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Abstract

OBJECTIVE—-Brief systemic hypoxia protects the rodent brain from subsequent ischemic injury,
although the protection wanes within days. We hypothesized that the duration of ischemic
tolerance could be extended from days to months by repeated intermittent hypoxia of varying
magnitude and duration.

METHODS—Infarction volumes following a 60-min transient middle cerebral artery occlusion
were determined in adult male mice 2 days through 8 wks after completion of a 2-week repetitive
hypoxic preconditioning (RHP) protocol. Separate cohorts were studied for the protective effects
of RHP on postischemic and cytokine-induced cerebrovascular inflammation, and for potential
deleterious effects of the RHP stimulus itself.

RESULTS—RHP protection against transient focal stroke persisted for 8 weeks. Leukocyte
adherence to cortical venules was attenuated in response to stroke, as well as following TNF-a
administration, indicating that reductions in postischemic inflammation were not secondary to
smaller infarct volumes. RHP reduced post-stroke leukocyte diapedesis concomitant with a long-
lasting downregulation of endothelial adhesion molecule mMRNAs, and also reduced postischemic
blood-brain barrier permeability to endogenous 1gG. RHP was without effect on hippocampal
CALl pyramidal cell viability, only transiently elevated hematocrit, and did not affect the
magnitude of CBF during and after ischemia.

INTERPRETATION—Taken together, our findings reveal a novel form of epigenetic
neurovascular plasticity characterized by a prominent anti-inflammatory phenotype that provides
protection against stroke many weeks longer than previously established windows of
preconditioning-induced tolerance. Translating these endogenous protective mechanisms into
therapeutics could afford sustained periods of cerebroprotection in subpopulations of individuals
at identified risk for stroke.

Introduction

New or recurrent stroke is the third-leading cause of death and the leading cause of long-
term adult disability in the Western world.! Despite our growing understanding of stroke-
induced injury and recovery, there remains no clinically approved treatment for stroke
except time-limited thrombolysis. Many individuals at an identified risk for stroke might
instead benefit from therapies that enhance the brain’s resistance to ischemic injury prior to
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stroke onset. One paradigm for inducing this cerebroprotective phenotype is
“preconditioning”, wherein genomic and proteomic reprogramming occurring in response to
a non-damaging, noxious stimulus affords transient protection from subsequent injury.2=4
While neuroprotection following preconditioning in preclinical models is robust, the time
window for the ischemia-tolerant phenotype persists only a few days2:3 and thus limits
clinical applicability.

Previously, we showed that exposing adult mice to a single, brief period of systemic hypoxia
induced robust, but time-limited, cerebroprotection following transient stroke.® Studies in
both animals and humans, however, indicate that episodic hypoxia can induce a variety of
beneficial and/or injury-reducing changes in brain,® heart,10-12 and other tissues.13 We
postulated that repeated exposures to systemic hypoxia might promote a novel, long-lasting
ischemia-tolerant phenotype. In this report, we detail studies wherein a repetitive hypoxic
preconditioning (RHP) protocol induced sustained neurovascular plasticity that extended the
window of tolerance to transient focal stroke to an unprecedented two months following the
completion of preconditioning.

Material and Methods

Repetitive Hypoxic Preconditioning

Washington University’s IACUC approved all experimental procedures. Swiss Webster/
ND4 male mice (25-35g; 9-12 wks; Harlan) were used in all experiments except for the
leukocyte diapedesis and 1gG permeability studies, which used male transgenic micel4 with
EGFP-expressing myelomonocytic cells (LY-EGFP; courtesy of Dr. Thomas Graf, Albert
Einstein College of Medicine). Power analyses estimated sample sizes and mice were
randomized into control (no hypoxia) or repetitive hypoxic preconditioning (RHP; Figure
1A) groups. RHP mice were preconditioned in modified home cages with air continuously
flushed and monitored (1.5 L/min; Vascular Technologies). Sham preconditioned controls
were handled in the same manner, but exposed only to room air and no protection/tolerance
was induced by this treatment (data not shown). Some animals were exposed to single
hypoxic preconditioning (SHP; 4 h, 8% O,). At all times during hypoxic exposure, animals
had access to food and water.

Transient and permanent focal cerebral ischemia

A surgeon, blinded to treatment group, anesthetized animals (5% halothane/70%
NO,/30%05) and induced a transient middle cerebral artery occlusion (tMCAO0) by
intraluminal suture insertion for 60 min.>:15 A >80% reduction in relative cerebral blood
flow (CBF; laser Doppler flowmetry; TSI, Inc.), and a 10-min reperfusion >50% CBF
baseline, were required for study inclusion. Neurological deficit was measured at 15 min and
24h of reperfusion (Table 2) and scored on a scale of 0-4, with 0 being no observable
deficit, and 4 being an inability to walk spontaneously.® One of the 41 tMCAo-treated mice
was excluded due to 5% CBF baseline at 24h. For permanent middle cerebral artery
occlusion (pMCAO0), a distal occlusion of the MCA was performed via a craniotomy, with
electrocoagulation of the surface presentation of the MCA.>15 Of the 52 animals with
pMCAO, 4 animals did not survive 24h, and 1 animal fell outside the 95% confidence
interval. Animals were sacrificed 24h following tMCAo/pMCA0 and brains were exposed to
2,3,5-triphenyl tetrazolium chloride (TTC) to delineate infarct regions.15:16 A blinded
observer quantified infarct volumes, which were corrected for edema based on contralateral
hemispheres.>15 Hemispheric swelling was calculated using total tissue volume of the
ipsilateral and contralateral hemispheres.1’
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Quantification of leukocyte dynamics and BBB integrity

Postischemic leukocyte-endothelial adherence in cortical venules was quantified by
epifluorescence videomicroscopy through cranial windows placed over the MCA territory.1°
Lymphocytes and neutrophils were fluorescently labeled (0.007% rhodamine6G in 0.01M
PBS, intra-arterial) and adherence to the venular endothelium quantified either 24h
following 60-min tMCAO in the ipsilesional cortex, or 4h after TNF-o (1.5pg/kg i.p.18;
R&D Systems). One animal each from the control (no RHP), 2-wk, and 4-wk groups
exhibited values outside of the 95% confidence interval and were excluded from final
analysis. In a separate cohort of LY-EGFP mice, brains were removed 24h following
tMCAOo, flash-frozen, and cryosectioned (10-um) with coronal sections obtained from the
anterior, middle, and posterior portions of MCA territory for stereologic quantification of
leukocyte diapedesis in both hemispheres. IgG extravasation into brain parenchyma was
quantified in adjacent sections® (Alexa Fluor 568 goat anti-mouse 19G, 6.7ug/mL; ToPro3;
1:300; Invitrogen), with gain and offset minimized during data acquisition (Olympus
Fluoview FV1000 confocal). To determine endothelial mMRNA expression, microvessels
(including capillaries and small arterioles and venules) were isolated from flash-frozen
neocortex via differential centrifugation in sucrose buffer from ipsilesional hemispheres.20
A microvessel-enriched pellet was pooled from two mice, and mMRNA expression was
normalized against ribosomal 18S.

Hematocrit and hippocampal CA1 cell density determinations

Hematocrit (Hct) was measured in RHP-treated and control cohorts at the start, during, and
following the completion of RHP. A 75-ul blood sample was obtained from the retro-orbital
sinus and animals were monitored until ambulatory. Viability of CA1 pyramidal neurons
was assessed in another cohort 7 days after the completion of RHP. Coronal sections (16-
um) were obtained beginning 1 mm posterior to Bregma, and Nissl-stained prior to post-
fixation. A blinded observer manually quantified total viable pyramidal cells in 3 non-
adjacent sections over a 0.1-mm length of the CA1 sector of the dorsal hippocampus.?!

Statistical analyses

Results

Data are presented as mean + standard error of the mean (SEM). Statistical comparisons
were evaluated using one-way ANOVA for physiologic parameters (blood pH, PaCO,,
PaO,, MABP, and blood glucose), infarct volumes, leukocyte adherence, and leukocyte
extravasation. Mann-Whitney rank sum test was used for CA1 neuronal density and
neurologic deficit scores, and repeated measures ANOVA for serial measures of hematocrit
and body weight. Significance was determined as p<0.05.

Establishing a safe and efficacious RHP protocol

We previously demonstrated that a single hypoxic stimulus established ischemic tolerance in
both the mouse brain® and retina22 for 1-3 days. We later found that, in the retina, repeating
the hypoxic stimulus six times over a 2-wk period extended the window of retinal ischemic
tolerance to 4 wks.23 However, this same RHP stimulus was not sufficient to reduce cortical
injury caused by tMCAo0 (data not shown), which we interpreted as a reflection of the need
for tissue-dependent titration of the preconditioning stimulus. Indeed, a smaller dose of
lipopolysaccharide can precondition the retina?* from ischemic injury relative to that used
for stroke preconditioning®®. In addition, neuronal plasticity is enhanced by irregularly
presented stimuli of varying magnitude, which serves as the molecular basis for learning,
memory and drug addiction/withdrawal.2® Based on these findings, we manipulated the
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frequency, duration, and intensity of the hypoxic stimulus train (Figure 1A) until we
achieved a new RHP protocol that induced a long-lasting cerebral tolerance to focal stroke.

We then examined whether the RHP stimulus elicited changes in hematocrit (Hct)2? that
might, in turn, affect oxygen delivery and other microcirculatory hemodynamics (Fig. 1B).
RHP promoted a transient, stimulatory effect on erythropoiesis. Six days into the RHP
protocol, Hct was increased by 11% (p<0.05), and remained above baseline (a 5% increase;
p<0.01) 2 days after the last RHP stimulus. Within one week, however, Hct had returned to
within baseline levels. Animals in the control group actually exhibited decreased Hct values
over this same time (p<0.01), but we interpret the 1.5% decrease as physiologically
insignificant.

Given that longer exposures (> 5 h) to a magnitude of hypoxia (8% O5) utilized in some of
our RHP exposures can result in significant hippocampal neuronal death,2” we also sought
to determine whether the durations and intensities of the repeated hypoxia exposures of RHP
affected the viability of CA1 pyramidal cells, known to be the most vulnerable cerebral cell
population to global hypoxia-ischemia. When compared to matched naive animals, however,
no significant differences in CA1 density were noted in RHP-treated mice, and no
significant inter-hemispheric differences in CA1 density were found in either group at 7
days following the completion of RHP (Fig. 1C).

RHP leads to a long-lasting cerebroprotective phenotype

When mice were exposed to our RHP stimulus, and then subjected to tMCA0 2 days
through 8 wks later, infarct volumes were significantly reduced at all times (Fig. 2A-C).
Although the most robust reduction occurred when tMCAo0 was induced 2 wks after RHP (a
66% infarct-sparing effect; p<0.0001), in mice wherein RHP ended 8 wks prior to tMCAo0
there remained a 48% reduction (p<0.05) in infarct volume. RHP-treated animals also
exhibited reduced hemispheric swelling ipsilateral to the stroke. In the representative TTC-
stained coronal sections, note that the region of infarct remaining in all animals with prior
RHP was localized to subcortical structures and the pattern of TTC staining was more
heterogeneous, with a less delineated border, relative to that in nonpreconditioned controls.
We cannot rule out the possibility that the long-lasting ischemic tolerance was indirectly the
result of a RHP-induced delay in the rate of infarct maturation. While unlikely, future
studies will be needed to address this caveat more closely.

In our previous study, a single hypoxic stimulus did not impart ischemic tolerance against
pMCAO0,° although another lab, using a more robust hypoxic stimulus, was successful in this
regard.28 In the present investigation, an increased magnitude and duration of hypoxia was
also effective, promoting a 32% reduction in infarct volume when pMCAo followed 1 day
after the modified SHP stimulus (p<0.05; Fig. 2D,E), but not when pMCAo0 was induced 2
wks after SHP. As with tMCAo0, RHP afforded sustained protection against pMCAo0-induced
injury, with reductions in infarct volume (p<0.05) and infarct-associated hemispheric
swelling in mice subjected to pMCAo0 2 wks after RHP.

Representative physiologic data (Table 1) showed no consistent between-group differences
following transient focal stroke or TNF-a in RHP-treated animals relative to shams or
controls, suggesting that the neurovascular protection does not manifest secondary to
changes in these physiologic parameters. Moreover, the lack of consistent between-group
differences for the magnitude of CBF reduction, early (10 min) or late (24h) in reperfusion,
as well as for the early postischemic neurologic deficit scores, strongly suggest that a less
severe ischemic insult did not occur in RHP-treated mice (Table 2). The lack of statistical
significance for improved neurologic deficit scores in the RHP-treated mice likely reflects
the relatively modest degree of sensitivity in the semi-quantitative neurological deficit
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scoring system we used relative to other, more extensive neuro-behavioral scoring systems.
29,30

RHP reduces vascular inflammation following tMCAo or systemic TNFa

Post-stroke leukocyte recruitment requires the endothelial upregulation of selectins and
integrins,3 which is attenuated in preconditioned animals.32:33 To determine if RHP
reduces endothelial selectin and integrin expression, we quantified message expression in
cortical microvessels isolated from 24-h infarcted hemispheres (Fig. 3A). P-selectin mRNA
levels were increased 121-fold over naive (p<0.01), while E-selectin mMRNA increased 144-
fold (p<0.05) in response to tMCAo. Prior RHP reduced the post-ischemic upregulation of
both selectins by as much as 88%. VCAM-1 mRNA exhibited minimal post-ischemic
upregulation in control animals, possibly due to the high basal expression levels for
VCAM-1 message in cortical microvessels.3! Nevertheless, VCAM-1 expression was
downregulated at both 2 (p<0.05 vs. control tMCAO0) and 4 wks following RHP. In addition
to E-selectin, P-selectin, and VCAM-1, we analyzed the post-stroke microvessel MRNA
expression of ICAM-1 and several chemokines/chemakine receptors implicated in leukocyte
recruitment (e.g., CCL2, CCR2, CXCL2, CXCR2, CXCL12, CXCR4). A nonsignificant
(p=0.067) trend for increased ICAM-1 mRNA expression was noted in control tMCAo0 mice
relative to RHP-treated mice (data not shown). For the aforementioned chemokines, no
consistent, statistically significant differences in the postischemic expression pattern were
evidenced in untreated vs. RHP-treated animals (data not shown).

To confirm that postischemic reductions in adhesion molecule mRNA expression similarly
affected the leukocyte recruitment phenotype, we measured leukocyte adherence in cortical
venules following tMCAo0. We found a 64-fold increase (p<0.0001) in leukocyte adherence
to surface venular endothelium within the MCA territory in ischemic mice without RHP.
The extent of adherence was reduced by 68% (p<0.0001) in mice with RHP completed 2
wks prior to stroke, and by 32% (p<0.05) in mice with RHP completed 4 wks prior to stroke
(Figs. 3B,C). To verify that this anti-inflammatory phenotype was not simply secondary to a
smaller volume of infarcted subcortical tissue, a second series of experiments evaluated
leukocyte-endothelial adherence caused by systemic administration of TNF-a. TNF-a
promotes leukocyte adherence to cortical venules,18:34 and in nonpreconditioned mice,
induced a 52-fold increase in leukocyte-endothelial adherence (p<0.0001). This response
was reduced by 88% in mice with RHP completed 2 wks prior to TNF-a (p<0.0001), to
levels not statistically distinguishable from sham controls (Fig. 3D,E). In mice with RHP
completed 4 wks prior to TNF-a, adherence was reduced by 51% (p<0.01). These findings
confirm that RHP promotes a sustained and generalized anti-inflammatory phenotype at the
blood-cerebral endothelial interface.

RHP reduces leukocyte diapedesis and preserves BBB integrity

We also determined whether the attenuation of postischemic leukocyte adherence in RHP-
treated mice was concomitantly associated with a reduction in leukocyte infiltration into
brain parenchyma.3® Relative to the contralateral, non-ischemic hemisphere, leukocyte
diapedesis was elevated 26-fold 24h after tMCAo (Fig. 4A). RHP 2 wks or 4 wks prior to
stroke reduced leukocyte diapedesis by 44% (p<0.05) or 75% (p<0.001), respectively.
Leukocyte diapedesis is one factor associated with BBB disruption following stroke.® Thus,
we also quantified the endogenous extravasation of 1gG, a highly sensitive marker for loss of
postischemic BBB integrity in areas of infarction.36 In nonpreconditioned mice, BBB
permeability to 1gG increased more than 2-fold (p<0.01) in the ischemic hemisphere (Fig.
4B). In contrast, in mice with RHP completed 2 wks or 4 wks prior to stroke, ipsilateral 19G
extravasation was robustly reduced in both instances (p<0.0001), to levels indistinguishable
from those in the nonischemic, contralateral hemisphere.
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Discussion

Although windows of ischemic tolerance lasting to one week have occasionally been
reported,®:37 cerebral protection induced by a single preconditioning stimulus typically fades
within a few days. Chronic hypoxia can also lead to a host of “acclimatization” responses,
but these adaptations also wane shortly after returning to a normoxic environment.38 We
postulated that an intermediate approach, using a patterned series of intermittently presented
hypoxic challenges, might induce a period of tolerance that was sustained well after the
treatment series was completed. We were encouraged by the findings that repetitive
hypoxia, interspersed with periods of normoxia, elicits beneficial effects in the CNS and
other tissues under baseline conditions®:10 and following ischemia,®:9:11:12 and induces
novel long-term facilitation in respiratory motoneurons.3® Moreover, repetitive stimuli are
known to trigger persistent neuronal plasticity,28 and both cerebrovascular and neuronal
plasticity are induced following intermittent interventions such as exercise.*? We found that
the stochastic, intermittent hypoxic exposures that define our RHP stimulus were quite
efficacious in increasing cellular ischemic resistance in a uniquely protracted fashion, and,
as such, reflect a fundamentally new type of extended neurovascular plasticity.

Titration is essential to the effectiveness of all preconditioning stimuli. The stimulus must be
‘strong’ enough to elicit an adaptive response, but not so strong as to cause injury itself or
worsen ischemic outcomes.2:3:27 Moreover, given that all stimuli are defined by their
frequency, magnitude, and duration, achieving the optimal titration of a repetitive stimulus is
not necessarily straightforward in either concept or practice. For example, a much more
severe intermittent hypoxic challenge (15 h/day of ~10% O, for 4 wks) than that defining
our RHP stimulus failed to protect when administered 3 wks prior to transient focal stroke in
rats. Moreover, accumulating evidence shows that high frequency intermittent hypoxia — as
occurs with sleep apnea — increases the risk for stroke.#1:42 With respect to ensuring that the
magnitude and frequency of our RHP stimulus was without adverse effects, we documented
normal CA1 pyramidal cell viability, indicating an intermediate hypoxic stimulus that
protected without harm. The mild, transitory increase in hematocrit during RHP, also
observed by others in response to intermittent hypoxia,*3 does not bear on our results, either
positively or negatively, since protection persists 4 and 8 wks after RHP, well after the time
when hematocrit values returned to baseline.

Often overlooked in studies of standard preconditioning-induced tolerance is the notion that
the robust protection is likely to also include survival-promoting mechanisms acting directly
in astrocytes, microglia, oligodendroglia, and endothelial cells. Reductions in leukocyte-
endothelial adherence, diapedesis, and 1gG extravasation specifically reflect anti-
inflammatory events occurring directly at the level of the BBB that may also contribute to
the reductions in infarct volume.. TNFa-induced inflammation in the nonischemic brain was
also attenuated in RHP-treated mice indicating that, with respect to the early stages of
postischemic leukocyte recruitment, a generalized anti-inflammatory phenotype is
established at the blood-cerebral endothelial cell interface. This cerebrovascular protection is
mediated by reductions in endothelial adhesion molecule gene transcription, although
diminished leukocyte-derived elastases and matrix metalloproteinases, 1244 as well as
preservation of tight junctions,> may also participate. Mechanisms underlying the loss of
BBB integrity following stroke include both leukocyte-independent and leukocyte-
dependent injury of endothelium and basal lamina, as well as extracellular matrix disruption.
31,46,47 Our data do not address the extent to which the documented reductions in
postischemic leukocyte-endothelial adherence and diapedesis causally result in a more intact
BBB. We can only conclude the RHP phenotype includes a significant improvement in
postischemic BBB integrity concomitant with reduced vascular inflammation.
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The multi-factorial mechanistic basis underlying the neurovascular plasticity that affords
long-lasting protection documented in our study will require further investigation to
elucidate. The sustained stabilization of transcription factors (e.g., DeltaFosB in response to
repeated stress)*® may contribute to the evolution of tolerance during the weeks following
preconditioning. Whether protection is hypoxia-inducible factor (HIF)-dependent, especially
considering the unique mechanisms that regulate HIF activity under conditions of single vs.
intermittent vs. chronic hypoxia,38:49=51 should be addressed. The finding that stabilizing
HIF transcription by repeated administration of a prolyl hydroxylase inhibitor enhanced
hippocampal memory one month after treatment was completed®? and may reflect a similar
HIF-driven plasticity.

In summary, we have demonstrated that a relatively short period of repetitive hypoxia,
varying in both intensity and duration, extends the ‘window’ of the ischemia-tolerant
phenotype from several days to many weeks. These findings reflect a novel form of induced
neurovascular plasticity that enhances the resistance of the neurovascular unit to both
nonperfused and reperfused ischemic brain injury in a uniquely protracted fashion.
Intermittent bouts of systemic hypoxia — similar in both intensity and duration to that
comprising our RHP protocol — provide a host of cytoprotective effects in animal models of
cerebral and myocardial ischemia®®12 and are well-tolerated by humans, improving both
endurance and exercise efficiency.10:13 Ultimately, however, repeated stimulation by
nonhypoxic, pharmacological stimuli may be chosen for inducing survival-promoting
plasticity in the human CNS,%3 in line with our recent demonstration that a repetitive, 2-wk
dosing regimen of the FDA-approved drug, deferroxamine, protects the retina from ischemic
injury for one month.>* This sustained manipulation of endogenous mechanisms of
protection through repeated exposures to preconditioning stimuli may also confer long-term
tolerance to many other acute and chronic neurodegenerative and autoimmune CNS diseases
in identified, at-risk populations.
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Figure 1.

Repetitive hypoxic preconditioning (RHP) model. (A) RHP protocol; animals were exposed
to 9 hypoxic exposures over ~2 wks for either 2 or 4 h (y-axis) at either 8% (black bars) or
11% O (grey bars). (B) RHP increased hematocrit (y-axis) above baseline (i.e. Day 0) when
measured 6 days into, and 2 days following, the RHP protocol (grey line), but returned to
baseline by one week (n=18); naive (Nv) animals (n=16) without prior hypoxia (black line).
*p<0.05, **p<0.01 vs. baseline; #p<0.05 vs. corresponding naive expression at the same
time point. (C) Hypoxia was without effect on hippocampal neuronal density when
measured 7 days after the completion of RHP (n=5; grey bars). Measures reflect both
interhemispheric comparisons (left vs. right) and comparisons to naive animals with no prior
RHP (n=5; black bars).
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Figure 2.

Repetitive hypoxic preconditioning (RHP) promotes long-lasting neurovascular protection.
(A and B) RHP reduced (A) infarct volume, and (B) hemispheric swelling following tMCAo0
in animals with RHP completed 2 days though 8 wks prior to tMCAo0 (n=6-10/group) versus
control animals with tMCAo but no prior RHP (n=9). Individual values (black-filled
circles), mean (black horizontal bars), and values (open circles) that fell outside of the 95%
confidence interval (gray boxes) are given. (C) Representative TTC-stained coronal sections
from groups shown in (A) of the infarct volume closest to the mean. (D) RHP 2 wks prior to
pMCAOo reduced infarct volume (n=10) compared to control animals with pMCAo but no
prior RHP (n=16). SHP was protective only when pMCAo followed SHP atl day (n=13),
but not 2 wks (n=9). (E) Corresponding hemispheric swelling in mice subjected to pMCA0.
*p<0.05, **p<0.01, ***p<0.001 vs. Control.

Ann Neurol. Author manuscript; available in PMC 2012 June 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Stowe et al.

Page 13

Figure 3.

Repetitive hypoxic preconditioning (RHP) reduces postischemic leukocyte adherence. (A)
In homogenates of isolated capillary endothelium, transient middle cerebral artery occlusion
(tMCAO0) increased E-selectin and P-selectin mRNA expression (n=11) relative to shams
(n=8), but in RHP-treated mice, the extent of this postischemic upregulation was reduced. In
RHP-treated mice, postischemic VCAM-1 mRNA expression was significantly
downregulated. (B and D) Leukocyte adherence to cortical venular endothelium increased
(B) following tMCAo0 (n=5), or (D) after TNF-a i.p. (n=9), relative to adherence in in sham-
operated mice (n=7). RHP 2 wks (n=8) or 4 wks (n=4) prior significantly reduced both
ischemia-induced and TNF-induced adherence, an effect also shown in representative video
photomicrographs of cortical venules following (C) tMCAo or (E) TNF-a (2 wks, n=6; 4
wks, n=5). Scale bar = 100pum. *p<0.05, **p<0.01, ***p<0.001 vs. naive or sham, or for 2
wks vs. 4 wks following RHP; 1p<0.05, t1p<0.01, t11p<0.001 vs. control tMCA0 or
control TNF-q.
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Figure 4.

Repetitive hypoxic preconditioning (RHP) maintains postischemic barrier integrity in LY-
EGFP mice. (A,D) Leukocyte diapedesis is increased following transient middle cerebral
artery occlusion (tMCAO) in ipsilateral (solid bar) vs. contralateral (hatched bar)
hemispheres (n=6; fluorescent leukocytes shown in lower panels by arrowhead from the
representative area denoted by a black box in C). RHP, 2 and 4 wks prior to tMCAuO,
significantly reduced leukocyte diapedesis (n=4,5). (B,E,F) Increased ipsilateral 1gG
extravasation in controls (solid black) is completely abrogated in animals with RHP.
Representative extravasated immunoglobulin G (IgG; red), nuclei (counterstained with
ToPro3; blue), and diapedesed leukocytes (arrowheads) shown in (E) the ipsilesional
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hemisphere from area denoted by a black box in C, and (F) the corresponding contralesional
hemisphere from area denoted by the grey square in C. (C) Adjacent cresyl violet stained
sections, with an increased magnification (from the black box) of one of the five areas used
in quantification. *p<0.05, **p<0.01, ***p<0.001 vs. contralateral nonischemic hemisphere;
1p<0.05, t1p<0.01, t11p<0.001 vs. nonpreconditioned group. Scale bar = 50 um.
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