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Abstract

Repetitive hypoxic preconditioning creates long-lasting, endogenous protection in a mouse model of stroke, character-
ized by reductions in leukocyte—endothelial adherence, inflammation, and infarct volumes. The constitutively expressed
chemokine CXCLI2 can be upregulated by hypoxia and limits leukocyte entry into brain parenchyma during central
nervous system inflammatory autoimmune disease. We therefore hypothesized that the sustained tolerance to stroke
induced by repetitive hypoxic preconditioning is mediated, in part, by long-term CXCLI2 upregulation at the blood—
brain barrier (BBB). In male Swiss Webster mice, repetitive hypoxic preconditioning elevated cortical CXCLI2 protein
levels, and the number of cortical CXCLI2+ microvessels, for at least two weeks after the last hypoxic exposure.
Repetitive hypoxic preconditioning-treated mice maintained more CXCLI|2-positive vessels than untreated controls
following transient focal stroke, despite cortical decreases in CXCLI2 mRNA and protein. Continuous administration
of the CXCLI2 receptor (CXCR4) antagonist AMD3100 for two weeks following repetitive hypoxic preconditioning
countered the increase in CXCLI2-positive microvessels, both prior to and following stroke. AMD3100 blocked the
protective post-stroke reductions in leukocyte diapedesis, including macrophages and NK cells, and blocked the pro-
tective effect of repetitive hypoxic preconditioning on lesion volume, but had no effect on blood-brain barrier dysfunc-
tion. These data suggest that CXCLI2 upregulation prior to stroke onset, and its actions following stroke, contribute to
the endogenous, anti-inflammatory phenotype induced by repetitive hypoxic preconditioning.
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The infiltration of leukocytes into brain parenchyma fol-
lowing stroke is a well-established and predominantly
injurious immune response that contributes to blood—

brain barrier (BBB) disruption and infarct progression.'
The post-stroke infiltration of immune cells into central
nervous system (CNS) includes both the innate (e.g. neu-
trophils, macrophages) and subsequently the adaptive (e.g.
T and B cells) immune systems.” The diapedesis of leuko-
cytes into the ischemic hemisphere is orchestrated by a var-
iety of leukocyte and endothelial cell adhesion molecules,
as well as several chemokines.**Chemokine (C-X-C motif)
ligand 12 (CXCL12), when displayed on the abluminal
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surface of cerebral microvessels,*’ plays an important role
in CNS immune privilege. In that location, CXCL12 main-
tains a physical coupling between astrocyte end-feet and
endothelial barrier proteins® to “trap” and prevent the
migration of leukocytes expressing the CXCLI12 receptor,
chemokine (C-X-C motif) receptor 4 (CXCR4), into brain
parenchyma.’” During autoimmune inflammation, CXCR7
within endothelial cells internalizes abluminal CXCL12,
allowing CXCR4-expressing leukocytes to transmigrate
past the BBB and into parenchymal CNS, where they
can inflict damage.”®

Accumulating preclinical evidence indicates that
neurovascular injury following stroke can be dramatic-
ally attenuated by inducing a transient, ischemia-
resistant state prior to stroke upon exposure to a
non-injurious “preconditioning” stimulus.” We recently
developed a mouse model of repetitive hypoxic precon-
ditioning (RHP) that promotes a uniquely long-lasting,
ischemia-tolerant phenotype that is sustained for
months following the end of treatment.'® In mice sub-
jected to stroke two or four weeks after the last RHP
treatment, acute leukocyte diapedesis into the ischemic
hemisphere was minimized,'' as was BBB permeabil-
ity,'® which promotes endogenous protection as both
of these events contribute to neuronal injury."? Given
the role of CXCL12 in regulating leukocyte diapedesis
across the BBB,” and that CXCLI12 is one of two
chemokines under the transcriptional regulation of
hypoxia-inducible factor (HIF)-1a,'* we undertook a
series of studies to test the hypothesis that CXCL12 con-
tributes to the RHP-induced ischemia-tolerant pheno-
type. We provide evidence of a sustained upregulation
of CXCLI12 protein in response to RHP, and an increase
in the number of cortical microvessels expressing this
chemokine abluminally both prior to and following
focal stroke. Continuous administration of the CXCR4
antagonist AMD3100 for two weeks following RHP
abrogated the RHP-mediated, pre-stroke increase in the
number of CXCL12" microvessels, as well as the RHP-
mediated post-stroke reduction in leukocyte diapedesis
into the ischemic hemisphere. Specifically, AMD3100
treatment led to elevated populations of B cells, activated
macrophages, and NK cells in the ischemic cortex, con-
comitant with elevated lesion volume despite prior pre-
conditioning. Taken together, our findings support a
CXCLI12-mediated, anti-inflammatory mechanism as
causal to long-term RHP-induced neurovascular
protection.

Materials and methods
RHP and transient focal stroke

Washington University in St. Louis and UT
Southwestern Medical Center approved all procedures

according to AAALAC accreditation and current PHS
Animal Welfare Assurance requirements for the
respective institutions. Animal reporting is according
to ARRIVE guidelines. Adult male Swiss-Webster
mice were purchased (Harlan) at six to seven weeks
old at start of experiments, and randomly assigned to
either RHP or control groups. Home cages with stand-
ard cob bedding were placed in hypoxic chambers to
induce RHP.' RHP is defined by nine stochastic
exposures to hypoxia (8% or 11% O,; 2h or 4h) over
a two-week period.'” Control animals were placed in
identical chambers for the same duration but exposed
to 21% O, (i.e. room air). RHP/room air exposure was
initiated at the same time of day for each exposure, and
animals were otherwise housed in standard animal
housing, with a 12/12 light cycle, and food and water
ad libitum.

Stroke was induced two weeks following the end of
RHP by surgeons blinded to condition, between 8§:00
and 14:00 h, with 10 mice/surgeon/day maximum, with
minimum of duplicate experimental days for each out-
come measure. Pre-operative weight did not vary
between control (354+2g) and treated (37+2g)
groups. An intraluminal suture was placed to impede
blood flow to the middle cerebral artery (MCA) in
anesthetized animals (1.8-2% isoflurane/ 70% NO,/
30%0,), while body temperature was maintained at
37°C.'"° Transcranial laser Doppler flowmetry (TSI,
Inc.; St. Paul, MN, USA) confirmed the occlusion
(>80% reduction of MCA blood flow relative to base-
line). Animals were placed in an incubator (34°C)
during the 60-min period of ischemia, and then re-
anesthetized to withdraw the intraluminal suture.
Flowmetry confirmed MCA reperfusion (return of
blood flow to >50% of baseline) and animals were
monitored until recovered, and daily thereafter while
remaining in standard cage housing with moistened
chow available. Mice not meeting the above MCA
occlusion and reperfusion criteria were excluded from
further analysis at the time of surgery. This included 29
out of 155 mice for post-stroke chemokine and hist-
ology studies, flow cytometry analysis, and EB/TTC
studies. Additional pre- and post-stroke brain lysates
in Figure 1(d) were collected during previously reported
experiments,'! though the CXCL12 analysis is new for
this paper. Therefore, those animals are not included in
these exclusion numbers.

Pharmacologic blockade of CXCR4 with
continuous AMD3 100 administration

Four hours after the final RHP exposure that began at
8:00 a.m., animals were anesthetized (1.8-2% isoflur-
ane/ 70% NO,/ 30%0,), a small incision on the lat-
eral thoracic wall made, and an osmotic mini-pump
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Figure |. RHP upregulates CXCLI2 protein prior to stroke, with minimal effect following stroke. (a—c) Cortical (b) CXCLI2f3
mRNA, but not (a) CXCLI2a and (c) CXCR4 mRNA, was mildly increased at two weeks following the end of RHP (n=10; blue
circles) compared to naive controls (n= 12; black circles). One day following tMCAo, CXCLI2B mRNA, but not CXCLI20 or
CXCRA4, is downregulated in both groups (n = [4—16/group). (d) RHP increased pre-stroke CXCLI2 protein (n = 15/group) that, like
mRNA, exhibited a downregulation following tMCAo (n = 5-8/group). Values are shown as mean = standard deviation (SD), with
*p < 0.05, *p < 0.01, **¥p < 0.001 versus untreated or RHP-treated pre-stroke expression unless otherwise indicated.

(Alzet; Cupertino, CA, USA) placed subcutaneously
until sacrifice. Animals were randomized to receive
mini-pumps filled with either AMD3100 (20 mg/ml in
sterile PBS; Sigma-Aldrich; St. Louis, MO, USA), a
bicyclam strictly confined as an antagonist of CXCR4
signaling,'® or sterile phosphate-buffered saline (PBS)
vehicle. The pumps provided continuous administra-
tion at an infusion rate of 0.5 ul/h for two weeks fol-
lowing completion of RHP.’

Quantification of mRNA and protein

Animals were sacrificed with isoflurane overdose, trans-
cardially perfused (20ml 0.01 M PBS) and brains dis-
sected and snap-frozen in liquid nitrogen. Cortical
tissues were homogenized in PureZOL (Bio-Rad;
Hercules, CA), RNA isolated with Aurum total RNA
kit (Bio-Rad), and cDNA generated with iScript cDNA

Synthesis Kit (Bio-Rad). CXCLI12a (Forward: TTC
CGC TTC TCA CCT CTG TAG C; Reverse: CAA
GTG AGA GGA AAG CAA AGG Q)
CXCL12B Forward: GTG AGG CCA GGG AAG
AGT GA; Reverse: AGA CAG AAT GAT GAG
CAT GGT GG) and CXCR4 (Forward: TTG GCC
TTT GAC TGT TGG TG; Reverse: TTG GCC TTT
GAC TGT TGG TG) mRNA (Integrated DNA
Technologies; Coralville, A, USA) levels were normal-
ized against ribosomal 18 S (Forward: GTA ACC CGT
TGA ACC CCA TT; Reverse: CCA TCC AAT CGG
TAG TAG CG)."” Data were quantified on a 7500 Real
Time PCR System (Life Technologies). Brain lysates
were collected during cortical processing for quantifica-
tion of CXCLI12 protein levels. The quantitative
immunoassay of CXCLI12 was performed with stand-
ard ELISA kits (R&D Systems) according to the manu-
facturer’s instructions.''
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Flow cytometry

Animals were sacrificed with isoflurane overdose two
days after tMCAo and transcardially perfused with
30ml 0.01 M PBS prior to brain dissection.''At the
time of perfusion, all animals cleared visible blood
from the contralateral hemisphere and sinuses and
were included in the experiments. The cerebellum was
removed, with the remaining hemispheres divided at the
midline and processed through a 70 pm mesh strainer,
including the leptomeninges. Dissociated hemispheres
were washed in HyClone RPMI (Thermo Scientific;
Waltham, MA, USA), and lymphocytes isolated with
a 70:30 discontinuous Percoll gradient. Cells were
resuspended (1 ml RPMI) and hemocytometer counts
collected for each sample. Non-specific binding was
blocked (FcRyII/III; BD Biosciences) and leukocytes
identified by antibodies for general leuckoytes (CD45-
APC-Cy7), B cells (CD19-Alexa 700), monocytes/
macrophages (CD11b-PE), neutrophils (GRI1-FITC),
NK cells (NK1.1-Percp 5.5), and T cells (TCR-PE-
Cy5; CD4-PacBlue). After incubation, cells were
washed with FACS wash buffer (PBS with 1% BSA,
0.22 pm filtered) and fixed (1% paraformaldehyde). All
samples were run on a BD-FACS Aria flow cytometer
using FACS Diva 6.0 software and data analyzed using
FlowJo (Tree Star Inc.; Ashland, OR, USA).
Hemocytometer counts were used to quantify absolute
number.

Histology and confocal CXCLI2 localization analysis

Animals were sacrificed with isoflurane overdose, trans-
cardially perfused (20ml 0.01 M PBS, 40 ml 4% paraf-
ormaldehyde) and brains removed for cryoprotection
(30% sucrose in PBS). Frozen coronal sections were
prepared, blocked, and stained using standard proced-
ures.” Primary antibodies and dilutions were: CXCL12
(1:20; PeproTech; Rocky Hill, NJ, USA), and CD31 for
endothelial cells (1:50; BD Biosciences; San Jose, CA,
USA). Primary antibodies were detected using Alexa
Fluor 488, or 594 (1:400; Invitrogen; Grand Island,
NY, USA) and nuclei were counterstained with
ToPro3 or DAPI (Life Technologies). Images were
obtained using a confocal laser-scanning microscope
(Olympus FV-500; Center Valley, PA or Zeiss LSM
780; Thornwood NY, USA). Quantification of
CXCL12 fluorescence within and around microvessels
was performed as previously described using Fluoview
software (Olympus).” Briefly, five images were taken of
the left cortical hemisphere from adjacent coronal sec-
tions from each of the anterior, medial, and posterior
portions of the MCA territory. Images were blinded for
analysis. A line was drawn perpendicular to the length
of each microvessel — identified by CD31 fluorescence —

and within an area of CXCLI12 expression if the vessel
also colocalized with CXCL12 (Figure 2). Fluoview
quantified fluorescence intensity for each wavelength
along the length of the drawn line, and both peak
and background intensities from a space without posi-
tive immunofluorescence were recorded. If the vessel
was in cross-section to the coronal plane (Figure
2(a)), both sides of the vascular wall were quantified
independently. Separate groups of naive mice were ana-
lyzed in conjunction with the AMD3100- and PBS-trea-
ted animals to control for inter-experiment variability
in confocal image acquisition between microscopes and
quantification methods between observers.

Statistics

Technicians blinded to experimental condition per-
formed all analyses. Outliers were identified using
ROUT (Prism) from a Gaussian distribution with a
Q=1. This resulted in eight total outliers identified
for all data sets, which removed six from the qPCR
studies and two from the EB/TTC cohorts. All
between-group differences were analyzed using
Student’s t-test, or by one-way ANOVA with Sidak
post-hoc analysis (GraphPad Prism, version 6). Post-
hoc power analysis confirmed adequate “n” for all
cohorts except the gPCR data (Figure 1), which
would require an n=27/group to confirm differences
between groups. All values in text and graphs are
mean +standard deviation (SD). Significance was
accepted as p <0.05.

Results

RHP upregulates cortical CXCLI2 mRNA and
protein prior to stroke

The promoter region of the CXCL12 gene contains a
HIF-1lo binding sequence for the hypoxia-dependent
regulation of both the CXCLI12a and CXCLI12 alter-
natively spliced isoforms,'? as does the promoter region
of the gene for the CXCLI12 receptor CXCR4.'
Therefore, we first sought to determine the effects of
our RHP intervention on CXCL12 and CXCR4 expres-
sion in the healthy CNS. Although cortical CXCL12a
mRNA was unaffected (Figurel(a)), CXCL12 mRNA
remained  doubled, although  non-significantly
(Figure 1(b)), two weeks after RHP, a time point asso-
ciated with the most robust neurovascular protection
against transient focal stroke.'” However, cortical
CXCLI12 protein levels, which reflect both CXCLI12a
and CXCL12f mRNA products, were elevated after
RHP (p <0.05; Figure 1(d)). The mRNA expression
for CXCR4 was unaffected by RHP (Figure 1(c)).
Thus, RHP promotes a persistent upregulation in
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Figure 2. RHP increases the number of vessels exhibiting abluminal CXCLI12 both prior to and after stroke. (a) Photomicrographs
from a naive animal, with CXCLI2 (red) and microvessels (CD31; green) shown. White lines (lower panels) denote the lengths
analyzed across the tissue that are represented by the respective fluorescent intensity plots (upper panels). Pictorial cross-sections in
upper panels show intracellular (within the endothelial cell), luminal (within the vessel), abluminal (outside the vessel, within the
parenchyma), and “no CXCLI2” expression profiles. Scale bar=10um. (b) Repetitive hypoxic preconditioning (RHP; solid blue bar;
n =6) increased the number of CXCLI2" microvessels compared to naive brain (white bar; n=6) two weeks following the end of
RHP. In the presence of the CXCR4 antagonist AMD3100, the effect of RHP on microvascular CXCLI12 expression was reversed
(hatched bar; n = 6), but did not affect abluminal localization (c). (d) tMCAo (white bar; n = 6) did not change the number of cortical
microvessels expressing CXCLI12 protein versus baseline cortex or (e) the number of vessels with abluminal localization. However,
prior RHP treatment (blue bars; n =7) increased the number of CXCL|2-expressing microvessels with abluminal localization, effects
attenuated by AMD3100 (hatched bar; n=6). (f) Both RHP-treated cohorts had reduced capillary dilation compared to the post-
stroke controls. Values are shown as mean =+ standard deviation (SD).*p < 0.05, **p < 0.01 versus untreated, naive or stroke control
condition.

leukocyte egress into tissue.*” To more closely examine
how RHP might affect microvessel-associated CXCL12
protein expression and topology, we quantified the per-
centage of cortical microvessels with abluminal, intra-
cellular, and luminal localization of CXCL12 in naive
and RHP-treated mice, before and after stroke. Under

cortical CXCLI12 protein expression through two weeks
after the last hypoxic exposure.

RHP increases the number of CXCLI 2-positive
microvessels prior to stroke

Previous investigations of CXCL12 during multiple
sclerosis in human tissue and mouse models revealed
that abluminally-distributed (i.e. outside but adjacent
to the microvessel; Figure 2(a)) CXCL12 normally
serves to prevent diapedesis of CXCR4-expressing
leukocytes into CNS parenchyma, but that, with
advancing pathology, CXCL12 becomes redistributed
from abluminal to luminal spaces, thereby allowing

naive conditions, 43% (177/413) of all CD31" micro-
vessels colocalized with CXCLI12 protein (i.e. were
CXCL12-positive; Figure 2; Table 1). Two weeks
after RHP (but prior to stroke), a significant increase
(to 62% [219/352]; p <0.01) was noted in the percent-
age of microvessels that were CXCLI12". However,
RHP did not increase the number of microvessels
exhibiting an abluminal localization profile for
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Table 1. Quantification of abluminal CXCLI2 expression in cortical vessels following RHP.

Total vessels CXCLI2+ Vessels with Vessels with Vessel diameter
Condition analyzed vessels abluminal CXCLI2 intracellular CXCL12 (avg, micron)
Naive 17 51 36 15 4.29
59 32 22 10 5.8l
64 28 22 6 5.54
51 23 22 | 4.98
59 18 14 4 33
63 25 24 | 3.54
RHP-treated 59 46 29 17 4.97
65 40 32 8 5.75
58 41 34 7 6.91
51 32 22 10 4.12
69 29 27 2 4.52
50 31 16 15 4.14
RHP +AMD3100 57 28 16 12 3.67
54 28 21 7 3.83
52 26 16 10 3.27
6l 25 24 | 5.71
62 19 18 | 6.11
6l 20 18 2 5.6
Control tMCAo 71 28 23 5 6.37
63 22 16 6 5.83
67 28 24 4 5.94
53 20 15 5 6.37
55 28 23 5 5.55
6l 26 19 7 6.06
RHP +tMCAo 67 36 28 8 3.79
66 35 32 3 491
63 34 30 4 4.03
48 24 20 4 5.35
55 26 24 2 5.51
44 I8 17 | 5.22
70 40 36 4 5.57
RHP +AMD3100 4+ tMCAO 6l 28 24 4 423
69 37 30 6 5.26
62 28 20 8 4.68
67 30 28 2 4.86
55 28 23 5 5.32
60 22 18 4 5.22

RHP: repetitive hypoxic preconditioning; wks: weeks; AMD: AMD3100; PBS: phsophate-buffered saline; tMCAo: transient middle cerebnral artery

occlusion; avg: average.

CXCLI12 (79% [140/177] in naive mice vs. 73% [160/
219] in RHP-treated mice). In the remaining CXCL12*
vessels, CXCL12 was localized intracellularly. Treating
mice continuously after RHP with AMD3100, a small-
molecule antagonist of CXCR4, attenuated the RHP-
induced increase in the number of CXCLI12*/CD31%
microvessels (42% [146/347]; p<0.01 vs. RHP;

Figure 2(b)). AMD3100 treatment did not affect pro-
portion of wvessels with abluminally localized
CXCL12 (Figure 2(c)). These findings indicate that
CXCL12-CXCR4 signaling in response to RHP drives
increases in the number of CXCL12" microvessels, but
does not significantly affect CXCL12 polarity, prior to
stroke.
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Prior RHP minimally affects post-ischemic
CXCL12 expression

CXCL12 mRNA expression levels decrease between
6h and four days following permanent focal stroke,'’
which was postulated to be a protective mechanism on
the part of the cortical vasculature to minimize adher-
ence and diapedesis of circulating CXCR4-expressing
leukocytes activated during ischemia. This hypothesis
was confirmed by blocking CXCL12-CXCR4 signaling
with AMD3100 beginning two days after stroke, which
reduced the extent of leukocyte infiltration and
improved functional recovery.'®!” Given that RHP
also results in reduced leukocyte diapedesis at one
and two days after transient focal stroke,'®!' we
sought to determine whether this phenotype was sec-
ondary to an RHP-mediated reduction in post-stroke
CXCL12 expression. Stroke reduced CXCL123 mRNA
one day later in both untreated (p <0.05) and RHP-
treated (p <0.001) mice compared to pre-stroke values
(Figure 1(b)). Stroke had no effect on CXCL12a or
CXCR4 mRNA expression in either group. The
global reductions in post-stroke CXCLI12B message
preceded reductions in cortical CXCLI12 protein
expression two days after stroke for both untreated
(»<0.01) and RHP-treated (p <0.001) mice relative
to pre-stroke values (Figure 1(d)). In fact, the
RHP-induced upregulation of CXCLI12 protein was
not sustained two days post-stroke, although values
for cortical CXCL12 in both cohorts were at the
lower limit of detection for the protein assay.

Increases in CXCLI2™" vessel numbers, but not
altered polarity, correlate with reductions in post-
stroke leukocyte diapedesis

Given that both untreated and RHP-treated mice
exhibited reductions in CXCL12 message and protein
expression in the ischemic hemisphere following stroke,
we then sought to determine the effect of stroke on
CXCL12" microvessel number and on CXCL12 polar-
ity in both groups. In untreated mice, stroke did not
significantly affect the number of CXCL12" microves-
sels (41% (152/370) of all CD31" microvessels;
Figure 2(d); Table 1), nor did it lead to a significant
redistribution of abluminal CXCL12 (Figure 2(e)) to
either the intracellular or luminal compartments (data
not shown). RHP-treated mice maintained post-stroke
CXCLI12" expression in 52% of the microvessels (213/
413), significantly elevated relative to both pre-stroke
(p <0.05) and untreated post-stroke (p < 0.05) cohorts.
RHP also enhanced the percentage of CXCL12" micro-
vessels with abluminal localization (78% [120/152] in
control mice vs. 88% [187/213] in RHP-treated mice;
p <0.05). As with the pre-stroke values, treating mice

continuously with AMD3100 after RHP countered the
RHP-induced increase in the both the number of
CXCLI12%/CD31"  post-stroke microvessels (46%
[173/374]), as well as the enhanced abluminal localiza-
tion of CXCLI12 in the preconditioned cortex (83%
[143/173]). Interestingly, stroke induced a dilation of
capillaries in control mice following stroke
(4.5+0.42 pm in naive mice vs. 6.0 = 0.13 pm in control
stroke mice; p<0.01; Table 1). Both RHP-treated
cohorts, however, exhibited reductions in capillary
width compared to post-stroke control mice (PBS:
4.940.72um and AMD: 4.940.17 um; both p <0.01;
Figure 2(f)). These results are consistent with the
hypothesis that leukocyte diapedesis into ischemic
cortex is not the result of an active translocation of
CXCL12 from an abluminal location to either a lumi-
nal or intracellular location, as occurs during CNS
autoimmune disease.® That RHP-mediated reductions
in post-ischemic leukocyte diapedesis occur independ-
ently of changes in CXCLI2 polarity suggests that
absolute expression levels of CXCLI2 on cerebral
microvessels may instead regulate leukocyte diapedesis.

Long-term CXCR4 antagonism following RHP
increases leukocyte diapedesis into the ischemic
hemisphere and exacerbates infarction

Our findings that RHP upregulates CXCL12 for weeks
prior to stroke, and increases the number of CXCL12"
vessels following stroke, seemingly contradict reports
that blockade of post-stroke CXCL12 expression is
beneficial.'® '® We thus sought causal evidence for
enhanced CXCL12-CXCR4 signaling in the RHP-
induced, post-stroke anti-inflammatory phenotype we
observed.'™'! Two separate cohorts of RHP-treated
mice were used: An experimental group that received
AMD3100 after the completion of RHP, and a control
group that received PBS vehicle after RHP. We quan-
tified cortical leukocyte diapedesis by flow cytometry
(Supplemental Figure 1) two days following focal
stroke in both AMD3100-treated, and PBS-treated
mice with prior RHP. Consistent with our previous
study,!'in mice receiving PBS vehicle, ischemia-induced
increases in CD45" leukocyte diapedesis were abro-
gated by prior RHP, with leukocyte populations in
the ischemic hemisphere indistinguishable from levels
in the contralateral, uninjured cortex (Figure 3(a)).
All specific leukocyte subpopulations (i.e. B cells,
CD8 T cells, macrophages, neutrophils, myeloid cells,
and NK cells) were not elevated over contralateral
cortex, with the exception of CD4+ T cells
(» <0.0001 vs. contralateral hemipshere; Figure 4(c)).
However, in mice treated with AMD3100 following
RHP, this RHP-induced suppression of CD45" leuko-
cyte diapedesis was lost resulting in a significant egress
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Figure 3. AMD3100 blocks the protective effects of RHP on post-stroke leukocyte diapedesis. (a—h) Overall leukocyte diapedesis
was diminished in the ischemic cortex of RHP-treated mice with PBS (n = 5; black circles, shaded bars) to levels indistinguishable from
the contralateral, uninjured cortex (black circles, white bars). Only the CD4 T cell populations were elevated over contralateral
cortex in RHP/PBS controls. AMD3100- (AMD; n=8) treated mice exhibited increased B cell, activated macrophage, and NK cell
diapedesis in the ischemic hemisphere (blue circles, shaded bars) compared to contralateral cortex (blue circles, white bars) with the
exception of a suppressed (c) CD4" T cell diapedesis. Values are shown as mean = standard deviation (SD). *p < 0.05, *p < 0.01,
kD < 0.001, *¥p < 0.0001 versus populations in the corresponding ischemic hemipshere unless otherwise indicated.
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Figure 4. B cells in RHP/AMD3100-treated mice inhibit the egress of other immune cells in the ischemic hemisphere. (a) Percent
distribution of identified leukocyte subsets from the ischemic hemispheres for PBS- and AMD-treated mice shown in Figure 3. (b, c) In
AMD-treated mice (lower panels, blue graph), B cells negatively regulated the presence of both (b) CD4+ T cells and (c) activated

macrophage representations within the ischemic hemisphere, a phenotype not found in PBS-treated mice (upper panels, black graph).
Direct p values are given.

of leukocytes into the ischemic hemisphere when com- in the number of B cells (p <0.05), activated macro-
pared to the uninjured cortex (p <0.05; Figure 3(a)) phages (p <0.05), and natural killer (NK) cells in the
and similar to prior results in untreated controls."' ischemic hemisphere compared to RHP/PBS controls
Specifically, AMD3100 treatment resulted in increases (Figure 3(b), (¢) and (h)). In contrast, the previous
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Figure 5. CXCLI2 signaling is required for RHP-induced reductions in infarct volume. RHP-treated mice receiving AMD3100 (AMD;

blue circles; n=17) exhibited (a) larger infarct volumes, but (b) no
relative to RHP/PBS-treated controls (black circles; n=13). Values
RHP/PBS-treated controls.

elevation of CD4" T cells in the ischemic hemisphere
was countered by AMD3100 following RHP (p <0.01
vs. RHP/PBS control), albeit at levels that remained
significantly higher (p <0.001) than those measured in
the contralateral hemisphere (Figure 3(c)).

Post-stroke B cell therapy can limit the diapedesis of
immune cells during CNS inflammation.'”*°
Furthermore, we recently identified a unique B cell
phenotype following RHP (i.e. Brup)cells) exhibiting
enhanced anti-inflammatory mechanisms even prior to
CNS injury onset.'! As AMD3100 treatment resulted in
a large influx of Brpp)cells into the ischemic cortex, we
sought to determine the influence of these potentially
protective B cells on other leukocyte populations.
While the overall B cell numbers increased in
AMD3100-treated preconditioned mice, the B cell per-
cent distribution within the CD45" leukocyte popula-
tion remained unaffected (RHP/PBS:68 + 7% vs. RHP/
AMD: 71 £8%; Figure 4(a)). Linear regression ana-
lysis revealed that, in mice receiving AMD3100,
higher Brupjcell populations corresponded to lower
populations of CD4" T cells (R°=0.61; p<0.05;
Figure 4(b)) and lower populations of activated macro-
phages (R*=0.93; p<0.0001; Figure 4(c)), but
exhibited no association with NK cell or granulocyte
populations (data not shown). These inverse relation-
ships were not evidenced in RHP-treated mice without
AMD?3100, indicating that, with the disruption of
CXCLI12-CXCR4 signaling in the preconditioned
brain that normally suppresses leukocyte diapedesis,
B cells remain capable of a secondary immunosuppres-
sion when they exist in high numbers in the injured
CNS. Post-stroke splenic leukocyte populations in
these cohorts (Supplemental Fig. 2) showed no

increase in the extent of ipsilateral edema or (c) Evans blue leak
are shown as mean = standard deviation (SD). *p < 0.05 versus

differences between AMD3100- or PBS-treated mice
with RHP. Taken together, these results indicate that
CXCL12-CXCR4 signaling is required for the ability of
RHP to block the diapedesis of pro-inflammatory
leukocytes after stroke.

Leukocyte infiltration, BBB disruption, and neur-
onal death are not necessarily concomitant events in
the ischemic cortex.?'** We therefore determined the
influence of CXCLI12-CXCR4 signaling on infarct
progression and BBB disruption in an additional
cohort of RHP-treated mice. As shown in Figure 5(a),
AMD3100-treated mice receiving RHP exhibited sig-
nificantly larger (p <0.05) infarct volumes (55434
mm?) than those measured in their PBS-treated coun-
terparts receiving RHP (31 46 mm?), the latter values
consistent with previous results in RHP-treated mice.'°
However, AMD3100-treated mice did not exhibit
increases in vasogenic edema, as indexed by ipsilesional
hemispheric swelling (Figure 5(b)), and or enhanced
microvascular  permeability to  Evans  blue
(Figure 5(c)). These findings indicate that CXCLI12-
CXCR4 signaling is necessary for the protective effects
of RHP, but that this protection occurs independently
from any reduction in BBB permeability.

Discussion

Collectively, our findings indicate that a sustained upre-
gulation of CXCLI12 message and protein in response
to RHP, manifested as an increased number of
CXCL12" microvessels, contributes to the long-lasting
reduction in post-ischemic leukocyte infiltration
observed in preconditioned mice. This conclusion is
supported further by the fact that antagonism of
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CXCL12/CXCR4 signaling following RHP reversed its
protective effects on leukocyte diapedesis, and con-
comitantly attenuated the extent of RHP-mediated
neuroprotection. Our finding that long-term
AMD3100 counters endogenous neuroprotection
could be considered, at first pass, to be in contrast to
previous studies reporting that an acute post-stroke
treatment of AMD3100 following either permanent'®
or transient'®'” focal stroke improved recovery by
diminishing infarct volumes, BBB disruption, and
inflammation. Ruscher et al.'” found that AMD3100
administration beginning two days post-stroke limited
the diapedesis of T cells, specifically CD4% T cells
known to contribute to infarct progression,”* measured
four days post-stroke, as well as attenuated microglial
activation.'® We also found this CD4 T cell-specific
reduction in our AMD3100 cohort. In our RHP-trea-
ted mice, the diapedesis of several other leukocyte sub-
sets,'' including neutrophils and macrophages, was
naturally attenuated at the time Ruscher et al.'” admin-
istered AMD?3100. Our findings are therefore conson-
ant with the notion that post-stroke AMD3100
recapitulates the protective effect of an RHP-induced
downregulation of chemokines, selectins, and integrins,
all of which minimize inflammatory mechanisms in the
ischemia-tolerant brain, whereas pre-stroke AMD3100
administration to RHP-treated animals blocks the abil-
ity of RHP to establish this endogenously protective,
anti-inflammatory phenotype.

While the AMD3100-induced reduction in infiltrat-
ing CD4 T cells may be a highly -cell-selective
anti-inflammatory mechanism, our data suggest that,
at least in RHP-treated mice, B cells may also contrib-
ute to a blockade of CD4 T cell diapedesis. We recently
found that only the magnitude of post-ischemic B cell
diapedesis was unaffected by RHP, while the extent of
diapedesis of all other leukocyte subsets was dimin-
ished in the protected ischemic CNS.''Moreover,
RHP created an anergic regulatory B cell population
pre-stroke that could contribute to the anti-inflamma-
tory phenotype. In the current study, long-term
AMD3100 treatment prior to stroke enhanced the
recruitment and retention of a higher number of B
cells in the ischemic hemisphere. The presence of
higher Brypcells in the ischemic cortex, in turn, sig-
nificantly limited the diapedesis of CD4" T cells and
macrophages, but this only effectively diminished over-
all immune cell numbers for CD4 T cells, not macro-
phages. This may be a consequence of the different
magnitude of cell populations (hundreds vs. thousands,
respectively), with smaller CD4 T cell populations
more directly influenced by the 100-fold greater B cell
populations. These relationships suggest an anti-
inflammatory potential for adaptive Brypcells in the
injured CNS that could be harnessed in future studies

as a potential neurotherapeutic to limit detrimental
post-stroke inflammation.

During autoimmune disease, CXCL12 translocates
from an abluminal to luminal location that limits the
ability of CXCL12 to hold CXCR4-expressing leuko-
cytes in the perivascular space, thus allowing their
entry into the CNS parenchyma.®”** In the present
study, we showed that RHP led to a sustained increase
in CXCLI12 protein deposition along the abluminal sur-
faces of cerebral microvessels, as evidenced by an
increased number of CXCLI12" microvessels. This
“pre-loading” of the BBB with abluminal CXCLI12
was maintained in RHP-treated mice after stroke — des-
pite the overall reduction in both CXCL12 message and
protein — which, based on the results obtained in
AMD3100-treated mice, helped to minimize leukocyte
migration into the ischemic cortex. Interestingly, our
findings demonstrate that the stroke-induced, sterile
inflammatory response within brain parenchyma does
not result from a change in CXCL12 polarity to a lumi-
nal location. Thus, it would appear that CXCL12-
CXCR4 can regulate leukocyte infiltration by more
than one mechanism, and which may be dependent on
the acute versus chronic inflammatory features of the
disease. CXCR?7, which mediates the luminal transloca-
tion of CXCLI2 during CNS autoimmunity,” is
reduced in the ischemic cortex for a protracted period
of time (10 days) after focal stroke in mice,”® further
supporting the notion that CXCLI12 translocation
from abluminal to luminal locations within the BBB
does not participate in acute diapedesis. CXCL12 and
CXCR4 are upregulated in a delayed manner following
initial post-stroke depletion,”® coincident with a neuro-
protective timeframe for acute AMD3100 administra-
tion that limits CD4 T cell diapedesis and improves
functional recovery in other studies.'” In contrast, viral
delivery of CXCLI12 to the ischemic brain one week after
permanent focal stroke reduced long-term cortical atro-
phy while increasing functional recovery, neurogenesis,
and angiogenesis — all of which were blocked with long-
term AMD3100 administration.?” Future studies should
therefore investigate how CXCL12-CXCR4 signaling
affects the evolution of long-term neurovascular recov-
ery in the CNS, and whether these mechanisms are also
modulated by preconditioning or post-conditioning.

Our data suggest that the role of CXCL12 after
RHP is largely focused on effects within the BBB.
Under physiologic conditions, as well as following per-
manent focal stroke, CXCL12a mRNA is expressed by
neurons, while CXCL123 mRNA is expressed by cere-
bral endothelium.'®> Furthermore, the promoter regions
of both CXCLI12'? and CXCR4'* genes contain HIF-
loo binding sequences for hypoxia-dependent regula-
tion. Although the cortical mRNA expression levels
of the CXCLI12a isoform, as well as CXCR4, were
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unaffected by RHP, the constitutive upregulation of
CXCLI12f mRNA in the preconditioned cortex and
the increase in CXCL12 protein levels are consistent
with a long-term upregulation of CXCLI12 protein
expression in BBB endothelium. A single post-ischemic
dose of AMD3100 attenuates post-stroke Evans blue
leak and endothelial ZO-1/occludin disassembly,'® but
we found minimal effect of AMD3100 on BBB disrup-
tion in RHP-treated mice, which may be due to the
already strengthened BBB in preconditioned mice.
CXCL12a increases transendothelial electrical resist-
ance and inhibits vascular permeability through intra-
cellular actin rearrangement, with these phenotypes
inhibited by AMD3100.%® But it is unknown whether
CXCLI12p can induce similar effects. Given the evi-
dence for BBB disruption and leukocyte diapedesis as
independent processes after stroke,”! future studies
should determine the effect of long-term AMD3100
treatment on BBB integrity. We also found that splenic
leukocyte subpopulations are unaffected by AMD3100.
This indicates that CXCL12 mediates neurovascular
protection by decreasing leukocyte diapedesis within
the CNS, confirming that regulation of leukocyte infil-
tration into the ischemic brain is occurring at the BBB
and is not reflective of diminished populations within
the periphery.

Other studies have provided evidence for CXCL12/
CXCR4 signaling in mediating resistance to ischemic
injury following conditioning with non-hypoxic stimuli,
consistent with a conserved role for this chemokine in
establishing cytoprotective phenotypes. For example,
CXCLI12 plasma levels are elevated for 12-48 h after
electroacupuncture preconditioning in mice, as is the
post-ischemic expression of CXCL12 in cerebral endo-
thelium.?’ Remote ischemic conditioning in a rat model
of myocardial infarction is blocked by AMD3100 and
mimicked by direct application of CXCL12.*°
Furthermore, migration of CXCR4-expressing neural
stem cells,’! endothelial progenitor cells (EPCs),>**
and bone marrow stromal cells** to regions of ischemic
injury requires CXCL12/CXCR4 signaling. Our data,
taken together with the fact that administration of
AMD?3100 blocks migration and several metrics of
post-stroke recovery,>**> may represent facets of a
CXCLI12-mediated long-term  CNS  protection.
However, the mechanisms by which CXCLI2 shifts
from mediating long-term endogenous protection to
contributing to acute neurovascular injury at later
times remain to be determined. CXCLI2-recruited
EPCs,** or CXCLI12 directly,”” may also contribute
to post-stroke angiogenesis, observations that fit with
the clinical finding that serum CXCLI12 upregulation
after stroke onset significantly correlates with EPC
levels and is an independent predictor of reduced
infarct volume and better long-term functional

’% . . .
outcome.>®*¥”  These beneficial contributions of

CXCLI12 with respect to stem cell migration, angiogen-
esis, and functional recovery following stroke occur
over a post-stroke time frame that is more protracted
than the 24-48-h period explored in the current study;
future studies to determine the long-term consequences
of pre- and post-ischemic CXCL12 upregulation in
mice receiving RHP are warranted.

In conclusion, RHP results in a sustained upregula-
tion of CXCL12 in mouse brain. In turn, greater num-
bers of CXCLI12" microvessels at the time of stroke
may counter ischemia-driven reductions in both
CXCL12 message and protein, thereby retaining the
ability of CXCLI2 to counter mechanisms driving
post-ischemic leukocyte diapedesis. In contrast to
leukocyte transmigration into CNS parenchyma,®”-*
in autoimmune disease that occurs secondary to the
microvascular translocation of CXCL12 from ablum-
inal to luminal surfaces, our findings indicate that
leukocytes diapedese into the acutely ischemic brain
despite the maintenance of abluminal CXCLI12. Our
results with AMD3100 indicate that the reduction in
leukocyte transmigration by RHP still depends on
CXCLI12, but in a manner related to an increase in
the relative number of microvessels expressing this che-
mokine abluminally, rather than in a polarity-depen-
dent manner. Therefore, the use of neurotherapeutics
to enhance and/or expand CXCL12 expression by BBB
endothelial cells prior to stroke, either via an engin-
eered CXCL12 analog®® or viral-mediated delivery,?”-*
could eventually be used in lieu of RHP to create a
neuroprotective phenotype in individuals at identified
risk for stroke, as well as enhance the recruitment of
EPCs to promote cortical angiogenesis prior to injury.
Considering the potential long-term use of CXCR4
antagonists in clinical populations,*® and the efficacy
of acute post-stroke antagonism of CXCLI2 in
animal models,'®'® it is imperative to continue to
probe how CXCLI2 contributes to the maintenance
of immune privilege during resting, physiologic condi-
tions, as well as during the progression of injury and
recovery following acute and chronic CNS injury.
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