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Abstract
Background—Ischemic postconditioning (IPostC) has been shown to attenuate brain injury in
rat stroke models, but a mouse model has not been reported. This study establishes an IPostC
model in mice and investigates how IPostC affects infiltration of leukocytes in the ischemic brain
and lymphopenia associated with stroke-induced immunodepression.

Material and Methods—A total of 125 mice were used. IPostC was performed by a repeated
series of brief occlusions of the middle cerebral artery (MCA) after reperfusion, in a focal
ischemia model in mice. Infarct sizes, neurological scores, inflammatory brain cells and immune
cell populations in lymph nodes, spleen and bone marrow were analyzed with FACS.

Results—IPostC performed immediately, 2 min and 3 hr after reperfusion significantly reduced
infarct sizes and attenuated neurological scores as measured up to 3 days post-stroke. In the group
with strongest protection, infarct sizes were reduced from 49.6 ± 2.8% (n=16) to 27.9 ± 2.9%
(n=10, P<.001). The spared infarct areas were seen in the ischemic penumbra or ischemic margins,
i.e., the border zones between the cortical territories of the anterior cerebral artery (ACA) and
those of the MCA, as well as in the ventromedial and dorsolateral striatum. FACS analyses
showed that IPostC significantly blocked increases in the numbers of microglia (CD45intCD11b
+), macrophages (CD45hiCD68+), CD4 T cells (CD45+CD4+) and CD8 T cells (CD45+CD8+) as
well as B lymphocytes (CD45+CD19+) in the ischemic brain (n=5/group). Reduced-immune cell
numbers in the peripheral blood and spleen were increased by IPostC while immune cell
populations in the bone marrow were not altered by IPostC.

Conclusions—IPostC reduced brain infarction and mitigated neurological deficits in mice,
likely by blocking infiltration of both innate and adaptive immune cells in the ischemic brain. In
addition, IPostC robustly attenuated peripheral lymphopenia and thus improved systemic
immunodepression.
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1 Introduction
Ischemic postconditioning (IPostC), an emerging concept for stroke treatment, refers to a
series of brief occlusions of cerebral blood vessels after reperfusion(Zhao et al., 2003b; Zhao
et al., 2006; Zhao, 2009). We and others have reported that IPostC reduces infarction and
improves neurological deficits after stroke in rats(Lee et al., 2008; Pignataro et al., 2008;
Ren et al., 2008; Xing et al., 2008; Zhao, 2009). The protective mechanisms are associated
with the ability of IPostC to attenuate free radical generation, inhibit infiltration of
neutrophils in ischemic brain and attenuate pro-inflammatory cytokine and adhesion
molecule expression of IL-1β and TNF-α, and ICAM-1(Zhao, 2009). IPostC also promotes
neuronal survival molecular signaling—such as Akt and εPKC—and inhibits pro-apoptotic
protein expression— such as Bax and caspase(Zhao, 2009). Most of these studies, however,
are descriptive and lack insight into the underlying protective mechanisms of IPostC. To
begin to address the underlying mechanisms better genetic approaches, such as those
available in various gene mutant or transgenic mice, will be required. Our study establishes
the first mouse model of IPostC.

As mentioned, brain injury after stroke is exacerbated by the inflammatory response, which
is additionally modulated by both innate and adaptive immunity(Iadecola and Anrather,
2011). Macrophages responsible for innate immunity have been shown to contribute to acute
brain injury after stroke. Macrophages can be derived from either residential microglia
(Lehrmann et al., 1998; Gregersen et al., 2000; Mabuchi et al., 2000; Liu et al., 2001) and/or
monocytes migrated from peripheral blood (Schilling et al., 2003; Tanaka et al., 2003;
Schilling et al., 2005; Jin et al.). Recent studies suggest that adaptive immune cells T cells
and B cells also affect stroke-induced brain injury (Yilmaz et al., 2006; Hurn et al., 2007;
Liesz et al., 2009; Kleinschnitz et al., 2010a; Chen et al., 2012) and that brain inflammation
and infarction are followed by immunodepression in peripheral immune organs. Stroke-
induced immunodepression (SIID) results in pneumonia, a major cause of delayed mortality
in stroke patients(Prass et al., 2006; Hug et al., 2009; Urra et al., 2009). As a result, several
leading research centers have shifted from targeting brain injury to targeting SIID(Meisel et
al., 2004; Prass et al., 2006; Hug et al., 2009; Urra et al., 2009). Taken together, both local
brain inflammation and systemic SIID play a critical role in stroke pathology, yet the effect
of IPostC on brain inflammation has been poorly studied particularly the effect of IPostC on
SIID.

We have established an IPostC model in mice to provide for future studies on the underlying
mechanisms of IPostC against stroke in mice with various available genetic tools. As the
ischemic penumbra is the primary target of most neuroprotectants, we analyzed whether or
not IPostC spares ischemic penumbras. We also used FACS techniques to further investigate
the effects of IPostC on infiltration of inflammatory cells in the ischemic brain—such as
macrophages, T cells and B cells—and examined the effects of IPostC on SIID caused by
reductions of immune cells in the immune organs.

2 Materials and Methods
2.1 Focal cerebral ischemia and ischemic postconditioning

All experimental protocols were approved by the Stanford University Administrative Panel
on Laboratory Animal Care (APLAC). Male C57BL/6 mice aged 8–10 weeks weighing 22–
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25g purchased from Jackson laboratory (Bar Harbor, Maine) were used. Animals were
maintained on a standard diet and water ad libitum, and kept in a temperature-controlled
environment with alternating 12-hour light and dark cycles. Efforts were made to minimize
the number of animal used and the suffering animals experienced. Anesthesia was induced
by 5% isoflurane and maintained at 1% to 2% isoflurane during surgery. Body core
temperature was monitored with a rectal probe and maintained at 37 ± 0.5°C with a surface
heating pad during the entire procedure. Focal ischemia was generated as described
previously with slight modifications(Xiong et al., 2012). Briefly, under the operating
microscope, the left common carotid artery (CCA) and external carotid artery (ECA) were
exposed through a ventral midline neck incision, and were ligated proximally. A 6-0 silicon-
coated nylon suture with a 0.23 mm tip diameter (Doccol, Redlands, CA, USA) was inserted
through the arteriotomy in the CCA just below the carotid bifurcation and advanced
approximately 8 ± 0.5 mm until a mild resistance was felt. The inserted 6-0 nylon suture was
tied by a 5-0 black silk suture at the proximal CCA bifurcation to prevent withdrawal. In the
ischemic control group, reperfusion was achieved by permanently withdrawing the suture
after 45 min of ischemia. IPostC was induced by brief, repetitive MCA occlusions via
withdrawal and reinsertion of the suture into the ICA. To induce IPostC, the suture was
withdrawn only approximately 2 to 3 mm to allow temporal reperfusion and re-insertion

Animals were randomly divided into 6 groups (Fig. 1): I. Control group (n=16): animals
were subjected to 45 min ischemia followed by 72 hrs reperfusion; II. IpostC was initiated at
2 min after reperfusion with 3 cycles of 15 sec occlusion/15 sec release (IP15/15, n=10); III.
IpostC with 3 cycles of 15 sec occlusion/30 sec release started at 2 min after reperfusion
(IP15/30, n=10); IV. IpostC with 2 cycles of 60 sec occlusion/60 sec release starting from 2
min of reperfusion (IP60/60, n=10); V. IpostC with 3 cycles of 15 sec occlusion/15 sec
reperfusion initiated immediately after stroke (n=10); VI. IPostC with 3 cycles of 15 sec
occlusion/30 sec release (IP15/30, n=9) starting from 3 hrs post-reperfusion.

2.2 Neurological score evaluation
Animals were returned to their cages after surgery and were given free access to food and
water. The neurological score of mice was assessed blindly by an investigator who did not
know the animal conditions, at day 1, 2 and 3 after stroke. A 28 point scale of focal
neurological scores (FNS) was used (Hill et al., 1999), which was based on the following 7
tests: (1) body symmetry, 0 to 4 points; (2) gait, 0 to 4 points; (3) climbing, 0 to 4 points; (4)
circling behavior, 0 to 4 points; (5) frontal limb symmetry, 0 to 4 points; (6) compulsory
circling, 0 to 4 points; (7) whisker response, 0 to 4 points. The 7 individual test scores were
summed up at the end of the evaluation (the total score for each animal is 0 to 28).

2.3 Measurement of infarct sizes
After neurological evaluation, the mice were deeply anesthetized by isoflurane and
decapitated 72 hrs after stroke. The brains were rapidly removed and cut into 5 coronal
sections with 2-mm thickness using a brain matrix, stained in 2% 2,3,5-triphenyltetrazolium
chloride (TTC; Sigma, St. Louis, MO) at 37 °C for 15 min, and fixed in 4%
paraformaldehyde for 24 hrs. The brain slices were scanned. Infarct areas of all sections
were measured using NIH imageJ software. Infarct volumes were calculated by multiplying
the infarct area by the thickness of the brain sections, normalized to the volumes of non-
ischemic hemisphere to exclude the effect of cerebral edema induced by ischemia on the
infarct size, and expressed as percentage of the hemisphere according to the following

formula: 
(Zhao et al., 2003a; Zhao et al., 2005).
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2.4 FACS analyses for immune cells
Mice were deeply anesthetized by isoflurane 72 hr after reperfusion, and tail vein blood was
collected. After euthanization, spleens, right inguinal lymph nodes, and right tibia were
collected. Ischemic ipsilateral brains were dissected after transcardial perfusion with 100 ml
of PBS. Spleens were separated by passing through a 70 μm cell strainer. Bone marrow was
flushed from the tibia with a 5 ml syringe. Red blood cells in spleens, lymph nodes, blood
and bone marrow were lysed using ACK Lysing buffer (GIBCO, Invitrogen, Carlsbad, CA,
USA), and then cells were resuspended in PBS containing 1% fetal bovine serum (FACS
buffer) for FACS analysis. Brain microglia and mononuclear leukocytes were collected as
described previously (Lim et al., 2011; Xiong et al., 2012). In brief, ipsilateral cortices were
homogenized and filtered through a 70 μm cell strainer. After centrifugation, cells were
resuspended in 7 ml FACS buffer, completely mixed with 3 ml of 90% Percoll (GE
Healthcare, Pittsburgh, PA), and 1 ml of 70% Percoll was loaded under the cell suspension.
The cell suspension was then centrifuged at 2470 rpm for 30 min at 4°C. Leukocytes at the
interphase were collected for immunostaining and FACS analysis. These cells were stained
with differentially fluorochrome-labeled mAbs against CD45, CD4, CD8, CD19, and CD68
(BioLegend Inc, San Diego, CA, USA) on ice for 30 min to identify CD4+ T cells, CD8+ T
cells, B cells, macrophages and microglia. Data on stained samples were acquired on a BD
LSR II flow cytometer using Diva software (v6.1.2, Becton Dickinson, San Jose, CA) and
analyzed using FlowJo software (v7.6.2, Tree Star, Ashland, OR).

2.5 Statistical analysis
All data are expressed as mean ± SEM, and analyzed with GraphPad Prism (GraphPad
Software, San Diego, CA). Statistical analysis for infarct volumes was performed with
analysis of variance (ANOVA) followed by Newman-Keuls post hoc or Dunnet’s tests.
Functional neurological scores (FNS) were analyzed with the Kruskal-Wallis test followed
by the Mann-Whitney U-test with Bonferroni correction. FACS results were analyzed by
one-way ANOVA followed with Bonferroni post hoc test. P<0.05 was considered
significant.

3 Results
3.1 Ischemic postconditioning reduced infarct sizes and attenuated neurological scores
after stroke

Of 125 adult male C57BL/6 mice that underwent surgery, 38 died during the observation
period. Of the 87 survivors, 65 were randomly assigned to 6 groups to measure infarcts.
Two mice were excluded due to no infarction and the remaining 20 mice were used for
FACS analysis in 4 groups (n=5 mice/group).

Stroke resulted in 49.6 ± 2.8% infarction of the ischemic hemisphere as measured 3 days
after stroke, which was significantly reduced to 36.5 ± 3.3%, 27.9 ± 2.9%, 34.6 ± 4.4%, 38.9
± 3.4, and 37.1 ± 4.1% in groups II to VI receiving IPostC with different paradigms,
respectively (Fig. 1). Among these groups, IPostC with 3 cycles of 15 sec/30sec occlusion/
reperfusion started at 2 min after reperfusion in group III generated the strongest protection.

Focal neurological scores were evaluated at post-stroke day 1, 2 and 3. Consistent with the
protective effects on infarct sizes, IPostC significantly lowered neurological scores
compared with ischemic controls at day 3. In addition, scores were significantly reduced
from day 1 to day 3 in animals receiving IPostC treatment but not in animals with control
ischemia alone.
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3.2 Ischemic areas spared by IPostC are evident in the ischemic penumbra
Two areas of border zone showed protective effects of IPostC: the inter-ACA-MCA cortical
area betweenand the ventromedial–dorsolateral interstriatal area (Fig. 2A and 2B). These
territories are the “watershed area” between 2 adjacent arteries. We hypothesized that these
spared ischemic areas belong to the ischemic penumbra of the focal ischemia. To prove this
hypothesis, we identified ischemic core and penumbra by subjecting animals to a series of
ischemic periods ranging from 10 to 60 min. The infarction stained by TTC 3 days post-
stroke suggests that the infarction progressively expanded after ischemia from the
dorsolateral striatum in ischemic brains at 10 and 15 min, to the ventromedial striatum at 20
min, to the cortex at 30 min, and eventually reached nearly the entire area of the
frontoparietal cortex at 45 min after ischemia (Fig. 2C). We define the ischemic core as the
initial site of injury and the penumbra as the infarcted area that develops over time. The 2
regions spared by IPostC, as analyzed above, are thus located in the penumbra.

3.3 IPostC inhibited brain inflammation and attenuated peripheral lymphopenia
We measured microglial cells and immune cell populations of macrophages, CD8 T cells,
CD4 T cells, and B cells in the ischemic brain 3 days after stroke (Fig. 3). Microglial cells
are identified as CD45intCD11b; macrophages as CD45hiCD68+; CD4 T cells and CD8 T
cells by CD45+CD4+ and CD45+CD8+ cells, respectively. Results show that the numbers
of all cell types were significantly increased in the ischemic brains, but IPostC attenuated
their increases.

We further examined the numbers of CD4 T cells, CD8 T cells, B cells and macrophages in
the peripheral blood, lymph node, spleen and bone marrow (Fig. 4). We found that these cell
numbers were robustly reduced in both blood, lymph nodes and spleen, a phenomenon of
lymphopenia typically observed in SIID. In the spleen, IPostC significantly helped maintain
CD4 T cells and B cells, but not CD8 T cells or macrophages. In blood, IPostC significantly
increased ooth T cell subsets and B cells.

4 Discussion
We establish an IPostC model in mice. IPostC along various paradigms of brief occlusion/
reperfusion of the MCA initiated immediately, 2 min or 3 hr after stroke reduced infarction
and improved neurological scores. We show that IPostC blocked infiltration of leukocytes,
including macrophages, T cells and B cells in the ischemic brain. We also found that IPostC
attenuated lymphopenia in the peripheral blood and spleen.

IPostC was initially defined in the field of myocardial ischemia research as a series of brief
mechanical occlusions induced after reperfusion (Na et al., 1996; Zhao et al., 2003b), in
contrast to ischemic preconditioning. Our laboratory demonstrated that IPostC also reduces
cerebral infarction after stroke in a distal MCA occlusion model in rats (Zhao et al., 2006).
Several laboratories have confirmed the protective effects of IPostC in MCA suture
occlusion and transient global ischemic models in rats(Zhao et al., 2006; Steiger and
Hanggi, 2007; Pignataro et al., 2008). Our previous studies defined rapid IPostC as that
induced immediately or a few minutes after reperfusion (Zhao et al., 2006; Steiger and
Hanggi, 2007; Pignataro et al., 2008; Zhao, 2009) and delayed IPostC as that initiated a few
hours or days post-stroke(Ren et al., 2008; Leconte et al., 2009). We and others have found
that rapid and delayed IPostC attenuated brain injury, as measured by infarct size and
neurological function, and that protective effects depend on the cycle number and duration
of reperfusions/occlusions as well as stroke severity(Zhao, 2009). This study supports our
hypothesis that IPostC generates protective effects in mice comparable to those seen in rats.
As several genetic mutant mice are available, IPostC mouse models may be superior for
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future studies that investigate underlying cellular and molecular protective mechanisms
against stroke injury.

We further analyzed and examined if the spared infarct areas are located in the ischemic
penumbra. Our results show that the spared infarct areas were seen in border zones between
the cortical territories of the ACA and the MCA, as well as in the ventromedial and
dorsolateral striatum. These regions were confirmed to develop sequentially over longer
periods, after ischemic core onset in the dorsolateral striatum, and to progress into the
ventromedial striatum and cerebral cortex of MCA territory. The ischemic regions spared by
IPostC can thus be regarded as ischemic penumbra.

Intracranial vascular collaterals are known to provide residual blood flow to penumbral
tissue in acute ischemic stroke and to contribute to infarct size variability in humans.
Recruitment of this subsidiary vascular network may therefore provide a source of residual
blood flow to potentially salvageable cerebral regions (Miteff et al., 2009). The field of
collateral therapeutics remains largely unexplored in pre-clinical studies, however, mostly
because of the technical difficulty in quantifying the hemodynamic response of collateral
vessels to treatment. Although translational stroke research in this area is necessary, the few
basic pertinent studies so far have reported morphological evidence for dynamic recruitment
of collaterals in the ACA–MCA and lenticulostriate arteries (LSA) border zone territories
after MCA embolic occlusion (Phan et al., 2005; Kleinschnitz et al., 2010b). In both humans
and rodents, a significant source of collateralization after MCA occlusion occurs via the
circle of Willis through the ACA and lenticulostriate anastomoses (medial and lateral)
between deeply penetrating branches of ACA and MCA. The corpus striatum is especially
vulnerable to unrecoverable injury after occlusion of the proximal MCA(Bozzao et al.,
1989). Whereas obstruction of the proximal MCA causes an immediate drop in blood flow
in the territories supplied by the LSA, the superficial cortex may be salvaged by
leptomeningeal collaterals (Adams et al., 2007). Our findings suggest that intracranial
collateral blood supplies may be attributable to the protective effect of IPostC in mice.

During inflammation innate immune cells, including neutrophils and macrophages, are
recruited into the ischemic brain and generate overproduction of free radicals, which
contributes to further brain injury (Myers et al., 1991; Matsumoto et al., 2008; Gelderblom
et al., 2009). Brain macrophages can be derived from both microglia and circulating
monocytes. Recent studies suggest that macrophages derived from circulating monocytes
can be identified by high level expression of CD45 antigen (CD45hi) while intraneous
microglia can be defined as low level of CD45 expression(Gliem et al., 2012). Our results
using these markers suggest that both microglia and monocyte-derived macrophages were
robustly increased in the ischemic brain, and both were significantly blocked by IPostC. In
addition, recently adaptive immune cells, such as T cells and B cells, have also been
reported to infiltrate into the ischemic brain(Yilmaz et al., 2006; Hurn et al., 2007; Liesz et
al., 2009; Kleinschnitz et al., 2010a; Chen et al., 2012). In general, T cells worsens brain
injury while the role of B cells in ischemic injury remains controversial. Our results suggest
that IPostC reduced infiltration of both T cell subsets as well as B cells, which may be
involved in the protective effects of IPostC.

We have shown for the first time that IPostC can attenuate systemic lymphopenia in the
peripheral immune organs, including lymph nodes and spleen, suggesting that IPostC may
inhibit SIID. In recent years research centers have shifted their focus from targeting primary
brain injury to peripheral immunity, as SIID is a major factor in delayed infection and
mortality(Meisel et al., 2004; Prass et al., 2006; Hug et al., 2009; Urra et al., 2009). One
characteristic of SIID is lymphopenia in the peripheral blood and spleen. We found that
stroke resulted in lymphopenia, which was robustly attenuated by IPostC, suggesting IPostC
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may block SIID. The mechanisms underlying this attenuation of lymphopenia are not
known. The severity of SIID may be determined by infarct size and degree of brain
inflammation. More studies are required to understand how and to what extent IPostC
reduces SIID.

In conclusion, we have successfully established an IPostC model in mice, and found that
IPostC spared ischemic penumbra in the cortex and striatum, reduced infiltration of both
innate and adaptive immune cells, and attenuated lymphopenia in the peripheral blood and
spleen associated with immunodepression.
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Highlights

1. An ischemic postconditioning (IPostC) model is established in mice.

2. Various paradigms of IPostC reduce infarction and improve neurological scores.

3. IPostC blocks the infiltration of leukocytes, including macrophages, T cells and
B cells in the ischemic brain.

4. IPostC attenuates lymphopenia in the peripheral blood and spleen.
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Fig. 1.
IPostC reduced infarct volumes and neurologic scores. A. Experimental protocols. Mice
were divided into 6 groups. Group I is ischemic control without IPostC (n=16). In groups II,
III and IV, IPostC was initiated from 2 min after reperfusion, with 3 cycles of 15 s
occlusion/15 s reperfusion, 3 cycles of 15 s occlusion/30 s reperfusion, and 2 cycles of 60 s
occlusion/60 s reperfusion, respectively. In group V, IPostC was conducted by 3 cycles of
15 s occlusion/ 15 s reperfusion initiated 15 sec after reperfusion. In group VI, IPostC was
performed from 3 h after reperfusion, with 3 cycles of 15 s occlusion/ 30 s reperfusion. B.
Representative infarction of TTC staining in the ischemic mouse brain in the 6 groups as
described in A. C. The histogram shows average infarct volume in each group. Data are
presented as the mean ± SEM. *P<0.05, **P<0.01, and *** P<0.001 compared to control
group; #P<0.05 compared to group III. D. The histogram shows average focal neurological
scores (FNS). Higher scores indicate greater impairment. From Day 1 to Day 3 after
reperfusion, FNS was improved significantly in all IPostC groups. *P<0.05, **P<0.01, and
*** P<0.001 compared to control (group I) for a corresponding day; #P<0.05 and ##P<0.01
compared to Day 1 in a same group. D1, D2, D3, represent Day 1, Day 2 and Day 3,
respectively.
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Fig. 2.
The ischemic regions spared by IPostC. A. The spared regions of infarcted area by IPostC
are observed in border zones between the cortical territories of the ACA and those of the
MCA (area 1), as well as in the ventromedial and dorsolateral striatum (area 2). B. The
schematic diagram shows brain regions with collateral blood supply. The red lines signify
blood supplies by cerebral arteries, and the blue regions in the schematic drawing are the
“fighting area” between collaterals of ACA and MCA, as well as medial lenticulostriate
artery (MLSA) of ACA and lateral lenticulostriate artery (LLSA) of MCA. CA; cortical
artery, DLS; dorsolateral striatum, M; midline, VMS; ventromedial striatum. C.
Development of infarction in animals with from brief ischemia (10 min) to various longer
periods of ischemia up to 60 min. By 10 min of ischemia, only slight subcortical injury was
seen in the lateral striatum. By 30 min of ischemia, infarct was rapidly increased and evident
in the cortex. Severe cortical injury was observed after 45 min of ischemia.
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Fig. 3.
The effects of IPostC on infammatory cell infiltration in the ischemic brain 3 days after
stroke. A. Gating strategies to identify immune and microglial cells in the ischemic brain.
Both microglial and leukocytes are identified by expression of CD45 antigen. Microglia is
identified as CD45intCD11b+ cells, while monocyte-derived macrophages are defined as
CD45hiCD68+ cells. CD4 T cells, CD8 T cells and B cells are identified as CD45+CD4+,
CD45+CD8+ and CD45+CD19+ cells, respectively. B. Mean and SD of individual subsets
for each group, *P<0.05 and **P<0.01 between naive and sham groups; #P<0.05 and
##P<0.01 compared to control group. n=5 mice/group.
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Fig. 4.
Changes in numbers of immune cells in peripheral blood, spleen and bone marrow 3 days
after stroke. A. Gating strategies to identify immune cell types. CD4 T cells, CD8 T cells, B
cells and macrophages are identified similarly as in Fig. 3. B. Mean and SD of individual
subsets for each group. The bar graphs show statistical results of immune cell populations in
the spleen, peripheral blood, and bone marrow. *P<0.05 and **P<0.01 between naive and
sham group; #P<0.05 and ##P<0.01 compared to control group (stroke). n=5 mice/group.
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