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Abstract

Astrocyte swelling occurs after CNS injury and contributes to brain swelling, which can increase 

mortality. Mechanisms proffered to explain astrocyte swelling emphasize the importance of either 

aquaporin-4 (AQP4), an astrocyte water channel, or of Na+-permeable channels, which mediate 

cellular osmolyte influx. However, the spatio-temporal functional interactions between AQP4 and 

Na+-permeable channels that drive swelling are poorly understood. We hypothesized that astrocyte 

swelling after injury is linked to an interaction between AQP4 and Na+-permeable channels that 

are newly upregulated. Here, using co-immunoprecipitation and Förster resonance energy transfer, 

we report that AQP4 physically co-assembles with the sulfonylurea receptor 1 – transient receptor 

potential melastatin 4 (SUR1-TRPM4) monovalent cation channel to form a novel 

heteromultimeric water/ion channel complex. In vitro cell-swelling studies using calcein 

fluorescence imaging of COS-7 cells expressing various combinations of AQP4, SUR1 and 

TRPM4 showed that the full tripartite complex, comprised of SUR1-TRPM4-AQP4, was required 

for fast, high-capacity transmembrane water transport that drives cell swelling, with these findings 

corroborated in cultured primary astrocytes. In a murine model of brain edema involving cold-

injury to the cerebellum, we found that astrocytes newly upregulate SUR1-TRPM4, that AQP4 co-

associates with SUR1-TRPM4, and that genetic inactivation of the solute pore of the SUR1-

TRPM4-AQP4 complex blocked in vivo astrocyte swelling measured by diolistic labeling, thereby 

corroborating our in vitro functional studies. Together, these findings demonstrate a novel 
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molecular mechanism involving the SUR1-TRPM4-AQP4 complex to account for bulk water 

influx during astrocyte swelling. These findings have broad implications for the understanding and 

treatment of AQP4-mediated pathological conditions.
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INTRODUCTION

Astrocyte swelling occurs after many types of central nervous system (CNS) injury and 

contributes importantly to brain swelling (Stokum et al. 2016). In large hemispheric 

infarction, brain swelling is associated with up to 80% mortality (Berrouschot et al. 1998; 

Heron et al. 2009). Current treatments for brain swelling are reactive, and are limited to 

osmotic therapies and surgical decompression.

Aquaporin-4 (AQP4) is a major water channel that is expressed in the CNS exclusively by 

astrocytes (Nielsen et al. 1997). AQP4 mediates bulk water influx during astrocyte swelling 

after ischemia (Manley et al. 2000). AQP4 is the main route for transmembrane water flux in 

astrocytes (Solenov et al. 2004), and has roles in a variety of physiological and pathological 

processes (Saadoun et al. 2005; Iliff et al. 2012). These observations have led to the 

hypothesis that AQP4 promotes astrocyte swelling primarily by increasing the water 

permeability of the astrocyte plasmalemma (Verkman et al. 2006). However, without an 
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identified driving force, this hypothesis is not sufficient to explain how AQP4, a passive 

water channel, can mediate water influx and cell swelling.

In brain cells, where transmembrane hydrostatic pressure is negligible, the transport of water 

through aquaporins is determined mostly by transmembrane osmotic gradients, which are 

generated by osmolyte transporters. A large number of Na+-permeable channels have been 

implicated in astrocyte swelling (Staub et al. 1990; Su et al. 2002; Chen et al. 2003), 

consistent with Na+ being the primary osmolyte that drives astrocyte swelling. These 

observations have led to the hypothesis that the osmotic gradient generated by Na+ influx 

through membrane channels is the major determinant of astrocyte swelling. However, since 

astrocytes that lack AQP4 still swell when exposed to osmotic gradients (Solenov et al. 

2004), this hypothesis does not sufficiently explain why the expression of AQP4 is critical 

(Manley et al. 2000). Moreover, for Na+ influx to result in increased intracellular osmotic 

pressure, cytoplasmic Na+ concentration ([Na+]) must rise but, after injury, astrocytes with 

preserved levels of adenosine triphosphate (ATP) quickly correct changes in cytoplasmic 

[Na+] (Cotrina et al. 1998; Floyd et al. 2005) through the activity of ion exchangers (Rose 

and Ransom 1997b) and gap junctions (Rose and Ransom 1997a).

The above discordant hypotheses underscore the need for a more refined model of ion and 

water channel interactions to account for astrocyte swelling. All prior studies of astrocyte 

swelling assumed that the relative spatial distribution of water and Na+ channels are 

incidental to their functional interaction. However, this assumption is challenged by a group 

of channels that contain pores that are permeable to both water and solute. In these “water 

co-transporters”, osmolyte influx is immediately translated to water influx via the generation 

of small localized osmotic pressures (Duquette et al. 2001; Lapointe et al. 2002). Water co-

transporters are highly efficient, mediating ~65% of intestinal water uptake (Zeuthen et al. 

2016), and have been shown to be associated with the majority of perisynaptic glutamate 

clearance (MacAulay et al. 2004). Interestingly, certain water co-transporters, including the 

Na+/K+/2Cl− co-transporter-1 (NKCC1) and volume-regulated anion channels (VRACs), 

mediate cell volume changes in astrocytes (Nilius 2004; Kimelberg et al. 2006; Jayakumar 

and Norenberg 2010; Zeuthen 2010).

The concept of water/ion transport coupling is utilized outside of water co-transporters, 

notably by AQP4 itself. Under normal physiological conditions, the physical co-assembly of 

AQP4 with transient receptor potential vanilloid 4 (TRPV4) is critical to the role of AQP4 in 

astrocyte volume homeostasis (Benfenati et al. 2011). Under normal conditions, AQP4 also 

physically co-assembles with Na+-K+-ATPase, although the functional implications of this 

interaction are unknown (Illarionova et al. 2010). After CNS injury, AQP4 becomes 

“dysregulated”, wherein its subcellular localization shifts from its normal polarized location 

at the astrocyte endfoot to widespread expression throughout the plasmalemma (Frydenlund 

et al. 2006; Steiner et al. 2012). However, the fate of AQP4’s binding partner(s) under 

conditions of CNS injury, when astrocyte swelling dominates, is unknown.

After CNS injury, astrocytes exhibit de novo upregulation of sulfonylurea receptor 1 (SUR1) 

– transient receptor potential melastatin 4 (TRPM4) channels (Chen and Simard 2001; Chen 

et al. 2003; Simard et al. 2006; Mehta et al. 2015). TRPM4, the pore-forming subunit, is a 
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nonselective monovalent cation channel activated by intracellular calcium (Cai
2+) 

(Vennekens and Nilius 2007). SUR1, an ATP-binding cassette (ABC) transporter that 

regulates pore-forming subunits, physically co-associates with TRPM4 and doubles its Cai
2+ 

sensitivity (Chen and Simard 2001; Chen et al. 2003; Woo et al. 2013). TRPM4 alone can 

form functional plasmalemmal ion channels in the absence of SUR1, whereas SUR1 does 

not traffic to the membrane without a pore-forming subunit (Sharma et al. 1999; Zerangue et 

al. 1999). Previous work implicated SUR1-TRPM4 in oncotic astrocyte swelling (Chen and 

Simard 2001; Chen et al. 2003) and brain edema formation (Simard et al. 2006). 

Furthermore, clinical trials indicate that pharmacological blockade of SUR1-TRPM4 

reduces brain swelling after ischemic stroke (Sheth et al. 2016). Unlike most other ion 

channels and transporters implicated in astrocyte swelling, SUR1-TRPM4 is only expressed 

after injury (Chen and Simard 2001; Chen et al. 2003; Simard et al. 2006; Mehta et al. 

2015), when astrocyte swelling predominates. However, the role of SUR1-TRPM4, if any, in 

AQP4-mediated water transport is unknown.

We hypothesized that, after injury, AQP4’s normal homeostatic partner(s) may be replaced 

with newly-expressed Na+-permeable channels, accounting for astrocyte swelling. Here, we 

report that the SUR1-TRPM4 ion channel physically co-assembles with AQP4 to form a 

novel heteromultimeric water/ion channel complex. In vitro functional studies showed that 

SUR1-TRPM4 and AQP4 synergize to mediate fast, high-capacity transmembrane water 

influx and astrocyte swelling. Studies of astrocyte volume changes in a murine model of 

cerebellar edema demonstrated a key role for the SUR1-TRPM4-AQP4 complex in astrocyte 

swelling. These findings have important implications for CNS conditions marked by brain 

swelling.

MATERIALS AND METHODS

Cell culture

COS-7 cells and HEK 293 cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) with 4.5 g/L glucose (Invitrogen) supplemented with 10% fetal bovine serum, 100 

units/mL penicillin, and 100 μg/mL streptomycin. HEK 293 cell lines with stable expression 

of SUR1 or empty vector were generated as previously described (Woo et al. 2013).

Primary C57B6 mouse astrocytes were isolated from P<5 mouse pups using a modified 

version of the method described by McCarthy and de Vellis (McCarthy and de Vellis 1980) 

or were commercially obtained (M-ASM-330; Lonza, Basel, Switzerland). GFAP 

immunolabeling demonstrated that cultures were >95% GFAP+. Astrocyte cultures were 

maintained for experiments <2 months. Prior to experiments, astrocytes were activated 

overnight with a cocktail of TNFα (20 ng/mL), IFNγ (20 ng/mL), and LPS (1 μg/mL), or 

with vehicle alone. Quantitative polymerase chain reaction (qPCR) analysis was used to 

quantify mRNA upregulation upon astrocyte activation, using previously described methods 

(Kurland et al. 2016).

For small interfering RNA (siRNA) knockdown of TRPM4, primary mouse astrocytes were 

treated for 2 days with 47 pmol siRNA per 1 mL DMEM complexed with 1 μl 

oligofectamine (112252011; Thermo Fisher Scientific Inc. Waltham, MA) per 1 mL DMEM. 
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The TRPM4 siRNA sequence (Loh et al. 2014) knockdown efficiency was validated by 

qPCR. A universal siRNA negative control (AM4611; Thermo Fisher Scientific Inc.) served 

as control.

Co-immunoprecipitation and immunoblot analysis

Cell or tissue lysates were isolated with pH 8 0.5% CHAPS lysis buffer (CIB-1; 

FIVEphoton Biochemicals, San Diego, CA). Immunocomplexes were formed by incubating 

lysates with anti-AQP4 antibody (sc-9888; Santa Cruz Biotechnology, Dallas, TX) or anti-

TRPM4 antibody (custom antibody). Immunocomplexes were then isolated with either 

protein G-Sepharose or anti-chicken IgY antibody agarose, washed 3× with lysis buffer, and 

eluted by boiling 5 min in 2× NuPAGE LDS sample buffer (NP0007; Thermo Fisher 

Scientific Inc.). The isolated proteins were analyzed with immunoblot assay. For 

immunoassay, proteins were detected with anti-AQP4 (AB3594; Millipore, Billerica, MA), 

anti-TRPM4 (custom antibody (Woo et al. 2013)), anti-SUR1 (custom antibody (Woo et al. 

2013)), or anti-Myc (2278S; Cell Signaling Technology, Danvers, MA). Surface 

biotinylation assay was performed as previously described (Woo et al. 2013).

Förster resonance energy transfer

COS-7 cells were transfected with plasmids encoding AQP4 M1 or M23, SUR1, TRPM4, 

TRPV4, or KIR2.1, each fused with citrine or cerulean at the N or C terminus. Positive 

controls included citrine-AQP4 M1 with cerulean-AQP4 M1, or with TRPV4. For negative 

control, AQP4 M1-cerulean was co-expressed with citrine-KIR2.1. Cells were incubated for 

48 hr after transfection, fixed with 4% paraformaldehyde for 5 min, and coverslipped prior 

to Förster resonance energy transfer (FRET) imaging. FRET fluorescence imaging and 

FRET efficiency experiments were performed as previously described (Woo et al. 2013). 

FRET efficiency was analyzed over the cellular margins to exclude the nucleus and 

endoplasmic reticulum

Calcein imaging

COS-7 cells or primary mouse astrocytes were plated on perfusion chambers (80606; Ibidi, 

Planegg, Germany). For COS-7 experiments, COS-7 cells were transfected with plasmids 

encoding different combinations of AQP4 M1 or M23, TRPM4, and SUR1. COS-7 cells also 

were co-transfected with plasmids encoding cerulean fluorescent protein (CFP) to identify 

transfected cells. Prior to the experiment, COS-7 cells or astrocytes were loaded with calcein 

by incubating with 5 μM calcein-AM (C3100MP; Thermo Fisher Scientific Inc.) for 5 min 

in HBSS.

Prior to the experiment, cells were incubated at 36 °C; imaging was conducted at room 

temperature. During experiments, cultured cells were continuously perfused with HBSS; the 

chamber exchange time was 4.36±0.38 sec. Fluorescence images were acquired every 60 sec 

with an epifluorescence microscope (AE31E; Motic, Richmond, British Columbia) with a 

GFP filter (49001 ET CFP; Chroma Technology Corporation, Bellows Falls, VT). Baseline 

fluorescence measurements were obtained for 40 sec (COS-7 cells), or 60 sec (primary 

astrocytes), whereupon the control solution was switched to a treatment solution containing 

either 200 mOsm HBSS (for hypotonic stress) or 10 μM A23187 to induce TRPM4 currents 
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(Vennekens and Nilius 2007). Experiments were conducted using either 0.003% dimethyl 

sulfoxide (DMSO) (control), or 30 μM glibenclamide or 10 μM 9-phenanthrol in baseline 

and treatment solutions.

Calcein fluorescence time series were calculated by normalizing calcein fluorescence at each 

time point (Ft) by the calcein fluorescence at time 0 (F0). Steady-state swelling magnitude 

was calculated as Fend/F0 where Fend is the calcein fluorescence at the final time point and 

F0 is the calcein fluorescence at time 0. Net water influx was calculated by integrating the 

area under Ft/F0 traces between the time of A23187 treatment and the end of the experiment. 

Swelling rate, which was only calculated for experiments that led to volume increases, was 

calculated as the reciprocal of the time a trace took to move from the 25th percentile value of 

Ft/F0 to the 90th percentile value of Ft/F0, for t = 1…140. Calcein fluorescence “heat maps” 

were calculated by dividing the final calcein image by the initial calcein image, and 

processing the result with the ImageJ HeatMap Histogram plugin (Péan 2012).

Patch clamp electrophysiology

Patch clamp electrophysiology was used to study vehicle-treated or activated primary mouse 

astrocytes. A nystatin perforated patch technique was used to minimize disturbance of the 

cytoplasm, which can cause rapid rundown of TRPM4 current. For these experiments,16.5 

μl of nystatin stock solution (50 mg of nystatin was dissolved in 1 mL DMSO) was added to 

5 mL of the pipette solution to yield 165 μg/mL nystatin and 3.3 μg/mL DMSO. To record 

whole cell currents independent of K+ channels such as KATP, the 7.2 pH extracellular 

solution contained 145 mM CsCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 165 

μg/mL nystatin. To elicit membrane currents, the holding potential was set to −50 mV, and 

ramp pulses were from −100 to +10 mV, 4 mV/msec, every 15 seconds.

Cerebellar cold injury

Animal experiments were approved by the Institutional Animal Care and Use Committee of 

the University of Maryland and were performed in accordance with the NIH Guide for the 

Care and Use of Laboratory Animals.

Male ~30g wild-type (WT) C57B6 mice and TRPM4−/− mice on a C57B6 background were 

anesthetized with 60 mg/kg ketamine and 7.5 mg/kg xylazine (Gerzanich et al. 2009). Body 

temperature was maintained with a homeothermic blanket controlled by a rectal 

thermometer. A 5 × 5 mm craniectomy was performed over the right cerebellum, with the 

dura left intact. A 2.5 mm diameter liquid-nitrogen-cooled copper rod was placed in contact 

with the exposed dura for 45 seconds, after which the cerebellar cold injury was repeated a 

total of 3×. A random number generator was used to assign animals to groups.

Immunolabeling and TUNEL assay

Coronal cryosections (12 μm) were obtained at approximately 12 mm posterior to bregma, a 

location that was centered over the anterior-posterior axis of the cold injury. Immunolabeling 

was performed as previously described (Stokum et al. 2015b) with primary antibodies 

against GFAP (C9205; Sigma-Aldrich, St. Louis, MO), AQP4 (AB3594; Millipore), TRPM4 

(sc-27540; Santa Cruz Biotechnology), or SUR1 (custom antibody (Woo et al. 2013)). For 
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TUNEL assay, cryosections were processed according to kit instructions (C10617; Thermo 

Fischer Scientific Inc.). Imaging was conducted with standard epifluorescence and confocal 

techniques.

For quantification, images were obtained of cerebellar granule cell layer ipsilateral to cold 

injury. The contralateral side served as control. To quantify SUR1 and TRPM4 

immunolabeling in granule cell layer astrocytes, AQP4 images were thresholded at 2x the 

background immunofluorescence, and were used to mask the SUR1 and TRPM4 channels. 

SUR1 and TRPM4 % region of interest (ROI) was calculated by dividing the number of 

positive (>2× background immunofluorescence) SUR1 or TRPM4 pixels in the AQP4+ 

granule cell layer ROI by the total AQP4+ granule cell layer ROI area.

In situ astrocyte volume quantification

At 3 days after sham surgery or cerebellar cold injury, mice were euthanized by 

pentobarbital overdose and intracardially perfused with normal saline and 1.5% 

paraformaldehyde. Brains were dissected and post-fixed for 1 hr in 1.5% paraformaldehyde. 

The cerebellum was sectioned into 150 μm sections with a vibratome (1000 plus; The 

Vibratome Co., St. Louis, MO) and stored in PBS for up to 1 week. Sections were submitted 

to diolistic labeling with the Helios gene gun system (Bio-Rad; Hercules, CA), wherein 

tungsten particles (1.1 μm) (165-2267-MSDS; Bio-Rad, Hercules, CA) coated with 1,1′-

dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) dye were delivered to 

tissue sections (Gan et al. 2000). Brain slices were immunolabeled for GFAP (SAB5201116; 

Sigma-Aldrich) and coverslipped. Z-stacks (slice thickness: 0.5 μm; pixel size: 0.26 × 0.26 

μm) were obtained with the LSM510 meta (Zeiss, Jena, Germany) laser scanning 

microscope system that covered the entire DiI-labeled arborization of GFAP+ cerebellar 

granule cell layer astrocytes. A 3-dimensional (3D) region-growing algorithm (Kroon 2008) 

was used to segment the brightly fluorescent intracellular astrocyte volume from the dark 

extracellular space. The intracellular volume was obtained by multiplying the number of 

intracellular voxels by the volume of a single voxel.

Data Analysis

Data are presented as mean ± SE. Analysis was performed with Origin Pro (V8; OriginLab 

Corp, North Hampton MA). Student t-test and 1-way ANOVA with Tukey’s HSD post-hoc 

comparisons were used where appropriate.

RESULTS

SUR1-TRPM4 co-immunoprecipitates with AQP4

We postulated that, following CNS injury, changes in AQP4 ion channel binding partners 

might account for astrocyte swelling. Initial experiments were conducted wherein the AQP4 

M1 or M23 isoforms (Jung et al. 1994), SUR1, TRPM4, and a SUR1-TRPM4 fusion protein 

were variously expressed in a COS-7 heterologous expression system, and tested for 

possible pair-wise interactions using co-immunoprecipitation (co-IP). In each experiment, 

the specificity of the immunoprecipitating antibody was verified in COS-7 cells that did not 
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express the protein targeted for immunoprecipitation. Additionally, the specificity of the 

assay was verified by omitting the immunoprecipitation antibody.

Immunoprecipitation of TRPM4 was performed in COS-7 cells expressing TRPM4 and 

AQP4 M1 or AQP4 M23. Immunoblot for AQP4 demonstrated co-IP of AQP4 M1 (Figure 

1A, lane 2) and AQP4 M23 (Figure 1B, lane 2) dimers, trimers, and tetramers. After 

omission of TRPM4 expression, or omission of the anti-TRPM4 immunoprecipitation 

antibody, AQP4 was not observed, confirming specificity (Figure 1A and 1B, lanes 3 and 4). 

This experiment indicated co-association of AQP4 with TRPM4.

To verify AQP4-TRPM4 interactions, the above co-IP experiments were performed in 

reverse. Immunoprecipitation of AQP4 was performed in COS-7 cells expressing TRPM4 

and AQP4 M1 or AQP4 M23. Immunoblot for TRPM4 demonstrated co-IP of TRPM4 

(Figure 1C, lanes 2 and 3). After omission of AQP4 expression, or omission of the anti-

AQP4 immunoprecipitation antibody, TRPM4 was not observed, confirming specificity 

(Figure 1C, lanes 4 – 6). This experiment confirmed co-association of AQP4 with TRPM4.

To investigate AQP4 and SUR1 interactions, immunoprecipitation of AQP4 was performed 

in COS-7 cells expressing SUR1 and AQP4 M1 or AQP4 M23. Immunoblot for SUR1 

demonstrated co-IP of SUR1 (Figure 1D, lanes 2 and 3). After omission of AQP4 

expression, or omission of the anti-AQP4 immunoprecipitation antibody, SUR1 was not 

observed, confirming specificity (Figure 1D, lanes 4 – 6). This experiment indicated co-

association of AQP4 with SUR1.

Lastly, to confirm that AQP4 interacts with the assembled SUR1-TRPM4 channel, 

Immunoprecipitation of AQP4 was performed in COS-7 cells expressing AQP4 M1 or AQP4 

M23 and a functional SUR1-TRPM4 fusion protein (Woo et al. 2013). Immunoblot for 

SUR1 demonstrated co-IP of the SUR1-TRPM4 fusion protein (Figure 1E, lanes 2 and 3). 

After omission of AQP4 expression, or omission of the anti-AQP4 immunoprecipitation 

antibody, the SUR1-TRPM4 fusion protein was not observed, confirming specificity (Figure 

1E, lanes 4 – 6).

Together, the above experiments indicated that AQP4 M1 and M23 co-associate with the 

SUR1-TRPM4 heteromer through physical co-associations with both TRPM4 and SUR1. 

Since direct interaction of SUR1 with TRPM4 has been validated in previous reports (Chen 

et al. 2003; Woo et al. 2013; Mehta et al. 2015), these experiments were not repeated here.

SUR1 increases co-association of TRPM4 with AQP4

The above co-IP experiments showed that AQP4 independently co-associates with TRPM4 

and SUR1. Thus, we hypothesized that the octomeric SUR1-TRPM4 channel may recruit 

more AQP4 than the tetrameric TRPM4 channel.

AQP4 M1 and TRPM4 were co-expressed in HEK 293 cells stably transfected with either 

empty vector (SUR1−) or an SUR1 expression plasmid (SUR1+). Immunoprecipitation of 

AQP4 was performed. Immunoblot for TRPM4 demonstrated greater co-IP of TRPM4 by 

AQP4 in SUR1+ cells versus SUR1− cells (Figure 1F, top row). Densitometric 

quantification revealed a ~4-fold increase in AQP4-TRPM4 complex formation upon SUR1 

Stokum et al. Page 8

Glia. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression (Figure 1F). Control immunoblots of direct lysates did not show differences in 

TRPM4 or AQP4 expression between SUR1− versus SUR1+ cells (Figure 1F, middle and 

lower row). These data strongly suggest that 4 additional AQP4 binding domains are 

provided by the 4 SUR1 monomers that co-associate with TRPM4 tetramers to form the 

octomeric SUR1-TRPM4 channel.

AQP4 co-associates more with TRPM4 than with TRPV4

It was previously shown that AQP4 co-assembles with TRPV4 in astrocytes from normal 

brain tissues (Benfenati et al. 2011). We assessed the relative abundance of the AQP4-

TRPM4 versus the AQP4-TRPV4 complex in an in vitro expression system.

Myc-tagged TRPM4 and Myc-tagged TRPV4 were co-expressed with either AQP4 M1 or 

AQP4 M23 in COS-7 cells. Myc-tagging allows for direct immunoblot comparison of 

TRPM4 versus TRPV4 protein abundance. Anti-Myc immunoblot of total lysate showed 

two bands at ~120 kDa that corresponded to TRPM4 and two bands at ~100 kDa that 

corresponded to TRPV4 (Figure 2A, top panel). AQP4 was immunoprecipitated, followed 

by anti-Myc immunoblot to assess TRPM4 and TRPV4 pulldown. After IP with anti-AQP4 

antibody, the TRPM4 bands were markedly denser than the TRPV4 bands (Figure 2A, 

bottom panel), indicating that the AQP4-TRPM4 complex is more abundant than the AQP4-

TRPV4 complex.

The results in Figure 2A were quantified. First, the co-IP efficiencies of TRPM4 and TRPV4 

with AQP4 were calculated by normalizing the immunoprecipitated TRPM4 and TRPV4 

band densities in Figure 2A, bottom panel to the input TRPM4 and TRPV4 band densities in 

Figure 2A, top panel. Next, the co-IP efficiencies of TRPM4 and TRPV4 with AQP4 were 

normalized to the TRPV4 efficiency. This analysis showed that when TRPM4, TRPV4, and 

AQP4 are co-expressed, the AQP4-TRPM4 complex is ~5-fold (M1) and ~14.7-fold (M23) 

more abundant than the AQP4-TRPV4 complex (Figure 2B). These results suggest that the 

AQP4-TRPM4 interaction, and hence the SUR1-TRPM4-AQP4 complex, predominates 

when AQP4, TRPM4, and TRPV4 are co-expressed.

SUR1-TRPM4 and AQP4 co-assemble to form a heteromultimeric complex

While co-IP experiments indicated AQP4 co-association with the SUR1-TRPM4 ion 

channel, co-IP cannot discriminate between direct and indirect intermolecular interactions, 

which may occur over relatively large distances. Thus, to determine whether AQP4 directly 

co-associates with SUR1-TRPM4 to form a heteromultimeric channel complex, we 

performed intermolecular FRET analysis.

FRET analysis was conducted by expressing fluorophore-tagged constructs in COS-7 cells. 

C-terminus cerulean fused AQP4 M1 or M23 was co-expressed with N-terminus citrine 

fused TRPM4. C-terminus citrine fused AQP4 M1 or M23 was co-expressed with N-

terminus cerulean fused SUR1. Biotin pull-down experiments confirmed that fluorophore-

tagged proteins were expressed at the plasmalemma (Figure 3A). Surface expressed 

biotinylated proteins exhibited slightly greater molecular weight (Figure 3A).
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Expression of fluorophore-tagged AQP4 resulted in punctate membrane and intracellular 

fluorescence (Figure 3B), as reported previously (Smith et al. 2014). This expression pattern 

likely reflects the formation of orthogonal arrays of particles (OAP), and vesicular 

localization of AQP4. Expression of fluorophore-tagged TRPM4 (Figure 3B) and SUR1 

(Figure 3D) resulted in vesicular and membrane localized fluorescence, consistent with 

previously reported trafficking patterns (Crnich et al. 2008).

FRET images of transfected COS-7 cells were captured with cerulean excitation and citrine 

detection. When TRPM4 was co-expressed with AQP4 M1 (Figure 3B) and M23 (Figure 

3C), a FRET signal was detected on the cellular margins, indicative of interactions at the 

plasmalemma. Even though SUR1 alone does not normally traffic to the plasmalemma 

(Sharma et al. 1999; Zerangue et al. 1999), FRET also was detected on the cellular margins 

when SUR1 was co-expressed with AQP4 M1 (Figure 3D) and M23 (Figure 3E). This result 

may reflect low-level endogenous expression of TRPM4 in COS-7 cells. Alternatively, 

AQP4 may have shielded the SUR1 endoplasmic reticulum retention domain (Zerangue et 

al. 1999).

To quantify FRET efficiency, acceptor photobleaching (Woo et al. 2013) was performed in 

COS-7 cells transfected with fluorophore-tagged constructs. ROIs for photobleaching were 

defined over the cellular margins to select for membrane-localized proteins (Figure 4A).

AQP4 and KIR K+ channels are not known to form direct protein-protein interactions. Thus, 

for a negative control, AQP4 M1 was co-expressed with the KIR2.1 K+ channel. The 

negative control exhibited ~3% FRET efficiency. Since AQP4 monomers form tetramers, 

AQP4 M1 was co-expressed with AQP4 M1 for a positive control. For a second positive 

control, AQP4 M1 was co-expressed with TRPV4. Positive controls exhibited FRET 

efficiencies of 8–10%. For combinations of AQP4 M1 and M23 with TRPM4 and SUR1, 

FRET efficiencies of 8.5–11.5% were recorded, which were in the range of positive controls 

(Figure 4B).

Together, Co-IP and FRET data indicated that SUR1-TRPM4 and AQP4 physically co-

assemble to form a novel heteromultimeric channel complex.

AQP4 synergizes with SUR1-TRPM4 to mediate cellular water uptake and swelling

Na+-permeable channels are the major routes for osmolyte influx during astrocyte swelling, 

while AQP4 has a major role in associated water influx (see Introduction). The SUR1-

TRPM4-AQP4 complex contains both Na+-permeable and water-permeable pores. Thus, we 

reasoned that the constituent proteins of the SUR1-TRPM4-AQP4 complex synergize to 

mediate water influx and cell swelling.

Possible interacting roles of SUR1, TRPM4, and AQP4 in generating transmembrane water 

flux were investigated in COS-7 cells transfected with combinations of AQP4, TRPM4, and 

SUR1. Changes in cell volume were continuously monitored with calcein, a self-quenching 

dye that exhibits fluorescence proportional to cytoplasmic volume (Hamann et al. 2002).

First, to verify that transfection with plasmids encoding AQP4 M1 and M23 resulted in 

plasmalemmal expression of functional water channels, empty vector, AQP4 M1 or AQP4 
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M23 were expressed. COS-7 cells were exposed to control HBSS (295 mOsm) and then 

stimulated with hypotonic stress (200 mOsm HBSS) to promote cellular water uptake. In 

COS-7 cells transfected with empty vector, hypotonic stress resulted in a gradual increase in 

calcein fluorescence, indicating cell swelling (Figure 5A). In contrast, in COS-7 cells that 

expressed AQP4 M1 or M23, hypotonic stress resulted in an immediate sharp increase in 

calcein fluorescence, followed by a slow return towards baseline (Figure 5A). This response 

indicates fast cell swelling followed by regulatory volume decrease, as previously 

demonstrated (Benfenati et al. 2011). Overall, these results showed that functional AQP4 

channels were expressed at the cell membrane.

To determine whether TRPM4 and AQP4 interact to generate cell swelling, TRPM4 and 

AQP4 were co-expressed in COS-7 cells. Transfected COS-7 cells were treated with the 

calcium ionophore, A23187, to activate TRPM4 by raising Cai
2+ (Woo et al. 2013). 

Expression of empty vector, AQP4 M1, or M23 alone did not result in cell swelling 

following A23187, as shown by calcein fluorescence (Figure 5B). These results were 

unsurprising, given that no osmolyte carrier was expressed. Expression of TRPM4 alone 

resulted in statistically significant swelling upon A23187 treatment (Figure 5B), indicating 

that TRPM4 can generate osmotic gradients that result in transmembrane water influx 

through non-aquaporin routes. Co-expression of AQP4 with TRPM4, and formation of the 

TRPM4-AQP4 complex, resulted in marginally faster swelling rate (Figure 5B). However, 

co-expression of AQP4 did not increase steady-state swelling magnitude (Figure 5B), nor 

alter net water influx (t-test; p= 0.74). Treatment with 9-phenanthrol, a TRPM4 antagonist 

(Guinamard et al. 2014), blocked A23187-induced swelling (Figure 5C). Together, these 

results indicate that TRPM4 and AQP4 can cooperate to mediate relatively low-capacity 

water influx.

Upon activation, TRPM4 current is quickly desensitized (Vennekens and Nilius 2007), 

limiting its ability to mediate influx of osmolytes. Since AQP4 water flux is primarily 

determined by osmolyte flux, TRPM4 desensitization may limit water flux, perhaps 

accounting for the unimpressive traces in Figure 5B. SUR1 physically co-associates with 

TRPM4, doubles its Ca2+ sensitivity, and reduces TRPM4 desensitization (Woo et al. 2013). 

We reasoned that co-expression of SUR1 may boost water flux and promote cell swelling.

To characterize the role of SUR1 in modulating TRPM4- and AQP4-dependent water flux, 

SUR1, TRPM4, and AQP4 were variously co-expressed in COS-7 cells. Expression of only 

SUR1, AQP4 M1, or AQP4 M23 did not result in COS-7 swelling following A23187 

treatment (Figure 5D). As before, expression of TRPM4 alone resulted in moderate swelling 

following A23187 treatment (Figure 5D). When SUR1 was co-expressed with TRPM4, 

A23187 triggered a greater increase in calcein fluorescence steady-state magnitude 

compared to COS-7 cells that expressed TRPM4 alone (Figure 5D), indicating increased 

solute influx compared to cells expressing TRPM4 alone.

Impressively, co-expression of AQP4 with SUR1 and TRPM4, and formation of the SUR1-

TRPM4-AQP4 complex, resulted in markedly greater increases in calcein fluorescence 

steady-state magnitude upon A23187 treatment, and the increases were faster than in COS-7 

cells expressing TRPM4 or SUR1 and TRPM4 (Figure 5D). As estimated from calcein 
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fluorescence dequenching, expression of SUR1-TRPM4-AQP4 M1 resulted in ~7.6-fold 

greater net water influx than expression of TRPM4 alone (t-test, p = 0.0073), and ~3.2-fold 

greater net water influx than expression of SUR1 and TRPM4 (t-test, p = 9.3×10−5). 

Treatment with glibenclamide, a SUR1 antagonist (Gopalakrishnan et al. 2000; Woo et al. 

2013), inhibited A23187-triggered changes in calcein fluorescence (Figure 5E) to levels 

observed in COS-7 cells that co-expressed AQP4 and TRPM4, consistent with blockade of 

SUR1. Overall, these results indicate that (i) co-expression of SUR1 with TRPM4, and 

formation of the SUR1-TRPM4 channel, enhances solute influx; (ii) addition of a passive 

water channel to SUR1-TRPM4 substantially boosts water influx magnitude and rate; (iii) 

the SUR1-TRPM4-AQP4 complex is a potent mediator of transmembrane water flux.

The SUR1-TRPM4-AQP4 complex mediates swelling of activated primary astrocytes

Possible roles of the SUR1-TRPM4-AQP4 complex in astrocyte swelling were studied in 

cultured primary murine astrocytes. To stimulate upregulation of SUR1, TRPM4, and AQP4, 

astrocytes were activated overnight with TNFα, IFNγ, and LPS, a cocktail that mimics the 

pro-inflammatory extracellular milieu after CNS injury (Li et al. 2001; Caso et al. 2007; 

Lambertsen et al. 2012). Compared with control (vehicle), activation resulted in ~9-fold 

increased AQP4 mRNA, ~5.4-fold increased SUR1 mRNA, and ~2.5-fold increased TRPM4 

mRNA (Figure 6A). Patch clamp experiments were performed to verify expression of 

functional SUR1-TRPM4 channels in activated astrocytes. Control astrocytes showed no 

inward current upon stimulation with diazoxide, an SUR1-specific agonist (Figure 6B). In 

contrast, activated astrocytes exhibited large, inward, and glibenclamide-sensitive currents at 

physiological potentials upon diazoxide treatment (Figure 6B).

Immunocytochemistry was used to determine possible co-localization of AQP4, TRPM4, 

and SUR1 in activated primary astrocytes. AQP4 and TRPM4 (Figure 6C), and AQP4 and 

SUR1 (Figure 6D) immunolabeling was present in the intracellular compartment, and along 

the plasmalemmal margin of the cell, indicating membrane localization. Co-localization 

analysis was performed using ROIs defined at the plasmalemma. Co-localization analysis 

between AQP4 and TRPM4 at the cellular margin yielded a Pearson’s coefficient of 

0.90±0.03. Co-localization analysis of AQP4 and SUR1 at the cellular margin yielded a 

Pearson’s coefficient of 0.81±0.01. These experiments indicate membrane expression of the 

SUR1-TRPM4-AQP4 complex in activated primary astrocytes.

To determine the role of the SUR1-TRPM4-AQP4 complex in astrocyte swelling, primary 

astrocytes were stimulated with A23187 to activate TRPM4 current as above, while volume 

changes were measured with calcein imaging. Parenthetically, sustained increased Cai
2+ is 

prominent in astrocytes after CNS injury (Duffy and MacVicar 1996; Ding et al. 2009; Dong 

et al. 2013). Calcein fluorescence micrographs and calcein fluorescence traces showed 

increased membrane calcein fluorescence upon A23187 treatment in activated (Figure 6F, 

6G), but not in control (Figure 6E, 6G) astrocytes. Interestingly, increases in calcein 

fluorescence occurred primarily at the cellular margins of activated astrocytes (Figure 6F), 

consistent with the subcellular localization of SUR1-TRPM4-AQP4 (Figure 6C, 6D). 

A23187-induced swelling in activated astrocytes was blocked by 9-phenanthrol and 

attenuated by glibenclamide (Figure 6G).
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To confirm specificity, primary astrocytes were treated with small interfering RNA (siRNA) 

against TRPM4, or with a control sequence. TRPM4 knockdown disrupts the ion pore-

forming subunit of the SUR1-TRPM4-AQP4 channel, preventing the SUR1-TRPM4-AQP4 

complex from mediating solute flux (Figure 5). Compared to control, TRPM4 siRNA 

resulted in ~70% knockdown of TRPM4 mRNA (Figure 6H) and ~65% attenuation of 

swelling in activated astrocytes following A23187 treatment (Figure 6I).

After cerebellar cold injury, granule cell layer astrocytes express SUR1-TRPM4-AQP4

To verify the foregoing molecular findings in vivo, we studied swelling of astrocytes in the 

cerebellar granule cell layer in a cold injury model of brain edema (Murakami et al. 1999; 

van den Bos et al. 2005). Granule cell layer astrocytes, which are exquisitely sensitive to 

swelling after cerebellar ischemic injury (Friede 1963; Chan-Palay and Palay 1972), are an 

ideal system to study mechanisms of astrocyte swelling.

Male C57B6 mice were submitted to cerebellar cold injury, a model of brain edema 

(Murakami et al. 1999) that generates lesions that replicate many of the molecular, 

histopathological and functional changes that occur following arterial occlusion (Pollay and 

Stevens 1980; Darby et al. 1993; Itabashi et al. 2001; O’Quinn et al. 2011; Remond et al. 

2011; Ongstad and Gourdie 2013; Strungs et al. 2013). When examined at 3 days after 

injury, cold injury resulted in a TUNEL+ necrotic lesion core surrounded by hypertrophic 

GFAP+ astrocytes (Figure 7A).

Normally, astrocytes constitutively express high levels of AQP4 (Nielsen et al. 1997), but do 

not express SUR1 or TRPM4 (Chen and Simard 2001; Chen et al. 2003; Simard et al. 2006; 

Mehta et al. 2015). Thus, immunohistochemistry was used to determine if TRPM4 and 

SUR1 were upregulated in cerebellar astrocytes following cold injury. Sections 

immunolabeled for TRPM4 or SUR1 were co-immunolabeled for AQP4, an astrocyte-

specific marker. Cerebellar granule cell layer AQP4 labeling was uniformly present across 

the astrocyte plasmalemma (Figure 7B, 7C), as previously reported (Hubbard et al. 2015). In 

the injured granule cell layer, AQP4 closely co-localized with TRPM4 (Figure 7B) and 

SUR1 (Figure 7C). Co-localization analysis of AQP4 and TRPM4 in the injured cerebellar 

granule cell layer revealed a Pearson’s coefficient of ~0.84 (Figure 7B). A similar analysis 

of AQP4 and SUR1 revealed a Pearson’s coefficient of ~0.77 (Figure 7C).

To quantify TRPM4 and SUR1 expression specifically in cerebellar astrocytes, the AQP4 

channel was used to mask the TRPM4 and SUR1 channels prior to quantification. Compared 

to control tissues, TRPM4 and SUR1 immunoreactivities were increased in injured 

cerebellar granule cell layer astrocytes (Figure 7B, C). Quantification showed that TRPM4 

immunoreactivity increased by ~3.6-fold (p=0.008) (Figure 7B), and SUR1 

immunoreactivity by ~3.0-fold (p=0.004) (Figure 7C).

To evaluate for possible interactions between AQP4 and TRPM4 or SUR1, cerebellar tissues 

from mice submitted to sham injury or cerebellar cold injury were studied by co-

immunoprecipitation (co-IP). After IP using anti-TRPM4 antibody, immunoblot showed 

AQP4 in cold injured cerebellum, but not sham injured control cerebellum (Figure 7D). 
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After IP with anti-AQP4 antibody, immunoblot showed SUR1 in cold injured cerebellum, 

but not sham injured control cerebellum (Figure 7E).

Together, these data are consistent with the de novo formation of a 3-partner 

macromolecular complex in vivo after CNS injury, in accord with results from in vitro co-IP 

and FRET studies (Figure 1, 3, 4).

The SUR1-TRPM4-AQP4 complex mediates astrocyte swelling after cerebellar cold injury

We showed that the SUR1-TRPM4-AQP4 complex mediates fast, high-capacity 

transmembrane water flux and astrocyte swelling in vitro (Figure 5, 6). To confirm the 

relevance of these findings to pathological astrocyte swelling after CNS injury, we studied 

granule cell layer astrocyte swelling following a cerebellar cold injury. Astrocyte swelling 

was compared between wild-type and TRPM4−/− knockout mice, which lack the ion pore-

forming subunit of the SUR1-TRPM4-AQP4 channel, and thus cannot mediate SUR1-

TRPM4-AQP4 solute flux (Figure 5, 6).

Measurement of astrocyte volume is technically challenging, with conventional GFAP 

immunolabeling resulting in marked underestimation of intracellular volume (Bushong et al. 

2002). To accurately measure astrocyte volume, brain tissue sections were processed for 

diolistic labeling, which results in a sparse fluorescent cellular labeling that fully stains the 

plasmalemma of labeled cells (Gan et al. 2000). Astrocytes were identified with GFAP 

immunolabeling. Z-stacks of diolistic labeled astrocytes were obtained with confocal 

microscopy. An automated 3-D region-growing algorithm was used to segment the bright 

intracellular volume from the dark extracellular space (Figure 8A). Co-labeling with GFAP 

and TUNEL confirmed that astrocytes selected for analysis were viable (Figure 8B).

In sham injured WT mice, granule cell layer astrocytes exhibited characteristic veil-like 

processes that formed acini (Figure 8C) (Chan-Palay and Palay 1972). Volumetric analysis 

showed that in sham injured WT mice, mean astrocyte volume was 8.86 × 104 μm3 (Figure 

8D), a value comparable to previous reports (Halassa et al. 2007). After cold injury, WT 

astrocytes exhibited swollen somata and processes (Figure 8C) and mean astrocyte volume 

in WT increased ~2.5-fold to 22.47 × 104 μm3 (Figure 8D).

Neither astrocyte morphology (Figure 8C) nor volume (Figure 8D) were different between 

sham-injured TRPM4−/− and sham-injured WT mice. However, deletion of TRPM4 largely 

blocked the formation of astrocyte swelling at 3 days after cold injury (Figure 8C and 8D). 

These results, together with findings from calcein imaging (Figure 5, 6), indicate that the 

SUR1-TRPM4-AQP4 complex is a key mediator of transmembrane water flux and astrocyte 

swelling following CNS injury.

DISCUSSION

Here, we report that AQP4, SUR1 and TRPM4 physically co-assemble to form a 

heteromultimeric water/ion channel complex that mediates transmembrane water flux and 

astrocyte swelling in vitro. Moreover, we demonstrate that upregulation of SUR1-TRPM4 

and co-assembly with AQP4 mediates astrocyte swelling in vivo after CNS injury. Our 

Stokum et al. Page 14

Glia. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



findings indicate that the physical co-association of AQP4 with a newly expressed Na+-

permeable channel plays a heretofore unrecognized role in transmembrane water flux during 

pathological astrocyte swelling.

To study astrocyte swelling in vivo, we utilized a cold injury model of brain edema. Cold 

injury is a well-characterized model of brain edema (Murakami et al. 1999) that creates 

highly reproducible lesions (Strungs et al. 2013) that closely resemble many of the 

molecular, histopathological and functional changes that occur following arterial occlusion 

(Martins and Doyle 1978; Pollay and Stevens 1980; Darby et al. 1993; Itabashi et al. 2001; 

O’Quinn et al. 2011; Remond et al. 2011; Ongstad and Gourdie 2013). Cold injury results in 

an area of frozen tissue immediately below the probe, with a surrounding area of reduced 

cerebral blood flow (<15/100g min) (Darby et al. 1993), blood-brain barrier disruption, and 

brain edema formation (Murakami et al. 1999). Moreover, we applied this injury model to 

the cerebellum, in order to capitalize on the exquisite sensitivity of astrocytes in the 

cerebellar granule cell layer to ischemia-induced swelling (Friede 1963; Chan-Palay and 

Palay 1972).

To examine the role of the SUR1-TRPM4-AQP4 complex in astrocyte swelling in vivo, we 

studied TRPM4−/− mice, which lack the osmolyte channel of the SUR1-TRPM4-AQP4 

complex. Our studies of astrocyte swelling in WT versus TRPM4−/− mice showed that 

genetic ablation of TRPM4 blocked astrocyte swelling at 3 days after cold injury, indicating 

a key role for SUR1-TRPM4-AQP4 in astrocyte swelling in vivo. Given that knockout of 

TRPM4 largely blocked astrocyte swelling, an AQP4-dependent phenomenon (Manley et al. 

2000), we infer that the contribution of TRPM4 to astrocyte swelling is upstream of AQP4.

Functional role of the SUR1-TRPM4-AQP4 complex

After CNS injury, AQP4 shifts from its normal polarized location at the astrocyte endfoot to 

widespread expression throughout the plasmalemma (Frydenlund et al. 2006; Steiner et al. 

2012). Here, we show that this phenomenon, termed AQP4 dysregulation, may be 

accompanied by a switch in AQP4 binding partners from TRPV4 to TRPM4. This switch 

appears to be facilitated by a greater affinity of AQP4 for its new binding partner, TRPM4, 

as we found here (Figure 2).

As a Ca2+-sensitive, non-selective monovalent cation channel, TRPM4 functions normally 

as a negative regulator of Ca2+ influx – channel opening, triggered by an increase in Ca2+, 

causes cell depolarization that reduces the inward driving force for Ca2+ (Vennekens and 

Nilius 2007). Co-assembly of TRPM4 with SUR1 doubles TRPM4’s affinity for Ca2+/

calmodulin, and thus its sensitivity to Ca2+, thereby amplifying TRPM4’s function as 

negative regulator of Ca2+ influx (Chen and Simard 2001; Chen et al. 2003; Woo et al. 

2013). Based on our findings in the present report, we propose that co-assembly of SUR1-

TRPM4 with AQP4 may further amplify this fundamental role of TRPM4 as negative 

regulator of Ca2+ influx, since the influx of water via AQP4 would serve to dilute any 

residual Ca2+ influx. After injury, astrocytes commonly exhibit elevated levels of 

intracellular Ca2+ (Duffy and MacVicar 1996; Ding et al. 2009; Dong et al. 2013). The 

SUR1-TRPM4-AQP4 complex appears to be well suited to oppose any further rise in 

Stokum et al. Page 15

Glia. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intracellular Ca2+ by the dual complementary functions of cell depolarization and Ca2+ 

dilution.

AQP4 co-assembly with SUR1-TRPM4: structure and function

Based on our co-IP and FRET data (Figure 1–4), as well as previous structural studies (Ho et 

al. 2009; Liao et al. 2013; Li et al. 2017), we propose the structural model of the SUR1-

TRPM4-AQP4 complex illustrated in Figure 9. Based on analogous structures (Mikhailov et 

al. 2005), the SUR1-TRPM4 channel is believed to be comprised of a central pore formed 

by four TRPM4 subunits, which are surrounded by four equidistantly spaced SUR1 subunits. 

Since FRET data indicate that AQP4 is closely co-associated (<10 nm) with both TRPM4 

and SUR1, we speculate that AQP4 may intercalate between SUR1 subunits (Figure 9A). 

Interestingly, while AQP4 co-associates with TRPM4 alone (Figure 1A, 1B, 1C), co-

expression of SUR1 with TRPM4, and formation of the SUR1-TRPM4 channel, increases 

TRPM4 co-association with AQP4 by ~4-fold (Figure 1F). This result is consistent with 

SUR1 providing four additional AQP4 binding sites in the SUR1-TRPM4 channel versus the 

TRPM4 channel (Figure 9). Notably, the close apposition of SUR1-TRPM4 and AQP4 is 

similar to the arrangement of ion and water channels observed in water co-transporters 

(MacAulay et al. 2004; Zeuthen et al. 2016). Structural studies are currently underway to 

examine the proposed model in Figure 9.

In our functional studies, the expression of AQP4 alone was not sufficient to mediate cell 

swelling, an unsurprising result given that AQP4 is a purely passive water channel. By 

contrast, when TRPM4 or SUR1-TRPM4 were expressed and activated without AQP4, some 

cell swelling did occur, likely due to transmembrane water influx through non-aquaporin 

routes. Although cells that expressed TRPM4 and SUR1-TRPM4 swelled, water influx 

developed slowly over ~2 min and was relatively small in magnitude. In contrast, co-

expression of AQP4 with SUR1 and TRPM4, and formation of the SUR1-TRPM4-AQP4 

complex increased steady-state swelling magnitude by ~1.5-fold, net water uptake by ~7.6-

fold, and nearly quadrupled the rate of water uptake (Figure 5D). Notably, co-expression of 

AQP4 with TRPM4 did not result in similar gains in water flux (Figure 5B), indicating that 

SUR1-TRPM4 and AQP4 uniquely interact to generate bulk water flux. Given that AQP4 

physically co-associates with SUR1-TRPM4, these results indicate that the addition of a 

passive water pore to the SUR1-TRPM4 channel greatly boosts water transport rate and 

magnitude.

The physical co-assembly of ion and water channels may accelerate water flux by 

strengthening osmotic coupling. Osmotic pressures generated by ion influx are eroded in a 

spatially-dependent manner by (i) intracellular diffusion barriers such as a relatively viscous 

cytoplasm, tortuous cellular morphology, and the intracellular protein lattice (Baumgartner 

et al. 1999; Ovádi and Saks 2004), and by (ii) compensatory mechanisms that resist changes 

in cytoplasmic ion concentrations (Rose and Ransom 1997b; Ho 2006). Thus, osmotic 

coupling between randomly distributed ion and water channels might not allow the specific 

spatial targeting of water influx that is needed to support the proposed function of diluting 

Ca2+ influx. By contrast, by directly coupling ion flux with water flux, the translation of 

osmotic pressure to water influx is spatially optimized for the proposed function (Figure 
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9B). This model, which emphasizes the cooperative importance of ion and water flux, helps 

explain the interdependent, complementary roles of AQP4 and Na+-permeable channels in 

astrocyte swelling (Staub et al. 1990; Manley et al. 2000; Su et al. 2002; Chen et al. 2003). 

Interestingly, in the present report, swelling in activated primary astrocytes occurred 

primarily at the cell margins, a specific plasmalemma domain that expressed the SUR1-

TRPM4-AQP4 complex (Figure 6F). This result is consistent with the above model, and 

indicates that specialized water transport membrane domains may account for 

transmembrane water flux. Future experiments will be needed to directly address the impact 

of spatial proximity on water transport efficiency, and to determine if other mediators of 

high-capacity water influx utilize similar strategies.

Pathological role of SUR1-TRPM4-AQP4 water flux in astrocyte swelling

Whereas the adaptive consequence of formation of the SUR1-TRPM4-AQP4 complex may 

be the improved regulation of intracellular Ca2+, its pathological consequence is astrocyte 

swelling. Our data show that, in vitro after activation by pro-inflammatory cytokines, and in 
vivo after injury, astrocytes de novo upregulate the SUR1-TRPM4-AQP4 complex, 

accounting for cell swelling (Figure 6, 7, 8). We demonstrate that SUR1-TRPM4-AQP4 

transmembrane water influx is triggered by increased Cai
2+, which is prominent in 

astrocytes after brain injury (Duffy and MacVicar 1996; Ding et al. 2009; Dong et al. 2013). 

Astrocyte swelling (i) reduces the extracellular space, which impairs clearance of toxic 

metabolites (Sykova and Chvatal 2000); (ii) triggers dysregulated release of glutamate, 

which contributes to neuronal death (Kimelberg et al. 1990); (iii) exacerbates cerebral edema 

(Friede 1963; Stokum et al. 2016), which together may worsen outcome after CNS injury.

Given the numerous Na+-permeable channels implicated in astrocyte swelling (Stokum et al. 

2015a; Stokum et al. 2016), it is unlikely that the SUR1-TRPM4-AQP4 complex is the sole 
mediator of astrocyte swelling. However, to our knowledge, none of these other Na+ 

permeable channels has been shown to co-assemble with AQP4. Our findings indicate that 

the SUR1-TRPM4-AQP4 complex is particularly important in the subacute phase (~3 days), 

which coincides with peak brain swelling after ischemic stroke.

The divergent time scales examined in our calcein swelling experiments (minutes after 

stimulation) and in vivo swelling experiments (3 days after injury) complicate a direct 

comparison between these results. Future in vivo experiments involving two-photon imaging 

of astrocyte swelling, or TMA+ quantification of extracellular space could contribute to our 

understanding of the temporal role of the SUR1-TRPM4-AQP4 complex in astrocyte volume 

changes after injury.

Therapeutic implications of AQP4/ion channel interactions

In the normal healthy brain, the AQP4-TRPV4 complex plays a major role in astrocyte 

volume homeostasis (Benfenati et al. 2011). However, our data show that, following injury, 

SUR1-TRPM4 binds with AQP4, and drives astrocyte swelling. These findings suggest that 

AQP4 function may be fundamentally determined by context-specific interactions with 

various ion channels. It is possible that other AQP4-dependent processes, including brain 

edema formation (Manley et al. 2000), vasogenic edema clearance (Papadopoulos et al. 
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2004), glymphatic system function (Iliff et al. 2012), astrocytic migration (Saadoun et al. 

2005), and neuroinflammation (Fukuda and Badaut 2012) are similarly dependent on 

interactions between AQP4 and various ion channels.

If AQP4 is dependent on ion channel function, ion channel antagonists could be used to 

indirectly modulate AQP4. Given that AQP4-specific inhibition has not yet become 

practical, this is a tempting prospect. In light of our findings, indirect attenuation of AQP4 

function may partially underlie the beneficial effects of glibenclamide following ischemic 

stroke (Chen et al. 2003; Simard et al. 2006; Sheth et al. 2016).
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Main Points

• AQP4 co-assembles with SUR1-TRPM4 to form a water/ion channel 

complex.

• Ion flux through SUR1-TRPM4 generates osmotic pressure that drives AQP4 

water flux

• The SUR1-TRPM4-AQP4 complex mediates astrocyte swelling after CNS 

injury.
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Figure 1. SUR1-TRPM4 co-immunoprecipitates with AQP4
(A–E) Co-immunoprecipitation experiments in COS-7 cells transfected with AQP4 M1 or 

M23 isoforms, TRPM4, SUR1, or an SUR1-TRPM4 fusion protein; AQP4 immunoblots 

showing AQP4 M1 or M23 in total lysates (A, B lane 1), AQP4 upon TRPM4 

immunoprecipitation (IP) (A, B lane 2), no AQP4 upon TRPM4 IP in cells that express 

AQP4 but not TRPM4 (A, B lane 3), and no AQP4 when the anti-TRPM4 IP antibody (IP 

AB) is omitted (A, B lane 4); TRPM4 immunoblot showing TRPM4 in total lysates (C lane 

1), TRPM4 upon IP of AQP4 M1 (C lane 2) or M23 (C lane 3), no TRPM4 upon AQP4 IP in 

cells that express TRPM4 but lack AQP4 (C lane 4), and no TRPM4 when the anti-AQP4 IP 

antibody is omitted (C lanes 5 and 6); SUR1 immunoblot showing SUR1 in total lysates (D 

lane 1), SUR1 upon IP of AQP4 M1 (D lane 2) or M23 (D lane 3), no SUR1 upon AQP4 IP 

in cells that express SUR1 but lack AQP4 (D lane 4), and no SUR1 when the anti-AQP4 IP 
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antibody is omitted (D lanes 5 and 6); SUR1 immunoblot showing the SUR1-TRPM4 fusion 

protein in total lysates (E lane 1), the SUR1-TRPM4 fusion protein upon IP of AQP4 M1 (E 

lane 2) or M23 (E lane 3), no SUR1-TRPM4 fusion protein upon AQP4 IP in cells that 

express SUR1-TRPM4 but lack AQP4 (E lane 4), and no SUR1-TRPM4 fusion protein 

when the IP antibody is omitted (E lanes 5 and 6); all results represent n=5 replicates. (F) 

Co-immunoprecipitation experiment in HEK 293 cells stably expressing either empty vector 

(−SUR1) or SUR1 (+SUR1) and transfected with AQP4 M1 and TRPM4, showing 4-fold 

greater TRPM4 abundance upon AQP4 IP in SUR1+ cells versus SUR1− cells (top row); 

TRPM4 and AQP4 in total lysates (middle, bottom rows) do not show differences in 

expression; n=6; *p<0.05 in t-test; densities were normalized to average SUR1− band 

density (dotted line).
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Figure 2. AQP4 co-associates more with TRPM4 than with TRPV4
(A) Anti-myc immunoblots of direct lysate input and AQP4 immunoprecipitation (IP) in 

COS-7 cells expressing AQP4, myc-TRPM4, and myc-TRPV4, showing equivalent 

abundance of myc-TRPM4 and myc-TRPV4 in direct lysate, but markedly greater 

abundance of myc-TRPM4 versus myc-TRPV4 upon IP of AQP4 M1 or M23 isoforms; 

displayed immunoblot includes all (n=3) independent experimental replicates. (B) 

Densitometric quantification of the data in panel (A), showing that the AQP4/myc-TRPM4 

complex is 5–14 times more abundant than the AQP4/myc-TRPV4 complex; *p<0.05 in t-

test between groups; n=3 independent experiments.
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Figure 3. Intermolecular FRET analysis of AQP4 with TRPM4 and SUR1
(A) Immunoblots of total protein lysate (lane 1) and surface lysate from surface biotinylation 

assay (lane 2) showing surface expression of fluorophore-tagged AQP4, TRPM4, and SUR1 

in COS-7 cells; results represent n=3 replicates. (B–E) Fluorescence micrographs of COS-7 

cells transfected with citrine (Ci)-TRPM4 and AQP4 M1-cerulean (Ce) (B), Ci-TRPM4 and 

AQP4 M23-Ce (C), AQP4 M1-Ci and SUR1-Ce (D), and AQP4 M23-Ci and SUR1-Ce (E), 

showing expression of Ci- and Ce-tagged constructs in cytoplasmic organelles, and at the 

plasmalemma cellular margin; FRET signal (white) was present at the cellular margins 

(arrows), indicating AQP4-TRPM4 and AQP4-SUR1 interactions at the plasmalemma; 

results represent n>35 cells per construct combination.
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Figure 4. Quantification of FRET efficiency
(A) Example plasmalemmal (arrows) ROI used in photobleaching quantification of FRET 

efficiency. (B) Quantification of FRET efficiency in COS-7 cells with acceptor 

photobleaching showing that the negative control (AQP4 M1-Ce with Ci-KIR2.1) exhibited 

~3% FRET efficiency, positive controls (Ce-M1 with Ci-M1) (Ce-M1 and TRPV4-Ci) 

exhibited ~8–10% FRET efficiency, and combinations of AQP4 M1 and M23 with TRPM4 

and SUR1 exhibited ~8–12% FRET efficiency; n>35 independent cells/condition; *p<0.05 t-

test versus M1-Ce/Ci-Kir6.2 negative control.
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Figure 5. SUR1-TRPM4 synergizes with AQP4 to mediate cellular water uptake and swelling
(A) Traces of calcein fluorescence (Ft/F0) in COS-7 cells showing that, compared to 

expression of empty vector (CTR), expression of AQP4 M1 or M23 in COS-7 cells results in 

hypotonic stress-induced swelling. (B, C) Traces of calcein fluorescence in COS-7 cells 

showing that, compared to control conditions (green, pink, and blue), expression of TRPM4 

(orange) sensitizes COS-7 cells to Ca2+ ionophore A23187-induced water influx, which is 

increased in rate upon co-expression of AQP4 M1 (black) or M23 (red) (B) and blocked by 

treatment with the TRPM4 antagonist 9-phenanthrol (C). (D, E) Traces of calcein 

fluorescence in COS-7 cells showing that, compared to control conditions (blue, pink, grey), 

A23187-induced water influx in TRPM4-expressing COS-7 cells (orange) is increased in 

magnitude upon co-expression of SUR1 (green), further increased in both magnitude and 

rate upon co-expression of SUR1 and AQP4 M1 (black) or M23 (red) (D), and inhibited by 

the SUR1 antagonist glibenclamide to levels similar to TRPM4-expressing cells (E); n=3 

independent experiments with 3 cells/experiment; *p<0.05 in ANOVA with Tukey tests 

versus leftmost column or between groups denoted with brackets.
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Figure 6. The SUR1-TRPM4-AQP4 complex mediates swelling of activated primary astrocytes
(A, B) Activation (ACT) of primary mouse astrocytes with overnight TNFα, IFNγ, and LPS 

(20 ng/mL, 20 ng/mL, 1 μg/mL, respectively) resulted in upregulation of AQP4, TRPM4, 

and SUR1 mRNA versus control (CTR) astrocytes (A), and expression of functional SUR1-

TRPM4 channels that mediate inward glibenclamide-sensitive current upon exposure to the 

SUR1 activator, diazoxide (100 μM) (B); *p<0.05 in t-test versus control; n=5 replicates for 

qPCR and n>15 cells per condition for electrophysiology. (C, D) Fluorescence 

immunocytochemistry micrographs of activated astrocytes showing that AQP4 closely co-

localizes with TRPM4 (C) and SUR1 (D) on the plasmalemma cell margin (arrows). (E, F) 

Calcein fluorescence micrographs of astrocytes at time 0 seconds (F0) and at time 300 

seconds (F300) in experiments with A23187 calcium ionophore, showing increased 

membrane calcein fluorescence in activated, but not in control astrocytes upon A23187 

application; F300/F0 heat maps show change in calcein fluorescence with A23187 treatment. 

(G) Traces of calcein fluorescence (Ft/F0) in primary astrocytes showing that, compared to 

control astrocytes (grey), activation (red) sensitizes astrocytes to A23187-induced water 
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influx, which is inhibited with glibenclamide (Glib.) (blue) and blocked with 9-phenanthrol 

(9-Phen.) (green). (H, I) Compared to control (CTR), ~70% knockdown of TRPM4 mRNA 

with siRNA (H) resulted in ~65% reduction in activated astrocyte swelling upon A23187 

application; n=3 independent experiments with 3 cells/experiment; *p<0.05 in t-test or 

ANOVA with Tukey tests versus leftmost column; #p<0.05 in ANOVA with Tukey tests 

versus ACT.
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Figure 7. De novo expression of the SUR1-TRPM4-AQP4 complex in granule cell layer astrocytes 
after cold injury
(A) Montage of micrographs of mouse cerebellum labeled for TUNEL (white), GFAP (red), 

and DAPI (blue) showing TUNEL+ cold injury with surrounding upregulation of GFAP in 

the cerebellar granule cell layer (dotted lines); boxes show ROIs for ipsilateral injured (INJ) 

tissue and contralateral control (CTR) tissue; the results shown are representative of 5 mice. 

(B, C) Micrographs of mouse cerebellum immunolabeled for AQP4 and TRPM4 (B) or 

SUR1 (C) showing ~3-fold (p=0.004) upregulation of SUR1 and ~3.6-fold (p=0.008) 

upregulation of TRPM4 in injured AQP4+ cerebellar granule cell layer astrocytes versus 

control; co-localization analysis showed Pearson’s correlation coefficient of ~0.84 for AQP4 

Stokum et al. Page 32

Glia. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and TRPM4 (B), and ~0.77 for AQP4 and SUR1 (C) in injured tissues; *p<0.05 in t-test 

versus CTR. (D, E) Immunoblots of co-IP experiments from cold injured and sham injured 

mouse cerebellum, showing AQP4 immunoblot detecting AQP4 upon TRPM4 

immunoprecipitation (IP) in injured tissues with low (low ex) and higher exposures (high ex) 

(D), and SUR1 immunoblot detecting SUR1 upon AQP4 IP in injured tissues (E); the results 

shown are representative of 3 replicates.
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Figure 8. SUR1-TRPM4 mediates astrocyte swelling after cerebellar cold injury
(A) Image processing pipeline for astrocyte volume quantification; DiI-stained (red), GFAP+ 

(green) astrocytes were imaged; 3D region growing of DiI image outputs a binary image 

segmentation (Seg) of intracellular voxels (white) from extracellular voxels (black); overlay 

demonstrates segmentation coverage of astrocyte arborization. (B) Montage of micrographs 

of murine cerebellum with granule cell layer defined with DAPI (dense dotted lines) and co-

labeled for GFAP (red) and TUNEL (white) showing TUNEL+ granule cell layer tissues do 

not overlap (sparse dotted line) with GFAP+ granule cell layer tissues; the results shown are 

representative of n=4 mice. (C) Segmented images of cerebellar granule cell layer astrocytes 

from wild-type (WT) and TRPM4−/− mice submitted to control sham surgery (CTR) or 

cerebellar cold injury (Cryo) showing that in WT mice, granule cell layer astrocytes in cold 

injured cerebellum exhibited swelling of somata and processes, whereas astrocytes from 
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TRPM4−/− mice were protected from astrocyte swelling after cerebellar cold injury; the 

results shown are representative of n>15 cells from 3 independent mice. (D) Quantification 

of granule cell layer astrocytic volume in WT and TRPM4−/− mice submitted to sham 

surgery (CTR) or cerebellar cold injury (Cryo) showing that after cerebellar cold injury, WT 

astrocytes increased in volume from 8.86 × 104 μm3 to 22.47 × 104 μm3; TRPM4−/− 

astrocytes increased in volume from 7.5 × 104 μm3 to only 10.2 × 104 μm3; TRPM4 

knockout led to significant reduction in astrocyte swelling after cold injury; *p<0.05 in 

ANOVA with Tukey tests between groups denoted with brackets; n.s.=non-significant; n>15 

cells from 3 different mice.
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Figure 9. Model of SUR1-TRPM4-AQP4 structure and function
(A) Putative model of SUR1-TRPM4-AQP4 derived from co-immunoprecipitation 

experiments in Figure 1 and FRET experiments in Figure 3 and Figure 4, showing AQP4 

tetramers (blue) intercalated between SUR1 monomers (pink), and interacting with the 

central tetrameric TRPM4 (yellow); protein profiles and relative protein sizes are based upon 

previously published structures for AQP4 (Ho et al. 2009), SUR1 (Li et al. 2017), and TRP 

channels (Liao et al. 2013); overall channel topology is based on the structure of the KATP 

channel (Li et al. 2017). (B) Model of SUR1-TRPM4-AQP4 water flux derived from calcein 

imaging experiments in Figure 5 and Figure 6, and astrocyte swelling experiments in Figure 

8, showing that raised intracellular Ca2+ triggers SUR1-TRPM4 channel activation and Na+ 

influx, resulting in raised local osmotic pressure (Π) which, in turn, drives water influx (blue 

arrows) through AQP4, resulting in astrocyte swelling; some water flux occurs through 

AQP4-independent routes, including through the plasmalemma (rightmost arrow).
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