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Abstract

Ischemic stroke caused by an embolus or local thrombosis results in neural tissue damage (an
infarct) in the territory of the occluded cerebral artery. Decades of studies have increased our
understanding of the molecular events during cerebral infarction; however, translation of these
discoveries to druggable targets for ischemic stroke treatment has been largely disappointing.
Interleukin-4 (IL-4) is a multifunctional cytokine that exerts its cellular activities via the
interleukin-4 receptor a (IL-4Ra). This cytokine-receptor complex is associated with diverse
immune and inflammatory responses. Recent studies have suggested a role of the cytokine IL-4 in
long-term ischemic stroke recovery, involving immune cell activity. By contrast, the role of the
receptor, IL-4Ra especially in the acute phase of infarction is unclear. In this study, we determined
that IL-4Ra is expressed on neurons and that during the early phases of cerebral infarction (24
hours) levels of this receptor are increased to regulate cellular apoptosis factors through activation
of STATS6. In this context, we show a neuroprotective role for IL-4Ra in an /n vivo surgical model
of cerebral ischemia and in ex vivo brain slice explants, using both genetic knockout of this
receptor and RNAi-mediated gene knockdown. IL-4Ra may therefore represent a novel target and
pathway for therapeutic development in ischemic stroke.

Graphical abstract

Correspondence should be addressed to: Douglas A. Marchuk, PhD, Department of Molecular Genetics and Microbiology, BOX 3175,
Duke University Medical Center, Durham, NC 27710, Phone / Fax: +1-919-684-1945 / +1-919-684-2790,
douglas.marchuk@duke.edu.

The authors have declared that no conflict of interest exists.

Author Contributions

HKL, DCL, and DAM designed research. HKL and SK performed research. HKL and DAM analyzed data. HKL, DCL, and DAM
wrote the paper.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leeetal. Page 2

Neuron with IL-4R Neuron without IL-4R.c
w °
t N/ \\//
5 — Ay o — ——
o — u_/-qf_::_— _, —
'.g y o\'u\\ \\ /n\
2 Under ischemic stroke
5 :
[
E 1
@ 1
8 :
i i
. I R
Healthy neuron ' Fragmented neuron
® ° P \ /
o \@/ 5 .
Nla e
s ———— e 'ﬂ - f‘ﬁ-.:_:':h—_—__ =
. %—x( \ ® /z \;;\ G
AN AN
@ e y

ﬁ IL-4Ret complex | @ s | & Posenonated | < BCL2 | =3 cleaved Caspase 3

In this study, we report that neurons in the mouse brain express IL-4Ra and that during the early
phase of ischemic stroke (within 24 hours), levels of this receptor are increased to regulate cellular
apoptotic factors through activation of STAT6. Therefore, IL-4Ra plays a cell autonomous role in
neuroprotection in the acute phase of ischemic stroke.
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Introduction

Stroke is the fourth-leading cause of death in the US, with almost 800,000 new cases
occurring each year [1]. The majority (over 80%) of strokes are of ischemic origin caused by
disrupted blood flow within the territory of an occluded blood vessel, resulting in
irreversible death of brain tissue (infarction). Total health care costs for stroke are estimated
at $40 billion per year and with the aging population in the coming decades stroke burden is
expected to increase substantially. Despite decades of research, the only treatment option
approved by the FDA for stroke therapy remains intravenous recombinant tissue
plasminogen activator (tPA), currently given to only 2—-3% of stroke patients in the US
because of its limited time window for drug administration of <4.5 h beyond stroke [2].
Moreover, tPA does not provide protection to neural tissues damaged by stroke. Thus,
alternative strategies for brain protection and/or neuroprotection are urgently needed for
stroke treatment.

IL-4 is a multifunctional cytokine that exerts its cellular activities via the IL-4Ra.. This
cytokine-receptor complex is associated with diverse immune and inflammatory responses
[3-5], but recent studies have suggested critical roles for this cytokine-receptor complex in
the brain. Diminished IL-4 levels in the aging brain may lead to cognitive decline and
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increased risk of Alzheimer’s disease [6], and in zebrafish brain displaying an Alzheimer’s
disease-like phenotype, activation of IL-4 coupled with its receptor IL-4Ra. promotes neural
stem cell proliferation and neurogenesis [7]. Furthermore, several clinical and animal studies
have demonstrated that IL-4 can function as a protective modulator, improving tissue
recovery after ischemic stroke onset. Specifically, under a chronic stroke condition,
macrophages expressing IL-4Ra are transformed into the alternatively activated M2
polarized phenotype that is essential for tissue preservation and repair [8-10].

Here, we report that neurons in the mouse brain express IL-4Ra and that during the acute
phase of ischemic stroke (within 24 h), neurons are autonomously activated to modulate
neuronal apoptosis through the IL-4/IL-4Ra signaling pathway, including STAT6 activation.
This neuroprotective effect of IL-4Ra activation alters the extent of ischemic infarction
(tissue death). These data suggest a new pathway for neural protection in ischemic stroke.

Absence of ll4ra modulates both cerebral collateral vessel anatomy and ischemic infarct

volume

Exploiting variation in infarct volume after middle cerebral artery occlusion (MCAQ) across
different inbred mouse strains, we genetically mapped a locus on distal chromosome 7
(Civg1, cerebral infarct volume QTL 1) that robustly modulates infarct volume [11].
Subsequent work demonstrated that this locus controls cerebral collateral blood vessel
anatomy, where inbred strains with extensive collateral vessel connections exhibit smaller
infarcts due to their ability to rapidly re-perfuse the ischemic territory [12,13]. Additional
work suggested that the locus may be more complex, containing multip/e genes that
independently modulate infarct volume by either vascular-dependent and/or vascular-
independent mechanisms [13,14]. Among the candidate genes mapping within this locus,
one gene, //4ra, showed more than a 2-fold expression difference in P1 brain cortex between
two strains that differ widely in infarct volume, C57BL/6J (B6) and BALB/cJ [14]. The
expression difference in brain tissue suggested a potential vascular-independentrole in the
infarct phenotype. To investigate whether //4ra modulates ischemic infarct volume and/or
collateral vessel phenotypes, we employed an //4ra KO mouse strain. As these two
phenotypes vary widely across inbred mouse strains, it was critical that we consider the
genetic background of the animals in order to distinguish any effects of the loss of the //4ra
gene from effects contributed by the rest of the genome. The //4ra KO mouse was originally
generated and maintained in the BALB/cJ strain background. After confirming that this KO
allele is fully contained in the BALB/cJ background by whole genome SNP genotyping, we
examined effects of the loss of this gene on pial collateral vessel density and infarct volume
after MCAO.

We first measured the number of collateral vessel connections between the anterior cerebral
artery (ACA) and middle cerebral artery (MCA). The number of vessel connections in
genotypes of //4ra KO allele mice did not differ among the genotypes (WT (~2.3), Het
(~2.5), and KO (~2.0)), nor when compared to the parental background strain (BALB/cJ
(~3.1)) (Fig. 1A). We next measured infarct volume after MCAQO for each genotype of the
/l4ra KO mice. Infarct volumes among genotypes also did not differ between WT (45.1
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mm?3), Het (47.5 mm3), and KO (47.3 mm3), nor when compared to the parental background
strain (BALB/cJ (41.7 mm3)) (Fig. 1B).

However, the BALB/cJ inbred strain is a phenotypic outlier among most inbred mouse
strains [13,14], having very few collateral vessel connections (Fig. 1A) and consequently
exhibiting extremely large infarct volumes following unilateral MCAQ (Fig. 1B). Therefore,
the effects of genetic loss of //4ra could have been masked by the already extreme
phenotype of the BALB/cJ strain. To test this, we backcrossed the //4ra KO allele to a
different inbred strain that lies on the opposite extreme of the phenotypic spectrum
[11,13,14]. Strain 129S1/SvimJ (129S1) exhibits a high number of collateral vessel
connections and after MCAQO, small infarct volumes (Fig. 1A and B) as the B6 mouse strain
[13,14].

In the 129S1 background (backcrossed to N5 and validated the genetic background by whole
genome SNP genotyping), we examined the effects of the loss of //4ra on pial collateral
vessel density and infarct volume. The number of vessel connections in the //4ra KO
(~15.5) was slightly reduced compared with both WT (~21.1) and Het (~22.1) (Fig. 1C - I).
We then examined the effects of this gene deletion on ischemic infarct volume in the
permanent occlusion model. Infarct volume in //4ra KO mice (38.6 mm?3) was ~4.9- fold
larger than observed in WT (7.8 mm3) (Fig. 1J — M). Interestingly, unlike with the collateral
phenotype, infarct volume after MCAO showed a significant gene dosage effect. //4ra Het
mice (18.8 mm?3) showed ~2.4- fold increased infarct volume compared to WT mice (Fig.
1M). The lack of complete inverse correlation [12-14] between collateral phenotype and
infarct volume suggests that //4ra displays both collateral-dependent and —independent
effects on cerebral infarct volume. In all of the different inbred strain backgrounds and the
different genotypes, we found no differences between males and females in any of our
phenotypic measures, and thus, males and females were analyzed together.

Absence of ll4ra alters neuronal protection in the brain after ischemic stroke induction

We thus hypothesized that in addition to a minor effect on collateral vasculature, upon focal
cerebral ischemia //4ra might modulate a neuroprotective pathway. IL-4Ra is thought to be
expressed in endothelial, epithelial, fibroblast, hematopoietic, hepatocyte, muscle, and brain
tissue; and its ligand IL-4 a multifunctional cytokine is mainly secreted by T-helper 2 cells,
mast cells, eosinophils, basophils, and stromal cells [15,16]. Recent studies reported that
IL-4 is expressed on neurons in both mouse and zebra fish brain tissues [7-9], but
expression of the IL-4Ra by neurons is not clear. To address this, we performed
immunohistochemistry using antibodies to IL-4 and IL-4Ra along with a neuronal marker,
NeuroD2, to identify the source of both IL-4 and IL-4Ra in mouse brain tissue. Both I1L-4
and IL-4Ra were clearly expressed on neurons in the brain tissue (Fig. 2A and B). To
further investigate which cell type in the brain expresses the IL-4Ra during ischemia, we
induced ischemic stroke in //4ra WT mice using the permanent occlusion model (MCAQ)
and then performed immunohistochemistry 4 h after occlusion, using antibodies to IL-4Ra
and either a neuronal marker, NeuroD2, or a microglia/macrophage marker, 1bal. Although
neurons showed weak expression of IL-4Ra. in the contralateral hemisphere, the microglia/
macrophages in this region exhibited much higher expression (Fig. 2C, C1, and C2).
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However, 4 h after ischemic stroke was induced, levels of IL-4Ra were greatly increased in
the neurons of the penumbra (P) and surrounding the ischemic core (IC) (Fig. 2C, C3, and
C4).

The expression of both IL-4 and IL-4Ra. in neurons allowed us to use a brain slice explant
model to determine whether //4ra modulates intrinsic neuroprotection via a collateral-
independent mechanism. This ex vivo brain slice assay model maintains the complex
multicellular architecture of the tissue while obviating any effects of reperfusion of the tissue
by the cerebrovasculature including by collateral circulation. Using this assay, we examined
the degree of neuronal cell death induced by oxygen-glucose deprivation (OGD) in brain
slice explants prepared from the //4ra KO mouse strains.

We first showed that there were no differences in YFP transfection efficiency (used to
delineate neurons) and cell viability in non-OGD treated //4ra WT and KO brain slices (Fig.
3A, B, and E). As expected, transient OGD of both //4ra WT and KO brain slices resulted in
the degeneration and clearance of a large proportion of cortical pyramidal neurons within 24
h (Fig. 3A — E). However, after OGD, //4ra KO brain slices showed a >40% increase in
neuronal cell death when compared to //4ra WT brain slices (Fig. 3E and F). To investigate
whether neuronal cell death is actively induced in //4ra KO brain slices, we monitored
cleaved Caspase 3 (c-Caspase 3) activity in the neurons 12 hours after transient OGD (Fig.
3G - L). c-Caspase 3 intensity in neurons without //4ra was ~7.7-fold higher than that in
neurons with //4ra (Fig. 3M), consistent with the observed increase in neuronal cell death
being due to the loss of //4ra. Together, these results suggest that //4ra plays a protective
role in ischemic brain damage, independent of tissue reperfusion through the collateral
circulation.

Absence of ll4ra affects levels of 114 mMRNA

IL-4Ra forms a heterodimeric receptor complex with the common cytokine receptor -y chain
(7y¢) and through this receptor complex (termed IL-4 receptor, type 1) IL-4 signaling is
initiated [16-18]. IL-4 signal transduction and functional activity is impaired but not
completely eliminated in //4ra KO mice [19]. Consistent with previously published data
[19], we found that //4 mRNA expression was diminished in //4ra knockout animals (Fig.
4A) and appeared unresponsive to OGD. By contrast, levels of both //4and //4ra increased
12 h and 24 h after OGD treatment in wild-type mice (Fig. 4A).

Absence of ll4ra affects apoptosis

To determine whether the observed increased neuronal cell death in //4ra KO brain tissue
after OGD treatment was due to increased cellular apoptosis we determined mRNA
transcription levels of the anti- and pro-apoptotic factors Bc/-2and Caspase 3, respectively.
Transcript levels of Be/l-2in /l4ra KO brain slices were significantly reduced at 12 h after
OGD treatment compared to //4ra WT brain slices (Fig. 4A). Furthermore, at the protein
level, //4ra KO brain slices showed significantly reduced BCL-2 levels compared to //4ra
WT brain slices after OGD treatment (Fig. 4B and C). Caspase-3 mRNA expression levels in
/l4ra KO brain slices were significantly increased 12 h after OGD treatment compared to
/14ra WT brain slices (Fig. 4A) and c-Caspase 3 protein levels in //4ra KO brain slices were
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significantly increased after OGD treatment (Fig. 4B and D). These results indicate that
/l4ra regulates cellular apoptosis pathways after OGD.

ll14ra modulates apoptotic factors through STAT6 phosphorylation

IL-4 interaction with type | receptor IL-4Ra results in tyrosine phosphorylation of Janus
Kinase 1 and 3 (JAK1 and JAK3), and JAK1 induces signal transducer and activator of
transcription 6 (STAT6) phosphorylation [20,21]. Phosphorylated STAT6 (pSTAT6) homo-
dimerizes and translocates to the nucleus where it serves as a transcription factor to promote
transcription of target genes, including //4ra [22-24]. Recent studies have implicated STAT6
activity in cellular apoptosis across many cell types [25-27]. To investigate whether IL-4/
IL-4Ra signals through STAT6 during apoptosis due to cerebral ischemia, we determined
Stat6é mRNA transcription levels from both //4ra WT and KO brain slices after transient
OGD treatment. Although Sfat6 mRNA expression levels were elevated in both //4ra WT
and KO brain slices after OGD treatment, this effect was much reduced in //4ra KO brain
tissue (Fig. 5A). This pattern was also reflected in the active form of the protein, pSTAT6
especially at 12 h post ischemia (Fig. 5B and C). These results suggest that IL-4/IL-4Ra
may signal through the JAK/STAT pathway to modulate neuronal apoptosis within the first
24 h after ischemia.

Acute knockdown of ll4ra gene expression by siRNA also affects neuronal apoptosis

Finally, we sought to exclude a significant neurodevelopmental role in the effects of //4ra
gene deletion by employing acute knock down of //4ra gene expression in wild-type brain
tissue explants using //4ra-specific siRNAs. We first evaluated the efficiency of sSiRNA
delivery system in the mouse brain slice cultures. //4ra mRNA transcript levels in //4ra WT
brain slices showed an approximately 55% reduction after transfection of //4ra-specific
siRNA compared to that observed after transfection of non-specific SiRNA (Fig. 6A). As
predicted from previously published data documenting the regulatory cross talk between
receptor and cytokine [3,5,16] //4 mRNA expression levels were also affected by
knockdown of its receptor, showing ~50% reduction (Fig. 6A). IL-4Ra protein levels
showed a concomitant 40% reduction (Fig. 6B and C).

Next, to apply //4ra siRNA knockdown in the brain slice ischemia assay, we had to slightly
modify the OGD model which is incompatible with siRNA transfection due to technical
issues [14]. Instead, we employed an ex vivo oxygen deprivation (OD) model [14]. This OD
model enabled the delivery of //4ra-specific siRNA into cultured mouse brain slices, and
provided sufficient time for RNAi-mediated knockdown at both the mRNA and protein
levels before application of OD to the brain slice. We have previously validated this
approach and shown similar cell viability when compared with the OGD assay [14].

Using this OD assay in brain slice cultures, we determined the transcript and protein levels
of apoptotic factors after transfection of //4ra-specific sSiRNA. Consistent with the results
observed with //4ra KO brain slices after OGD treatment (Fig. 4A), caspase-3mRNA
transcript levels in //4ra-specific siRNA transfected brain slices were markedly increased
after OD treatment when compared to scrambled siRNA controls (Fig. 6D). Bc/-2and Stat6
transcript levels were also decreased by //4ra-specific sSiRNA compared to scrambled siRNA
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controls, again consistent with the data using //4ra KO brain slices. Protein levels of
pSTAT6, BCL-2, and c-Caspase 3 showed concomitant and similar changes as were
observed for their mRNA transcript counterparts (Fig. 6E — ). Taken together, these data
support an ongoing role for //4ra signaling in modulating levels of apoptotic factors in brain
tissue after acute ischemic insult.

Discussion

Although epidemiologic studies have estimated that two-thirds of the population-attributable
risk for ischemic stroke is due to genetic factors, a significant genetic component to
ischemic stroke still remains elusive [28-30]. To identify some of the more recalcitrant
genetic factors, especially those that modulate the extent (size) of the infarcted tissue, we
employed permanent middle cerebral artery occlusion across various inbred strains of mice
and performed QTL mapping of loci that modulate infarct volume [11,13,14,31]. Using this
approach, we and others have determined that some genetic loci modulate the size of the
infarct via a collateral vessel-dependent mechanism, thereby enabling reperfusion of the
ischemic territory. Other loci influence infarct volume via a collateral vessel-independent
mechanism [13,14,31] and are more likely to reflect innate neuroprotective mechanisms.
The strongest of the modifier loci identified to date maps to distal chromosome 7 [11,13,14].
Further fine-mapping of the relatively broad genomic interval using ancestral SNP haplotype
analysis identified 12 candidate genes [14], a short list that includes //4ra, the receptor for
the cytokine IL-4.

The role of the cytokine IL-4 in ischemic stroke recovery has been well established [8,9] and
has focused on long-term recovery from ischemia, involving the activity of immune cells. In
particular, these long-term effects of the IL-4/1L-4Ra complex involve macrophages and are
associated with both detrimental- and beneficial effects [32—34]. Cytokine IL-4 together
with its receptor IL-4Ra induce host defense responses including anti-inflammatory and
tissue repair phenotypes in macrophages [17,35,36]. However, the effects of this immune
cascade mechanism occur later in the process.

By contrast, the role of the receptor, IL-4Ra, especially in the acute phase of infarction, has
been less studied. We sought to investigate the role of //4ra during infarction, focusing on
the acute phase, that is, within 24 hours of the ischemic insult. We first postulated that if the
/l4ra modulated the extent of cell death in the acute phases of infarction, and had a role in
innate neuroprotection, the receptor might be expressed on neurons. Previously published
work has shown that the cytokine, IL-4 is indeed expressed on neurons [8,9] but its receptor,
IL-4Ra is not clear. We showed that IL-4Ra is also expressed on neurons albeit at lower
levels than in microglia/macrophages (Fig. 2) but importantly, the levels of neuronal IL-4Ra
are dramatically increased upon induction of ischemic stroke (Fig. 2).

We next sought to generate a complete loss of function (homozygous KO) of the //4ra gene
in multiple inbred mouse strains. The phenotypic effects of a gene knockout can vary
depending on genetic background, and the effects of the knockout allele of a gene can be
masked if these effects would drive the phenotype in the direction where the genetic strain
background is already at the extreme of the phenotypic range. The well-studied //4ra KO
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allele has been maintained in BALB/cJ, a strain exhibiting very large infarct volumes due
primarily to a lack of collateral vessels [13,14]. We sought to move the allele into the 129S1
background that shows ~5-7o/d smaller infarcts. We found that even with minimal (or none
in the case of the heterozygous KO) differences in collateral vessel number, infarct volume
after MCAO is dramatically increased with both reduced (Het) and full loss (KO) of //4ra.
These results suggest that //4ra modulates ischemia-induced tissue death in large part via a
vascular-independent mechanism.

We next verified the non-vascular neuroprotective effect of //4ra using an ex vivo brain slice
explant ischemia assay in which the vascular circulation is entirely absent. We further
showed that //4ra induces apoptosis via activation of STAT6 signaling, regulating the anti-
apoptotic factor, BCL-2 and the pro-apoptotic factor, c-Caspase 3. These same apoptotic
factors were shown to be //4ra-dependentwhether a genetic knockout of the receptor was
used or when acutely introducing //4ra-specific sSiRNA into wild-type brain slices, further
supporting an ongoing neuroprotective, anti-apoptotic effect of //4ra signaling. Importantly,
it should be stressed that we were measuring early effects (within 24 hours) of the loss of
/l4ra on ischemia-induced neuronal death. Our data support a neuronal, cell-autonomous
effect of //4ra during the early events of ischemia-induced cell death.

Ischemic stroke causes brain tissue damage (infarction) leading to disability and/or death.
The only treatment option currently approved by the FDA is tPA, which by dissolving the
blood clot, re-establishes blood flow to the affected territory. However, even this treatment
does not modulate intrinsic neuroprotective mechanisms of the brain tissue. The
identification of //4ra as a vascular-/ndependent modulator of infarct volume suggests an
endogenous neuroprotective pathway that could be targeted for therapy, especially during the
early phases of ischemic stroke.

Materials and methods

Animals

All inbred mouse strains and //4ra KO mice (BALB/c-//4ra'™152/3) were obtained from the
Jackson Laboratory (Bar Harbor, ME) or bred locally from breeding pairs of each strain. The
/l4ra KO mice in the BALB/cJ mouse background were backcrossed a minimum of five
generations with 129S1, or BALB/cJ for //4ra-129S1, or //4ra-BALBI/c, respectively. The
genetic background of each //4ra KO line was confirmed by whole genome SNP genotyping
(OpenArray Technology). Mice (both male and female animals) were age matched (P10 for
brain slice culture, P21 for collateral vessel perfusion, and 12 + 1 week for MCAOQ) for all
experiments. All animal procedures were conducted under protocols approved by the Duke
University IACUC in accordance with NIH guidelines.

Collateral vessel density measurement

As collateral vessel traits are determined by 3 weeks of age and remain constant for many
months [37], the collateral vessel phenotype was measured at P21. Mice were anesthetized
with ketamine (100 mg/kg) and xylazine (2.5 mg/kg), and the ascending thoracic aorta was
cannulated. The animals were perfused with freshly made buffer (1 mg/ml adenosine, 40
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g/ml papaverine, and 25 mg/ml heparin in PBS) to remove the blood. The pial circulation
was then exposed after removal of the dorsal calvarium and adherent dura mater. The cardiac
left ventricle was cannulated and a polyurethane solution with a viscosity sufficient to
minimize capillary transit (1:1 resin to 2-butanone, PU4ii, VasQtec) was slowly infused;
cerebral circulation was visualized under a stereomicroscope during infusion. The brain
surface was topically rinsed with 10% PBS-buffered formalin and the dye solidified for 20
min. After post-fixation with 10% PBS-buffered formalin, pial circulation was imaged. All
collaterals interconnecting the anterior- and middle cerebral artery trees of both hemispheres
were counted.

Permanent MCAO

Focal cerebral ischemia was induced by direct permanent occlusion of the distal MCA as
previously described [14]. Briefly, adult mice were anesthetized with ketamine (100 mg/kg)
and xylazine (2.5 mg/kg). The right MCA was exposed by a 0.5 cm vertical skin incision
midway between the right eye and ear under a dissecting microscope. After the temporalis
muscle was split, a 2-mm burr hole was made with a high-speed microdrill at the junction of
the zygomatic arch and the squamous bone through the outer surface of the semi-translucent
skull. The MCA was clearly visible at the level of the inferior cerebral vein. The inner layer
of the skull was removed with fine forceps, and the dura was opened with a 32-gauge needle.
While visualizing under an operating microscope, the right MCA was electrocauterized. The
cauterized MCA segment was then transected with microscissors to verify permanent
occlusion. The surgical site was closed with 6-0 sterile nylon sutures, and 0.25%
bupivacaine was applied. The temperature of each mouse was maintained at 37°C with a
heating pad during the surgery until the animal was fully recovered from the anesthetic.
Mice were then returned to their cages and allowed free access to food and water in an air-
ventilated room with the ambient temperature set to 25°C.

Infarct volume measurement

Cerebral infarct volumes were measured 24 h after surgery because the size of the cortical
infarct is largest and stable at 24 h after distal permanent MCA occlusion [38]. Twenty-four
hours after MCAO surgery, the animals were euthanized by decapitation, and the brains
were carefully removed. The brains were placed in a brain matrix and sliced into 1 mm
coronal sections after being chilled at —80°C for 4 min to slightly harden the tissue. Each
brain slice was placed in 1 well of a 24-well plate and incubated for 20 min in a solution of
2% 2,3,5-triphenyltetrazolium chloride (TTC) in PBS at 37°C in the dark. The sections were
then washed once with PBS and fixed with 10% PBS-buffered formalin at 4°C. Then, 24 h
after fixation, the caudal face of each section was scanned using a flatbed color scanner. The
scanned images were used to determine infarct volume [39]. Image-Pro software (Media
Cybernetics) was used to calculate the infarcted area of each slice by subtracting the
infarcted area of the hemisphere from the non-infarcted area of the hemisphere to minimize
error introduced by edema. The total infarct volume was calculated by summing the
individual slices from each animal.
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Preparation of brain slices

Preparation of cortical brain slice explants was performed as previously described [13,14].
Coronal brain slices containing neocortex were prepared from P10 mice. Under sterile
conditions, brains were dissected and cut into 250 pm coronal slices on a vibratome in
chilled culture medium containing 15% heat-inactivated horse serum, 10 mM KCI, 10 mM
HEPES, 100 U/ml penicillin/streptomycin, 1 mM MEM sodium pyruvate, and 1 mM I-
glutamine in Neurobasal A supplemented with NMDA receptor inhibitor (1 uM MK-801).

Oxygen Glucose Deprivation (OGD) and Oxygen Deprivation (OD)

Brains were divided into “hemi-coronal” slices. For OGD, slices were suspended at 34°C for
5.5 min in glucose-free, No-bubbled artificial CSF containing 140 mM NaCl, 5 mM KCI, 1
mM CaCl,, 1 mM MgCl,, 24 mM D-glucose, and 10 mM HEPES. Control and OGD-treated
brain slices were plated into 12-well plates in interface configuration atop solid culture
medium made by the addition of 0.5% agarose. After explanting the brain slices, plates were
placed for recovery at 37°C for 30 min in a humidified incubator under 5% CO». Gold
particle (1.6 um) coated with plasmids expressing yellow fluorescent protein (YFP) were
introduced into the brain slices by biolistic transfection using a Helios Gene Gun (Bio-Rad).
Slice cultures were maintained at 37°C for 24 h in humidified incubator under 5% CO,. For
OD, we previously modified from the established OGD model [13,14]. Brain slices were
placed onto the solid culture media and incubated for recovery at 37°C for 30 minina
humidified incubator under 5% CO,. Gold particles coated with plasmids encoding YFP
were introduced into the brain slices by biolistic transfection using a Helios Gene Gun
(BioRad). After 24 h of incubation, each slice was submerged for 30 min at 37°C in N-
bubbled artificial CSF containing 140 mM NaCl, 5 mM KCI, 1 mM CaCl,, 1 mM MgCly,
24 mM D-glucose, and 10 mM HEPES to induce ischemic injury. The slices were carefully
washed with pre-warmed PBS and incubated for an additional 24 h under normoxic
conditions.

ll4ra-specific sSiRNA knock-down experiments

gRT-PCR

To reduce //4ra mRNA expression by RNA interference, the //4ra-specific SIRNA was
purchased from Dharmacon (GE Healthcare, IL) and used as recommended. For the ex vivo
stroke experiments, sSiRNA was delivered to the cortical brain slices before the OD. Briefly,
after explanting brain slices, plates were placed for recovery at 37°C for 30 minin a
humidified incubator under 5% CO,. 5 mM of non-target pooled (D-001910-10-05) or
/l4ra-specific pooled (E-043730-00-0005) siRNAs were introduced onto the brain slices and
the slices were maintained at 37°C in a humidified incubator under 5% CO». Forty-eight
hours after introducing the siRNA, brain slices were deprived of oxygen using glucose-free,
N»-bubbled artificial CSF. The slices were then incubated for an additional 24 h.

MRNA levels were measured by qRT-PCR as previously described [14]. To determine
transcript levels for each genotype, brain slices were obtained from each genotype. To
quantify mRNA levels of //4, /l4ra, Stat6, Bcl-Z, and Caspase 3, brain slices from //4ra WT
and KO mice were used for either OGD treatment or OD treatment after //4ra-specific
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siRNA transfection. All samples were run in triplicate, and an additional assay for
endogenous Gapah was performed to control for input cDNA template quantity.

Western blot analysis

To quantify protein expression levels, brain slices were collected either after OGD or OD
treatment after //4ra-specific sSiRNA transfection. Apoptosis was determined by measuring
apoptotic factor c-Caspase 3 and anti-apoptotic factor BCL-2. Brain slices were
homogenized in cold lysis buffer (50 mM Tris-HCI [pH 7.8], 150 mM NacCl, 0.2% Triton
X-100) containing protease and phosphatase inhibitor cocktail (Thermo Scientific). Protein
samples (50-100 pg) were electrophoresed on a 10% to 15% polyacrylamide gel and then
transferred on PVDF membrane for 90 min on ice. Membranes were incubated with primary
and secondary antibodies, and the level of protein was visualized via chemiluminescence
(ECL Detection Kit, Thermo Fisher Scientific). The following primary antibodies were used:
anti-1L-4Ra (H-4) (1:1,500, Santa Cruz Biotechnology Inc., sc-28361), anti—-phospho-
STAT6 (Tyr641) (1:1,500, BD Pharmingen, 558241), anti-STAT6 (M-20) (1:2,000, Santa
Cruz Biotechnology Inc., sc-981), anti-cleaved Caspase 3 (Asp175) (1:1,500, Cell Signaling
Technology, 9661), anti-BCL-2 (50E3) (1:2,000, Cell Signaling Technology, 2870), and
anti-GAPDH (1:4,000, Santa Cruz Biotechnology, sc-32233). HRP-conjugated anti-mouse
and anti-rabbit (Santa Cruz Biotechnology Inc.) secondary antibodies were used to detect
proteins.

Immunohistochemistry

Statistics

Tissue from both /n vivo MCAO and ex vivo brain slice cultures were fixed overnight in 4%
PFA and 4% sucrose at 4°C. Brain slices were permeabilized and blocked with blocking
solution containing 3% BSA and 0.2% Triton X-100 in PBS overnight at 4°C. Brain slices
were incubated for 72 h with primary antibodies at 4°C and then incubated in secondary
antibodies for 12 h at 4°C after washing with PBS. The following primary antibodies were
used: anti-1L-4 (HIL41) (1:500, Santa Cruz Biotechnology Inc., sc-12723), anti-IL-4Ra
(H-4) (1:500, Santa Cruz Biotechnology Inc., sc-28361), anti-NeuroD2 (1:500, Abcam,
ab104430), anti-lbal (1:500, Waco, 019-19741), anti-cleaved Caspase 3 (Asp175) (1:1,500,
Cell Signaling Technology, 9661), and anti-MAP2 (1:1,000, Sigma-Aldrich, M1406). The
following secondary antibodies were used: Alexa Fluor 488 and 594 (1:1,000, Molecular
Probes). Images were captured using a LSM 710 confocal microscope (Zeiss).

Statistical analysis was performed either with SigmaPlot Version 10 (Systat Software Inc) or
with Prism 7 (GraphPad Software). Statistical significance was evaluated using either a 2-
tailed Student’s #test when comparing two groups or two-way ANOVA followed by
Bonferroni’s multiple comparison test, according to the following definition: p > .05, not
significant; p = 0.01-0.05, significant (*); p = 0.001-0.01, very significant (**); and p <.
001, highly significant (***). All values from quantitative data are reported as mean + SEM.
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Figure 1. Collateral vessel anatomy and infarct volume after MCAQ in the |14ra KO mice
(A) The graph indicates the average number of collateral vessel connections in the brain and

total number of animals for 129S1, B6, BALB/cJ, //4ra-BALB/c WT, //4ra-BALB/c Het,
and //4ra-BALB/c KO are 31, 37, 30, 16, 28, and 17 animals, respectively. (B) The graph
shows the infarct volume for 129S1, B6, BALB/cJ, //4ra-BALB/c WT, //4ra-BALB/c Het,
and //4ra-BALB/c KO are 32, 32, 31, 21, 21, and 27 animals, respectively. (C, E, and G)
Representative images are shown for //4ra, wild-type (C), heterozygous KO (E), and
homozygous KO strains (G). Scale bar: 1 mm. (D, F, and H) D, F, and H are three times
magnified from C, E and G, respectively, and red arrowheads indicate vessel connections

FEBS J. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leeetal.

Page 16

between the ACA and MCA. (1) The graph indicates the average number of collateral vessel
connections in the brain. The total number of animals for //4ra WT, -Het, and -KO are 19,
12, and 10 animals, respectively. (J — L) Serial brain sections (1 mm) for each genotype of
Il4ra WT (J), Het (K), and KO (L) 24 h after MCAO. The infarct appears as white tissue
after 2% TTC staining. Scale bar: 5 mm. (M) The graph shows the infarct volume for //4ra
WT, -Het, and -KO; 12, 20, and 14 animals, respectively. Data represent the mean + SEM.
Statistical analysis, 2-tailed Student’s ztest (*** p<.001 vs. 129S1 and B6 (A and B), //4ra
WT and -Het (I and M); ### p<.001 vs. Il4ra WT (M)).
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Figure 2. IL-4 and IL-4Ra are expressed on neurons in 114ra WT mouse brain and neuronal
IL-4Ra. levels are increased during ischemia

(A and B) Immunofluorescence staining for either IL-4 or IL-4Ra is indicated in green.
Neurons stained with NeuroD2 are indicated in red. Merged images show that IL-4 and
IL-4Ra are expressed on neurons that are located in layer 2/3 of brain cortex. Scale bar: 10
um. (C) A schematic illustration shows the regions of the infarct (penumbra and ischemic
core) after permanent MCAO in the mouse brain. Images were obtained from both the
contralateral and ipsilateral regions of the mouse brain 4 h after occlusion.
Immunofluorescence of IL-4Ra is shown in green and either NeuroD2 or Ibal is shown in
red. Merged images from the contralateral region of the brain (boxed regions are magnified

/@— Ischemic core (IC)
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in C1 and C2) show that IL-4Ra is predominantly expressed on microglia/macrophages but
also expressed at lower levels on neurons. Merged images from the ipsilateral region of the
brain (boxed regions are magnified in C3 and C4) show that 4 h after MCAQ, neurons show
dramatically increased levels of IL-4Ra as shown by staining with NeuroD2. Scale bar: 100
um for most images and 30 um for the magnified boxed regions.

FEBS J. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 19

m

£1001
=
S 801
©
et %%k
Q60
©
N
= 401
g
2 20{
0.
3 M WT WT KO KO WT KO
OGD
307 koK
<
— 251
o)
O
2201
2
9
£ 154
™
?
S 10
2]
S
b 59

WT KO
OGD

Figure 3. [14ra KO mice show increased neuronal cell death in the cortical brain slice ischemia
assay

(A - D) Cortical brain slices from //4ra WT and KO mice biolistically transfected with an
YFP expression plasmid under normal conditions and 24 h after 5.5 min of OGD. YFP
expressed in cortical pyramidal neurons appears dark in these contrast-inverted fluorescence
micrographs. Scale bar: 100 um. (E) The graph indicates the average cell viability of //4ra
WT and KO before and 24 h after OGD. The OGD dramatically induced neuronal cell death
for both //4ra WT and KO compared their non-OGD control. Experiments were performed
three times using three to four mice per genotype for each experiment (Total number of
animals: WT (n=10) and KO (n=11)). The number of brain slices analyzed for //4ra
WT(non-OGD), WT (OGD), KO (hon-OGD), and KO (OGD) were 55, 58, 62, and 60,
respectively. (F) The graph indicates the average cell viability of //4ra WT and KO 24 h
after OGD. //4ra KO increases neuronal cell death by 40% normalized to //4ra WT. (G - L)
Brain slices for //4ra WT (G, H, and I) and KO (J, K, and L) were stained with a neuronal-
specific MAP2 antibody (G and J) and c-Caspase 3 antibody (H and K). (1) and (L) capture
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the image of a single neuron located in layer 2/3 of the brain cortex for //4ra WT (G) and
KO (J), and white dots in the outline of the cell represent c-Caspase 3 normalized to the
same level of both //4ra WT and KO neurons using Image J. Scale bar: 5 ym. (M) The
graph indicates the average intensity of c-Caspase 3. //4ra KO neurons showed a 7.7-fold
increase in c-Caspase 3 intensity compared to WT neurons. The number of neurons analyzed
for //4ra WT and KO were 10 and 15, respectively. Data represent the mean + SEM.
Statistical analysis, 2-tailed Student’s ftest (*** p<.001 vs. I/4ra WT).
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Figure 4. |14ra KO mice show increased c-Caspase 3 after ischemic stroke stimulation in an ex
vivo brain slice stroke model

(A) mRNA levels of //4, I/4ra, Bcl-2, and Caspase 3from /l4ra WT and KO were
determined by qRT-PCR 12 h and 24 h after 5.5 min OGD. Gapdh was used for
normalization. Experiments were performed three times using three to four mice per
genotype for each experiment. (B) Western blots were performed to detect both BCL-2 and
c-Caspase 3 in explanted brain slices of //4ra WT and KO 12 h and 24 h after 5.5 min OGD.
(C and D) Levels of BCL-2 (C) and c-Caspase 3 (D) protein were determined. GAPDH was
used for normalization. Experiments were performed four times using three to four mice per
genotype for each experiment. Data represent the mean + SEM. Statistical analysis, two-way
ANOVA followed by Bonferroni’s multiple comparison test (* p<.05; ** p<.01, *** p<.
001]).
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Figure 5. [14ra KO mice show reduced levels of STAT6 transcript and phosphorylated STAT6
protein after ischemic stroke stimulation in an ex vivo brain slice stroke model

(A) mRNA levels of Stat6 from //4ra WT and KO were determined by gRT-PCR 12 h and
24 h after 5.5 min OGD. Gapdhwas used for normalization. Experiments were performed
three times using three to four mice per genotype for each experiment. (B) Western blots
were performed to detect both pSTAT6 and STAT6 in explanted brain slices of //4ra WT
and KO 12 h and 24 h after 5.5 min OGD. (C) Levels of pSTAT6 protein were determined
using total STATG6 protein levels for normalization. Experiments were performed three times
using three to four mice per genotype for each experiment. Data represent the mean + SEM.
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Statistical analysis, two-way ANOVA followed by Bonferroni’s multiple comparison test (*
p<.05, ** p<.01, *** p<.00I).
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Figure 6. Cellular apoptosis is induced through pSTAT6 by reduction of IL-4Ra expression level
using I 14r a-specific sSiIRNA in the cortical brain slice ischemia assay

(A) Non-specific (control) or //4ra-specific sSIRNA were transfected into //4ra WT cortical
brain slices for 48 h. mRNA levels of //4, //4ra from brain slices transfected either control or
/l4ra-specific SIRNA were determined by qRT-PCR 24 h after 30 min OD. Gapdhwas used
for normalization. Experiments were performed three times using three mice per genotype
for each experiment. (B) Western blots were performed to detect IL-4Ra in explanted brain
slices of //4ra WT brain slices transfected with either control siRNA or //4ra-specific
siRNA in both control and OD conditions. (C) Levels of IL-4Ra protein were normalizing
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to GAPDH protein levels. Experiments were performed three times using three mice per
genotype for each experiment. Data represent the mean + SEM. Statistical analysis, 2-tailed
Student’s ttest (* p<.05vs. non-specific SIRNA). (D) Non-specific (control) or //4ra-
specific sSiRNA were transfected into wild-type cortical brain slices. 48 h later mRNA levels
of //4, I/dra, Stat6, Bcl-2, and Caspase 3from //4ra WT were determined by qRT-PCR 24 h
after 30 min OD. Gapdh was used for normalization. Experiments were performed three
times using three mice per genotype for each experiment. (E) Western blots were performed
to detect both pSTAT6 and STAT6 in explanted brain slices of //4ra WT mice transfected
with either control siRNA or //4ra-specific siRNA for both control and OD conditions. (F)
Levels of pSTAT6 protein were determined using total STAT6 protein levels for
normalization. (G) Western blot were performed to detect both BCL-2 and c-Caspase 3 in
explanted brain slices of //4ra WT and KO transfected with either control siRNA or //4ra-
specific sSiRNA for both control and OD conditions. (H and I) Levels of BCL-2 (H) and c-
Caspase 3 (I) proteins were determined using normalizing to GAPDH protein levels.
Experiments were performed four times using three mice per genotype for each experiment.
Data represent the mean + SEM. Statistical analysis, two-way ANOVA followed by
Bonferroni’s multiple comparison test (* p<.05; ** p<.01; *** p<.001).
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