cell volume was measured by cal-
cein fluorescence and by adapting a protocol developed by the Putney
laboratory (Chiavaroli et al., 1994). Fluorescence emissions from 340 and
380 nm stimuli were normalized to baseline fluorescence and algebra-
ically summed (Fvol � F340 � F380/x, where x � 1–3, a value derived
empirically for each preparation to equalize the magnitude of the Ca 2�-
dependent and opposing changes in F340 and F380). Thus, at the appro-
priate x value, the intensity of the summed fluorescence was calcium

insensitive (i.e., the summed trace showed no response to GSK101 or
glutamate). In a subset of experiments using hypotonic stimulation
(HTS), cells were coloaded with fura-5F AM and calcein AM (1 �M;
Invitrogen). Calcein fluorescence was evoked using 490 nm excitation
attenuated as described previously (Ryskamp et al., 2011). The x–y cross-
sectional area was determined offline using NIS-Elements AR 3.2 or
Olympus image analysis software. We confirmed with confocal z stacks
over time that swelling occurs uniformly in all directions (Ryskamp et al.,
2014), indicating that cell volume is proportional to �area 3. The per-
centage RVD was calculated as 100 � (peak cell area in hypotonicity �
cell area at the end of hypotonicity)/(peak cell area in hypotonicity � cell
area before hypotonicity).

Calcium imaging. Epifluorescence images were acquired using an in-
verted Nikon Ti or an upright Nikon E600 FN microscope with 20�
(0.75 NA oil-immersion), 40� (1.3 NA oil-immersion and 0.8 NA water-
immersion), and 60� (1.0 NA water-immersion) objectives. Excitation
light from a xenon arc lamp was delivered and filtered using a Lambda
DG-4 (Sutter Instruments). Emissions were detected with 14-bit Cool-
SNAP HQ 2 cameras and analyzed using NIS-Elements AR 3.2 and MS
Excel. [Ca 2�]i was detected using the ratiometric fluorescent dyes fura-2
(Kd at room temperature � 225 nM) and fura-5F (Kd at room tempera-
ture � 400 nM; Invitrogen Handbook) as described previously (Molnar
et al., 2012; Ryskamp et al., 2014). Although cells were loaded with 5–10
�M of the AM dyes, trapping by de-esterification was assumed to accu-
mulate them to �100 �M (Križaj and Copenhagen, 1998). �R/R (peak
F340/F380 ratio � baseline/baseline) was used to quantify the amplitude of
Ca 2� signals. In a subset of experiments using extreme HTS (�30%
tonicity), the duration of 380 nm excitation was increased to decrease
signal noise. Results represent averages of Müller cell responses from at
least three animals.

Electrophysiology in Müller glia. Retinal pieces were incubated in L-15
medium, and cells were dissociated, plated, and identified as described
previously (Szikra et al., 2009; Ryskamp et al., 2014). The extracellular
solution contained the following (in mM): 51 NaCl, 0.6 Na2HPO4, 0.75
MgCl2, 0.5 sodium pyruvate, 5 lactic acid, 5 HEPES hemisodium salt, 0.5
glutathione, 0.3 sodium L-ascorbate, 10 D-glucose, 0.5 L-glutamine, 2
CaCl2, and 135 mannitol, pH 7.3. The hypotonic saline had the same
composition, without mannitol. Experiments were performed at room
temperature (20 –22°C). Solution exchange was achieved through rapid
switching of solenoid valves regulating gravity-driven flow through a
tubing manifold placed �5 cm from the perfusion chamber.

The recording pipettes were pulled using a P-2000 horizontal puller
(Sutter Instruments) from borosilicate glass (1.5 mm outer diameter,
0.84 mm inner diameter) to obtain tips with resistance between 8 and 10
M	. We patched Müller end feet, recognized as semicircular protuber-
ances at the end of the proximal stalk. Membrane currents were acquired
after application of ramp pulses assessing from �100 to 100 mV for 1 s
(applied at 0.2 Hz) using pClamp 10.5 acquisition software (Molecular
Devices) and a Digidata 1422 interface (Molecular Devices). Data were
sampled at 10 kHz and filtered at 5 kHz with an eight-pole Bessel filter
and analyzed using Clampfit 10.5 (Molecular Devices) and Origin Pro8
software. The time dependence of HTS-induced currents was quantified
as duration of HTS-induced whole-cell current changes from 5% of the
maximum response to the maximum response.

Heterologous expression in Xenopus oocytes. Xenopus laevis frogs were
obtained from Nasco or the National Center for Scientific Research
(France). Oocytes were removed surgically from anesthetized frogs and
prepared as described previously (Fenton et al., 2010). cDNA encoding
rat Trpv4 and Aqp4.M23 in the oocyte expression vector pXOOM
(TRPV4 and AQP4.M23) were linearized downstream from the poly(A)
segment and in vitro transcribed using T7 mMessage Machine (Ambion).
cRNA was extracted with MEGAclear (Ambion) and microinjected into
defolliculated Xenopus laevis oocytes (4 ng of TRPV4 and/or 10 ng of
AQP4 RNA/oocyte). Oocytes were kept at 19°C in Kulori medium (in
mM: 90 NaCl, 1 KCl, 1 CaCl2, 1 MgCl2, and 5 HEPES, pH 7.4) for 3– 4 d
before experiments. Because of basal activity of TRPV4 and associa-
ted cell lysis resulting from the toxicity of overexpressed channels,
the oocytes were kept in 1 �M Ruthenium Red (Sigma) but rinsed before
experiments (Loukin et al. 2010).

Table 1. Primers used in the study

Primer Sequence (5
 to 3
) GenBank accession numbers

mAqp4 sense AGCAATTGGATTTTCCGTTG NM_009700
mAqp4 antisense TGAGCTCCACATCAGGACAG
mKir4.1 sense GCCCTAGGACTGATGAGCTG NM_001039484
mKir4.1 antisense AACAGTAGGGAGCAGCCAGA
mTrpv4 sense TCCTGAGGCCGAGAAGTACA NM_022017.3
mTrpv4 antisense TCCCCCTCAAACAGATTGGC
mTuba1a sense AAGCAGCAACCATGCGTGA NM_011653.2
mTuba1a antisense CCTCCCCCAATGGTCTTGTC
mGlul sense TTGGTCTCTGCAGGTTTCCG NM_008131.4
mGlul antisense TTGGTCTCTGCAGGTTTCCG
mActb sense CCACCATGTACCCAGGCATT NM_007393.4
mActb antisense AGGGTGTAAAACGCAGCTCA
mGapdh sense GGTTGTCTCCTGCGACTTCA NM_001289726.1
mGapdh antisense TAGGGCCTCTCTTGCTCAGT
18S rRNA sense GCAATTATTCCCCATGAACG NR_003278.3
18S rRNA antisense GGCCTCACTAAACCATCCAA
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Electrophysiology and volume measurem-
ents in oocytes. Conventional two-electrode
voltage-clamp studies were performed with a
Dagan CA-1B High Performance oocyte clamp
(Dagan) with Digidata 1322A interface con-
trolled by pClamp 9.2 (Molecular Devices).
The oocyte membrane potential was clamped
at �30 mV, and the current–voltage ( I–V) re-
lationship was determined by stepping the
clamp potential to test potentials ranging from
�60 to �140 mV in 20 mV increments (100 ms
pulses). The experimental setup for measuring
water permeability of oocytes has been de-
scribed in detail previously (Zeuthen et al.,
2006). Briefly, the oocyte was placed in a small
chamber with a glass bottom and perfused with
a control solution (in mM: 40 NaCl, 2 KCl, 1
CaCl2, 1 MgCl2, 125 mannitol, and 10 HEPES,
pH 7.4). Oocyte images were captured contin-
uously from below at a rate of 25 images/s. To
induce cell swelling, the oocytes were chal-
lenged with a hypotonic solution (composition
as in control solution but with removal of 125
or 15 mM mannitol), and cell swelling was de-
termined as the percentage increase in cross-
sectional area of the oocyte.

Statistics. Statistical analyses were performed
with GraphPad Prism version 6.0. Data were
acquired from at least three different retinas
and three different batches of oocytes. Means
are shown � SEM. Unless indicated otherwise,
an unpaired t test was used to compare two
means, and a one-way or two-way ANOVA
along with the Holm–Sidak test was used to
compare three or more means. p � 0.05 is not
significant, *p  0.05, **p  0.01, ***p 
0.001, and ****p  0.0001.

Results
TRPV4 colocalizes with AQP4 in Müller
glial end feet
Although TRPV4 and AQP channels
were implicated in osmotic regulation
as sensors and effectors for osmotically
induced Müller glial swelling and water
flux, respectively (Nagelhus and Ot-
tersen, 2013; Ryskamp et al., 2014), the
nature of their combined contribution
to cellular osmoregulation is not well
defined. Therefore, we tested whether
selective ablation of either channel af-
fects the production and localization of
its putative partner and investigated
their respective contributions to volume
regulation and Ca 2� homeostasis. As
shown previously (Nagelhus et al., 1998;
Da and Verkman, 2004; Goodyear et al.,

Figure 1. TRPV4 and AQP4 colocalize in the mouse inner retina, yet TRPV4 and AQP4 trafficking are independent of each other.
Ai, Vertical cryosections of WT mouse retinas immunolabeled for TRPV4 (Alexa Fluor 488) and AQP4 (Alexa Fluor 594) show
preferential colocalization in Müller end feet and proximal processes entering the IPL (arrows). RGC somata are TRPV4 immuno-
positive and do not express AQP4 (arrowheads). Aii, Aiii, Higher magnification of Müller end feet double labeled for Kir4.1 and GS,
and TRPV4 and Kir4.1, respectively. Nuclei labeled with DAPI. GCL, Ganglion cell layer; INL, inner nuclear layer. Scale bars, 20 �m.
Bi–Biii, Trpv4�/� retina. GS and Kir4.1 signals in KO tissue are indistinguishable from WT controls, whereas AQP4 signals appear
to be less pronounced. Biv, Limited nonspecific TRPV4 immunoreactivity in Trpv4�/� retina costained for Kir4.1. C, Aqp4�/�

4

retinas. Ci, TRPV4 and GS colocalize in glial end feet at the
blood–retina barrier, whereas RGC somata are immunoreac-
tive for TRPV4. Cii, Double labeling for GS and Kir4.1 shows
normal targeting to glial processes and end feet. Ciii, GFAP is
expressed in astrocyte processes but is absent from GS immu-
noreactivity in Müller processes and end feet, indicating ab-
sence of reactive gliosis. Scale bars, 20 �m.
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2009), immunostaining of WT mouse retinas with the AQP4
antibody labeled Müller cell somata within the inner nuclear
layer, inner retinal processes, and end feet forming the peri-
capillary sheath within the inner limiting membrane (ILM;
Fig. 1Ai). Likewise, consistent with Müller glial expression,
TRPV4 immunoreactivity was observed in glial end feet and
transverse processes in the proximal inner plexiform layer
(IPL) in which it overlapped with Müller cell markers GS and
the inwardly rectifying K � channel (composed of Kir4.1 sub-
units) that has been suggested to regulate Müller cell resting
membrane potential and underlie retinal K � siphoning to-
ward vascular sinks (Newman, 1985; Fig. 1Aii). The extensive
colocalization between AQP4 and TRPV4 signals included
pronounced overlap within the end foot compartment and
radial processes traversing the IPL (Fig. 1Ai, top, arrows),
whereas TRPV4 –Kir4.1 colocalization was less pronounced,
with the latter signal most concentrated in the most proximal
portion of the ILM (Fig. 1Aiii). AQP4-immunonegative
TRPV4-immunoreactive signals in the inner retina corre-
spond to retinal ganglion cell (RGC) somata (Fig. 1A, arrow-
heads) and proximal dendrites. The colocalization of TRPV4,
AQP4, and Kir4.1 channels in Müller end feet is consistent
with a putative synergistic function of these channels in Müller
cell volume regulation at the blood–retina barrier.

If AQP4 channels in Müller glia form an obligatory complex
with TRPV4, the distribution and/or expression of the osmosen-
sor might be influenced by AQP4 elimination (Benfenati et al.,
2011). However, evaluation of Müller glial morphology and
TRPV4 immunolocalization in Aqp4�/� retinas (Fig. 1Ci) failed
to reveal substantial differences from WT retinas (Fig. 1A).
Aqp4�/� retinas did not show a discernible phenotype in terms of
layering, cytoarchitecture, and Kir4.1 immunoreactivity (Fig.
1Cii). To test the possibility that targeting of AQP4/Kir4.1 chan-
nels to the plasma membrane might depend on TRPV4 channels,
we examined their respective immunoreactivities in Trpv4�/�

retinas. Trpv4�/� retinas were morphologically normal, evincing
the typical Kir4.1 localization patterns within Müller cell pro-
cesses and end feet (Fig. 1B). Further suggestive of normal Müller
glial morphological and molecular characteristics in KO tissue
was the typical expression pattern of GS staining in Trpv4�/�

retinas and Aqp4�/� retinas (Fig. 1Aii,Bii,Cii/Ciii). Consistent
with downregulation of Aqp4 mRNA (Fig. 2), the intensity of

AQP4 labeling in Trpv4�/� retinas ap-
peared to be lower (Fig. 1Bi,Biii) com-
pared with WT tissue (Fig. 1Ai).

Müller cells respond to injury with reac-
tive gliosis, an adaptive response typified by
astroglial hypertrophy and cytoskeletal re-
organization that can be visualized by up-
regulation of the gliotic marker GFAP. In
the retina, astrocytes on the vitreal surface
constitutively express GFAP, whereas
Müller glia only express GFAP during the
reactive response. We noted previously
that ablation of the Trpv4 gene and
TRPV4 overactivation in vivo result in
mild Müller glial reactivity indicated by de
novo GFAP expression (Ryskamp et al.,
2014). Here we examined whether the ab-
sence of physiological AQP4 functions
might evoke a similar gliotic response. Al-
though astrocytes on the vitreal surface
were labeled clearly by the GFAP anti-

body, the marker was absent from the radial processes of Müller
glia (Fig. 1Ciii). This absence of overt retinal distress is consistent
with the previous report by Pannicke et al. (2010) and implies
that AQP4 may have more subtle roles in normal retinal function
(Li et al., 2002), whereas AQP4-mediated water fluxes may have
more influence under pathophysiological conditions (Da and
Verkman, 2004).

These results suggest the following: (1) TRPV4 expression is
not a prerequisite for proper trafficking or localization of AQP4
and Kir4.1; (2) AQP4 expression is not required for trafficking or
localization of TRPV4 and Kir4.1; and (3) unlike loss of TRPV4,
which is associated with reactive gliosis (Ryskamp et al., 2014),
loss of AQP4 function does not induce Müller glial expression of
the gliotic marker GFAP.

Genetic deletion of TRPV4 and AQP4 alters the transcription
of Trpv4, Aqp4, and Kir4.1 genes
Despite independent trafficking of TRPV4 and AQP4 to Müller
end feet, the two channels might interact indirectly through their
effects on gene expression, calcium homeostasis, cell swelling,
and/or volume regulation. We analyzed the expression of Trpv4
and Aqp4 transcripts in KO retinas but also tested for expression
of Kir4.1 mRNA, because these inwardly rectifying K� channels
were suggested to form a complex with AQP4 (Puwarawuttipanit
et al., 2006) and TRPV4 (Lanciotti et al., 2012) and are strongly
expressed in Müller glial end feet (Fig. 1). Analysis of Aqp4�/�

retinas (n � 8) showed a substantial (69.48 � 8.27%; p  0.0001)
reduction in the abundance of Kir4.1 transcripts and a nonsignif-
icant 38.71 � 15.43% decrease in Trpv4 mRNA (Fig. 2). Likewise,
Aqp4 and Kir4.1 transcript levels were markedly reduced in
Trpv4�/� retinas [76.72 � 2.55% (Aqp4) and 65.85 � 8.04%
(Kir4.1); n � 8; p  0.0001; Fig. 2]. Analysis of genes presumably
unrelated to TRPV4 and AQP4 function, i.e., GS (Glul),
glyceraldehyde-3-phosphate dehydrogenase (Gapdh), �-actin
(Actb), and the 18S ribosomal subunit genes, showed no signifi-
cant changes in transcription upon deletion of Aqp4 or Trpv4,
arguing against global downregulation of transcription in KO
retinas. These findings suggest that TRPV4 and AQP4 activation
not only modulate fluxes of cations and water but also influence
the transcriptional regulation of osmoregulation-relevant genes
in the retina.

Figure 2. Expression of Trpv4, Aqp4, and Kir4.1 transcripts is effected by genetic elimination of TRPV4 or AQP4. Semiquantita-
tive RT-PCR analysis of mRNA levels in WT, Trpv4�/�, and Aqp4�/� mouse retinas. Fold change in mRNA expression was
calculated relative to basal after normalization of expression to �-tubulin (Tuba1a) mRNA. The relative abundance of Trpv4
transcripts is decreased in Aqp4�/� samples and vice versa. Kir4.1 transcript levels are lower in both Trpv4�/� and Aqp4�/�

retinas, whereas the abundance of presumed housekeeping genes Glul, Actb, Gapdh, and 18S rRNA (the 18S structural subunit of
the small eukaryotic 40S ribosomal subunit, 18S-rRNA) mRNAs was unaffected by the deletion of Trpv4 or Aqp4.
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AQP4 is not required for TRPV4 activation
Given TRPV4 –AQP4 colocalization and the proposed obligatory
interaction in cortical astrocytes (Benfenati et al., 2011), we in-
vestigated whether AQP4 is required for agonist-induced glial
TRPV4 activation in mouse Müller glia. Müller cells were voltage
clamped and stimulated with GSK101, a selective TRPV4 agonist
at an approximate EC50 for Müller glia (�25 nM; Ryskamp et al.,
2014). Voltage ramps over time revealed that GSK101 stimulated
cation currents with slight outward rectification typical of
TRPV4 (Fig. 3A). A representative time course of the whole-cell
currents in an Aqp4�/� Müller cell is shown in Figure 3B. The cell
exhibited the typical delayed activation of the TRPV4-mediated
current, with a gradual increase-to-peak over several minutes of
both inward and outward components (Fig. 3B) that reversed
close to 0 mV (Fig. 3A). GSK101-evoked responses were com-
pletely blocked by the selective antagonist HC-06 (Ryskamp et al.,
2014). The response amplitudes and I-V characteristics of
GSK101-evoked currents in WT (n � 6) and Aqp4�/� Müller
(n � 5) glia revealed no significant differences (�402 � 195 vs
�458 � 220 pA at �100 mV and 652 � 226 vs 636 � 189 pA at
100 mV, respectively). AQP4 channels have been shown previ-
ously to influence TRPV4-dependent Ca 2� signals after swelling-
induced stretch of the glial plasma membrane (Benfenati et al.,
2011; Ryskamp et al., 2014). Therefore, we tested whether AQP4
was required for TRPV4-influenced Ca 2� homeostasis. The av-
erage spontaneous activity in Aqp4�/� Müller glia at baseline,
measured by the 340/380 ratio of fura-5F fluorescence, was
0.26 � 0.03 (n � 44), not significantly different from WT cells
(n � 12; p � 0.8705, Holm–Sidak test), suggesting that AQP4
channels do not contribute to the resting Müller cell [Ca 2�]i. To
assess the activation properties of TRPV4 channels, we stimu-
lated the cells with GSK101. [Ca 2�]i levels in Aqp4�/� cells main-
tain the sensitivity to GSK101 stimulation, as indicated by the
88.9 � 10.3% (n � 44) increase in the fluorescence ratio over the
basal levels in the presence of the agonist (Fig. 3C). Nonetheless,
comparison with signals in WT cells (124.4 � 13.4% over base-
line) revealed a modest (�28.6%) but significant (p � 0.0453,
Holm–Sidak test) decrease in GSK101-induced Aqp4�/� [Ca 2�]i

compared with WT. These data suggest the following: (1) AQP4
is not required for basal regulation of Müller cell [Ca 2�]i levels;
(2) AQP4 modulates, but is not obligatory for, agonist-induced
TRPV4 activation in Müller cells; and (3) decreased Trpv4 tran-
scription in Aqp4�/� cells might be associated with functional
decreases in the cellular response to swelling-evoked membrane
stretch. The unaltered I-V relationship and amplitude of the

GSK-induced TRPV4-mediated transmembrane current (Fig.
3B) suggest that loss of Aqp4 might predominantly affect second-
ary components of TRPV4-dependent Ca 2� homeostasis, such as
ATP release, release from internal stores, and/or activation of
store-operated channels.

TRPV4 and AQP4 regulate hypotonic Müller glial swelling
and RVD
To test for functional interactions between TRPV4 and AQP4, we
compared the magnitude and dynamics of volume changes dur-
ing HTS in WT, Trpv4�/�, and Aqp4�/� Müller cells. Water in-
flux across the plasma membrane was measured indirectly by
tracking the changes in cell area and/or volume. Cell area was
determined by outlining the perikaryal perimeter, whereas
changes in glial volume were determined by the algebraic sum-
mation 340 and 380 nm emission fluorescence of fura-5F, yield-
ing a Ca 2�-independent signal inversely proportional to the cell
volume (see Materials and Methods; Fig. 4A). HTS evoked sus-
tained, dose-dependent and reversible increases in cross-
sectional area and volume in cells from all three genotypes,
whereas hypertonic stimuli resulted in cell shrinkage (Fig. 4B).
The initial response of Müller cells to osmotic challenge tracked
the stressor magnitude, suggestive of the “osmometer-like” prop-
erties reported for cortical astrocytes (Risher et al., 2009).
Anisotonicity-induced responses were reversible, with cell vol-
ume typically returning to baseline levels after 1–5 min in control
saline (Fig. 4A,C). Trpv4�/� cells showed significant decreases in
peak swelling during HTS, whereas the maximal swelling in
Aqp4�/� cells was similar to controls (Fig. 4B). A 160 mOsm
tonicity decrease (46.7% tonicity) enlarged the mean Müller cell
area in Trpv4�/� cells by 19.84 � 1.23% (n � 28), significantly
less compared with 39.47 � 0.73% (n � 33) in control cells (p 
0.0001, Dunnett’s test), whereas the mean area of Aqp4�/� cells
increased by 37.59 � 0.52% (n � 69; p � 0.104; Fig. 4B). The
reduction in the extent of Müller cell swelling by genetic elimina-
tion of the cation channel is consistent with the previously re-
ported effects induced by pharmacological blockade of the
channel (Ryskamp et al., 2014).

We next evaluated the time dependence of RVD in the re-
sponse to sustained hypotonic stress. As illustrated in Figure 4, in
WT cells, sustained exposure to large decreases in extracellular
tonicity evokes slow but consistent decreases in cross-sectional
area or volume relative to peak swelling, consistent with RVD.
After reaching peak swelling, cell volume in HTS (140 mOsm)-
stimulated cells gradually declined toward the original volume

Figure 3. AQP4 is not required for agonist-induced TRPV4 activation. A, Averaged I–V curves of GSK101-induced currents in WT (black trace) and Aqp4�/� (blue trace) Müller cells. B,
Representative time courses of the GSK101-evoked whole-cell current in Aqp4�/� and WT Müller cells. Shown are current amplitudes for WT cells (black trace) and Aqp4�/� cells (blue trace)
obtained at 100 mV (circles) and�100 mV (triangles). C, The TRPV4 agonist GSK101 evokes a 5.3-fold increase in the fura-5F ratio in WT Müller cells over baseline activity (n�12; gray bars). GSK101
responses were 3.4-fold larger than baseline activity in Aqp4�/� Müller cells (n � 44; blue bars) but significantly diminished compared with responses in WT cells. Shown are mean � SEM values.
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(to 22.6 � 3.1% within a 5 min timeframe in WT Müller cells; n �
52). Traces of cell area over time were overlaid by normalization
to baseline and peak volume to compare the time course of swell-
ing and RVD at 47% tonicity (Fig. 4C). This analysis indicated
that, relative to WT Müller cells, swelling is delayed in Aqp4�/�

Müller cells and that RVD is impaired in Aqp4�/� cells (n � 57)
and Trpv4�/� Müller cells (n � 38 cells; p  0.0001 for both,
Dunnett’s test; Fig. 4C,D,F). Because the peak HTS-induced
swelling was reduced for the Trpv4�/� cells (Fig. 4B), a reduction
in RVD in these cells compared with WT may be observed as a
consequence of the different level of membrane stretch from
which RVD is initiated. To examine the extent of RVD evoked
from a similar amount of swelling, WT and Trpv4�/� Müller cells
were exposed to sustained HTS of different magnitudes to obtain
a similar level of swelling �15–20% (Fig. 4E) and �40% (Fig.
4F). Under these comparable conditions, these genotypes re-
sponded similarly to the milder HTS stimulus (Fig. 4E). How-
ever, at 40% swelling, RVD was impaired in Trpv4�/� and
Aqp4�/� Müller cells, suggesting that suppression of TRPV4 ac-
tivation in these conditions (see below) may reduce RVD by in-
hibiting ion fluxes associated with triggering and enacting RVD
(Fig. 4F). These data suggest the following: (1) TRPV4 activation
contributes to HTS-induced glial swelling; (2) AQP4 accelerates
swelling; (3) the degree of RVD depends on swelling amplitude;
and (4) TRPV4 and AQP4 contribute to RVD for adaptation to
extreme, nonphysiological hypotonic challenges.

TRPV4 activation increases swelling in WT and Aqp4�/�

Müller glia
Given that the extent of HTS-induced swelling was reduced in
Trpv4�/� Müller cells (Fig. 4B) and that GSK101- and HTS-
induced Ca 2� elevations are abolished by the removal of external
Ca 2� (Ryskamp et al., 2014), we tested whether TRPV4-
dependent changes in Müller cell area/volume require Ca 2� in-
flux. Removal of extracellular Ca 2� reduced the HTS-induced
cell swelling as determined by cell area (Fig. 4B) or volume (Fig.
4B, inset), suggesting that HTS-dependent swelling is promoted
by TRPV4-mediated Ca 2� entry.

An alternative method for determining changes in cell volume
is by using calcein, a fluorescein derivative that is independent of
changes in intracellular ion concentrations (Crowe et al., 1995)
and signals proportional changes in the volume of retinal neu-
rons and glia (Ryskamp et al., 2011, 2014). Previously, we used
calcein to show that HC-06 suppressed swelling in HTS-
stimulated WT Müller glia (Ryskamp et al., 2014). Analysis of
Aqp4�/� Müller glia revealed that the antagonist similarly sup-
presses the increase in cell volume in KO cells (Fig. 5A,B). Mea-
surements of cell area likewise revealed a similar extent of peak
glial swelling induced by 190 mOsm HTS (measured at 5 min
after onset) between WT cells (n � 24) and Aqp4�/� cells (n � 23;
Figs. 4B, 5C). The HTS-evoked increase in the cell area of
Aqp4�/� Müller cells (n � 12) continued to be suppressed by
HC-06 (p  0.05; Fig. 5C), indicating that TRPV4 activation
contributes to Müller cell swelling even in the absence of AQP4.
WT, Trpv4�/�, and Aqp4�/� cells showed similar responses to
the hypertonic stimulus (data not shown), suggesting that
TRPV4 is not required for regulating the extent of osmotically
induced volume decreases in Müller glia.

Together, these experiments suggest that TRPV4 channels
regulate peak glial swelling by increasing [Ca 2�]i, in a manner
independent of the presence of AQP4. AQP4 functions as a pas-
sive conduit for osmotic water fluxes and increases, i.e., the rate of
HTS-induced cell swelling while not being implicated in setting

Figure 4. TRPV4-induced Ca 2� entry regulates Müller glial swelling and RVD. A, Cell volume
changes in a fura-5F-loaded Müller cell. The sum of 340/380 emissions, adjusted to yield
calcium-insensitive intensity values, shows dose-dependent decreases as cell volume increases
in the presence of HTS. RVD is observed during the 140 mOsm (46.67% tonicity) but not 190
mOsm (63.33% tonicity) stimulus (arrowhead). B, Dose–response curves for changes in peak
perikaryal cross-sectional area in the presence of osmotic challenge show reduced glial swelling
in Trpv4�/� (n � 25–31 cells per stimulus) but not substantially in Aqp4�/� cells (n �
31–71) compared with WT cells (n � 27– 61). Removal of extracellular Ca 2� during swelling
of WT cells (13.3% tonicity) shifted swelling to the extrapolated Trpv4�/� curve (light gray
data point; n � 27). Inset, Volume measurement (340 � 380 signals, normalized to baseline)
in WT cells (n�8) exposed to extreme HTS (40 mOsm) and shown with inverted traces. Note the
lower fluorescence decrease in Ca 2�-free saline and the absence of RVD under these conditions
(arrow). C, The time course of swelling in WT, Trpv4�/�, and Aqp4�/� cells during a 5 min exposure
to 140 mOsm HTS, normalized to base and peak cross-sectional areas to compare swelling kinetics. D,
RVD during exposure to 140 mOsm HTS is impaired in Trpv4�/� (n � 38) and Aqp4�/� (n � 57)
cellscomparedwithWTcells(n�52).E,WTandTrpv4�/�cellareaovertimenormalizedtobaseline
(20% peak swelling; 190 mOsm for WT, n � 9; 140 mOsm for Trpv4�/� cells, n � 8). F, WT,
Trpv4�/�, and Aqp4�/� cell area over time normalized to baseline (40% peak swelling; 140 mOsm
for WT, n � 10; 90 mOsm for Trpv4�/� cells, n � 10; 140 mOsm for Aqp4�/� cells, n � 5).
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the end volume after an osmotic challenge. Thus, TRPV4-
dependent Ca 2� signals might reorganize the mechanical prop-
erties of Müller glia, wherein the final volume is determined by a
shift in the balance of tensile forces (e.g., from cytoskeletal ele-
ments) that counteract swelling and osmotic pressure forces that
drive cell swelling.

AQP4 channels amplify HTS-induced TRPV4-mediated
currents and Ca 2� responses in Müller cells
Exposure of HTS (190 mOsm) induced inward and outward cur-
rents in Müller end feet, which reached �3982 � 751 and 3703 �
635 pA at holding potentials of �100 and �100 mV, respectively
(n � 8; Fig. 6A,D). Consistent with the strong immunoreactivity
for TRPV4 (Fig. 1), the current amplitude was �10-fold larger
compared with signals measured previously in cell somata
(Ryskamp et al., 2014). The full block of the HTS-evoked end foot
current by HC-06 (Fig. 6C,D) indicates that it was primarily me-
diated by TRPV4. In addition to the larger response amplitude
compared with the agonist-evoked response (Fig. 3), the I–V re-
lationship of the HTS-evoked current was more linear at positive
potentials (Fig. 6C), and the response was characterized by faster
time-to-peak and desensitization of inward and outward compo-
nents (Fig. 6A). Consistent with the slower rate of swelling-
induced membrane stretch resulting from decreased water
permeability, together with lower Trpv4 expression, Aqp4�/�

cells showed a reduction in HTS-induced current amplitude
to �917 � 628 and 1001 � 515 pA at �100 and 100 mV, respec-
tively (n � 8 cells, p  0.01; Fig. 6B–D). Aqp4�/� cells also dis-
played slower activation; the swelling-evoked current reached its
maximum at 202.5 � 32.2 s in Aqp4�/� compared with 61.3 �

22.4 s in WT cells (p  0.01; Fig. 6A,B). The magnitude and
inactivation features of the HTS-induced current in Aqp4�/�

cells appeared to be qualitatively similar to agonist-induced cur-
rents (Fig. 3). As opposed to WT cells, inactivation was notably
absent in Aqp4�/� glia, at least for the duration of our stimulus
(300 s; Fig. 6B). The antagonist HC-06 inhibited the HTS-
induced current in WT and KO cells (Fig. 6C,D); however, the
transmembrane current in HC-06-treated Aqp4�/� cells was not
significantly different from the response of cells that were not
exposed to the TRPV4 antagonist (Fig. 6C,D). These electrophys-
iological findings indicate that the presence of AQP4 dramatically
influences the time course and magnitude of HTS-induced
TRPV4-dependent currents in Müller glia.

HTS-induced [Ca 2�]i signals were likewise strongly sup-
pressed in Trpv4�/� Müller glia (Fig. 7A,C). The amplitude of
HTS (140 mOsm)-evoked Ca 2� responses was reduced by �54%
in Aqp4�/� cells (�R/R of 0.34 � 0.03, n � 13) compared with
WT Müller cells (�R/R of 0.74 � 0.05, n � 20; p  0.0001,
two-way ANOVA, Holm–Sidak test) and completely abolished in
the presence of HC-06 (Fig. 7B). Interestingly, in cells challenged
with exceedingly severe HTS (70% reduction in tonicity), Ca 2�

elevations in Aqp4�/� Müller glia were substantial (p  0.0001,
Dunnett’s test) yet moderately (if significantly) lower than in WT
cells (p  0.001; Fig. 7C). The reliance of swelling-induced, but
not agonist-induced, TRPV4 signals on AQP4 at modest-to
strong levels of hypotonic stress suggests that the water channel
primarily regulates TRPV4 through the swelling response,
whereas the disappearance of this effect with extreme hypotonic
stimuli indicates that the increased driving force for swelling

Figure 5. TRPV4 blockers suppress the swelling of Aqp4�/� Müller glia loaded with calcein AM. A, The TRPV4 antagonist HC-06 (1 �M) suppresses HTS-induced increases in Aqp4�/� glial
volume (190 mOsm; n � 9 cells from 5 slides). B, Cumulative data for cell volume measurements in Aqp4�/� cells stimulated with 190 mOsm in the presence/absence of HC-06 (n � 13 and 20,
respectively). C, Cell area measurements revealed a similar extent of swelling after 5 min of HTS (190 mOsm) perfusion in WT (n � 24) and Aqp4�/� (n � 23) Müller cells. HC-06 (1 �M) significantly
decreased the extent of HTS-induced glial swelling in WT (n � 10) and Aqp4�/� (n � 12) Müller cells.

Figure 6. AQP4 regulates the amplitude and kinetics of the swelling-induced TRPV4-mediated transmembrane current. A, B, Representative time course of the HTS (235 mOsm)-evoked
whole-cell current in WT (black traces) and Aqp4�/� (blue traces) Müller cells at positive (100 mV; open circles) and negative (�100 mV; filled circles) holding potentials. C, Averaged I-V
relationship of HTS-induced currents in WT (white; n � 14) and Aqp4�/� (blue; n � 13) Müller cells, WT cells treated with HC-06 (gray; n � 5), and Aqp4�/� cells treated with HC-06 (red; n � 8).
Individual I–V curves of HTS-induced currents were subtracted from pre-HTS baselines. HC-06 was applied 4 min before the application of HTS and was present throughout the experiment. D,
Summary for HTS-induced currents at 100 mV (open bars) and �100 mV (shadowed bars) for WT (white) and Aqp4�/� (blue) Müller cells, WT cells treated with HC-06 (gray), and Aqp4�/� cells
treated with HC-06.
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compensated for the loss of AQP4 or alternative swelling mech-
anisms contributed to TRPV4 activation independently of AQP4.

AQP channels facilitate TRPV4 activation in the oocyte
model system
To further test whether AQP4 gates TRPV4 function through
steric interactions or indirectly via swelling-induced membrane
strain, the two channels were expressed, either alone or in com-
bination, in the Xenopus oocyte expression system (Fig. 8). The
cell volume and membrane currents were determined simultane-
ously after 60 s stimulation with HTS (�125 mOsm) or GSK101.
As expected, exposure to GSK101 induced inward currents in
TRPV4-expressing oocytes (at Vm � 60 mV; 2.4 � 0.6 �A, n � 7
for TRPV4-expressing oocytes and 3.6 � 1.1 �A, n � 8 for
TRPV4/AQP4-expressing oocytes; Fig. 8A-C). The GSK101-

induced currents were of similar magnitude whether AQP4 was
coexpressed or not (p � 0.9, Student’s t test), whereas no current
was observed in AQP4-expressing controls (0.08 � 0.01 �A, n �
5; Fig. 8A–C). Hypotonic cell swelling was more prominent in
AQP4 expressors (5.76 � 0.37%, n � 5 for AQP4-expressing
oocytes, 4.25 � 0.24%, n � 9 for TRPV4/AQP4-expressing
oocytes vs 0.33 � 0.04%, n � 8 in TRPV4-expressing oocytes, p 
0.001, one-way ANOVA, with Dunnett’s post hoc test; for repre-
sentative volume traces, see Fig. 8D). The I-V relationship mea-
sured 60 s after imposition of HTS yielded markedly larger
currents in TRPV4/AQP4-expressing oocytes than oocytes ex-
pressing only TRPV4 (at Vm � 60 mV; 6.3 � 1.5 �A, n � 9 vs
1.7 � 0.4 �A, n � 8, p  0.05, Student’s t test; Fig. 8D,E). The
increased HTS-induced current in oocytes coexpressing TRPV4
and AQP4 could be attributable to a required presence of AQP4

Figure 7. AQP4 amplifies glial HTS-induced TRPV4 activation with moderate (140 mOsm) but not extreme (90 mOsm) HTS. A, B, Ca 2� signals in response to 140 mOsm HTS were blocked in
Trpv4�/� (n � 50) and Aqp4�/� (n � 64) Müller cells compared with WT cells (n � 20). HC-06 inhibited HTS-induced [Ca 2�]i elevations in WT cells (n � 14) but had no additional effect in
Aqp4�/� cells (n � 7), indicating that TRPV4 activation by HTS requires Aqp4. C, At excessively large hypotonic gradients (90 mOsm), Aqp4�/� cells (blue bar) displayed robust HTS-induced
[Ca 2�]i responses approaching those of the WT cells. Trpv4�/� cells (red bar) showed no [Ca 2�]i response when challenged with HTS.

Figure 8. AQP4 channels amplify stretch-induced TRPV4 activation. A, Oocytes expressing TRPV4 and AQP4 alone or in combination were voltage clamped at Vm ��30 mV and exposed to 100
nM GSK101 (indicated by black bar). After 60 s GSK exposure, an I–V curve was obtained by jumping the clamp potential to potentials ranging from 60 to �140 mV at 20 mV intervals (seen as the
vertical lines in the current trace). B, Representative I–V relations from oocytes expressing TRPV4 � AQP4, TRPV4, or AQP4 in control solution (left), in GSK101 solutions (right), or when exposed to
�125 mOsm hypotonic challenge (middle). C, Summarized I-V relations obtained with GSK101 (as in B; n � 5– 8). D, Representative current (black lines) and volume (gray lines) traces recorded
simultaneously from oocytes expressing TRPV4 and AQP4 alone or in combination during exposure to a �125 mOsm hypotonic stimulus (indicated by the black bar; n � 5–9). E, Summarized I-V
relations obtained during �125 mOsm. F, Oocytes expressing TRPV4 alone or in combination with AQP4 were exposed to hypotonic challenges of different magnitudes to observe similar degree of
cell swelling (�125 mOsm for TRPV4-expressing oocytes and �15 mOsm for TRPV4/AQP4-expressing oocytes), and I–V relations were obtained after 60 s of cell swelling (n � 8 –9).
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for full TRPV4 activity or to the increased
AQP4-dependent oocyte swelling. Thus,
we determined HTS-induced TRPV4-
mediated current in TRPV4-expressing
oocytes and TRPV4/AQP4-expressing
oocytes exposed to different osmotic gra-
dients to obtain a similar degree of cell
swelling (�125 mOsm for TRPV4-
expressing oocytes, 0.33 � 0.04% cell
swelling after 60 s, n � 8 and �15 mOsm
for TRPV4 � AQP4-expressing oocytes,
0.27 � 0.03% cell swelling after 60 s, n �
9; p � 0.2, Student’s t test). The I-V curves
showed distinct overlap (p � 0.4, Stu-
dent’s t test; Fig. 8F). Thus, AQP4 chan-
nels mediate activation of TRPV4 via their
ability to facilitate cell swelling.

Discussion
Our results provide new insight into the
molecular mechanisms that mediate the
perception and transduction of osmotic
stress in retinal Müller cells. The promi-
nent colocalization of TRPV4 and AQP4
in perivascular Müller end feet suggests
that the two channels are likely to play im-
portant functions in the exchange of water
and ions across the blood–retina barrier.
Consistent with this, functional analysis
revealed a profound regulatory and func-
tional interdependence between osmoti-
cally induced water transport and calcium
signaling. Although data from KO mice indicate that TRPV4 and
AQP4 are trafficked independently and are capable of autono-
mous activation, they also show that AQP4 augments swelling-
induced activation of TRPV4 and that TRPV4 channels modulate
water influx during a range of hypotonic challenges by increasing
the membrane permeability to Ca 2�. Additional evidence for the
significance of TRPV4 –AQP4 interactions in Müller glia was ob-
tained in Trpv4�/� retinas, which exhibited marked reduction in
the transcription of genes that include Aqp4 and Kir4.1, and in the
oocyte expression system in which AQP4 expression facilitated
the swelling-evoked activation of TRPV4 channels.

Ca 2� elevations in response to osmotic swelling have been
observed across all biotic kingdoms, from plants (Johansson et
al., 2000) and hagfish (Herr et al., 2014) to mammalian cells that
include primary, cultured, and intact astrocytes (Kimelberg et al.,
1992; Hoffmann et al., 2009). In vivo imaging studies showed that
HTS-induced Ca 2� signals in astrocytes require Aqp4 (Thrane et
al., 2011), whereas we found that TRPV4 is a main mediator of
HTS-induced Ca 2� entry in Müller cells (Ryskamp et al., 2014).
Here, we combine the insights from those studies to show that
hypotonic challenges affect Ca 2� homeostasis and modulate glial
cell volume via symbiotic interactions between the two channels.
Functional AQP4 appears to be required for the maximal HTS-
induced activation of TRPV4-mediated currents and [Ca 2�]i re-
sponses, whereas the vanilloid channel facilitates Müller cell
volume increases and regulation in a Ca 2�-dependent manner.
Under our experimental conditions, Müller cells behaved in os-
motic disequilibria as cellular osmometers, showing propor-
tional swelling in hypotonic, and shrinking in hypertonic,
solutions. These results are consistent with in vivo and in vitro
data from the majority of cell types studied so far, including brain

astrocytes (Pasantes-Morales et al., 2006; Risher et al., 2009), but
differ from studies on rodent Müller glia that concluded that
these cells resist hypotonic stress (Pannicke et al., 2004, Hir-
rlinger et al., 2008). The reasons for discrepant results are unclear
but might involve different preparations, experimental means of
detection of volume changes, and/or types of hypotonic stimuli
(i.e., adding distilled water vis à vis mannitol supplementation;
retinal slices vs dissociated cells). It is noteworthy that arachi-
donic acid, a proinflammatory �6 polyunsaturated lipid, aug-
ments Müller cell sensitivity to hypotonic swelling (Reichenbach
and Bringmann, 2010; Ryskamp et al., 2014), is required for ac-
tivation of glial TRPV4 (Dunn et al., 2013), and also inhibits
volume-regulated anion channels (VRACs) that mediate os-
molyte release (Hoffmann et al., 2009). Therefore, as illustrated
in Figure 9, loss of TRPV4-mediated signals in Aqp4�/� Müller
glia might have been influenced by reduced stimulation of Ca 2�-
activated isoforms of PLA2 (Lambert et al., 2006).

TRPV4 –AQP4 interactions are particularly important for re-
sponses to hypotonic challenges, whereas WT, Trpv4�/�, and
Aqp4�/� cells showed similar decreases in cross-sectional area
during exposure to hypertonic saline. Thus, the two channels
together may contribute to regulation of glial swelling but not
shrinkage. Removal of Ca 2� reproduced the effect of TRPV4
ablation by reducing the overall extent of HTS-induced swelling,
suggesting that Ca 2� influx itself plays a key role in the initial
volume increase. Decreased swelling in Trpv4�/� cells might, in
part, arise as a result of reduced expression of Aqp4 and Kir4.1
genes. We propose that the water channel modulates TRPV4 in-
directly by facilitating swelling-induced stretch of the plasma
membrane (Fig. 9). TRPV4 current amplitudes elicited at the
EC50 for the agonist were an order of magnitude higher compared

Figure 9. Proposed schema of TRPV4 –AQP4 interactions in the Müller cell end foot. Hypotonic stress stimulates fluxes of water
after the osmotic gradient. The resulting increase in cell volume stretches the plasma membrane, activating TRPV4 and a Ca 2�-
and stretch-sensitive PLA2. The product, arachidonic acid (AA), is a precursor for the cytochrome P450-mediated synthesis of
eicosanoid metabolites (EETs) that serve as final activators of TRPV4 channels (Ryskamp et al., 2015) but may also suppress Kir4.1
(Bringmann et al., 1998). The expression of Kir4.1 (Reichenbach and Bringmann, 2010) and reactive gliosis (Ryskamp et al., 2014)
are modulated by HTS-induced influx of Ca 2�. It remains to be determined whether stretch activates PLA2 simultaneously with
TRPV4 or whether its activation, which is Ca 2� dependent, amplifies the initial TRPV4 signal (blue arrows). Ca 2� induces both cell
swelling (short term) and RVD (long term) and may be required for Ca 2�-dependent gene expression (Aqp4, Kir4.1, Trpv4, Gfap).
High levels of Ca 2� may also stimulate the activity of BK and VRAC channels and facilitate RVD.

13534 • J. Neurosci., September 30, 2015 • 35(39):13525–13537 Jo, Ryskamp et al. • TRPV4 –AQP4 Interactions in Glia



with currents elicited with a 40% reduction in tonicity, whereas
the capacity of Aqp4�/� cells to respond to moderate swelling
with increases in [Ca 2�]i was compromised even as the cells
maintained responsiveness to GSK101. Notably, the facilitatory
effect of AQP4 on the rate of HTS-induced glial swelling and the
magnitude of cation influx was reproduced in TRPV4/AQP4-
expressing oocytes. Of particular interest is the observation that
coexpression with AQP4 confers on TRPV4-expressing cells the
capability to respond to considerably smaller osmotic gradients.

Our data expand the context of calcium involvement in vol-
ume regulation by showing an intriguing dual effect of TRPV4
activation consisting of positive (increased swelling) and negative
(increased RVD) feedback loops. In contrast to cultured astro-
cytes, which show strong (�100%) RVD even in mild HTS (250
mOsm; Kimelberg et al., 1992; Benfenati et al., 2011), RVD in
Müller glia and intact astrocytes is limited even in the presence of
substantial hypotonic stress (Andrew and MacVicar, 1994; Risher
et al., 2009; present study). Compared with WT cells, RVD was
compromised in Trpv4�/� Müller glia during prolonged and
substantial HTS. Thus, TRPV4 might contribute to adaptive vol-
ume regulation in retinal glia, as observed in airway epithelial,
salivary gland, keratinocyte, and cortical glia and heterologously
expressing CHO cells (Arniges et al., 2004; Becker et al., 2005; Liu
et al., 2006; Benfenati et al., 2011). Under physiological condi-
tions in which Trpv4�/� cells swelled to a level comparable with
that of the WT, the extent of volume regulation was comparable
between the two genotypes. Given that RVD was observed
mainly at hypotonic challenges that were out of the physiolog-
ical range, we suggest that it may have limited physiological
significance for Müller cell osmoregulation in vivo. The mo-
lecular mechanism underlying the net export of ions during
RVD is unclear but could include activation of Ca 2�-
dependent channels, release of organic osmolytes, such as glu-
tamate, taurine, and myo-inositol (Fischer et al., 1997;
Hoffmann et al., 2009; Fernández et al., 2013), stimulation of
VRACs that are sensitized by swelling-evoked Ca 2� microdo-
mains (Akita and Okada, 2011), and/or activation of water-
translocating cotransporters (MacAulay and Zeuthen 2010).

Benfenati et al. (2011) proposed that TRPV4-dependent reg-
ulation of osmotic fluxes within the end foot requires an obliga-
tory physical interaction with AQP4, whereas HTS-induced
activation of TRPV4 in salivary gland epithelial cells appears to
depend primarily on the interaction with AQP5 (Liu et al., 2006).
Although we cannot exclude the possibility of direct association
between the two proteins or their embedment within macromo-
lecular entities involving Kir4.1, �-syntrophin and/or dystro-
phins (Puwarawuttipanit et al., 2006; Lanciotti et al., 2012), our
data suggest that the communication between the volume sensor
and water influx can be explained adequately by indirect interac-
tion mediated through transcription and cell swelling (Fig. 9).
Thus, the amplitude of GSK101-mediated Ca 2� entry in
Aqp4�/� cells mirrored signals in WT cells, whereas the cognate
water channel AQP1 could substitute for AQP4 by facilitating
swelling-induced activation of TRPV4 (N.M. and D.K., unpub-
lished observations). This conjecture is supported by the func-
tional independence of Kir4.1 from AQP4 (Ruiz-Ederra et al.,
2007; Zhang and Verkman, 2008), despite the ability of AQP4 to
facilitate hypotonic-induced activation of Kir4.1 (Soe et al.,
2009). The precise mechanism responsible for the modest
reduction in GSK101-induced [Ca 2�]i signals observed in
Aqp4�/� cells remains to be determined but could involve re-
duced expression of Trpv4 (Fig. 2), release of ATP from cytosol or
Ca 2� from internal stores (Lipp et al., 2009; Thrane et al., 2011).

Swelling of glial cells is a major cause of brain and retinal
edema caused by liver disease, water intoxication, epilepsy, dia-
betes, stroke, and traumatic brain injury and can result in excito-
toxicity, metabolic injury, and mechanical damage of blood
vessels and neurons (Häussinger et al., 2000; Hirrlinger et al.,
2008; Risher et al., 2009). Cysts, formed by swollen and dying
Muller cells, are associated with macular edema that may drive
ischemia and neuronal loss in diabetic retinopathy (Reichenbach
and Bringmann, 2010). Edema formation, resulting from os-
motic imbalances between retinal and extraretinal sites, is poten-
tiated by fatty acids known to activate TRPV4 (Fig. 9), whereas
deletion of AQP4 decreases the amplitude and frequency of
Ca 2� signals during a hypotonic challenge and was associa-
ted with protection against the pathological effects of swelling,
edema, and infarct (Manley et al., 2000; Da and Verkman, 2004;
Thrane et al., 2011). Currently accepted interventions to treat
brain swelling include cranial decompression and application of
hyperosmolar hydrogels. We propose that cytotoxic Ca 2� signal-
ing during glial swelling might instead be regulated by targeting
TRPV4. The advantages of such interventions are the availability
of specific antagonists (Vincent and Duncton, 2011) and the gen-
eral absence of observable phenotypes in Trpv4�/� mice
(Everaerts et al., 2010). In the retina, additional benefit might be
derived from neuroprotection conferred by inhibition of TRPV4
channels in RGCs (Križaj et al., 2014).

In conclusion, the synergistic mechanisms described here
could represent a general cellular mechanism linking swelling-
dependent gene expression, Ca 2� homeostasis, and volume reg-
ulation in the brain. It is noteworthy that TRPV4/AQP4 channels
are ideally positioned to sense and modulate ion/water fluxes
across the blood– brain and blood–retina barrier, which is com-
promised during the formation of cytotoxic edema. TRPV4 –
AQP4 interactions might also contribute to light-evoked ion
fluxes and/or neuronal hyperexcitation within the retina (Huang
and Karwoski, 1992; Dmitriev et al., 1999). Finally, our results
point toward alternative strategies for mitigating the debilitating
consequences of acute and chronic swelling in the retina and the
brain.
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and phenotype-specific expression of ryanodine calcium release channels
in C57BL6 and DBA/2J mouse strains. Exp Eye Res 93:700 –709. CrossRef
Medline

Johansson I, Karlsson M, Johanson U, Larsson C, Kjellbom P (2000) The
role of aquaporins in cellular and whole plant water balance. Biochim
Biophys Acta 1465:324 –342. CrossRef Medline

Kanemaru K, Kubota J, Sekiya H, Hirose K, Okubo Y, Iino M (2013)
Calcium-dependent N-cadherin up-regulation mediates reactive astro-
gliosis and neuroprotection after brain injury. Proc Natl Acad Sci U S A
110:11612–11617. CrossRef Medline

Kimelberg HK, Sankar P, O’Connor ER, Jalonen T, Goderie SK (1992)
Functional consequences of astrocytic swelling. Prog Brain Res 94:57– 68.
CrossRef Medline
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