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Abstract

The physiological and neurological correlates of plummeting brain osmolality during edema, 

traumatic CNS injury and severe ischemia are compounded by neuroinflammation. Using 

multiple approaches, we investigated how retinal microglia respond to challenges mediated by 

increases in strain, osmotic gradients and agonists of the stretch-activated cation channel TRPV4. 

Dissociated and intact microglia were TRPV4-immunoreactive and responded to the selective 

agonist GSK1016790A and substrate stretch with altered motility and elevations in intracellular 

calcium ([Ca2+]i). Agonist- and hypotonicity-induced swelling was associated with a nonselective 

outwardly rectifying cation current, increased [Ca2+]i and retraction of higher-order processes. 

The antagonist HC067047 reduced the extent of hypotonicity-induced microglial swelling, and 

inhibited the suppressive effects of GSK1016790A and hypotonicity on microglial branching. 

Microglial TRPV4 signaling required intermediary activation of phospholipase A2 (PLA2), 

cytochrome P450, and production of epoxyeicosatrienoic acids (EETs). The expression pattern 

of vanilloid thermoTrp genes in retinal microglia was markedly different from retinal neurons, 

astrocytes and their cortical counterparts. These results suggest that TRPV4 represents a primary 

retinal microglial sensor of osmochallenges under physiological and pathological conditions. Its 

activation, associated with PLA2, modulates calcium signaling and cell architecture. Antagonizing 

TRPV4 channels might be a useful strategy to suppress microglial overactivation in the swollen 

and edematous CNS.
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Introduction

Changes in osmotic gradients trigger an immediate redistribution of water between intra- 

and extracellular CNS compartments (Krizaj et al., 1996; Murphy et al., 2017) with 

attendant and potentially disruptive changes in neuronal excitability and cognitive function 

(Renneboog et al., 2006; Risher et al., 2009; Wittbrodt et al., 2018). Swelling of CNS glia 

and immune cells occurs during hypoxia, ischemia, hyponatremia, hypothermia and diabetic 

ketoacidosis (Hoffmann et al., 2009; Kimelberg, 2005) and was observed in upwards of 

25% of patients hospitalized after traumatic brain injury, acute liver failure, stroke and 

neurosurgery (Donkin & Vink, 2010). In the retina, edema associated with glial swelling, 

dysregulation of transglial water transport and microglial accumulation may interfere with 

photon transmission and damage cell layers in metabolic, vascular and inflammatory 

diseases, thereby contributing to vision loss (Gardner et al., 2002; Bringmann et al., 2004; 

Pannicke et al., 2006; Holborn et al., 2008; Otani et al., 2009; Sun et al., 2015; Daruich et 

al., 2018).

Microglia are ramified and structurally dynamic immune cells that maintain CNS 

homeostasis through secretion of neurotrophic factors, removal of damaged cells and 

synapses, and vascular remodeling (Arcuri et al., 2017; Salter & Stevens, 2017), 
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with brain regions showing notable differences in the density, turnover, metabolism, 

electrophysiological properties and transcriptional patterns of resident microglia (DeBiase 

et al., 2017; Silvin and Ginhoux, 2018). In the healthy adult retina, microglia are ramified 

and surveil the local environment in the two synaptic layers to clear metabolic products, 

phagocytose cell debris, and modulate intercellular communication. Focal injury, aging 

and chronic degeneration (retinitis pigmentosa, diabetic retinopathy, glaucoma) promote 

microglial proliferation, adoption of amoeboid morphology, transition towards migratory 

phenotypes, and cytokine secretion (Tang et al., 2011; Yu et al., 2020; O’Koren et 

al., 2019) during the initiation and perpetuation stages of the degenerative process. The 

‘activated’ state has been associated with increased [Ca2+]i and release of reactive radicals 

and cytokines (Hoffmann et al., 2003; Tvrdik & Kalani, 2017). While human and rodent 

microglia can be activated by cerebral edema and rapid corrections of osmotic imbalances 

(Jiang et al., 2009; Zemtsova et al., 2011) to mediate the neuroinflammatory response 

(Gankam-Kengne et al., 2010; Gong et al., 2004; Starkey et al., 2017; Tanaka et al., 

2018), there is surprisingly little information about whether microglia are capable of in 
situ osmosensing of physiological and pathological osmogradients, how osmotic gradients 

influence microglial signaling and what the swelling sensors might be.

A candidate mechanism by which microglia could sense local osmolality decreases is 

TRPV4 (transient receptor potential vanilloid isoform 4), a nonselective cation channel 

that is activated by cell swelling, stretch and shear flow (Diaz-Otero et al., 2018; Mola et 

al., 2016; Ryskamp et al., 2014a; Toft-Bertelsen et al., 2017). TRPV4 was suggested to 

suppress cortical microglial activation (Konno et al., 2012), however, in retinal macroglia 

the channel promotes cytokine release and reactive gliosis (Krizaj et al., 2014; Taylor et 

al., 2017; Matsumoto et al., 2018), together with proinflammatory functions in nociception 

and mechanical hyperalgesia across the CNS (Alessandri-Haber et al., 2003; Henry et al., 

2016; Redmon et al., 2017). It is currently not known how microglial TRPV4 channel is 

activated by mechanical stressors, nor how ramified cells in the intact CNS respond to 

physiological and pathological osmotic gradients. Here, we take advantage of the ex vivo 
retinal preparation which has no discernible effects on microglial activation (Fontainhas et 

al., 2011) to identify TRPV4 as a principal transducer of osmotic and mechanical stress. In 

the current study we demonstrate that TRPV4 mediates the microglial response to swelling 

and stretch, determine that this process requires production of eicosanoid messengers and 

show that TRPV4-mediated Ca2+ influx is associated with dramatic changes in microglial 

architecture and motility. The quasi-reactive, less-ramified, phenotype induced by TRPV4 

agonists and osmotic stressors suggests that the biomechanical milieu directly modulates 

retinal microglial signaling. Furthermore, the efficacy of TRPV4 antagonists in preserving 

microglial architecture in the presence of severe hypotonic stress suggests that targeting the 

channel might help alleviate neuroinflammatory activation in the edematous CNS.

Materials and Methods

Animals.

Adult C57BL/6J (RRID:IMSR_JAX:000664), CX3CR1GFP/+ (RRID: MGI:2670353), 

bacterial artificial chromosome (BAC)-transgenic Tg(TRPV4-EGFP)MT43Gsat mice 
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(TRPV4eGFP; RRID:MMRC_032771-UCD; Gu et al., 2016), and Aif1(Iba1)-IRES-Cre; 

PC::GCaMP5-tdT mice (Gee et al., 2014; Pozner et al., 2015) between 2–6 months of age 

were maintained in a pathogen-free facility with a 12-hour light/dark cycle and unrestrained 

access to food and water. Data from male and female mice were pooled as no gender 

differences were noted. The genotype of CX3CR1GFP/+ mice was confirmed by PCR from 

tail snips using the primers: WT-F (5’-GTC TTC ACG TTC GGT CTG GT-3’), CMMN-R 

(5’-CCC AGA CAC TCG TTG TCC TT-3’) and MUT-F (5’-CTC CCC CTG AAC CTG 

AAA C-3’). PCR was performed using the following protocol: 94°C for 2 min; 10 cycles of 

94°C for 20 sec, 60°C for 30 sec (decreasing 0.5°C per cycle), 68°C for 30 sec; 28 cycles 

of 94°C for 20 sec, 55°C for 30 sec, 72°C for 30 sec; 72°C for 2 min and then held at 

4°C until run on a 2% agarose gel. The protocols adhered to the NIH Guide for the Care 

and Use of Laboratory Animals and were approved by the Institutional Animal Care and 

Use Committees at the University of Utah. It is worth noting that the process motility and 

physiology of CX3CR1GFP/+ microglia are indistinguishable from wild type cells (Ré et al., 

2006; Wake et al., 2009).

Reagents.

Salts and reagents were purchased from MilliporeSigma except where noted otherwise. 

The TRPV4 agonist GSK1016790A and antagonist HC-067047 (HC-06) were purchased 

from MilliporeSigma (Cat. Nos.: 530533, 616521). Arachidonic acid (AA, Cat. No. 90010), 

its metabolites (5’,6’-EET: Cat. No.:50211, 11’,12’-EET: Cat. No. 50511) and enzymatic 

antagonists clotrimazole (Ctz) (Cat. No.: 15278) and p-bromophenacylbromide (pBPB) (Cat. 

No.: D38308) were obtained from Cayman Chemical. Due to AA autohydrolyzation, the 

lipids were aliquoted, gassed with liquid nitrogen and stored at −80°C until use. Adenosine 

5’-triphosphate magnesium salt was obtained from MilliporeSigma (Cat. No.: A9187). 

Saline, adapted from Lee et al. (2008), contained (in mM): NaCl 60, KCl 5, NaH2PO4 1.25, 

MgCl2 (6H20) 0.75, CaCl2 1.5, glucose 10, HEPES 20. pH was set at 7.4 and osmolarity 

set to 300 mOsm. Extracellular osmolarity was set by addition or removal of mannitol, a 

procedure that minimally disrupts ionic strength of the extracellular solution. Osmolarity 

was checked thermometrically using a vapor pressure osmometer (Wescor, Logan, UT).

Acutely Dissociated Microglia Preparation.

CX3CR1GFP/+ mice were euthanized, enucleated and retinas isolated in cold Leibovitz 15 

(L15) medium (ThermoFisher Scientific, Cat. No. 41300039) containing 11 mg/ml L15 

powder, 20 mM D-glucose, 10 mM Na-HEPES, 2 mM sodium pyruvate, 0.3 mM sodium 

ascorbate, and 1 mM glutathione. To digest the extracellular matrix, retinas were incubated 

in L-15 containing papain (7 U/ml; Worthington, Cat. No.: LS003119) for 1 hour at RT. 

Retinas were rinsed, placed on ice and cut into 500 μm pieces. 1–2 of these pieces were 

triturated and plated on concanavalin A (0.4 mg/ml; Alfa Aesar, Cat. No.: J61221)-coated 

coverslips. Dissociated cells were loaded with Fura-2 AM or Fura-5F AM (5–10 μM; 

Invitrogen/ThermoFisher, Cat. Nos. F1221 & F14177, respectively) for 30–40 min and 

washed for 10–20 min. Under our experimental conditions, most plated cells maintained 

low baseline [Ca2+]i at 22°C for several hours without substantial shifts in the baseline, as 

observed for other ocular cells (Jo et al., 2016; Molnar et al., 2012; Ryskamp et al., 2011, 
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2016; Szikra et al., 2009;). Microglia were identified by GFP-reporter fluorescence, and 

identity was confirmed by post-imaging immunocytochemistry.

Magnetic-activated cell sorting (MACS).

The sorting protocol was modified from Lakk et al. (2018), as follows. Mouse retina 

and cortex was dissociated with 16 U/ml papain (Worthington, 50 U/ml DNase I (Roche/

ThermoFisher, Cat. No. 4716728001) and 10 mM glucose for 1 hour at 37 °C, followed by 

trituration in PBS 1.5 mg/ml BSA, 1.5 mg/ml Trypsin inhibitor at pH 7.4, yielding a single 

cell suspension that was passed through a 70 μm pre-separation filter (Miltenyi Biotech, 

Cat. No.: 130-095-823) and centrifuged. To purify microglia, Müller cells or RGCS, the 

pellet was re-suspended and incubated in 0.5 % BSA solution containing CD11b, anti-biotin, 

CD90.1-coated microbeads, respectively (1:10; Miltenyi Biotech, Cat. No. 130-093-634, 

130-090-485, 130-121-273, respectively) for 15 min at 4°C. To isolate Müller cells, the 

pellet was incubated with biotinylated hamster anti-CD29 (clone Ha2/5, BD Biosciences, 

Cat. No. 555004) for 15 min at 4°C. After additional washing and centrifugation, cells 

were washed through MACS filter columns and the cells were eluted in DMEM medium 

(Gibco/ThermoFisher Scientific, Cat. No. 11885–084) with 1% penicillin/streptomycin (pen/

strep; Sciencell, Cat. No.: 0513), 10% FBS (Lonza, Cat. No.: CC-4102FF). RGCs were 

eluted in serum-free Neurobasal medium (Gibco/ThermoFisher, Cat. No.: 21103–049) with 

1% penicillin/streptomycin (Sciencell), transferrin (0.1 mg/ml; MilliporeSigma, Cat. No.: 

T8158), putrescine (16 ng/ml; Sigma, Cat. No.: P5780), insulin (5 ng/ml; MilliporeSigma, 

Cat. No.: I6634), 3,5,3-trioodothyronine T3 (100 nM; MilliporeSigma, Cat. No.: T2877), 

progesterone (20 nM; ACROS Organics, Cat. No.: AC225650050), 2% B27 (Thermo Fisher, 

Cat. No.: 17504044), N-acetyl cysteine (5 ng/ml; MilliporeSigma, Cat. No.: A9165), sodium 

pyruvate (1 mM; MilliporeSigma, Cat. No. P5280), L-glutamine (2 mM; Invitrogen, Cat. 

No.: 25030149), brain-derived neurotrophic factor (BDNF, 50 ng/ml; GenWay Biotech, 

Cat. No.: GWB-7ED615), ciliary neurotrophic factor (CNTF, 10 ng/ml; GenWay Biotech, 

Cat. No.: GWB-56D467) and forskolin (5 μM; Thermo Fisher, Cat. No.: BP25201). The 

growth medium was changed every 2–3 days. Quantification of cells negative for Iba1 (i.e., 

photoreceptors, RGC, Müller cells, etc.) showed 11.3 ± 2.2% contamination.

Reverse Transcription and Polymerase Chain Reaction (PCR).

Total RNA was isolated using Arcturus PicoPure RNA Isolation Kit according to the 

manufacturer instructions (ThermoFisher, Cat. No.: KIT0204). 100 nanogram of total RNA 

was used for reverse transcription. First-strand cDNA synthesis and PCR amplification 

of cDNA were performed using qScript™ XLT cDNA Supermix (Quanta Biosciences, 

Cat. No.:95161). To visualize PCR products, samples were run on 2% agarose gels using 

ethidium bromide staining, along with 100-bp DNA ladder (ThermoFisher Scientific, Cat. 

No.: S0323). The PCR products are displayed in Figure 1D.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR).

Sybergreen based real-time PCR was performed using Apex qPCR GREEN Master Mix 

(Genesee Scientific, Cat. No.: 42-119PG). The results were performed in triplicate for at 

least four separate experiments. The comparative CT method (ΔΔCT) was used to measure 

and quantify relative gene expression where the fold enrichment was calculated as 2 – [ΔCT 
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(sample) – ΔCT(calibrator)] after normalization. To normalize fluorescence signals, GAPDH 

and β-actin were utilized as endogenous controls. The primer sequences are given in Table 

1.

Immunohistochemistry.

The immunolabeling protocol for vertical sections followed the procedures described in 

Molnár et al. (2016) and Lakk et al. (2018). Eyes from adult mice were removed after 

euthanasia, punctured with a needle at the ora serrata and placed in 4% paraformaldehyde 

in phosphate buffered saline (PBS) for 1 hour. Eyecups were sequentially dehydrated in 15 

and 30% sucrose and embedded in OCT mounting medium. 12–14 μm thick cryosections 

were mounted onto Superfrost Plus slides. Before immunohistochemistry, excess OCT was 

removed, and sections were incubated in a blocking buffer (5% FBS and 0.3% Triton X-100 

in 1X PBS) for 30 minutes. Dissociated cells were prepared as described and then fixed 

in 4% PFA in PBS for 10 minutes. Microglia were identified by GFP fluorescence. Whole-

mounted retinas were prepared from isolated TRPV4eGFP mice and immunostained for Iba1. 

Briefly, isolated retinas were fixed in 4% PFA for 30 min at RT, incubated in blocking buffer 

for 1 hour and incubated with a primary antibody, rabbit anti-Iba1 (ionized Ca2+-binding 

adaptor molecule 1; 1:500; Fujifilm Wako PureChemical, Cat. No.: 019–19741) in antibody 

dilution buffer (2% BSA, 0.3% Triton-X in 1X PBS). Retinas prepared from CX3CR1GFP/+ 

mice were prepared as described above, and incubated with rabbit anti-TRPV4 (1:1000; 

LifeSpan Biosciences, Cat. No.: LS-C110035) as the primary antibody. The tissue was 

incubated overnight (vertical sections and dissociated cells) or 3 days (whole-mounts) at 

4°C, rinsed, and a secondary antibody (Alexa 594 goat anti-rabbit IgG; 1:1000, LifeSpan 

Biosciences, Cat. No. LS-C752285-100) applied for 1 hour at RT. After a final wash 

(3× 1X PBS for 5 min), the preparations were protected with Fluoromount-G + DAPI 

(Thermo Fisher Scientific, Cat. No. 010020), coverslipped and imaged on an Olympus 

FV1200 confocal microscope using 488 nm Ar (10%) and 543 nm He/Ne (10%) lasers for 

fluorophore excitation and 20x (1.0 N.A. water), 40x (0.8 N.A. water), and 40x (1.3 N.A. 

oil) objectives.

Cell Swelling Assays.

Volume regulation assays in retinal microglia were conducted as described (Jo et al., 

2015, 2016) following the protocol originally devised by Chiavaroli et al. (1994). Fura-2 

fluorescence emission after alternate excitation at 340 and 380 nm was normalized to 

baseline fluorescence and summed (Fvol = F340 + F380/x, where x – 1–3, a value derived 

empirically for each experiment to calcium-dependent and opposing changes in F340 

and F380). This eliminated Ca2+-dependence from traces and thus remaining changes in 

fluorescence reflected changes in intracellular volume. Cell volume is proportional to 

√area3 when swelling occurs uniformly in all directions, which we confirmed with confocal 

z-stacks over time (data not shown). 3D volumes were analyzed in ImageJ.

Electrophysiology.

Retinal wholemounts were placed in the recording chamber and superfused with oxygenated 

saline. Microglia within the inner plexiform layer (IPL) were visualized by the expression 

of the eGFP reporter. Patch pipettes were pulled from borosilicate glass capillaries (WPI) 
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with a Sutter Instruments Puller (Novato, CA), with 10 – 12 MΩ resistance (Jo et al., 2015; 

Yarishkin et al., 2020). The extracellular solution contained (mM): 140 NaCl, 2.5 KCl, 1.5 

MgCl2, 2.0 CaCl2, 5.5 D-glucose, 10 HEPES, (pH was adjusted with NaOH to 7.4). The 

pipette solution contained (mM): 125 Cs-MeSO4, 10 HEPES, 2 MgCl2, 2 Mg-ATP, 1 CaCl2, 

10 EGTA. The pipette solution used in the experiments with dissociated acutely dissociated 

microglia contained (mM): 125 K-gluconate, 10 KCl, 10 HEPES, 2 MgCl2, 4 Mg-ATP, 

10 EGTA. Whole-cell trans-membrane currents were recorded with a Multiclamp 700B 

amplifier and Digidata 1440A interface (Molecular Devices). Currents were acquired with 

pCLAMP 10.0, sampled at 10 kHz and filtered at 2 kHz. Currents were elicited by RAMP 

pulses ascending from −100 mM to 100 mV from the holding potential of −80 mV. RAMP 

pulses had 1-sec duration, and they were applied at a frequency of 0.2 Hz. All solutions were 

oxygenated with carbogen (95% O2, 5% CO2) for 30 minutes before setting the pH to 7.4 

and experiments were performed at RT (22 – 23°C).

In vitro calcium imaging.

Ratiometric time-lapse Ca2+ imaging was conducted as described (Lakk et al., 2017; 

Ryskamp et al., 2014) using inverted or upright Nikon microscopes and 20x (0.75 N.A. 

oil) or 40x (1.3 N.A. oil; 0.8 N.A. water) objectives. Cells were loaded with the calcium-

sensitive indicator Fura-2 AM (5–10 μM; stock solution in DMSO) for 40 min. The 

intracellular concentration of the de-esterified dye was assumed to be ~100 μM (Krizaj 

& Copenhagen, 1998). Excitation was provided via sequential exposure to 340 nm and 

380 nm wavelengths that were delivered by Lambda DG-4 illumination systems (Sutter 

Instruments, Novato, CA). The images were captured with 14-bit CoolSNAP HQ2 or Delta 

Evolve cameras (typically, binned at 2×2 or 4×4 pixels, at 0.5 Hz) and processed with 

NIS-Elements (Nikon/Technical Instruments). The data, collected as emission ratios for 

340 nm and 380 nm excitations (F340/F380) are presented as ΔR/R. A subset of cells was 

calibrated as described previously (Krizaj et al., 1999; Szikra et al., 2009) with 10 μM 

ionomycin, 10 mM Ca2+ and 0 Ca2+/3 mM EGTA. The apparent [Ca2+]i was determined 

from the equation [Ca2+]i = ((R – Rmin)/(Rmax – R)) × (F380max/F380min) × Kd, 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 excitation, Rmin is the ratio at zero free Ca2+, Rmax 

is the ratio at saturating Ca2+, and the dissociation constant Kd for Ca2+-Fura 2 at room 

temperature was taken to be 224 nM (Krizaj and Copenhagen, 1998).

Two-photon imaging.

Unlike craniotomies and thinned-skull preparations (Marker et al., 2010), ex vivo adult 

retinal microglia maintain the resting process length, dendritic complexity and velocity 

(Faits et al., 2016; Fontainhas et al., 2011; Wang et al., 2014). Our studies in Iba1-

Cre:GCaMP5 and CX3CR1GFP/+ retinas were conducted in RGC side- up flat-mounts that 

were secured on a glass coverslip with a harp. Oxygenated (95% O2/5% CO2) saline was 

perfused at 5 ml/min via a peristaltic pump (Dynamax, USA). A W-Series was used to 

determine the optimal wavelength for GFP (870 nm) or simultaneous GCaMP5/tdT (920 

nm) imaging. Imaging was conducted using the two-photon microscope (Ultima II; Bruker) 

with the Mai Tai laser (SpectraPhysics) tuned to 870 or 920 nm. To avoid photodamage, 

the maximal output of the laser power at the sample was kept low (< 20 mW). Signal 
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was acquired with GaAsP detectors using a 490–560 nm bandpass filter for GCaMP5G. 

For all GCaMP5 experiments image were collected from a single plane of view and 

images obtained every 1–3 seconds at 512 × 512 pixels. For all morphology experiments, a 

Z-stack was typically collected over 4–5 minutes. Z-stacks were set to include all microglial 

processes within the inner retina (RGC/NFL and IPL). Images were obtained with a 20x 

objective (1.0 N.A. water, Olympus) at 1024 × 1024 pixels. To account for changes in 

retinal thickness during hypotonic conditions (Hermoso et al., 2004; Ryskamp et al., 2014), 

imaging was halted ~10 minutes before and after perfusion of hypotonic solutions to 

readjust the Z-stacks.

Images from 2P experiments were processed using FIJI (Schindelin et al., 2012). Time-lapse 

videos were created from maximum intensity projections of sequential Z-stacks. To correct 

for focal or stage drift, the movies were registered using the Linear Stack Alignment 

with SIFT plugin as described (Lowe, 2004). Simple Neurite Tracer (Baron et al., 2014; 

Longair et al., 2011) and MTrack2 (Carbonell et al., 2005) plugins were used to assess the 

morphology and velocity of microglial processes, respectively. Morphological and velocity 

analysis was conducted on microglia confined to focal view (x, y, and z) for the duration 

of the experiment. Primary processes were defined as protrusions coming directly from the 

cell body; higher-order branches were differentiated by a change in thickness and orientation 

from a lower-order branch. Convex hull area, measured by connecting the distal terminal 

ends of processes is often used to approximate the area of tissue surveilled by a microglial 

cell (Fontainhas et al., 2011; Kongsui et al., 2014; Sołtys et al., 2001). Fluorescence intensity 

was determined using the GECIquant plugin in FIJI (Srinivasan et al., 2015). Time-lapse 

images were processed before analysis by subtracting background intensities. The spatial 

location of calcium transients was delineated with GECIquant’s semi-automatic region of 

interest (ROI) detection module, with the mean fluorescence intensity computed for each 

ROI.

Statistics.

The data were analyzed with GraphPad Prism 9.0, with the results reported as mean ± 

S.E.M.. Normality was assessed with the Shapiro-Wilk test. Unless specified otherwise, an 

unpaired t-test was used to compare two means and ANOVA was used to compare three 

or more means. Multiple comparisons were performed using the Holm-Šídák or Dunnett’s 

tests. Non-parametric data was analyzed using the Kruskal-Wallis test with Dunn’s test for 

multiple comparisons. p > 0.05 = NS, p < 0.05 = *, p < 0.01 = **, p < 0.001 = *** and 

p < 0.0001 = ****. The data that support the findings from the study are available upon 

reasonable request.

Results

Retinal microglial thermoTRP transcript expression pattern is tissue-specific

We ascertained the relative expression of vanilloid “thermoTRP” genes (Trpv1–6) in purified 

mouse retinal microglia and compared expression to the expression in cortical microglia. 

Transcript expression in retinal microglia is dominated by Trpv2, showing the relative 

expression pattern of Trpv2>Trpv1>>Trpv3>Trpv4>Trpv6 (Figure 1a) that differs markedly 
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from the pattern of expression in cortical cells (Trpv4>Trpv6>Trpv2>Trpv3>Trpv1), where 

Trpv4 is the dominant vanilloid Trp gene. With the exception of Trpv6, cortical microglia 

expressed 1.93 ± 0.47 – 13.2 ± 0.39 times more vanilloid transcripts than retinal microglia 

(Figure 1b). Another interesting difference concerns the relative amounts of Trpv4 mRNA 

across retinal microglia, neurons, and macroglia. Microglial Trpv4 expression showed ~3–

4 fold lower levels compared to Müller cell and retinal ganglion cell (RGC) cohorts but 

exceeded astroglial expression (Figure 1c & d). The differences in microglial, RGC and 

Müller Trpv gene expression and the profound dissimilarities between cognate retinal 

and cortical cells suggest that microglial capacity for transducing mechanical, thermal 

and chemical cues may be region-specific, and differ from local neuronal, macroglial and 

endothelial sensing.

To corroborate the presence of Trpv4 mRNA at the protein level, we tracked reporter 

expression in Trpv4eGFP retinas and analyzed TRPV4 immunoreactivity in transgenic retinas 

in which the microglial populations were labeled by enhanced green fluorescent protein 

(eGFP) driven by the fractalkine promoter. In a subset of experiments, microglia were 

labeled by Iba1 antibodies. Dissociated CX3CR1GFP/+ cells and RGCs (asterisk in the inset 

in Figure 2a) were consistently immunoreactive for TRPV4 whereas non-expressing cells 

(rod photoreceptors, bipolar cells) were TRPV4 immunonegative (Yarishkin et al., 2018). 

Trpv4eGFP retinas (Lakk et al., 2018; Luo et al., 2018) showed prominent developmental 

reporter expression in cells that were immunoreactive for Iba1. eGFP+ Iba1+ cells stratified 

across RGC/NFL, inner plexiform, and outer plexiform layers (Figure 2b) and showed both 

ameboid (Figure 2c) and ramified (Figure 2d) morphologies. These data suggest that the 

retinal microglial TRPV4 lineage includes cells with activated and resting phenotypes.

Microglial TRPV4 activation is slow

We tested whether modest transcript/protein expression (Figure 1) suffices for functional 

expression of TRPV4 signals by voltage-clamping wholemount microglia and probing for 

agonist-induced currents. Unstimulated CX3CR1GFP/+ cells have small steady-state inward 

currents and outward current measured at the holding potentials ranging from −100 mV 

to 100 mV; the I-V curves of the whole-cell current had the reversal potential ~ 0 mV. 

Exposure to the selective TRPV4 agonist GSK1016790A (GSK101, 25 nM) evoked a 

non-inactivating current with a time-to-peak of several minutes (Figure 3a–c) that showed 

inward and outward rectification. ITRPV4 reversed at −0.05 ± 0.03 mV (n = 6; Figure 

3a) and was blocked by the selective TRPV4 antagonist HC067047 (HC-06, 2 μM) 

(Figure 3a–d). The resting membrane potential recorded under current-clamp conditions 

was −14.0 ± 5.1 mV whereas GSK101 induced significant (p = 0.001, paired t-test) 

−19.9 ± 5.2 mV hyperpolarizations in all cells that responded to GSK101 (4 out of 7 

cells). These data demonstrate that retinal microglia express functional TRPV4 channels 

which activate slowly but stay open in the continued presence of the stimulus. Despite the 

small amplitude, TRPV4-mediated currents are associated with substantial changes in the 

membrane potential, presumably due to Ca2+-activated K+ channel activation within local 

microdomains (e.g., Fernandez-Fernandez et al., 2008; Li et al., 2016; Sonkusare et al., 

2012).
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Microglial calcium signals are compartmentalized and regulate lamellipodial motility

Key microglial functions such as the production and release of cytokines require [Ca2+]i 

elevations (Färber & Kettenmann, 2006; Hoffmann et al., 2003; Tvrdik & Kalani, 2017). 

To characterize microglial TRPV4 signaling in the absence of non-autonomous factors, 

we tested agonist- and hypotonicity (HTS)-induced responses in dissociated CX3CR1GFP/+ 

retinal microglia loaded with the calcium indicator Fura-2 AM. A representative trace 

recorded from an individual cell is shown in Figure 4a and Supplementary Figure 1. 

GSK101 (25 nM; black trace) produced a sustained ~10-fold increase in [Ca2+]i that was 

reversible upon washout and inhibited by HC-06 (red trace in Figure 4a). Averaging the peak 

340/380 ratios of GSK101-evoked [Ca2+]i elevations showed an increase from the 0.157 ± 

0.06 baseline to 1.62 ± 0.59 (n = 8 cells, N = 3 retinas; p = 0.031) (Figure 4b). Responses in 

a subset of cells were calibrated to obtain information about absolute [Ca2+]i in the presence/

absence of GSK101, showing an increase from 103.4 ± 41.8 nM in resting cells to 892.5 

± 204.07 nM (n = 5, p = 0.011, paired t-test) in response to the agonist (Supplementary 

Figure 1). When studied in dissociated cells, GSK101-induced [Ca2+]i elevations resulted 

in a remarkable cessation of microglial lamellipodial ruffling and motility that was both 

immediate and reversible (Video I). These data suggest that stimulation of the TRPV4 

channel can lead to substantial changes in retinal microglial membrane potential, Ca2+ 

homeostasis, and cellular dynamics.

Little is known about the functional properties of surveilling CNS microglia in part 

because of technical difficulties inherent in studying calcium responses in unperturbed cells 

(Brawek & Garaschuk, 2017). This disadvantage can be obviated in the retinal wholemount 

preparation in which microglia preserve the morphological and functional properties of 

surveying cells (Fontainhas et al., 2011; Wang et al., 2016). Microglial branching and 

[Ca2+]i changes were tracked in inner plexiform layer (IPL) of Iba1-Cre;GCaMP5-tdT 

cells that express the Ca2+ indicator GCaMP5 with the tdTomato reporter (Gee et al., 

2014; Pozner et al., 2015). As shown in Video II, surveilling microglia form a stationary 

mosaic composed of ramified processes that probe the adjacent tissue through dynamic 

random extensions and retractions. Similar to cortical cells (Eichhoff et al., 2010), the rare 

spontaneous increases in GCaMP5 fluorescence in retinal microglial processes do not appear 

to correlate with process extension/retraction (Figure 4e; Video II). Exposure to HC-06 

alone had no discernable effects on cell ramification, surveillance and [Ca2+]i (Figure 4b,d 

and Supplementary Figure 2), indicating that TRPV4 is largely quiescent under isotonic 

conditions. Consistent with the data from dissociated cells, in situ applications of GSK101 

evoked synchronized and sustained [Ca2+]i increases across the cell bodies, primary and 

distal processes of intact microglia (black trace in Figure 4c). Quantification of perikaryal 

calcium signals (Figure 4d) showed ~3-fold increase from the baseline of 0.107 ± 0.017 

to 0.308 ± 0.06 (p = 0.0008) (n = 4, N = 3 retinas), with time-lapse imaging showing 

an increase in the frequency of spontaneous Ca2+ events from 0.12 ± 0.04 to 0.31 ± 0.05 

events min−1 (n = 8 – 19 cells, p = 0.0035, Kruskal-Wallis with Dunn’s test) (Figure 4e, 

f). Confirming specificity, these responses were nhibited by HC-06 (0.15 ± 0.05; red trace 

in Figure 4c,f) (p = 0.048; n = 5). [Ca2+]i signals evoked by GSK101 were associated with 

rapid retraction of tdT-labeled distal processes towards the cell body (Figure 4g; Video II).
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Activation of microglial TRPV4 channels requires proinflammatory lipid messenger signals

The slow onset of microglial TRPV4 currents and [Ca2+]i signals suggests potential 

involvement of intermediary mechanisms. We tested the polyunsaturated fatty acid (PUFA) 

mechanism shown to drive TRPV4 signaling in cortical astrocytes and retinal Müller cells 

(Dunn et al., 2013; Ryskamp et al., 2014) by exposing the cells to arachidonic acid, 

eicosanoids, and blockers of PLA2 and cytochrome P450 enzymes. Arachidonic acid (100 

μM), a PUFA activator of TRPV4, elevated [Ca2+]i from 0.06 ± 0.02 to 0.72 ± 0.01 (p < 

0.0001) (black trace in Figure 5a) an effect that was suppressed by HC-06 to 0.24 ± 0.01 

(p = 0.047, Kruskal Wallis with Dunn’s test; n = 17) (red trace in Figure 5a & b).The 

residual [Ca2+]i component observed in the presence of HC-06 may reflect an incomplete 

block at this concentration of HC-06 or stimulation of Ca2+-permeable arachidonate-

gated (ARC) channels (Shuttleworth, 2009). We also assessed microglial sensitivity to 

epoxyeicosatrienoic (EET) metabolites that represent the final common element in the 

TRPV4 activation pathway (Watanabe et al., 2003). Two eicosanoids, 5,6-EET and 11,12-

EET, elevated [Ca2+]i to 0.35 ± 0.07 (n = 7; p = 0.001, Kruskal Wallis with Dunn’s test) 

and 0.86 ± 0.19 (n = 44; p < 0.0001, Kruskal Wallis with Dunn’s test), respectively (Figure 

5b,c). We conclude that microglial TRPV4 signaling requires an obligatory activation of 

the PLA2-CYP450 pathway, with channel activation contingent upon epoxygenation of 

arachidonic acid and production of EETs. The inhibition of EET-evoked [Ca2+]i increases 

by HC-06 (5,6-EET: p = 0.0098; 11,12-EET: p < 0.0001; Kruskal Wallis with Dunn’s test) 

demonstrates that the eicosanoid effects on [Ca2+]i are mediated by TRPV4.

TRPV4 mediates the retinal microglial response to hypoosmotic swelling

Originally identified by their ability to transduce hypotonic stimuli (HTS) in recombinant 

cells (Strotmann et al., 2000), TRPV4 channels were subsequently shown to promote and/or 

regulate swelling across the body, including in a subset of macroglia (Becker et al., 2005; 

Hoshi et al., 2018; Jo et al., 2015; Lee et al., 2019, but see Chmelova et al., 2019). We 

investigated the dynamics of microglial volume regulation by treating eGFP+ cells with HTS 

while keeping the ionic strength of the external solution constant (Jo et al., 2015; Ryskamp 

et al., 2011). The studies were conducted in dissociated cells because time-dependent 

changes in tissue volume preclude in situ focusing and complicate interpretation of non-

ratiometric GCaMP5 fluorescence changes (Nakai et al., 2001; Schneidereit et al., 2016; 

Xiao et al., 2017). The Fura-2 indicator was used to track water influx across the plasma 

membrane by tracking its Ca2+-independent fluorescence that is inversely proportional to the 

cell volume (e.g., Jo et al., 2015, 2016). The black trace in Figure 6a represents the response 

of a cell to 54% reduction in extracellular osmolality (to 140 mOsm). The time course of 

the hypotonicity response consisted of peak swelling (29.4 ± 2.2% increase in cell volume; 

Figure 6a,b) that was followed by a regulatory volume decrease (RVD). HTS-induced 

changes in cell volume changes were reversible, returning to original levels within 2–3 

minutes upon re-addition of isotonic saline (Figure 6a). HC-06 both reduced the extent of 

cell volume increase (red trace in Figure 6a) and reduced the amplitude of the RVD plateau 

to 16.48 ± 1.97% of the original volume increase (n = 9; p = 0.0006) (Figure 6a & b). The 

reduction in the initial extent of cell swelling presumably reflects inhibition of glial TRPV4- 

and calcium-dependent mechanisms (Jo et al., 2015; Ryskamp et al., 2014); however, further 

studies are needed to elucidate the link between TRPV4 activation and microglial swelling.
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Analysis of HTS-dependent whole-cell conductance in reporter-tagged cells showed 

substantial increases in inward and outward current (Figure 6c,e–f). The cells were voltage-

clamped at ±100 mV and exposed to 140 mOsm, which triggered a current characterized 

by slow onset, outward rectification and the sensitivity to HC-06, which inhibited its 

inward components and reduced the outward component (p = 0.01, paired t-test) (Figure 

6d–f), leaving a residual outward current presumably mediated by Cl− ions (Mongin, 2015; 

Schlichter et al., 2011). To include the properties of cells with different morphologies, 

the currents in Figure 6f were normalized assuming a membrane capacitance of 1 μF/cm2 

(Boucsein et al., 2000).

TRPV4 is a nonselective cation channel with PCa/PNa ~10 (White et al., 2016). To track the 

calcium component of channel activation, we loaded dissociated cells with Fura-2 AM and 

exposed them to HTS. A 5% decrease in extracellular osmolality induced modest, sustained 

increases in the ratio signal (Figure 7a,d) from 0.065 + 0.015 to 0.33 + 0.036 (n = 8, p = 

0.0091, Dunnett’s test). A further 32% decrease in tonicity, comparable to stimuli utilized 

in studies of microglia (Konno et al., 2012) and retinal macroglia (Jo et al., 2015) elevated 

[Ca2+]i levels to 1.37 ± 0.068 (n = 3) (black trace in Figure 7a,c) whereas preincubation 

with HC-06 reduced the response to 0.41 ± 0.038 (n = 20; p < 0.0001, Dunnett’s test; red 

trace in Figure 7b; Figure 7d), a ~70% reduction. CNS injury promotes formation of AA and 

eicosanoids (Birnie et al., 2013), which may drive glial swelling and edema in the diabetic 

retina (Pannicke et al., 2006). The cPLA2 antagonist p-bromophenacyl bromide (pBPB) 

reduced the amplitude of HTS-evoked [Ca2+]i signals to 0.72 ± 0.04 (n = 15; p < 0.0001, 

Dunnett’s test; red trace in Figure 7b; Figure 7c) whereas clotrimazole (CTZ; 10 μM), an 

inhibitor of cytochrome P450 (CYP450) oxidases that mediate the epoxygenation process 

downstream from PLA2 (Watanabe et al., 2003; White et al., 2016), resulted in partial but 

significant (p < 0.0001, Dunnett’s test) suppression of HTS-induced [Ca2+]i elevations (to 

0.59 ± 0.02; n = 13) (Figure 7c). Hence, injury-induced release of polyunsaturated fatty 

acids (Birnie et al., 2013; Staub et al., 1994) and PLA2 activation could drive the microglial 

TRPV4-mediated osmoresponse via the eicosanoid messenger pathway.

Physiological osmolarity shifts modulate microglial morphology and dynamics

Microglial morphology reflects their physiological state and inflammatory status 

(Nimmerjahn et al., 2005), with the transition between “activated”, amoeboid and “resting” 

surveilling phenotypes regulated by a wide range of environmental stressors (Kettenmann et 

al., 2011; Wolf et al., 2017). To establish the in situ relationship between osmotic gradients 

and morphology, retinas were stimulated with hypoosmolar solutions while the motility 

of microglial processes and perikaryal remodeling within the retinal inner plexiform layer 

(IPL) were monitored with time-lapse 2-photon microscopy. Epitomizing the “resting” state, 

unstimulated CX3CR1GFP/+ microglia were ramified with continual distension/retraction of 

processes (top panel(s) of Figure 8a,b; Video III). Reduction of extracellular osmolality 

to 285 mOsm (~5%, equivalent to tonicity changes in patients with mild traumatic brain 

injury; Balak et al., 2009; Liotta et al., 2018) did cause a dramatic shift in the overall 

dendritic symmetry and arbor size. We observed slight perikaryal enlargement (bottom 

panel of Figure 8a,) and thickening of 2nd- 3rd order branches within an hour of exposure 

to the hypotonic stimulus (bottom panels of Figure 8a,b; Video III). The number of 
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secondary processes (protrusions extending from primary processes) was slightly but non-

significantly reduced (25.9 ± 4.20) vis à vis isotonic (22.5 ± 2.01) conditions (Figure 

8c; p = 0.07; two-way ANOVA), but the average process length showed no discernable 

differences from controls (Figure 8d). The shift in microglia towards a turgid phenotype 

was blocked by preadminstration of HC-06 (Figure 8c,d). Interestingly, co-administration of 

285 mOsm HTS and HC-06 resulted in microglia with a significantly increased number of 

secondary and tertiary processes (Figure 8c) (n = 5, p = 0.02 and p < 0.04, respectively) 

compared to isotonic conditions. The hyper-ramification was not observed in isotonic saline 

with added HC-06 (Supplementary Figure 2), suggesting that hypotonic swelling triggers 

parallel activation of pro-branching and TRPV4-mediated branch-suppressive mechanisms. 

The effects were maintained for ~1 hour after return to isotonicity (data not shown), 

suggesting continued activation of downstream signaling mechanisms. It is thus possible 

that physiological changes in osmotic gradients steer quiescent microglia towards a priming 

phenotype that modulates their response to other environmental inputs (Sołtys et al., 2001).

Subarachnoid hemorrhage, brain tumors, TBI and cerebral edema can result in hypotonic 

shifts that reach below 190 mOsm (63% tonicity; Giuliani et al., 2014). A previous report 

suggested that TRPV4 activation in cultured cortical microglia promotes the quiescent 

state (Konno et al., 2012); however, historically, reports of Ca2+ elevations have tended to 

associate them with the activated state (Kettenmann et al., 2011; Tvrdik & Kalani, 2017). 

To gain more insight into this process, we explored how TRPV4 inhibition impacts on 

process dynamics observed in the presence of hypotonic stress in intact IPL microglia 

using ion gradients comparable to those utilized in studies of microglial (Konno et al., 

2012; Schlichter et al., 2011) and retinal macroglial (Bringmann et al., 2006; Wurm et al., 

2011; Jo et al., 2015) HTS signaling. We found that 190 mOsm saline results in substantial 

alterations in perikaryal size and branching of retinal microglia. Figure 9 illustrates that 

large HTS decreases ramification and promotes the retraction and/or hypertrophy of existing 

processes (Figure 9a,b), resulting in loss of secondary and tertiary processes (p < 0.0001, 

n = 22; Figure 10a) and a small, insignificant (p = 0.10, n = 22) increases in the length of 

primary processes (Figure 10b; Video IV). In the presence of 190 mOsm, microglia covered 

significantly less area (1422.7 ± 0.312 μm2; n = 9) compared to the cells perfused with 

isotonic solution (2922.6 ± 261.6 μm2; n = 13; p = 0.0029) (Figure 10c). 190 mOsm HTS 

significantly reduced the branching complexity but did not affect the speed at which the 

processes moved compared to isotonic conditions (Figure 10d, p = 0.33, Kruskal Wallis with 

Dunn’s test).

HC-06 antagonized swelling-induced process retraction by promoting the size of secondary 

and tertiary branches (Figure 9c,d). Interestingly, comparison of HTS + HC-06-treated 

cells to isotonic controls and HC-06-only-treated cells revealed a large (115.9 ± 61.6%) 

and significant (p = 0.0063) increase in the average area surveyed by the dendritic tree 

(Figure 10c; n = 4). The length of the primary process under these conditions decreased 

to 20.2 ± 1.4 μm, a significant (Figure 10b, p = 0.008) change compared to hypotonicity-

only stimulated cells. Moreover, in the presence of HTS + HC-06, the cells were more 

ramified and exhibited thinner processes that extended into the adjacent extracellular space 

(Figure 9c; Movie V). The average number of secondary (15.4 ± 2.08; p = 0.0003), tertiary 

(12.0 ± 1.03; p < 0.0001) and quaternary processes (5.75 ± 1.07; n = 4 p = 0.0071) per 
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microglia was increased compared to microglia treated with hypotonic stress alone without 

affecting the average length of the processes (Figure 10a). The motility of HC-06-pretreated 

processes in hypotonic solutions was faster (1.16 ± 0.58 μm/min; n = 4) compared to cells 

studied in control (0.83 ± 0.19 μm/min; n = 22) (p = 0.0.002, Kruskal Wallis with Dunn’s 

test), HTS (0.74 ± 0.37 μm/min; n = 22; p < 0.0001) and HC-06 -treated cells (0.76 ± 

0.17 μm/min; n = 26, p = 0.0006, Kruskal Wallis with Dunn’s test) (Figure 10d). These 

data demonstrate that swelling-induced morphological changes in retinal microglia involve 

TRPV4-dependent remodeling of microglial processes, with the cells adopting several 

morphological characteristics of the activated state but without discernable differences in the 

velocity of microglial surveillance. Taken together, these data suggest that osmotic stressors 

will alter the Ca2+ homeostasis, architecture, and remodeling of CNS microglia.

Discussion

This study shows that hypoosmotic conditions regulate microglial signaling and morphology 

via TRPV4-mediated transduction. Our findings include: (i) TRPV4 activation mediates 

swelling-induced transmembrane cation fluxes and synchronized [Ca2+]i elevations without 

impacting surveillance, (ii) Swelling-induced microglial calcium signals require availability 

of eicosanoid metabolites known to play roles in proinflammatory CNS signaling, (iii) 

TRPV4 activation correlates with branch retraction, and (iv) The distinctiveness of retinal 

microglial Trpv transcriptome relative to neuron and macroglial expression, and cortical 

microglia, suggests cell- and regional specificity of transduction of local sensory cues. 

Importantly, TRPV4-dependence of the microglial response to small osmolality gradients 

suggests sensitivity to activity-dependent physiological signaling within the retina.

Trpv4 mRNA expression in adult retinal microglia was congruent with antibody staining, 

reporter signals, and functional measurements, with expression consistently observed in 

dissociated, intact and Trpv4eGFP cells. The presence of TRPV4eGFP reporter molecules 

and physiological responses in ramified and amoeboid cells suggest that TRPV4 signaling 

extends across activation states. RNA profiling showed Trpv4 transcript levels in microglia 

to be 3–5-fold lower compared to RGC and Müller glial signals whereas comparison of 

Trpv signals in retina vs. cortex identified the major retinal vanilloid transcript to be Trpv2 
vs. Trpv4 in the cortical cohort. Thus, retinal but not cortical microglial Trpv4 expression 

trails the levels of cognate Trpv1-2 genes that encode proteins sensitive to temperature, 

endogenous lipids, osmotic and mechanical stressors. Our analysis of Trpv signals is 

consistent with the data from the Barres lab RNASeq database (Zhang et al., 2014) and with 

recent indications that microglial transduction of biomechanical and chemical cues differs 

across the CNS (Bennet et al., 2018; De Biase et al., 2017; Hickmann et al., 2013; Silvin 

and Ginhoux, 2018). Low levels of retinal microglial Trpv4 expression relative to RGCs, 

Müller glia and astrocytes, and relative to cortical microglia, oligodendrocytes, endothelial 

cells and neurons (Figure 1) (Zhang et al., 2014), might reflect the specifics of respective 

biomechanical milieus. For example, modest expression in the retina may suffice to subserve 

microglial sensing of physiological osmotic/mechanical cues (5% decrease in tonicity) 

without triggering the proinflammatory pathways. It is possible that intracellular signaling 

amplification (Figure 5) (Toft-Bertelsen et al, 2019) that underlies branch retraction and 

proinflammatory-like phenotypes in cells stimulated with GSK101 and moderate swelling 
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(Figures 4 & 9), overrides the protective effects of modest expression during edema and/or 

ocular hypertension. We recently observed that TRPV4 can be activated by low levels of 

pressure-induced membrane strain (Lakk and Krizaj, 2020; Yarishkin et al., 2020) and cyclic 

stretch (Ryskamp et al., 2016) which might contribute to microglial activation by relatively 

mild increases in IOP (~5 mm Hg) (Howell et al., 2007; Bosco et al., 2011).

The low resting conductance and [Ca2+]i levels in unstimulated microglia suggest that small 

ionic fluxes could have an outsize influence on the membrane potential and [Ca2+]i. The 

lack of HC-06 effect on [Ca2+]i, Vrest and branching in isotonic cells at room temperature 

indicates that TRPV4 does not mediate the constitutive cation influx that helps set the 

microglial resting potential at relatively depolarized levels (Izquierdo et al., 2019) but it 

remains to be seen whether its contribution increases at body temperature (Shibasaki, 2020). 

The quasi-linear I-V relationship evoked by GSK101 and HTS suggests an absence of major 

TRPV4-dependent inwardly- and outwardly rectifying potassium conductances in ramified 

microglia. On the other hand, the substantial hyperpolarizations seen under current clamp in 

cells stimulated with GSK101 suggest activation of Ca2+-dependent mechanisms that remain 

to be identified.

The outward rectification of the TRPV4-mediated current that we observe in microglia 

recalls the properties of homomeric TRPV4 channels in recombinant HEK293 cells, 

retinal microvascular cells, Müller cells and trabecular meshwork cells (Ryskamp et al., 

2016; Phuong et al., 2017; Lakk et al., 2017; Watanabe et al., 2003) whereas TRPV4 

overexpressing oocytes show linear I-V relationships (Toft-Bertelson et al., 2017). Similar 

to endothelial cells (Li et al., 2016; Sonkusare et al., 2012; White et al., 2016), (~5 – 10 

mV) hyperpolarizations induced by TRPV4 activation might reflect microdomain coupling 

with Ca2+-activated K+ conductances. However, TRPV4 activation, kinetics and time course 

are cell type-dependent (Toft-Bertelsen et al., 2019), potentially due to the association with 

modulatory proteins (e.g., PAR2, PACSIN3, STIM1, AIP4), phosphorylation (PKA, PKC, 

Src kinases), availability of phosphatidylinositol 4,5-biphosphate (D’Hoedt et al., 2008; 

Grant et al., 2007) and/or presence of splice variants (White et al., 2016).

Calcium signaling is a central, yet incompletely understood, feature of microglial biology 

(Kettenman et al., 2011; Brawek & Garaschuk, 2017). Because reactivity tends to correlate 

with increased [Ca2+]i (Hoffmann et al., 2003; Tvrdik & Kalani, 2017), process retraction 

observed in Iba1-GCaMP5 cells stimulated with GSK101 (Figure 4) suggests a potential 

trigger mechanism for cell activation in the presence of mechanical stress. Interestingly, 

while retinal microglia responded to TRPV4 agonism and HTS stimuli with branch 

retraction and hyperpolarization, cultured cortical microglia showed the opposite response 

as the agonist 4α-PDD depolarized the cells and promoted ramification (Konno et al., 

2012). The discrepancy could reflect differential channel expression in the retina vs. cortex 

(e.g., Figure 1), heteromerization, or altered electrophysiological properties in cultured cells 

(Butovsky et al., 2014; Kloss et al., 1997; Madry et al., 2018; Morihata et al., 2000).

Data from isolated cells and intact retinas show that TRPV4 activation is associated with 

inward currents, calcium signals, hyperpolarization and lamellipodial ruffling. We found 

microglial morphology to be subtly altered by small (~5%) hypotonic gradients (Figure 
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8), whereas additional osmolality stress shifted the balance of primary vs. higher-order 

processes towards increasingly dystrophic phenotypes that might be considered a graded 

form of cell activation. Indicating obligatory TRPV4 activation, HTS-evoked changes in 

ramification were mimicked by GSK101 (Figure 4) and suppressed by HC-06 (Figures 

8–10). It is possible that retraction of higher-order branches “primes” microglia to respond 

more vigorously to other pathological stressors (Hoeijmakers et al., 2016) as reported for 

inflammatory states associated with mechanical allodynia, joint inflammation, diabetes and 

pulmonary fibrosis (Alessandri-Haber et al., 2003; Bourinet et al., 2014; Scheraga et al., 

2017; Ye et al., 2012). In mice, portal vein osmolality dropped by 8% following oral water 

intake (Lechner et al., 2011) and it seems conceivable that the local retinal milieu under 

pathological circumstances such as edema is associated with significant osmogradients 

(Pannicke et al., 2006).

While our results in isolated cells (Figures 4a,b & 7) and ex vivo retinas (Figure 4c, d) 

link TRPV4 activation to cation influx and [Ca2+]i elevations, and we find that TRPV4 

inhibition suppresses swelling-induced branch retraction in intact retinas (Figures 8 & 

10), our experiments cannot exclude potential contributions from non-autonomous TRPV4-

dependent mechanisms. GSK101- and HTS-induced retraction of microglial processes 

argues against a primary role for P2Y12 receptors, which tend to promote branching and 

surveillance (Fontainhas et al., 2011; Kettenman et al., 2011). Adenosine, acting via A2A 

receptors was shown to induce microglial retraction during inflammatory states but had 

less effect on ramified microglia in the healthy brain (Orr et al., 2009). The remarkable 

increase in the number of secondary and tertiary processes in cells exposed to physiological 

(5%) HTS in the presence of HC-06 (Figures 8 & 10) suggests that hypoosmotic stress 

induces TRPV4-dependent suppression of branching (unmasked by HC-06) in parallel 

with an unknown pro-branching pathway that could involve local ATP release. In future 

studies, the molecular mechanisms that mediate volume-dependent branch extension and 

retraction should be clarified with cell-type specific mouse knockout lines. In any case, 

our data suggest that inhibition of retinal TRPV4 channels profoundly affects microglial 

morphology, potentially impeding the transition towards proinflammatory-like phenotypes in 

tissues exposed to hypotonic gradients (e.g., Chmelova et al., 2019; Gankam-Kengne et al. 

2010).

Hypotonicity-induced swelling of isolated microglia was sensitive to TRPV4 inhibition, with 

HC-06 reducing the magnitude of the volume decrease together with decreases in membrane 

current and [Ca2+]i (Figure 6). These observations suggests that TRPV4-mediated cation 

entry is coupled to transmembrane water flux, as reported for Müller glia, which respond 

to TRPV4 activation with increases in cell volume that are inhibited by HC-06, Trpv4 
knockdown and BAPTA-AM (Jo et al., 2015). Astrocytes similarly respond to the TRPV4 

agonist arachidonic acid with augmented swelling (Basavappa et al., 1998; Birnie et al., 

2013; Chan et al., 1983; Pannicke et al., 2006; Staub et al., 1994), suggesting a potential role 

for swelling-induced PLA2 activation (Lambert et al., 2006). It remains to be seen whether, 

as shown for macroglia and heterologous cell models (Jo et al., 2015; Mola et al., 2016; 

Toft-Bertelsen et al., 2017; 2019), microglial TRPV4 activation is functionally coupled to 

aquaporin channels and/or Ca2+-dependent ionic fluxes (Stokum et al., 2018). Hypotonicity, 

TRPV4 activation and ATP-evoked [Ca2+]i increases did not significantly impact on in situ 
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microglial surveillance, which instead may respond to K+ gradients (Madry et al., 2018). 

While the relationship between motility and calcium is likely complex (Lanfelder et al., 

2015; Umpierre et al., 2020), we previously observed that chelating microglial calcium 

reduces process velocity without abolishing motility (Pozner et al., 2015). The suppression 

of lamellipodial ruffling by GSK101 (Video I) and the TRPV1 agonist capsaicin (S.N.R. 

and D.K., unpublished observations) suggests that swelling-induced and TRP-mediated Ca2+ 

influx could influence at least some forms of microglial motility, possibly via microdomain 

interactions with cAMP and/or PI3 kinase pathways (Zierler et al., 2008; Bernier et 

al., 2019; Cianculli et al., 2020) and integrin-β1/β3 -based contacts which bind TRPV4 

(Matthews et al., 2010) and mediate stretch-dependent remodeling of focal adhesions (Lakk 

and Krizaj, 2020).

A broad implication of our findings is that retinal microglia are sensitive to the 

mechanical microenvironment, with direct inhibition of intrinsic TRPV4 channels and 

TRPV4-dependent signaling within neuronal-glial circuits as a viable strategy to counter 

the proinflammatory sequelae of the excessive movement of water and mechanical trauma. 

Swelling is a conserved danger signal across the vertebrate kingdom (Hoffmann et al., 

2009), especially in immune cells, which respond to decreased osmolarity with Ca2+ 

influx through stretch-activated TRP channels, production of eicosanoid messengers and 

stimulation of downstream inflammatory pathways (the NLRP3 inflammasome, TAK1 

kinases, and IL-1β release; Compan et al., 2012). Consistent with its key role in 

osmosensation (Toft-Bertelsen et al., 2017), the TRPV4P19S N-terminal mutation has been 

associated with hyponatremia and reduced responsiveness to moderate (15%) HTS and 

EETs (Tian et al., 2009). Accumulation of cellular metabolites during ischemia/reperfusion 

leads to >40% increase in cell volume (Wright and Rees, 1997) and stimulation of PLA2 

(Lambert et al., 2006), which has been implicated in pathological swelling, loss of barrier 

integrity (Pannicke et al., 2006), and activation of macroglial (Ryskamp et al., 2014; Toft-

Bertelsen et al., 2019) and microglial (Figure 5) TRPV4 channels. Our finding that HC-06 

reduces HTS-induced swelling is consistent with inhibition of swelling (Pannnicke et al., 

2006; Ryskamp et al., 2014), and reduced lung/brain edema formation followed treatment 

with TRPV4 and PLA2 antagonists (Balakrishna et al., 2014; Hoshi et al., 2018; Thorneloe 

et al., 2012; Zhao et al., 2018). Moreover, rodent TRPV4−/− tissues appear to be protected 

against many thermal, mechanical, ischemic and inflammatory insults (Alessandri-Haber et 

al., 2006; Ryskamp et al., 2014a; Ye et al., 2012) that include CNS edema (Pivonkova et 

al., 2018; Hoshi et al., 2018; Shibasaki, 2020). Targeting the TRPV4 - PLA2 – eicosanoid 

axis might have beneficial effects in treatments of edema, spreading depression, epileptiform 

activity and proinflammatory signaling in tissues exposed to pathological osmotic gradients.
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Refer to Web version on PubMed Central for supplementary material.
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Main Points

• TRPV4 mediates response to physiological and pathological osmogradients 

and strains in retinal microglia.

• Its activation inhibits microglial ramification and is PLA2-dependent.

• Microglial TRPV4 may link CNS edema with inflammatory signaling.
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Figure 1. Retinal microglia express mRNAs coding for multiple vanilloid TRP isoforms.
(A) Semi-quantitative real-time PCR for cortical retinal microglial trpv transcripts 

normalized to trpv1 expression. (B) Semi-quantitative real-time PCR for other retinal cell 

type trpv4 expression levels were normalized to neuronal trpv4 expression levels. (C) 

Representative agarose gel image of PCR products obtained in (B). Error bars represent 

mean ± S.E.M.
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Figure 2. TRPV4 is expressed in retinal microglia.
(A) Representative images of TRPV4 IHC in dissociated microglia. Dissociated microglia 

could be distinguished from photoreceptors and RGCs (*) by morphology and expression 

of CX3CR1GFP/+. (B) Vertical section of mouse retina expressing TRPV4eGFP. Microglia 

are identifiable by morphology and localization to the retinal ganglion cell/nerve fiber and 

the inner and outer plexiform layers (C-D) Retinal wholemounts expressing TRPV4eGFP and 

immunolabeled for Iba1 (magenta; C-D, middle panels) revealed robust expression in both 

reactive (C) and quiescent (D) microglia. Scale bar is 20 μm in B-D; 10 μm in A. onl, outer 

nuclear layer; opl, outer plexiform layer, inl, inner nuclear layer, ipl, inner plexiform layer, 

gcl, ganglion cell layer.
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Figure 3. Selective TRPV4 agonists induce cation currents in retinal microglia.
(A) Average I-V curve of GSK101-induced currents in acutely dissociated microglia (n = 

4). (B) Average I-V curve of GSK101-induced currents in in situ microglia either untreated 

(n = 6, black trace) or treated with HC-06 (n = 6, red trace). GSK101-induced currents 

were obtained by subtraction of the currents before GSK101 application from the currents 

at the maximum response to GSK101. (C) Representative time course of whole-cell currents 

in an untreated microglia (gray) or a microglia pretreated with HC-06 (red) at 100 mV 

(circles) and −100 mV (triangles). (D) Quantification of GSK101-induced currents in in situ 
microglial cells untreated and treated with HC-06 (baselines currents were subtracted), with 

current amplitude values at −100 mV. (E) Quantification of GSK101-induced currents in 

dissociated microglial cells. (F) Representative trace of dissociated microglial membrane 

potential hyperpolarizing in response to GSK101. (G) Quantification of the change in 

membrane potential of retinal microglia (n = 4) exposed to GSK101. All values are 

represented as mean ± S.E.M. Statistical significance was determined with a paired-sample 

t-test, **p < 0.01, *** p < 0.001.
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Figure 4. Microglia express functional TRPV4 channels.
(A) Representative trace from dissociated microglia loaded with Fura-2 exposed to GSK101 

(black trace) of GSK101 in conjunction with HC-06 (red trace). (B) Quantification of 

changes in the 340/380 ratio in dissociated microglia treated with either GSK101 alone 

or GSK101 in the presence of HC-06 (n = 3–8). (C) Representative trace from in situ 
GCaMP5-expressing microglia exposed to GSK101 application (black trace) or GSK101 + 

HC-06 (red trace). (D) Quantification of changes in GCaMP5 fluorescence in the presence 

of GSK101 alone, with HC-06, HC-06 alone and ATP (n = 6–15). (E) Representative 

trace of spontaneous activity in a single microglial cell under resting conditions and when 

challenged with GSK101. (F) Quantification of the average number of spontaneous events 

in the presence of GSK101, GSK101 and HC-06 and ATP (n = 9–18). (G-H) Representative 

time lapse of changes in microglial GCaMP5 fluorescence in the presence GSK101 (G) 

or GSK101 + HC-06 (H). (H) All values are represented as mean ± S.E.M. Statistical 

significance was determined with a one-way ANOVA, and the post-hoc Holms-Šídák test 

for multiple comparisons (B, D) or a Kruskal Wallis test with Dunn’s test for multiple 

comparisons (F). NS = non-significant, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Scale 

bars in E-F are 20 μm.
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Figure 5. TRPV4 activation in microglia is dependent, in part, on the activation of arachidonic 
acid’s metabolic cascade into epoxyeicosatrienoic acids (EETs).
(A) Representative trace of a dissociated microglial response to arachidonic acid (AA, black 

trace) or arachidonic acid + HC-06 (red trace). (B) Quantification of the change in 340/380 

ratio in response to AA or its metabolites, 5,6-ET and 11,12-EET alone or administered with 

HC-06 (n = 3–47). Numbers inside bars represent the number of cells examined in each 

condition. (C) Average trace of dissociated microglia in response 5,6-EET. All values are 

represented by mean ± S.E.M. Statistical significance was determined with a Kruskal Wallis 

test with Dunn’s test for multiple comparisons, NS = not significant, ** p < 0.01, **** 

p < 0.0001. Unless otherwise indicated statistical significance is compared to the isotonic 

condition.
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Figure 6. Dissociated microglia swell and exhibit cation currents when exposed to HTS.
(A) Dissociated microglia swell in response to HTS before undergoing regulatory volume 

decrease. (B) Quantification of the change in microglia volume when exposed to either HTS 

alone (n = 13) or HTS in the presence of HC-06 (n = 9) from isotonic conditions. (C-D) 

Representative time course of whole-cell currents in microglia exposed to HTS either alone 

(C) or pretreated with HC-06 (D) at 100 mV (circles) and −100 mV (triangles) (n = 12). 

(E) Averaged I-V curve of HTS-induced currents in microglial cells either untreated (black 

trace) or treated with HC-06 (red trace). HTS-induced currents were obtained by subtraction 

of the currents before HTS application from the currents at the maximum response to 

HTS. (F) Quantification of HTS-induced currents in microglial cells exposed to HTS with 

and without HC-06 (baseline currents were subtracted). Shown are the current amplitude 
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values at 100 mV. All values are represented as Mean ± S.E.M. Statistical significance was 

determined with an unpaired t-test (B) or paired t-test (F), * p < 0.05, *** p < 0.001.
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Figure 7. Calcium response induced by HTS stimulation requires TRPV4 activation and PLA2 
signaling.
Dissociated microglia loaded with Fura-2 AM. (A) Representative trace of the microglial 

response to 285 mOsm HTS. (B) Representative microglial response to 190 mOsm HTS 

alone (black trace), and 190 mOsm HTS + HC-06 (red trace). (C) Microglial response to 190 

mOsm HTS (black trace) and the presence of the PLA2 blocker p-bromophenacylbromide 

(pBPB) (red trace). (D) Summary of calcium responses to 285 and 190 mOsm HTS. The 

TRPV4-dependence of the HTS response was tested with HC-06, and PLA2-dependence 

with cytochrome P450 inhibitor clotrimazole (Clz) and pBPB. Data are shown as Mean ± 

S.E.M. Statistical significance was determined with a one-way ANOVA with Dunnett’s test 

for multiple comparisons. * Statistical comparison to isotonic, # statistical comparison to 

HTS. **/## p < 0.01, ****/#### p < 0.0001
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Figure 8. Decreasing the osmolarity by 5% induces subtle morphological changes in retinal 
microglia.
(A) Representative morphology of a retinal microglia imaged ex vivo when bathed in 

isotonic (top) or hypotonic (bottom). (B) Representative time-lapse 2P recording of a 

retinal microglial process during isotonic (white) or hypotonic (red) stimulation. (C-D) 

Quantification of the average number of processes per microglia (C) and average process 

length (D) during isotonic (n = 7), 285 mOsm hypotonic stimulation (n = 7), or 285 mOsm 

+ HC-06 (n=5). Scale bar is 20 μm in A and 5 μm in B. All values are represented as mean 

± S.E.M. Statistical significance for C and D was determined with a two-way ANOVA with 

Holms-Šídák’s test for multiple comparisons. NS = non-significant, * p < 0.05, ** p < 0.01, 

**** p < 0.0001.
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Figure 9. Decreasing the osmolarity by 36.7% results in retraction of complex branches and is 
rescued by selective TRPV4 antagonists.
(A) Representative microglia during isotonic (green) and hypotonic (magenta) stimuli. (B) 

Representative time lapse images of changing microglial processes during isotonic saline 

(white) or HTS (red). (C). Representative microglia during isotonic (green) or HTS after 

pretreatment with HC-06 (magenta). (D) Representative time lapse images of changing 

microglial processes during isotonic (white), pre-incubation with HC-06 (yellow) and HTS + 

HC-06 (red). Scale bar in A and C = 20 μm, B and D = 5 μm.
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Figure 10. Decreasing the osmolarity by 36.7% results in retraction of complex branches and is 
rescued by selective TRPV4 antagonists.
(A-B) Quantification of microglial process complexity including the number of processes 

(A) and the average process length (B) when treated with isotonic (n = 19), HTS (n = 

19) or HTS pretreated with HC-06 (n=4). (C) Quantification of the total area surveilled 

by microglial processes as represented by the mean convex hull. (D) Average velocity of 

microglial processes during each osmotic challenge with or without HC-06 (n = 9–13). All 

values are represented as Mean ± S.E.M. Statistical significance was determined with a 

two-way (A-B) or one-way (C) ANOVA with Holms-Šídak test for multiple comparisons. 

Statistical significance for (D) was determined with a Kruskal Wallis test with Dunn’s test 

for multiple comparisons. NS = non-significant, * p < 0.05, ** p < 0.01, **** p < 0.0001.
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Table 1.

Primer sequences used for semi-quantitative PCR in mouse microglia.

Name Forward primer (5’ → 3’) Reverse Primer (5’ → 3’) NCBI Reference

mTRPV1 AGGGTGGATGAGGTGAACTGGACT GCTGGGTGCTATGCCTATCTCG NM_001001445.2

mTRPV2 GTTGGCCTACGTCCTCCTCACCTA TGCACCACCAGTAACCATTCTCC NM_011706.2

mTRPV3 CTCACCTTCGTCCTCCTCCTCAAC CAGCCGGAAGTCCTCATCTGCTA NM_145099.2

mTRPV4 TCCTGAGGCCGAGAAGTACA TCCCCCTCAAACAGATTGGC NM_022017.3

mTRPV6 GACTCTGTGGTCCGTGCCTCAT CAGTGTTCTCCATCCGTCGTCTG NM_022413.4

mActb CCACCATGTACCCAGGCATT AGGGTGTAAAACGCAGCTCA NM_07393.4

mGapdh GGTTGTCTCCTGCGACTTCA TAGGGCCTCTCTTGCTCAGT NM_001289726.1

Glia. Author manuscript; available in PMC 2022 June 01.


	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Animals.
	Reagents.
	Acutely Dissociated Microglia Preparation.
	Magnetic-activated cell sorting (MACS).
	Reverse Transcription and Polymerase Chain Reaction (PCR).
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR).
	Immunohistochemistry.
	Cell Swelling Assays.
	Electrophysiology.
	In vitro calcium imaging.
	Two-photon imaging.
	Statistics.

	Results
	Retinal microglial thermoTRP transcript expression pattern is tissue-specific
	Microglial TRPV4 activation is slow
	Microglial calcium signals are compartmentalized and regulate lamellipodial motility
	Activation of microglial TRPV4 channels requires proinflammatory lipid messenger signals
	TRPV4 mediates the retinal microglial response to hypoosmotic swelling
	Physiological osmolarity shifts modulate microglial morphology and dynamics

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Table 1.

