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Abstract

Brain swelling causes morbidity and mortality in various brain injuries and diseases but lacks
effective treatments. Brain swelling is linked to the influx of water into perivascular astrocytes
through channels called aquaporins. Water accumulation in astrocytes increases their volume,
which contributes to brain swelling. Using a mouse model of severe ischemic stroke, we identified
a potentially targetable mechanism that promoted the cell surface localization of aquaporin 4
(AQP4) in perivascular astrocytic endfeet, which completely ensheathe the brain’s capillaries.
Cerebral ischemia increased the abundance of the heteromeric cation channel SUR1-TRPM4 and
of the Na*/Ca?* exchanger NCX1 in the endfeet of perivascular astrocytes. The influx of Na*
through SUR1-TRPM4 induced Ca?* transport into cells through NCX1 operating in reverse
mode, thus raising the intra-endfoot concentration of Ca2*. This increase in Ca%* stimulated
calmodulin-dependent translocation of AQP4 to the plasma membrane and water influx, which
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led to cellular edema and brain swelling. Pharmacological inhibition or astrocyte-specific deletion
of SUR1-TRPM4 or NCX1 reduced brain swelling and improved neurological function in mice
to a similar extent as an AQP4 inhibitor and was independent of infarct size. Thus, channels in
astrocyte endfeet could be targeted to reduce post-ischemic brain swelling in stroke patients.

Introduction

Results

Brain swelling is a major cause of morbidity and mortality in brain tumors, cerebral malaria,
traumatic brain injury, and hemorrhagic and ischemic stroke. In large hemispheric stroke,
brain swelling places patients at high risk for neurological deterioration and is largely
responsible for the high mortality rate of 50-80% (1). Approved treatments are limited

to unproven osmotherapies or surgical removal of a large part of the cranium and are
administered only after brain swelling has already compromised neurological function.
Development of preventative treatments based on the cellular and molecular mechanisms of
brain swelling may improve both clinical prognosis and patient quality of life.

After ischemia, brain swelling is caused by an inflow into brain tissues of cerebrospinal fluid
(2) and fluid of vascular origin — protein-free “ionic edema” and an ultrafiltrate of plasma,
“vasogenic edema” — that arises from dysfunction of the blood-brain barrier (BBB) (3, 4).
The BBB is comprised of an inner endothelial layer, an intermediate basement membrane
containing pericytes, and an outer layer of astrocyte endfeet. The endothelial layer, whose
cells are joined by impermeable tight junctions, acts as the physical barrier of the BBB (5).
Loss of integrity of the endothelial barrier leads to the inflow of edema that contributes to
brain swelling (6, 7). Perivascular astrocyte endfeet are highly specialized (8, 9), diffusion-
limited (10) cellular processes that fully and dynamically ensheathe the vertebrate cerebral
vasculature (11, 12). Astrocyte endfeet are recognized as critical mediators of differentiation
and maintenance of the BBB (13-15).

In the brain, the water channel aquaporin 4 (AQP4) is densely abundant in perivascular and
subpial astrocyte endfeet (16, 17). AQP4 plays an important role in post-ischemic edema
and edema clearance (18, 19). Water transport by AQP4 is governed by the transmembrane
osmotic gradient, and by the rate limiting number of AQP4 channels present in the cell
membrane (20). Our understanding of AQP4 function in disease has been confounded

by contradictory reports of increased or decreased expression (21). Moreover, it’s unclear
whether its cell-membrane localization, which is required for its function, is dynamically
regulated in disease. Here, we investigated AQP4 regulation and the role of astrocyte endfeet
in post-ischemic BBB dysfunction in mice and we identified an ion transport mechanism
that underlies brain swelling.

SUR1-TRPM4 is newly expressed in astrocyte endfeet post-ischemia

In brain tissue from mice subjected to middle cerebral artery occlusion followed by
reperfusion (MCAO/R), we detected SUR1 expression in ipsilateral but not contralateral
microvessels (Fig. LA). The earliest increase occurred in perivascular astrocyte endfeet after
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6 hours reperfusion, where microvascular SUR1 colocalized with AQP4, outside of the
CD31" endothelial layer (Fig. 1B-D). Later, after 24 hours reperfusion, SUR1 abundance
was evident in the endothelium, pericytes, and astrocyte somata (fig. SLA-C).

In humans and rats following cerebral ischemia, SUR1 forms heteromeric channels with
TRPM4 (22). Proximity ligation assays (PLA) of the mouse brain tissues after MCAO/R
showed that SUR1 formed heteromers with TRPM4 that localized to perivascular astrocyte
endfeet beginning at 6 hours after reperfusion (Fig. 1E, fig. S2A-D). Immunoblotting of
isolated microvessels with astrocyte endfeet still attached (Fig. 1F) (9) corroborated the
statistically significant increases in SUR1 and TRPM4 abundance in the ipsilateral cortex
(Fig. 1G,H; fig. S2E,F).

SUR1-TRPM4 activation induces Ca?* influx in astrocyte endfeet

Calcium signaling plays numerous critical roles in astrocyte function. To determine whether
newly expressed SUR1-TRPM4 channels are involved, we performed CaZ* imaging analysis
on brain slices from mice expressing the Ca2* reporter, GCaMP6f, under control of

the astrocyte-specific promoter, gfaABC1D (Fig. 2A). In middle cerebral artery territory
tissues from sham-injured mice, bath application of the potent SUR1 activator NN414
(tifenazoxide) (23) caused minimal increases in endfoot Ca?* (Fig. 2, B and C), which may
suggest low SURL1 expression. Conversely, in tissues from MCAO/R mice, NN414 induced
robust perivascular Ca2* signals (Fig. 2B,C), consistent with functional activity of newly
expressed SUR1-TRPM4 channels in astrocyte endfeet.

In post-MCAQ/R brain slices from mice with astrocyte-specific knockout of Abcc8/SUR1
(Ast-SUR1KO; fig. S3A-D), NN414 had no effect on endfoot CaZ* (Fig. 2C), confirming
both the specificity of NN414 for SUR1 and the role of SUR1 in astrocytes in the Ca*
responses.

SUR1-mediated Ca2* influx in astrocyte endfeet requires NCX1

The finding that SUR1 activation by NN414 induced Ca2* influx post-MCAO/R was
unexpected, because SUR1-TRPM4 is a non-selective monovalent cation channel that does
not transport Ca2* (24). The effects of NN414 were independent of the Ca2* transporter,
TRPVA4 (fig. S4), identified previously as a mechanism of CaZ* influx in cultured astrocytes
(25, 26). Given that the activation of SUR1-TRPM4 results in Na* influx (27), this led us to
speculate about the possible involvement of Na*-Ca2* exchanger (NCX) as a Na*-dependent
mechanism mediating Ca2* influx. Astrocytes express all three isoforms: NCX1, NCX2, and
NCX3 (28).

NCX transports Ca2* and Na* across the cell membrane in both directions, depending upon
the cation electrochemical gradients. Normally, NCX promotes the extrusion of Ca2*, but in
cells such as astrocytes, whose membrane potential is near the reversal potential of NCX,
modest increases in Na* concentration can switch NCX into Ca2* entry mode (CaEnt-NCX)
(29). We hypothesized that in the foregoing experiment, Na* influx due to SUR1-TRPM4
activated CaEnt-NCX, thereby resulting in the observed increase in Ca?*.
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The benzyloxyphenyl derivatives SN-6 and SEA0400 inhibit NCX1 and, with less potency,
NCX2 (30, 31). In brain slices from sham-injured mice, SEA0400 caused a small gradual
increase in Ca2* (Fig. 2D), consistent with SEA0400 blocking normal Ca2* extrusion by
NCX. However, in brain slices from post-MCAO/R mice, SEA0400 progressively reduced
endfoot Ca%* concentration (Fig. 2D), consistent with inhibition of a tonically activated Ca?*
influx transporter—CaEnt-NCX—post-MCAOQO/R.

A similarly progressive reduction in endfoot Ca2* was observed with the SUR1 inhibitor,
glibenclamide (Fig. 2D), suggesting that tonic activation of CaEnt-NCX was due to tonic
activation of SUR1-TRPM4 post-MCAO/R. There was no effect of glibenclamide in non-
ischemic sham controls (Fig. 2D).

In post-MCAO/R brain slices from WT mice, SEA0400 blocked the rise in endfoot Ca2*
normally induced by SUR1 activation, as shown here with diazoxide (Fig. 2E). Astrocyte-
specific deletion of S/c8a, the gene encoding NCX1 (Ast-NCX1KO:; fig. S5A,B) (Fig. 2E),
also blocked the rise in endfoot Ca2* normally induced by SUR1 activation, consistent with
a requirement for NCX1 in astrocytes.

Immunohistochemistry confirmed that perivascular NCX1 was localized within astrocyte
endfeet (fig. SBA-C). Immunoblotting of isolated microvessels with astrocyte endfeet still
attached from post-MCAQ/R brains (9) corroborated statistically significant increases in
NCX1 but not NCX2 (Fig. 1G,H; fig. S6D).

Ca?* influx induces cell-membrane localization of AQP4

We hypothesized that Ca2* influx mediated by NCX1 activates calmodulin (CaM) to
drive cell-membrane localization of AQP4 in post-ischemic perivascular astrocyte endfeet
(26). Following ischemia, AQP4 becomes progressively “dysregulated”, meaning it moves
away from astrocyte endfeet to occupy other regions of the astrocyte cell membrane

(32). Nevertheless, our results indicated that AQP4 remains abundant up to 24 hours in
perivascular regions (fig. STA-C).

In primary cortical rat astrocytes and in transfected HEK293 cells, trafficking of AQP4

to the cell membrane requires binding of CaM to AQP4 and serine phosphorylation of
AQP4 (33). We corroborated both requirements in vivo using PLA. Following MCAO/R,
with ischemia verified by MAP2 immunolabeling (fig. S8A), the MAP2-negative region of
the ipsilateral hemisphere exhibited abundant CaM/AQP4 PLA punctae (Fig. 3A), as did
the anterior cerebral artery (ACA)-MCA watershed region (fig. S8B,D), consistent with
binding of CaM to AQP4. The MAP2-negative region of the ipsilateral hemisphere (Fig. 3B)
as well as the ACA-MCA watershed region (fig. S8C,E) showed abundant phosphoserine/
AQP4 PLA punctae, consistent with serine phosphorylation of AQP4. Because PLA would
detect phosphorylation on serine residues in AQP4 as well as on any closely (less than

40 nm) associated protein, we verified the increase in AQP4 phosphorylation by blotting
for phosphoserine in immunoprecipitates of AQP4 (fig. S8F) (34). In both the MAP2-
negative region (Fig. 3A,B) as well as in the ACA-MCA watershed region (fig. S8D,E),
glibenclamide greatly reduced the number of PLA punctae for both AQP4/CaM and AQP4/
phosphoserine compared to vehicle.
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We next sought to determine whether binding of CaM to AQP4 and serine phosphorylation
of AQP4 in vivo after MCAO/R would promote the trafficking of AQP4 to the cell
membrane, as reported in primary cortical rat astrocytes and in transfected HEK293 cells
(33). We thus studied the cell-membrane localization of AQP4 in coronal brain slices.

WT mice with MCAO/R (2/6 hours) intraperitoneally administered vehicle at reperfusion
exhibited a marked increase in cell-membrane localized AQP4 in the ipsilateral MCA
territory relative to the contralateral (Fig. 3C-D; fig. S9A). By contrast, no changes were
observed in total AQP4 (fig. S9, A and D) or in cell-membrane localization of the Na*/K™*
ATPase subunits, ATP1A1 and ATP1A2 (fig. S9, A and E), the former expressed by both
astrocytes and neurons, and the latter expressed predominantly by astrocytes (35). In WT
mice with MCAO/R, glibenclamide blocked the increase in cell-membrane AQP4 (Fig. 3C-
D, and fig. S9A). Similarly, the increase in cell-membrane-localized AQP4 was blocked in
Ast-SUR1XO mice compared with littermate controls (Fig. 3C-D, and fig. S9B), and in WT
mice administered SN-6 compared to those administered vehicle (Fig. 3C-D, and fig. S9C).

Together, the results demonstrated that SUR1-TRPM4 and NCX1 together promoted an
increase in the intracellular Ca* concentration and the cell-membrane localization of AQP4
within post-ischemic perivascular astrocyte endfeet, as depicted in our proposed model (Fig.
4).

SUR1-TRPM4 and NCX1 determine brain swelling

Brain edema and brain swelling historically have been found to be proportional to infarct
size (36, 37). A reduction in swelling obtained with a reduction in infarct size is exemplified
by studies with glibenclamide in rat (38, 39) and mouse (fig. SIOA-D) models with
salvageable penumbra. However, proper study of mechanisms of swelling requires that
brain swelling be evaluated in a manner independent of a reduction in infarct size, for
example using models with minimal salvageable penumbra. Using our mouse model of
severe prolonged ischemia (2 hours MCAO) followed by 24 hours reperfusion, we analyzed
outcome data exclusively from animals with large infarcts, >40 mm? in both the control

and the treatment groups. Controls included vehicle treatment of WT mice and floxed WT
littermates of transgenic mice. In the multiple series of paired experiments, mean infarct
volumes were ~75 mm3, with no differences in infarct volumes, by design, between controls
and pharmacological or genetic treatments (fig. S11A-D).

Both constitutive and conditional Ast-SUR1KC mice had reduced hemispheric swelling (Fig.
5A-C; fig. S11A). Mice administered glibenclamide to target SUR1 (40) had hemispheric
swelling significantly less than vehicle controls (Fig. 5C; fig. S11A), similar to Ast-SUR1KO
mice.

SURL1 assembles with two different pore-forming subunits, KIR6.2 and TRPM4, to form
Karp and SUR1-TRPM4 channels, respectively. Mice with global deletion of the gene
encoding KIR6.2 (KIR6.2K0) were not protected from swelling (Fig. 5D; fig. S11B), as
reported with KIR6.1XC (41). By contrast, global deletion of the gene encoding TRPM4
(TRPM4KO) yielded reduced hemispheric swelling (Fig. 5D; fig. S11B), similar to that seen
in Ast-SUR1KO mice.
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Mice administered SN-6 or SEA0400, which block NCX1 and, with less potency, NCX2,
had significantly less swelling than vehicle controls, as did Ast-NCX1KO mice (Fig. 6A-C:
fig. S11C). Mice administered YM-244769, which blocks NCX3, had hemispheric swelling
equivalent to vehicle controls (Fig. 6C; fig. S11C), ruling out involvement of NCX3.

For comparison, we evaluated the effect of AER-271, which was shown to inhibit brain
swelling in a rat MCAO model (42). AER-271 is under development as a small molecule
inhibitor of AQP4 (42), although it also inhibits IxB kinase (43). Mice administered
AER-271 had significantly less hemispheric swelling than vehicle controls (Fig. 6D,E; fig.
S11D). AER-271 reduced brain swelling to the same extent as inhibition of SUR1-TRPM4
or NCX.

Ischemia-induced hemispheric swelling is a manifestation of BBB dysfunction, which

we independently evaluated by measuring the extravasation of Evans Blue (EB). Mice

administered glibenclamide, SN-6, or AER-271 had significantly less EB extravasation
at 24 hours compared to vehicle-treated animals (fig. S12), paralleling observations on
hemispheric swelling.

Neurological function mirrored hemispheric swelling, and verified the benefit of reduced
swelling, despite equivalent infarct volumes. Mice administered glibenclamide, SN-6,
SEA0400 or AER-271, as well as Ast-SUR1KO, Ast-NCX1KO and TRPM4KO mice had
better Garcia neuroscores than controls (fig. S11).

Together, the results demonstrated that SUR1-TRPM4 and NCX1 together promoted not
only an increase in the intracellular Ca%* concentration and the cell-membrane localization
of AQP4 within post-ischemic perivascular astrocyte endfeet, but also that these effects were
closely linked to brain swelling, independent of infarct size.

Discussion

In astrocytes in vivo, cell-membrane anchoring of AQP4 at endfeet requires a-syntrophin
and other members of dystrophin associated protein complex whose fate post-ischemia is
poorly characterized (44, 45). The pivotal studies of Kitchen et a/. (25, 26, 33) demonstrated
that, subsequent to various stimuli, trafficking of AQP4 to the cell membrane in

cultured cells is dynamically modulated by protein kinase A phosphorylation and by Ca?*/
calmodulin binding (26). However, in cultured cells, AQP4 is not expressed in a polarized
manner, nor is it anchored to specific cell compartments, raising questions regarding the
applicability of Kitchen et a/’s findings to in vivo conditions. Here, using brain tissues
following MCA0/R, we validated the concept of dynamic cell-surface localization of AQP4
in ischemia in vivo, we characterized the upstream cation transport mechanism responsible
for activating calmodulin required for AQP4 cell-membrane localization, and we showed
that targeting this mechanism effectively reduced both cell-membrane localization of AQP4
and brain swelling.

Our data showed that SUR1-TRPM4 and NCX1 functioned together to generate Ca?* influx
in perivascular astrocyte endfeet and promote AQP4 cell-membrane localization, as reflected
in our proposed model. The drugs used to block SUR1-TRPM4 or NCX1 have potential
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off-target effects (46—-48) but in all cases the effects of pharmacological inhibition were
replicated by cell-specific gene deletion. The influx of Ca2* induced by activating SUR1

in astrocyte endfeet was blocked by both pharmacological inhibition and astrocyte-specific
deletion of SUR1 and NCX1 and was observed reliably in post-ischemic brain slices but
not in uninjured tissues, consistent with ischemia-induced increases in SUR1-TRPM4 and
NCX1. Similarly, pharmacological inhibition of both SUR1 and NCX1, as well as astrocyte-
specific deletion, inhibited the increase in cell-membrane localization of AQP4 observed
with ischemia. TRPV4 was identified previously as a mechanism of Ca%* influx to promote
AQP4 cell-membrane localization in cultured cells (25, 26) but studies of its role in vivo
have been contradictory (49, 50). In post-ischemic brain tissues, we found that Ca2* influx
in perivascular astrocyte endfeet induced by SURL1 activation was inhibited not by blocking
TRPV4 but by blocking NCX1.

Ca?* influx mediated by NCX is well known in astrocytes, with CaEnt-NCX being activated
by Na* influx from a variety of cation transporters (29, 51). Our data indicated that

SUR1 activation was a critical source of Na* responsible for activating CaEnt-NCX1 in
post-ischemic astrocyte endfeet. The SUR1-TRPM4 channel was first discovered in post-
ischemic astrocytes, where its unique role in cell swelling was first described (24, 27). In
astrocytes, SUR1-TRPM4 assembles with AQP4 to form a macromolecular complex that
facilitates astrocyte swelling (52). SUR1-TRPM4 has been linked to post-ischemic brain
edema formation in both preclinical (38, 53, 54) and early phase clinical (55-57) studies.
SUR1-TRPM4 is the target of glibenclamide, a drug approved for diabetes mellitus that

is currently under study in a Phase 3 trial to reduce brain swelling in large hemispheric
infarctions (NCT04950972). However, the channel’s role specifically in astrocyte endfeet
in the post-ischemic brain was previously unknown, and indeed the findings reported here
were surprising, given the previous emphasis on the role of SUR1-TRPM4 in endothelium
(58). The work presented here identifies SUR1-TRPM4 at perivascular astrocyte endfeet as
a target of glibenclamide, and AQP4 cell-membrane localization as a key mechanism of its
action in reducing swelling.

The models used to study brain swelling can impact advances in understanding of
underlying mechanisms. In addition to a non-salvageable infarct core, an ischemic insult
produces an ischemic penumbra that may or may not be salvageable depending upon the
promptness and adequacy of reperfusion. Most models of acute ischemic stroke incorporate
a salvageable penumbra, and treatments found to reduce swelling or edema generally do

so in proportion to the reduction in infarct size conferred by the treatment (36, 37).

To disentangle swelling from stroke size, we developed models with an unsalvageable
penumbra, thus eliminating a reduction in infarct size as a confounder in the reduction in
swelling and facilitating the study of swelling independent of infarct size.

In multiple mouse and rat models of stroke as well as in humans with stroke, targeting

SUR1 with glibenclamide or antisense oligodeoxynucleotide or gene deletion invariably
reduced post-ischemic brain swelling, as shown here and elsewhere (22, 38, 39, 53-55, 59,
60). In the reports from our laboratory, we purposely varied the severity of the ischemic
insult or the time-to-treatment, to influence the volume of salvageable penumbra. In standard
models with salvageable penumbra, treatment reduced both swelling and infarct size (38,
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53). In models designed to have minimal salvageable penumbra, the reduction in swelling
had no effect on infarct size, showing that swelling can be treated independent of infarct
size (22, 54, 60). In human stroke, the concept of the salvageable penumbra has grown in
clinical importance since the introduction of mechanical thrombectomy. However, clinical
management of stroke requires molecularly informed treatments to reduce brain swelling,
especially with large infarctions (61), regardless of the presence or volume of a salvageable
penumbra.

Brain swelling is widely recognized as a major cause of morbidity and mortality in
numerous brain conditions. In the clinic, strategies to prevent brain swelling are not yet
available, and strategies for its treatment are reactionary and non-specific. Targeting AQP4
directly, which has been examined in a Phase 1 safety-only clinical trial of AER-271
(NCT03804476), may protect against water influx during the onset of edema but also may
prolong the edematous state by interfering with brain water efflux during the resolution
phase (62). A promising alternative is to target the mechanism that drives post-ischemic
cell-membrane localization of AQP4, such as CaM (26) or the ion transporters in astrocyte
endfeet that mediate the increase in intracellular Ca2* responsible for activating CaM.

In this regard, both NCX1 and SUR1-TRPM4 may be appropriate, druggable targets.
Notably, blocking NCX would not reduce the potentially harmful Na* overload due to
SUR1-TRPM4, whereas blocking SUR1-TRPM4 upstream of NCX would reduce both Na*
and Ca2* overload.

Materials and Methods

Experimental Design

A key element of our experimental design was to perform all experiments using brain
tissues from mice following ischemia / reperfusion. We avoided experiments on cultured
cells to preclude results that might not be applicable to in vivo neurobiology. Experiments on
calcium imaging, protein-protein interaction, and measurements of cell membrane AQP4
were carried out using brain slices from mice following MCAOQO/R, directly reflecting
pathological in vivo neurobiology. In addition, we studied a murine model of severe stroke,
choosing to investigate brain swelling in mice with large infarcts that were not reduced

by treatment, even though with lesser ischemic insults the same treatments reduced infarct
volume (fig. S10) (38, 53). These unique aspects of our study allowed us to make claims
regarding brain swelling without the usual confounder of a reduction in infarct volume,
which by itself can reduce swelling.

A power analysis was used to determine the minimum number of animals required for
the experiments on treatments of MCAO/R mice. Experiments were conducted using
random allocation to treatment group with treatments and outcome measures performed
by investigators blinded to group identity. For key experiments on brain swelling, mice
were excluded if infarct volumes did not exceed a pre-specified volume of 40 mm3. All
experiments were replicated, with the number of replicates indicated in the text.

Sci Signal. Author manuscript; available in PMC 2023 July 26.


https://clinicaltrials.gov/ct2/show/NCT03804476

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stokum et al.

Page 9

Ethics statement

Subjects

Animal experiments were performed under a protocol approved by the Institutional Animal
Care and Use Committee (IACUC #0819004) of the University of Maryland, Baltimore,
and in accordance with the relevant guidelines and regulations as stipulated in the National
Research Council Publication, “Guide for the Care and Use of Laboratory animals”. Data
are reported in accordance with the ARRIVE guidelines (63).

Male mice were used for experiments when they were ~3 months old (~25 gm). Wild-type
(WT) C57BL/6 mice were obtained from Envigo (Indianapolis, IN, USA). Abcc8 VTl mice
(loxP sites inserted to flank exon 2 of the Abcc8 gene) on a C57BL6 background were
generated, characterized, and gifted by Dr. Joseph Bryan (Pacific Northwest Research
Institute, Seattle, WA, USA) (64). Slc8a1ff mice (loxP sites inserted to flank exon 11 of
the S/c8al gene) on a C57BL6 background were generated and characterized by Henderson
et al. (65), and breeding pairs were provided by Dr. Mordecai P. Blaustein (University

of Maryland, Baltimore MD, USA). Mice with global deletion of 7rom4 (Trom4-)

on a C57BL6 background were generated, characterized and gifted by Prof. Dr. Marc
Freichel and Prof. Dr. Veit Flockerzi (Universitat des Saarlandes, Homburg, Germany)

(66). Mice with global deletion of KcnjZ1 (Kenjl1~) on a C57BL6 background were
generated and characterized by Prof. Susumu Seino (Kobe University, Japan) (67). Breeding
pairs were provided by Dr. Sonia M. Najjar (Heritage College of Osteopathic Medicine,
Athens, OH, USA). Gfap-cre mice (B6.Cg-Tg(Grfap-cre)73.12Mvs/J; stock #012886) and
GFAP-cre/ERT2 mice (B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J; stock #012849), in which Cre
recombinase is under the control of the murine Gfap or human GFAP promoter, either
constitutive or conditional, were obtained from The Jackson Laboratory (Bar Harbor, ME,
USA).

In mice with cre recombinase regulated by ERT2, astrocyte-specific deletion was induced
using tamoxifen (68). Genotyping of mice used for breeding and experiments was performed
by Transnetyx (Cordova, TN, USA). Mice were given free access to food and water, except
during experiments. Validation of Ast-SUR1XO and Ast-NCX1K© mice is presented in fig.
S3 and fig. S5.

Middle cerebral artery occlusion/reperfusion (MCA0/R)

MCAo was induced under general anesthesia [induction, 3.0% isoflurane; maintenance, 1.5-
2.0% isoflurane with a mixture of O, and N,O (20 and 80% respectively)] as described (69—
72) using a silicon filament occluder (602356PK5Re Doccol Corp, Redlands CA, USA) for
2-hour or 45-minute occlusion followed by common carotid artery ligation. Relative cerebral
blood flow (rCBF), measured by laser Doppler flowmetry (Moor Instruments, DRT4), was
reduced 65% or more: (mean + SD) 77.4 + 5.8 % (<65% was an exclusion criterion). Mice
with 2-hour occlusion were euthanized at 6 hours after reperfusion for measurements of
cell-membrane AQP4 and for some immunohistochemistry experiments, or at 24 hours after
reperfusion for other experiments. Measurements of infarct size and brain swelling, or Evans
Blue extravasation were carried out at 24 hours after reperfusion in mice with 2-hour or
45-minute occlusion.
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Sample size calculation

For experiments on post-MCAO0/R brain swelling, we based our sample size calculation
on a previous study in which antisense oligodeoxynucleotide targeting Abcc8was shown
to reduce swelling but not infarct size in a rat permanent MCAO model (22). Values
derived from that study suggested an effect size (Cohen’s d) of 2.67, where a=(M1—My)/
SDpooled: M1 and M are the means, and SDpomed:[(SD1+SD2)/2]1/2 . Using the following
assumptions: two-tailed hypothesis, a., 0.05; desired power, 90%; d, 2.67, the sample size
calculation indicated a minimum sample size of 5 subjects per group. Generally, groups of
>5 were prepared to allow for anticipated exclusions.

Drug treatments

Individual drug treatments were studied contemporaneously with vehicle controls, with

the specific treatment for each animal determined randomly by a scientist not performing
the MCAQ/R procedure. SN-6 (#4544; Tocris Bioscience, Minneapolis, MN, USA) was
prepared as a stock solution in dimethyl sulfoxide (DMSO) (10 mg/mL), diluted to a final
concentration of 1.25 mg/mL in phosphate buffered saline (PBS), and 200 pL (~10 mg/kg)
was injected intraperitoneal (IP) (73, 74). SAE0400 (#6164; Tocris) was prepared as a stock
solution in DMSO (5 mg/mL), diluted to a final concentration of 1.25 mg/mL in normal
saline (NS), and 200 pL (~10 mg/kg) was injected intravenously (1V) (73, 74). YM-244769
(#2184; Tocris) was prepared as a stock solution in DMSO (5 mg/mL), diluted to a final
concentration of 0.714 mg/mL in NS, and 350 pL (~10 mg/kg) was injected IV (48, 75).

IP injections of SN-6 or vehicle were performed once, at the time of reperfusion, using a
27-gauge needle with the depth of the injection limited to 3 mm by a sleeve of PE20 tubing
placed over the needle. IV injections of SEA0400, YM-244769 or vehicle were performed
once, at the time of reperfusion, following surgical exposure of the external jugular vein.
Controls received the same volume of vehicle using the same route.

Glibenclamide (#G2539; MilliporeSigma, Rockville, MD, USA) was prepared as a stock
solution in DMSO (2.5 mg/mL). The stock solution was diluted to 50 ug/mL in PBS, and
200 pL (10 pg/mouse; ~0.4 mg/kg) was injected IP as a loading dose at reperfusion. The
stock solution, diluted to 100 ug/mL in PBS with NaOH (4 uL of 10 N NaOH per mL), was
loaded into mini-osmotic pumps (Alzet pump 1003D; 100 pL volume; 1 pL/hour) to deliver
100 ng/hour subcutaneously beginning at reperfusion. Controls received the same volume of
vehicle by IP injection and mini-osmatic pump.

AER-271 (#SML2737; MilliporeSigma) was administered by continuous infusion IP (42). A
slurry of AER-271 (5 mg) in 125 pL of 10% DMSO in corn oil was prepared. The slurry
was loaded into a 25 mm-long piece of tubing (Alzet jugular catheter; #0007710; Durect
Corp., Cupertino, CA, USA), which was fixed to the outlet of a mini-osmotic pump (Alzet
1007D; Durect Corp.) preloaded and primed with PBS, which expelled the slurry from the
PE tubing at a rate of 1 pL/hour. At the time of reperfusion, the body of the pump was
implanted subcutaneously in the flank, and the tip of the PE tubing was inserted into the
peritoneal cavity for continuous infusion IP. This system delivered 1.6 mg/kg/hr of AER-271
IP. Controls received the same volume of vehicle by mini-osmotic pump.
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Neurological function

For MCAOQIR protocols of 2/6 hours and 2/24 hours, circling behavior was evaluated at the
time of reperfusion (2 hours) and mice were excluded if they failed to show circling. For
experiments on brain swelling (MCAQO/R 2/24 hours), neurological function was evaluated
at 24 hours after reperfusion by investigators blinded to treatment group using the modified
Garcia scoring system (76), after which the mice were euthanized.

Infarct volume, hemispheric swelling, and BBB integrity

After euthanasia, brains were harvested, and 3 to 4 consecutive 2-mm coronal sections were
prepared using a chilled brain slicer matrix (Ted Pella, Inc., Redding, CA, USA). Brain
slices were immersed in 2,3,5-triphenyltetrazolium chloride (TTC) at 22 °C x10 minutes.
Stained sections were imaged at 2400 dpi using a flatbed scanner. Images were processed
using the National Institutes of Health ImageJ software 1.52a with an open-source, semi-
automated “plug-in”, which featured automatic-thresholding that yields reliable, unbiased
measurements of TTC™ and hemisphere areas (77). Infarct volume (mm?3) was calculated
by multiplying the software-determined TTC™ infarct area (mm?) by the slice thickness

(2 mm) and summing infarct volumes across slices. To correct for tissue swelling, the

total infarct volume was divided by the swelling factor, calculated as ipsilateral hemisphere
area / contralateral hemisphere area. Hemispheric swelling was calculated as (ipsilateral
hemisphere volume / contralateral hemisphere volume) — 1, expressed as percent.

BBB integrity was assessed by quantifying Evans Blue (EB) extravasation. At 3 hours
before euthanasia, mice were administered EB (200 pL of 2% EB in normal saline IP)

(78, 79). Tissues were processed as above, except that after the TTC-stained sections were
imaged, brain tissues from each hemisphere were collected separately and homogenized, and
EB was quantified spectrophotometrically (78-80). Data are reported as optical density at
620 nm.

Inclusion/exclusion criteria

Pre-established exclusion criteria following MCAO were: (1) LDF reduction <65%; (2)
absence of circling behavior after emerging from anesthesia; (3) death prior to completing
the prespecified requirement for 24 hours of reperfusion (incidence, 4.3%); (4) subarachnoid
hemorrhage identified at necropsy (incidence, 2.4%). For brain swelling experiments with
MCAOI/R (2/24 hours), an additional pre-established exclusion criterion was infarct volumes
<40 mm3. This last exclusion resulted in uniformly large infarcts across groups, regardless
of treatment, and allowed the study of brain swelling independent of infarct volume.

Calcium imaging of perivascular astrocyte endfeet

All calcium imaging experiments on brain slices were carried out 2—3 weeks after cortical
injections of an AAV5 virus encoding a Ca2* reporter under control of an astrocyte-specific
promoter (AAV5 gfaABCD-cyto-GCaMP6f, #52925-AAV5; Addgene, Watertown, MA,
USA) (81). A viral suspension with a final titer of 7x1012 vg/mL was prepared. Animals
were anesthetized (ketamine: 80 mg/kg; xylazine: 10 mg/kg) and mounted in a stereotaxic
apparatus (David Kopf Instruments, Tujunga, CA, USA). A scalp incision was made, and

2 small burr holes were drilled in the skull at the following x, y coordinates relative
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to bregma, targeting the ACA-MCA watershed territory: —=1.2, +2.5 mm; 0.2, +2.5. A
Hamilton syringe with a 27-g cone tipped needle was lowered to z = -=1.5 mm. The AAV5
suspension was delivered at the rate of 0.15 pL/minute for a total of 1.5 pL at each of the 2
locations.

After euthanasia, mice were transcardially perfused with ice-cold normal saline (NS)
followed in some cases by transcardial injection of 4 mg (10 mg/mL in PBS) TRITC-
dextran (D1868, ThermoFisher Scientific, Waltham, MA, USA). The cerebrum was quickly
removed, and 300 um coronal slices were prepared (VT1200S, Leica Biosystems, Deer Park,
IL, USA) in ice-cold slicing artificial cerebrospinal fluid (aCSF) containing (mM): 222.1
sucrose, 27 NaHCO3, 1.4 NaH,POy4, 2.5 KCI, 0.5 ascorbic acid, 1 CaCly, 7 MgSOy, and
bubbled with carbogen (95%/5% O,/CO5,). Slices were recovered in aCSF (33-35 °C) for 30
minutes.

Calcium imaging was performed using a spinning disc confocal microscope (Nikon CSU-
W1, Melville, NY, USA) system. Slices were perfused with experimental aCSF containing
(mM): 126 NaCl, 26 NaHCOg3, 1.24 NaH,POy4, 2.5 KCI, 10 D-glucose, 2.4 CaCls, 1.3
MgCl,. Thirty seconds of baseline data were collected with perfusate that contained vehicle,
whereupon the perfusate was changed to one containing a test agent, and images were
obtained for an additional 4.5 minutes. Test agents included diazoxide (100 uM), NN414 (1
uM), glibenclamide (10 pM), SEA0400 (1 uM), HC-067047 (1 uM). For analysis, regions-
of-interest (ROI) were drawn over perivascular astrocyte endfeet, and mean fluorescence
was expressed as F/Fq. Photobleaching curves were estimated from the baseline data and
subtracted from the timeseries.

Isolation of microvessels with attached astrocyte endfeet

Cerebral microvessels were isolated from mouse brain using the method described by
Boulay et al. (82, 83). These microvessels remain coated with B-dystroglycan* and AQP4*
astrocyte endfeet that had been “amputated” from their parent astrocyte somata, as we
showed (9).

Brain slice cell-membrane biotinylation and immunoblotting (84, 85)

Following MCAO/R, mice were sacrificed using a lethal dose of sodium pentobarbial IP and
cervical dislocation. The cerebrum was dissected, then quickly transferred to ice-cold slicing
aCSF (see above). Using a vibratome (VT1200S, Leica Biosystems), 400 pm-thick coronal
slices from +1.0 mm to —2.0 mm relative to bregma were prepared in ice-cold slicing

aCSF bubbled with carbogen (95% O, / 5% CO5). A single 400 um slice at the epicenter
was prepared and incubated in 2% TTC at room temperature to confirm an ischemic

injury. The subfornical organ, which contains AQP4-expressing ependymal cells (16), was
removed. Hemislices contra- or ipsilateral to the MCAOI/R injury were washed then placed
in EZ-link™ sulfo-NHS-SS-biotin (1 mg/mL, ThermoFisher Scientific) in ice-cold aCSF

for 30 minutes with gentle rocking. The biotinylation reaction was quenched by washing

the slices 3x over 30 minutes using ice-cold Tris-buffered (50 mM, Gibco, ThermoFisher
Scientific) aCSF. Slices were lysed by mechanical homogenization, then repeatedly vortexed
in ice-cold Tris-lysis buffer (10 mM Tris, ¥2X DPBS, 1% Triton X-100) supplemented with
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the cOmplete™ protease inhibitor cocktail (MilliporeSigma) for 30 minutes. Soluble lysates
were cleared by centrifugation for 10 minutes, and protein amounts were determined using
the Bradford assay (Bio-Rad, Hercules, CA, USA). Then, 4 mg of soluble lysates was
incubated in streptavidin-Dynabeads™ (Invitrogen, ThermoFisher Scientific) with end-over-
end rotation overnight at 4 °C. Magnetically immobilized streptavidin beads were washed
3x. Biotinylated proteins were eluted using 2X NuPAGE LDS sample buffer (Invitrogen)
and warmed for 30 minutes at 37 °C.

Pulled down biotinylated proteins (surface) and non-pulled down lysate (fotal) were
resolved using gel electrophoresis then transferred to 0.45-um PVDF membranes (LC2005,
Invitrogen). Membranes were incubated with primary antibodies against AQP4 (AB3594),
Na*/K* ATPase subunits, (ATP1A1, ATP1A2) or HSC70 (table S1) overnight at 4 °C in 5%
nonfat milk/1X TBST blocking buffer. Following 3x washes in 1X TBST, membranes were
incubated with species-appropriate HRP-conjugated secondary antibodies (Cell Signaling
Technology, Danvers, MA, USA) for 1 hour at room temperature. After thorough washes

in 1X TBST, membranes were incubated in chemiluminescent substrate (SuperSignal

West Pico PLUS Chemiluminescent Substrate, ThermoFisher Scientific) and imaged with

a chemiluminescent imaging system (ImageQuant LAS-4000, Fujifilm, Lake Forest, IL,
USA). Detected signals were analyzed by densitometry using the ImageJ software. Total
AQP4 was normalized to HSC70. The change in ipsilateral total AQP4 is presented as [(T,/
HSC70))/(Tc/HSC70¢)]*100%, where T=total AQP4, I=ipsilateral and C=contralateral. The
change in ipsilateral surface AQP4 is presented as [(S\/T|)/(Sc/T¢)]*100%, where S=surface
AQP4, T=total AQP4, I=ipsilateral and C=contralateral.

In initial experiments, we studied cell-surface localization of AQP4 after 2-hour MCAQO /
24-hour reperfusion. This experiment yielded abundant biotinylated HSC70, which we took
as evidence of post-ischemic cellular necrosis that would invalidate accurate determination
of surface protein expression due to contamination by intracellular protein. Repeating the
experiment with 2-hour MCAO / 6-hour reperfusion yielded no detectable biotinylated
HSC70. All experiments reported here on cell-surface localization were performed with
MCAOI/R (2/6 hours).

Serine phosphorylation of AQP4

Brain hemispheres rapidly dissected from post-ischemic mice were Dounce homogenized
in ice-cold lysis buffer (1/2X DPBS, 1% Triton X-100) supplemented with the cOmplete™
protease inhibitor and PhosStop™ phosphatase inhibitor (Millipore) cocktails. Following
centrifugation of lysate and Bradford estimation of precleared proteins, lysates were
immunoprecipitated with the AQP4 antibody (sc-32739; table S1) and Dynabeads Protein
G (ThermoFisher) overnight in 4 °C. Aliquots of AQP4-immunoprecipitated fraction were
either treated or not treated with alkaline phosphatase (100 U/mL; Millipore) at 37 °C

for 30 minutes prior to elution in the 2X NUPAGE LDS sample buffer. Following gel
electrophoresis and transfer to 0.2 pm PVDF membranes, membranes were probed for
phosphoserine (table S1) in 5% v/v BSA in 1X TBST. Following chemiluminescent
detection, membranes were stripped and re-probed for immunoprecipitated AQP4, using
AQP4 antibody (AB3594; table S1), as described above. Specific AQP4 phosphoserine
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signals were identified by comparing the abolishment of signals at the appropriate molecular
mass in the phosphatase-treated fractions.

Immunohistochemistry

Under deep anesthesia, mice were euthanized, underwent transcardial perfusion with
normal saline (NS) (20 mL) followed by 10% neutral buffered formalin (20 mL)

or 4% paraformaldehyde (20 mL). Brains were harvested and post-fixed. Tissues

were cryoprotected with 30% sucrose, frozen in OCT and cryosectioned (10 pm).
Immunohistochemistry was performed as we described (86, 87) in a non-blinded manner. In
some cases, sections were first processed for antigen retrieval in Epitope Retrieval Solution
(cat# IW-1100; IHCWORLD, Woodstock, MD, USA) using an Epitope Retrieval Steamer
(cat# IW-1102; IHCWORLD) for 10-15 minutes, followed by cooling for 30 minutes,

then washing in distilled H,O. For all immunolabelings, sections were incubated at 4

°C overnight with primary antibodies (table S1). After several rinses in PBS, sections

were incubated with species-appropriate fluorescent secondary antibodies (Alexa Fluor
488 and 555, Molecular Probes, ThermoFisher Scientific) for 1 hour at room temperature.
Controls for immunohistochemistry included the omission of primary antibodies. Unbiased
assessments of specific labeling were obtained using NIS-Elements AR software (Nikon
Instruments, Melville, NY, USA) from sections (one section per mouse) immunolabeled as
a single batch. All images for a given signal were captured using uniform parameters of
magnification, area, exposure and gain.

Proximity ligation assay (PLA)

PLA, the recognition of two epitopes detected only if they are less than 40 nm apart (88),
was used to visualize in situ protein-protein interactions and AQP4 serine phosphorylation
and confirmed by immunoblot. Following antigen retrieval, tissues were processed as
above with primary antibodies directed against the paired targets: SUR1/TRPM4, AQP4/
CaM, and AQP4/phosphoserine (table S1). PLAs were performed according to the
manufacturer’s protocol, as we described (87), using the Duolink® In Situ Orange Starter
Kit (MilliporeSigma), including in situ PLA probe anti-goat plus (DUQO92003), in situ PLA
probe anti-rabbit minus (DUO92005), in situ wash buffer, fluorescent (DUO82049) and
fluorescent detection reagent (orange) (DUO92007). Controls included the use of sham
tissues and the omission of primary antibodies with injured tissues.

For analysis, separate ROIs of 240 x 160 um were placed on multiple random ipsilateral
MAP2™ areas, multiple ipsilateral ACA-MCA watershed areas (identified at the edge of
MAP2 labelings), and multiple random contralateral MAP2* cortical areas. We computed

a histogram of pixel intensity for a particular ROI, and pixels were classified as having
specific labeling based on signal intensity greater than 3x that of background. We quantified
the number of punctae per mm? using the “object count” module in the NIS-Elements AR
software. The average of 3 ROIs for each mouse was computed.

Statistical analyses

Nominal data are presented as mean + SE unless otherwise noted. The Kolmogorov-Smirnov
test was used to assess normality of the data. PLA (4 conditions), cell-membrane AQP4
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(6 conditions), infarct volumes (18 conditions), hemispheric swelling (18 conditions), and
EB extravasation (5 conditions) were analyzed using ANOVA with post-hoc Bonferroni
corrections. Otherwise, nominal data were analyzed using a t-test. Pairs of Garcia
neuroscores were analyzed using the Mann-Whitney test. Statistical tests were performed
using Origin Pro (V8; OriginLab, North Hampton, MA, USA) or GraphPad Prism (8.3.0;
GraphPad Software, San Diego, CA, USA). Significance threshold was /£<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SUR1-TRPM4 and NCX1 are expressed in post-ischemic astrocyte endfeet.

(A) Immunohistochemical analysis of expression of SUR1 (black) in ipsilateral (Ipsi) and
contralateral (Contra) microvessels in brain tissue sections from mice after MCAQ for 2
hours followed by reperfusion for 24 hours. Scale bar, 200 um. (B to D) As described in

(A) but with 6-hour reperfusion, immunohistochemistry for expression of SUR1 (red) in
AQP4™ astrocyte endfeet (green; merged image) in microvessels within ipsilateral (B,C) and
contralateral tissues (C), and for SUR1 (red) and CD31 (endothelium marker; green) in
ipsilateral tissues (D). Nuclei are stained blue with DAPI (4”,6-diamidino-2-phenylindole).
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Right, fluorescent intensity profiles for the respective pairs. Profiles are representative and
data are mean £ S.E. from N = 30 (C) and 24 (D) measurements in ipsilateral tissues

from 3 mice. Scale bars, 25 um. (E) PLA imaging for SUR1-TRPM4 heteromers lining

a microvessel in ipsilateral tissues isolated from mice as described in (B-D). Image is
representative of 5 mice. Scale bar, 25 um. (F) Immunolabelling for CD31 (green) and
AQP4 (red) in isolated microvessels from ipsilateral tissues from mice as described in (B-
D). Image is representative of 4 mice. Scale bar, 25 um. (G and H) In mice as described in
(B-D), microvessels isolated from ipsilateral (Ipsi) and contralateral (Contra) tissues were
studied by immunoblot for SUR1, TRPM4, NCX1, and NCX2 (G). Data (H) are mean
S.E. from 3 or 4 mice per group, normalized to B-actin. */<0.05 and **/<0.01 by t-test.
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Fig. 2. SUR1-TRPM4 and NCX1 function together to increase Ca?* in post-ischemic astrocyte
endfeet.

(A) Image of astrocytes expressing GCaMPG6f (green) near a microvessel with fluorescent
dextran (red) in brain tissue slices from mice that expressed the Ca2* reporter GCaMP6f
under control of the astrocyte-specific promoter gfaABC1D and had undergone MCAQ

for 2 hours then reperfusion for 24 hours. Scale bar: 25 um. (B) Temporal sequence of
Ca?* imaging (green) in perivascular astrocyte endfeet in slices from mice described in (A)
following SUR1 activation by NN414. Inset numbers are time in seconds with respect to
NN414 application. Scale bar: 5 um. Images are representative of 5 slices from 3 mice. (C)
Temporal changes in intracellular Ca%* (AF/F,) in perivascular astrocyte endfeet following
SURL1 activation with NN414 in slices from mice described in (A and B) post-MCAO/R,
either WT mice (red) or Ast-SUR1KO (cyan), and in slices from control non-ischemic WT
mice (CTR; black). Data are mean £ S.E. from 5 regions of interest (ROISs) in 5 slices from
3 mice per group; baseline trends before adding test agents were subtracted. (D) Assay and
analysis as described in (C), following inhibition of SUR1 (glibenclamide; GLIB) or NCX1
(SEA0400) in control non-ischemic or post-MCAO/R WT mice. (E) Assay and analysis

as described in (C) in post-MCAO/R WT with or without SEA0400 or post-MCAOQ/R
Ast-NCX1KO mice following SUR1 activation with diazoxide.
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Fig. 3. Cell membranelocalization of aquaporin-4 increases after ischemia and requires SUR1-
TRPM4 and NCX1.

(A and B) Proximity ligation assay (PLA) (red) showing co-association of AQP4 with
calmodulin (CaM) (A), and serine phosphorylation (pSer) of AQP4 (B), both located outside
of the microvascular collagen 1V layer (CollV; green) following MCAO/R (2 hours MCAO
with 6 hours reperfusion). The number of PLA punctae (arrowheads) per mm?2, mean + S.E.
from 3 mice per group, is plotted for ipsilateral (Ipsi) and contralateral (Contra) hemispheres
from mice administered vehicle (VEH) or glibenclamide (GLIB) at reperfusion. Nuclei
stained blue with DAPI **£<0.01 for contra vs. ipsi; ##/<0.01 for VEH vs. GLIB, both by
ANOVA. Scale bars: 25 pm. (C and D) In mice as described in (A,B), and additionally WT
mice administered SN-6, and in a mouse with astrocyte-specific deletion of Abcc§/SUR1
(Ast-SUR1KO) and a littermate control (Ast-SUR1IWT), immunoblot was performed for
ipsilateral (Ipsi) and contralateral (Contra) cell-membrane AQP4 (C), with densitometric
data for cell-membrane AQP4 (ipsilateral relative to contralateral) quantified (mean + S.E.)
for the 6 conditions (D); *, /<0.05; **, P<0.01 by ANOVA,; 5 mice/group.
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Fig. 4. Proposed model of the functional axis comprised of SUR1-TRPM4, NCX1 and AQP4in

pre-ischemic vs. post-ischemic astrocyte endfeet.

In the pre-ischemic astrocyte endfoot (/ef7), NCX1 operates in calcium extrusion mode, and
SUR1-TRPM4 is absent. In the post-ischemic astrocyte endfoot (righ?), newly increased
SUR1-TRPM4 mediates Na* influx (#1) which drives Ca2* influx through the calcium entry
mode of NCX1 (#2). The increase in Ca2* activates CaM (#3), which stimulates trafficking
of AQP4 to the cell membrane (#4), where AQP4 facilitates water influx that contributes to

swelling.
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Fig. 5. SUR1-TRPMA4 playsacritical rolein brain swelling independent of infarct size.
(A) Proposed model of the functional axis comprised of SUR1-TRPM4, NCX1, and

AQP4, with emphasis on SUR1-TRPMA4. (B) Images of TTC-stained coronal brain sections
following MCAO/R in a mouse with deletion of Abcc8SURL in astrocytes (Ast-SUR1KO)
and a littermate control (Ast-SURIWT). Scale bar: 1 mm. Ischemia was induced by MCAQO
for 2 hours followed by reperfusion for 24 hours. Images are representative of 14 mice

per group. (C and D) In mice as described in (B) with infarct volumes >40 mm3,
ipsilateral hemispheric swelling following MCAO/R was quantified in slices from (C) WT
mice administered vehicle (VEH) or glibenclamide (GLIB) at reperfusion and mice with
constitutive or conditional astrocyte-specific deletion of Abcc8SUR1 (Ast-SURLKO, Ast-
SUR1ERT2/KOy and littermate controls (Ast-SURIWT and Ast-SUR1ERTZWT) and (D) in
slices from mice with global deletion of the gene encoding KIR6.2 or TRPM4 (KIR6.2K°,
TRPM4KO0) and littermate controls of the latter (TRPM4WT [WT]). KIR6.2WT littermates
were not studied. Data are mean + S.E. from N = 5 to 14 mice per group. **/<0.01 by
ANOVA.
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Fig. 6. NCX1 and AQP4 play critical rolesin brain swelling independent of infarct size.
(A) Proposed model of the functional axis comprised of SUR1-TRPM4, NCX1 and AQP4,

with emphasis on NCX1. (B) Images of TTC-stained coronal brain sections following
MCAO/R in a mouse with deletion of S/c8aZ/NCX1 in astrocytes (Ast-NCX1KO) and a
littermate control (Ast-NCX1WT). Scale bar: 1 mm. Ischemia was induced by MCAO for 2
hours followed by reperfusion for 24 hours. Images are representative of 8 mice per group.
(C) In mice as described in (B) with infarct volumes >40 mm3, ipsilateral hemispheric
swelling following MCAO/R was quantified in slices from WT mice administered vehicle
(VEH) or SN-6 or SEA0400 or YM244769 at reperfusion, and mice with conditional
astrocyte-specific deletion of S/c8a1/NCX1 (Ast-NCX1K0) and littermate controls (Ast-
NCX1WT). Data are mean + S.E. from 4 to 13 mice per group. **£<0.01 by ANOVA.

(D) Proposed model of the functional axis comprised of SUR1-TRPM4, NCX1 and AQP4,
with emphasis on AQP4. (E) In mice as described in (B) with infarct volumes >40 mm3,
ipsilateral hemispheric swelling following MCAQO/R was quantified in slices from WT mice
administered vehicle (VEH) or AER-271 at reperfusion. Data are mean £ S.E. from N =7 or
8 mice per group. **/<0.01 by ANOVA.
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