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Abstract

Background and Purpose—No current treatments target microvascular reperfusion after
stroke, which can contribute to poor outcomes even after successful clot retrieval. The G protein-
coupled receptor GPR39 is expressed in brain peri-capillary pericytes, and has been implicated in
microvascular regulation, but its role in stroke is unknown. We tested the hypothesis that GPR39
plays a protective role after stroke, in part due to preservation of microvascular perfusion. We
generated GPR39 knockout (KO) mice and tested whether GPR39 gene deletion worsens capillary
blood flow and exacerbates brain injury and functional deficit after focal cerebral ischemia.
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Methods—Stroke was induced in male and female GPR39 KO and WT littermates by 60-minute
middle cerebral artery occlusion (MCAOQ). Microvascular perfusion was assessed via capillary red
blood cell (RBC) flux in deep cortical layers in vivo using optical microangiography (OMAG).
Brain injury was assessed by measuring infarct size by 2,3,5-triphenyltetrazolium chloride staining
at 24 hours or brain atrophy at 3 weeks after ischemia. Pole and cylinder behavior tests were
conducted to assess neurological function deficit at 1 and 3 weeks post-stroke.

Results—Male but not female GPR39 KO mice exhibited larger infarcts and lower capillary
RBC flux than WT controls after stroke. Male GPR39 KO mice also exhibited worse neurologic
deficit at 1 week post-stroke, though functional deficit disappeared in both groups by 3 weeks.

Conclusions—GPR39 deletion worsens brain injury, microvascular perfusion, and neurological
function after experimental stroke. Results indicate that GPR39 plays a sex-dependent role in
re-establishing microvascular flow and limiting ischemic brain damage after stroke.

Keywords

G protein-coupled receptor 39; capillary flux; pericytes; no-reflow; OMAG; sex difference

INTRODUCTION

Stroke is the second leading cause of death globally, with ischemic stroke accounting

for 87% of all strokes.! Globally, strokes account for 34% of global total healthcare
expenditure.2 While t-PA clot lysis and endovascular clot retrieval have revolutionized
stroke treatment, only a small percentage of patients qualify for these procedures and

have access to centers that perform them.3 Patients who undergo clot retrieval have
variable functional recovery, with a third to half of patients having poor outcome

despite undergoing endovascular therapy.# Success at large vessel recanalization may not
be accompanied by the expected restoration of downstream microvascular reperfusion.®
This “no-reflow” phenomenon across microvascular capillary beds may be secondary

to perivascular edema, pericapillary cells compressing the delicate vessels, continued
occlusion by small irretrievable clots, or inadequate blood flow or blood pressure to reopen
small vessels.> Neurons have high metabolic demand, utilizing near 1:1 capillary:neuron
neurovascular coupling to maintain optimal oxygenation and waste removal. Persistent
capillary dysfunction would consequently lead to neural starvation and death in the affected
watershed.8 Factors contributing to poor outcome after clot retrieval include vascular
comorbidities such as atherosclerosis or diabetes mellitus.®

GPR39 is a member of the ghrelin family of G protein-coupled receptors. It plays a
homeostatic role in vascular regulation, neuronal excitability and inflammation.” Expressed
in human brain peri-capillary pericytes and microglia,® GPR39 has been implicated

in moderating vascular inflammation and preventing excitotoxicity.” GPR39 has been
implicated in several neurological disorders, including cerebral small vessel disease-related
dementia.8 The endogenous ligand for GPR39 is uncertain, but it has been shown to

sense the balance between vasodilator and vasoconstrictor eicosanoids, which contribute

to the dynamic regulation of capillary blood flow.10:11 GPR39 can also be activated by
high concentrations of zinc which are known to occur during cerebral ischemia and may
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contribute to neurotoxicity.”12:13 These converging lines of reasoning suggest that GPR39
may play a role in the response to acute ischemic stroke. In this study, we used CRISPR/
Cas9-mediated GPR39 gene deletion to generate GRP39 KO mice. We next used these
mice to assess effect of GPR39 loss on post-ischemic microvascular flow, tissue injury

and functional deficits in the setting of focal, transient cerebral ischemia. Our findings
indicate that GPR39 KO mice exhibit persistently impaired microvascular blood flow after
reperfusion despite restored macrocirculation, leading to exacerbated ischemic brain injury
and concomitantly worse neurological deficits.

METHODS

Data are available from the corresponding author on reasonable request. This article adheres
to the American Heart Association Journals Implementation of Transparency and Openness
Promotion Guidelines, including the ARRIVE 2.0 guidelines for reporting animal research.

Detailed methods are available in the Supplemental Material.

Generation of GPR39 knockout mice

Mice with targeted GPR39 deletion were generated via CRISPR targeting technology.1415
Multiple guide RNAs (gRNAs) were designed that flank GPR39 exon 1 and each screened
for DNA cleavage efficiency in murine Neuro 2A (N2A) cells (Invitrogen). A mixture
containing 30 ng/pl of the two optimal gRNAs (Supplemental Table S1) and 100 ng/ul

of the Cas9 mRNA (Trilink Biotech) was prepared, injected into zygotes of C57BL/6NJ
mice (Jackson Laboratory, Stock #005304). The zygotes were transferred into oviducts

of pseudopregnant CD-1 females (Charles River Strain #022). The deletion event was
confirmed using PCR primers that flank the predicted deletion (Supplemental Table 1).
Germline founders were then backcrossed to C57BL/6 for at least 6 generations to eliminate
off-target mutations, and subsequent progeny were used to establish the GPR39-null line.
Mice were genotyped using ear biopsies using RT-PCR with specific probes designed

for each gene (Transnetyx, Cordova, TN, USA; Supplemental Table 1). Western blot and
RT-PCR analysis demonstrated missing GPR39 product in KO mice (Fig 1). Homozygous
GPR39 KO mice are viable, fertile, normal in size, and do not display any overt physical or
behavioral abnormalities.

Animals—Male and female GPR39 KO and WT littermates (n=165 mice; Supplemental
Table 2) were housed in temperature-controlled rooms on a 12-hour light and 12-hour dark
cycle with water and food ad libitum. Animals were randomized to experimental groups, and
investigators were blinded to group assignment until datasets were complete and analyzed.
All animal procedures were conducted in accordance with National Institute of Health
guidelines for use of animals in research, and protocols were approved by the Animal Care
and Use Committee at Oregon Health & Science University.

Middle cerebral artery occlusion (MCAO)

Transient focal cerebral ischemia was induced in male (25-32 g; n=9 WT, N=14 KO) and
female (20-25 g; n=9 WT, n=12 KO) mice at the age of 12-16 weeks using the intraluminal
MCAO technique, as previously described.18 Briefly, isoflurane-anesthetized mice were
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subjected to 60-min MCAQ using a silicone-coated 6-0 monofilament (Doccol Corporation,
Sharon, MA, USA). The filament was inserted through the right external carotid artery and
advanced into the internal carotid artery until laser-Doppler signal dropped to less than 30%
of baseline. Mice were kept anesthetized throughout MCAQ with 1 % isoflurane and kept
warm with water pads and heat lamp. A small laser-Doppler metal probe (Model DRTA4,
Moor Instruments Inc., Wilmington, DE, USA) was used to monitor cortical perfusion and
verify occlusion and reperfusion. After 60 minutes, the filament was withdrawn to allow
for reperfusion. Mice that did not exhibit a drop in laser-Doppler signal by at least 70%

or did not have an increase upon reperfusion to at least 70% of baseline were excluded
from the study. Animals were also excluded if they died during surgery or before the time
point for tissue or behavioral measurement. Mice were allowed to recover from anesthesia
and were subsequently housed in individual cages with free access to food and water until
the end of the study. Mice were given daily 0.3 mL intraperitoneal injections of normal
saline until they resumed eating solid food (usually within first 3 days). Physiological
variables were measured in separate groups of non-survival WT and GPR39 KO mice (n=5
each). Arterial blood pressure was measured continuously throughout MCAQ procedure
via a femoral arterial catheter. Arterial blood (150 pL) was collected via a femoral artery
catheter immediately before and 15 min after MCAO for blood gas measurements using the
iSTAT Chem 8+ cartridge (Abbott Point of Care, Princeton, NJ, USA). Mice used for blood
analysis and measurement of blood pressure were sacrificed at the end of measurements.

Cranial window

Cranial window creation was adapted from in-vivo multiphoton imaging studies.18 In brief,
the cranial window was performed under isoflurane anesthesia (1.0%-1.5%) using a custom-
built stereotaxic apparatus to secure the mouse head. A 5-mm-diameter circular craniotomy
1 mm posterior and 3 mm lateral to bregma was created (Supplemental Fig 1), closed with

5 mm cover glass (#0 small round cover glass, 5 mm small round, model no. CS-5R-0,
Warner Instruments, Holliston, MA, USA), and a custom-built aluminum fixation headplate
cemented into place. The cranial window dimensions and location were selected to cover the
boundary between infarcted and non-infarcted tissue on the dorsolateral surface of the brain,
based on previous histological staining and OCT-based imaging.17-18

Optical Microangiography (OMAG)

OMAG imaging was performed in WT and GPR39 KO mice (n=10 and 11, respectively)
using a previously described system.18:19.20 The animal was immobilized on a custom-made
stereotaxic stage and was lightly anesthetized with isoflurane (0.2 L/min 02, 0.8 L/min air).
Body temperature was monitored by a rectal thermal probe throughout the experiment, and
kept at 36.5+ 0.5°C by hot water pad and warming blanket. The parietal cranial window
was positioned under the OMAG scanning probe and tilted so that it was perpendicular to
the light beam with a 10x objective lens. A large field-of-view (FOV) OMAG scan (x-y-z
dimensions 2.4 mm x 2.4 mm x 2mm) was taken to ensure landmark positioning, then a
smaller OMAG FOV scan (x-y-z 0.5 mm x 0.5 mm x 0.4 mm) was taken at the center

for RBC flux measurements. The z dimension (0.4 mm), which represent depth below

the cortical surface, was divided into 4 equal layers (100 um each). OMAG imaging was
then performed to assess the total number of RBCs passing through the imaging voxel
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cross-section per unit time in order to determine RBC flux (Supplemental Fig S1). After
removing projection artefact in the scanned volume dataset, the maximum projected en-face
image was analyzed separately for each layer to determine average flux within each layer.
Flux images were processed to separate dynamic pixels (moving red blood cells within
vessels) from static pixels (structural tissue such as vessel walls). Only capillaries were
assessed for flux changes using a size filter, excluding all vessels >10 um in diameter. At

the end of the 24-hour scan, animals were sacrificed and infarct size was measured in these
brains as described below. Separate animals were also used for infarct size measurement that
did not go through OMAG scanning.

Measurement of infarct size

Mice were euthanized and brains collected and stained with 2,3,5-triphenyltetrazolium
chloride (TTC; Sigma, St. Louis, MO, USA\) at 24 hours after MCAO.16 Brain was sectioned
into 2-mm thick coronal sections, incubated in TTC, fixed in formalin and digitally analyzed
to obtain infarct volume. Infarcted and uninfarcted areas were measured with ImageJ
(National Institute of Health, Bethesda, MD, USA). To account for edema, infarct size

in each region (cortex, caudate-putamen (CP; striatum) and total hemisphere; Supplemental
Fig S3) was measured as the difference between the contralateral tissue volume and the
ipsilateral uninfarcted tissue. Infarct size was measured in male and female WT (n=9 each)
and GPR39 KO (n=14 and 12, respectively) mice.

Measurement of brain atrophy

Separate groups of mice were survived for 21 days after MCAO to assess behavioral
deficit as described below. Brain damage was evaluated in these mice at 21 days by
measuring tissue atrophy (Supplemental Fig S3) rather than infarct because at this time
point, liquefaction, clearing and scarring after stroke eliminates infarcted tissue.2! Brains
were harvested after behavioral testing in post-operative week 3 (POW3), and cut into
2-mm thick coronal brain sections. Slices were photographed, and the remaining size of
each ipsilateral region and its contralateral counterpart were quantified using ImageJ. The
ipsilateral region volume was divided by contralateral volume to determine the percentage
volume remaining and atrophied.

Behavior testing after MCAO

Locomotor function (“PRE™) was assessed 24 hours before MCAO surgery (day —1), and
locomotor deficit was evaluated in post-operative week 1 (POW1) and 3 (POW3) using the
Cylinder and Pole tests.? Details of testing are provided in Supplemental Material. After
testing, animals were sacrificed and brains collected to measure brain atrophy, as described
above.

Statistical Analysis

Sample sizes were chosen for adequate statistical power (0.8) based on results of

prior data sets. Data are presented as mean £SEM. Analysis was performed using the
PRISM 8.0 software. Differences among groups in infarct size, locomotor deficit, atrophy,
microvascular perfusion and physiological variables were evaluated by two-way ANOVA
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with Sidak’s multiple comparisons post hoc test. Separate t-test and ANOVA were
performed to assess differences in flux in the deepest cortical layer and overall flux among
4 layers, respectively. Survival and success rates were compared using Gehan-Breslow-
Wilcoxon test. Statistical significance was set at p<0.05.

GPR39 deletion increases infarct size after MCAO in male mice

We used a dual guide RNA (JRNA)/CRISPR strategy to generate a GPR39 KO mouse
model with a targeted 1322-bp deletion that encompasses exon 1 (Fig 1A). Loss of

GPR39 gene product is documented by RT-PCR (Fig 1B) and Western blot analysis

(Fig 1C). Fig 2 shows the effect of GPR39 knockout on laser-Doppler perfusion (LDP)

and infarct size in male and female GPR3 KO and WT controls. LDP over the MCAO
territory was significantly reduced by MCAQO, and returned to baseline upon reperfusion,
with no difference among groups at any time before, during or after MCAO (Fig 2A).
Despite a similar ischemic insult, male GPR39 KO mice sustained larger infarcts than WT
counterparts (55% larger in cortex, 71% in caudate-putamen and 64% in whole hemisphere,
Fig 2B, all p<0.03). In contrast, brain infarct size in female KO mice did not differ from
WT female controls in any brain region (Fig 2C). To further investigate male-specific
vulnerability of GPR39 KO to MCAO, male mice were studied further by evaluating the
effect of GPR39 knockout on capillary flux in deep brain tissue and on long-term behavioral
outcome. Because infarct size was not different between WT and KO females, we did not
measure capillary flux or assess long-term behavior in females.

GPR39 KO decreases capillary flux after MCAO in deep cortical layers in male mice

OMAG was employed to assess RBC flux through capillary beds below the cortical surface
within the MCA watershed area (penumbra; area highlighted in Fig 3A and Supplemental
Fig 1). Concomitant with the larger cortical and CP infarcts in male mice, there was
progressive microcirculatory hypoperfusion in the KO group, which was especially evident
in deeper layers 3 and 4 (Fig 3B, p<0.03). Compared to WT controls, post-ischemic RBC
flux in layer 3 was halved in the KO group and decreased by 96% in the deepest layer (layer
4, Fig 3C, p< 0.05). This observation is consistent with the dependence of deeper brain
tissue on the microcirculation for effective perfusion.

GPR39 KO exacerbates locomotor deficit at 1 week after MCAO

To determine whether increased ischemic damage in GPR39 KO mice affected neurological
function, we assessed locomotor behavior at 1 and 3 weeks after MCAO using the Pole and
Cylinder tests, and evaluated survival and ipsilateral brain tissue atrophy at these time points
(Fig 4). In the first 7 days after MCAO, GPR39 KO mice died at a higher rate than WT
controls (29% vs. 19%, respectively, p<0.04), but mice in both groups who survived to 7
days also survived for the full 21-day study period (Fig 4A). Using atrophy to index brain
injury in mice surviving the full 3 weeks, GPR39 KO mice had significantly more tissue
atrophy than WT mice in caudate/putamen (16.2%, p<0.05), with trends for more atrophy

in cerebral cortex (27.6%, p=0.084) and whole hemisphere (23.1%, p=0.068). GPR39 KO
mice suffered greater disability than WT controls in both the Cylinder and Pole tests at
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postoperative week 1 (POW1). In the Cylinder test (Fig 4C), GPR39 KO mice favored
their unaffected paw (positive asymmetry index, where more positivity is worse) than

WT controls in POW1, consistent with greater disability. The exaggerated disability was
transient, however, disappearing in POW3. Similarly, in the pole test (Fig 4D), GPR39 KO
mice took longer to complete the task than controls at POW1, a deficit also not sustained at
POWS3.

Hemodynamic and hematological parameters during MCAO

The impact of GPR39 deletion on the hemodynamic and hematological parameters during
MCAO was evaluated in separate cohorts of non-surviving mice. As shown in Supplemental
Fig S2, no differences were observed between WT and KO mice in arterial blood gases
(ABG), base excess, pH, hematocrit and glycemic status before or after MCAO. GPR39 KO
mice exhibited a mild hyperkalemic response to MCAQ, although baseline kalemia did not
differ from WT controls. As in Fig 2A, no difference in laser-Doppler perfusion over the
MCA territory was observed between WT and KO mice in this non-survival cohort at any
time point (Fig 5A). Interestingly, we observed an exaggerated drop in blood pressure to
blood withdrawals in GPR39 KO mice compared to WT controls (Fig 5B).

DISCUSSION

Our study reveals several new findings: 1) Targeted deletion of the GPR39 worsens ischemic
damage in a sex-specific manner, especially in deeper brain regions in male; 2) Larger
infarct in GPR39 KO male mice is associated with impaired capillary reperfusion at

24 hours after stroke, particularly in deeper cortical layers; 3) GPR39 KO male mice

sustain larger locomotor deficit 1 week after stroke than WT male mice; 4) GPR39 KO
mice experience increased mortality in the first week after focal cerebral ischemia; and

5) GPR39 KO animals are less able to maintain blood pressure under anesthesia during
blood withdrawals. We conclude that the GPR39 gene deletion decreases microvascular
reperfusion, exacerbates ischemic brain injury and impairs functional recovery after MCAO.
GPR39 may also play a role in preserving systemic blood pressure during blood loss. Taken
together, our findings are consistent with a role of GPR39 in control of the microcirculation,
such that loss of GPR39 impairs the brain’s microvascular capillary response to ischemia
and the body’s systemic response to hypotension. Thus, preservation or enhancement of
GPR39 function during ischemic stroke and systemic hypotension may be protective.

Clinical studies provided evidence that microvascular dysfunction after stroke is associated
with poor stroke outcome. In a large prospective cohort from 2 multicenter clinical

trials, persistent tissue hypoperfusion 24 hours after reperfusion therapy was associated
with worse cerebral edema even among patients with apparently successful angiographic
reperfusion.23 It has been proposed that hypoperfusion after successful thrombectomy is
related to impaired microvascular tissue reperfusion at the capillary level, the so called
“no-reflow” phenomenon,24 although the presence of no-reflow remain controversial and
possibly rare in human stroke.2> Few human studies investigated the sex difference in
post-stroke microvascular dysfunction. In one study, women suffer worse microvascular
injury in white matter after ischemic stroke than men,26 which may contribute to poorer
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functional outcomes in women compared to age-matched men with similar risk factors

and stroke severity.27+28 Other studies have demonstrated higher efficacy of thrombolytic
therapy in women compared to men, presumably due to a greater tendency for recanalization
of small cardioembolic clots.2%39:31 However, some studies reported worse functional
outcomes in women after thrombolysis compared to men.32:33 Conclusions are similarly
equivocal regarding endovascular thrombectomy (EVT), with some studies finding better
outcomes in women after adjusting for age and stroke severity,34 while others finding

no sex difference in EVT outcomes.3® In experimental stroke, we have previously shown
that female animals experience smaller stroke lesions than male animals3® This effect was
eliminated by ovariectomy and restored by estrogen, which protects against stroke in part by
improving post-stroke tissue hypoperfusion.3”

The present study extends previous reports by demonstrating a male-specific increase in
vulnerability to focal cerebral ischemia as a result of GPR39 KO. The differential effect

of GPR39 deletion in males vs. females suggests that differences in GPR39 expression,
distribution, activity or signaling may exist between male and female mice. The increase in
ischemic damage in males is likely linked to poor microvascular perfusion after stroke,

as male KO mice had significantly lower capillary flux in deep cortical layers than
corresponding WT mice. Poor capillary perfusion in deep cortical layers coincided with
the observation that the largest and most consistent regional damage in our study, assessed
by measuring either infarct or atrophy, occurred in the deep caudate/putamen (striatum)
region. Coexistence of poor microvascular perfusion and larger ischemic damage in the
striatum fits the concept that deep brain structures are highly dependent on microvascular
flow and are prone to lacunar infarcts due to lack of collaterals connecting penetrating end-
arterioles.38 Moreover, at progressively deeper subcortical layers, capillary RBC flux slows
and oxygen extraction increases and becomes more homogenous, again leading to higher
dependence of deeper brain tissue on microvascular blood flow.3° Reduced capillary blood
flow after MCAO has been linked to multiple mechanisms, including pericyte contraction?
and death,*! capillary plugging by blood cells, especially neutrophils,*243 and interstitial
edema and swelling of endothelial cells and astrocyte end feet.®> The location of GPR39

in peri-capillary pericytes supports a role for pericytes in the exaggerated decrease in post-
MCAO capillary flux in GPR39 KO mice.8

It is important to note that the failure of capillaries to reperfuse deep brain tissue is observed
in mice that had complete restoration of laser-Doppler blood flow on the surface of the
brain. This is reminiscent of the clinical observation of incomplete tissue perfusion despite
complete large-vessel recanalization after endovascular therapy or t-PA. Our data suggest
that GPR39 is an endogenous microvascular protective mechanism, and that enhancing
GPR39 activity may protect against microvascular dysfunction after stroke and may serve as
a complementary approach to enhance efficacy of endovascular therapy or t-PA.

It is also important to note that the drop in blood pressure laser-Doppler cortical perfusion
was preserved despite the drop in blood pressure, and, importantly, that animals undergoing
MCAO procedure without blood withdrawal did not exhibit a blood pressure. Therefore,
reduced capillary flux in deep cortical layers is unlikely related to a change in systemic
blood pressure. Similarly, it is unlikely that changes in the blood composition were
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responsible for the difference in capillary flux between WT and KO mice, as there was
no indication in blood analysis results to suggest that physical characteristics of the blood
are different between WT and KO mice.

Our experimental approach allowed us to observe the effect of GPR39 KO on the evolution
of infarction over time; from early reperfusion (20 min, in mice used for physiological
monitoring), to 24 hours (TTC) and 21 days post-reperfusion (in animals used to measure
atrophy). Longitudinal examination shows that maximum CP/striatum damage occurs
acutely in GPR39 KO mice, consistent with the role of microcirculation in the acute phase
of ischemic injury; whereas more generalized hemispheric damage continues to evolve over
time, in part due to secondary inflammation and neurodegeneration. In WT mice, both
CP/striatum and generalized hemispheric damage tend to increase more slowly over time,
presumably due to intact microvascular protective mechanisms.

In addition to its role in the microcirculation, several, possibly interdependent molecular
mechanisms have been proposed by which GPR39 may protect against stroke. First,
GPR39 has been shown to reduce excitation of hippocampal neurons by increasing KCC2
expression and chloride efflux** and by increasing synthesis of the endocannabinoid 2-
arachidonoylglycerol in postsynaptic hippocampal neurons, which moderates presynaptic
glutamate release.*> Furthermore, GPR39 has been proposed to act as a receptor for zinc,
which is released during brain ischemia and has been proposed to play protective and
neurotoxic roles.*6:47 It is possible that receptor activation by zinc could moderate ischemic
brain damage. GPR39 has constitutive activity through the Ga/serum responsive element
(SRE) cascade, which decreases oxidative, endoplasmic reticulum and mitochondrial stress
in hippocampal cell lines,*® potentially limiting evolving infarct size in penumbral tissues.
In addition to neurons, GPR39 is expressed in microglia and peri-capillary cells affected

by vascular cognitive impairment.8 GPR39 may limit inflammation and augment capillary
blood flow; thus limiting secondary expansion of infarct during reperfusion. Finally, GPR39
has been proposed to sense the ratio of the vasodilator and protective eicosanoid 14,15-
epoxyeicosatrienoate (14,15-EET) to the vasoconstrictor and pro-inflammatory eicosanoid
15-hydroxyeicosatetraconate (15-HETE).10 It is possible that increased ischemic injury in
GPR39 KO mice is linked to altered interplay between the two eicosanoids. If protective
EETs signaling dominates in the setting of ischemia-reperfusion, then loss of GPR39 would
be expected to increase injury. On the other hand, if HETESs signaling dominates during
blood loss to maintain systemic blood pressure, then loss of GPR39 may explain the
exaggerated drop in blood pressure upon blood withdrawal in GPR39 KO mice.

Our results are in agreement with the study by Xie S. et al.,49 which found that a

GPR39 agonistreduced the infarct size, improved neurological deficit and attenuated
neuroinflammation in neonatal hypoxia-ischemia, suggesting that GPR39 plays a protective
role in ischemic brain injury. However, another study0 reported that a GPR39 antagonist
reduced infarct size and improved tissue perfusion in a mouse model of myocardial
ischemia, suggesting that GPR39 plays a detrimental role in ischemic injury in the heart.
The discrepancy may be related to lack of specificity of the pharmacological compounds
used in these studies to GPR39 when administered in vivo, or to tissue-specific roles of
GPR39 in heart vs. brain.
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In summary, GPR39 appears to play a beneficial role in recovery from ischemic stroke,
and contributes through several pathways that could interact to preserve brain viability and
function after stroke. Future studies are required to elucidate if and how pharmacologic
activation of GPR39 can decrease infarct size and improve functional outcome after stroke.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Creation and confirmation of mouse GPR39 knockout model.
A. Schematic of mouse GPR39 gene locus targeting strategy. Guide RNAs were designed to

cleave at sites flanking exon 1 of Gpr39 resulting in a 1322 base pair deletion. Exon 2 was
left intact. B. RT-PCR and C. Western blot of GPR39 (top row) and beta-Actin (bottom row)
confirming presence of GPR39 mRNA (B) and protein (C) in brain, heart and kidneys from
wild type mice (left) but absent in GPR39 knockout mice (right).
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Figure 2. GPR39 deletion increases infarct sizein male mice after MCAO.
A. Relative laser Doppler perfusion of MCA territory. There were no differences among

groups. B. Infarct size was significantly larger in male GPR39 KO mice (n=14) compared
to WT littermates (n=9) in cerebral cortex, caudate putamen (CP) and whole hemisphere.
C. There was no difference in infarct size between WT (n=9) and GPR39 KO (n=12) in
females. GPR39 KO vs. WT. n.s., not significant. *p<0.05, ** p<0.001. Cortex and CP are
components of the hemisphere.
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Figure 3. Optical microangiography (OMAG) demonstrates wor sened microvascular brain tissue
perfusion in GPR39 KO vs WT males after stroke.

A. Schematic of OMAG setup for capillary blood flow measurement in 4 cortical layers
within ischemic penumbra. B. Post-stroke cortical capillary flux in in layers 1-4 (% baseline)
in GPR39 KO (n=10) and WT littermates (n=11). (Genotype F1 76 = 5.36; *p<0.0234). C.
Post-stroke capillary flux in GPR39 KO vs. WT littermates in deepest cortical layer only
(#4). (n=10 KO, n=11 WT, *p<0.05). D. Experimental timeline illustrating OMAG timing
relative to MCAO. Mice were allowed 1 hour of recovery after cranial window creation
under anesthesia prior to baseline OMAG scan. Mice were then subjected to MCAO, and
recovered for 24 hours when they underwent a second post-stroke OMAG scan. Brains were
collected, sectioned and stained with TTC to measure infarct size.
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Figure 4. GPR39 KO decreases survival and motor function 1 week after stroke, and increases

brain atrophy 3 weeks after stroke.

A. Timeline of behavior testing, MCAOQ, infarct size and brain atrophy measurement,
superimposed on survival curve. GPR39 KO decreased survival at 1 week compared to

WT (#*p<0.05). B. Ipsilateral atrophy in cortex, caudate putamen (CP) and hemisphere in
KO and WT mice at 3 weeks after stroke. C. KO mice show greater forepaw disability in

the Cylinder test 1 week after stroke. Higher asymmetry indicates greater disability. D. KO
mice show decreased coordination in the Pole test 1 week after stroke. Longer time indicates
greater disability. Total number of KO and WT mice at beginning of protocol was 24 and 21,
respectively. Number of mice at full survival to 21 days was 17 in each group (*P <0.05).
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Figure 5. Hemodynamic measuresin GPR39 KO and WT mice during and after stroke.
A. Relative laser-Doppler perfusion over the MCA territory during and 15 min after MCAO,

n.s. not significant. B. Mean arterial pressure (MAP), as % baseline, in cohort used for
arterial blood gas measurement. (Genotype Fy 35 = 10.05; * *p<0.0034; post final ABG
adjusted p value for multiple comparisons *p<0.05; n=5 per group).
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