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Abstract
Previous studies have reported that T cell deficiency reduced infarct sizes after transient middle
cerebral artery (MCA) suture occlusion in mice. However, how reperfusion and different models
affect the detrimental effects of T cells have not been studied. We investigated the effects of T cell
deficiency in nude rats using two stroke models and compared their infarct sizes with those in WT
rats. In the distal MCA occlusion (MCAo) model, the distal MCA was permanently occluded and
the bilateral common carotid arteries (CCAs) were transiently occluded for 60 min. In the suture
MCAo model, the MCA was transiently occluded for 100 min by the insertion of a monofilament
suture. Our results showed that T cell deficiency resulted in about a 50% reduction in infarct size
in the suture MCAo model, whereas it had no effect in the distal MCAo model, suggesting the
protective effects of T cell deficiency are dependent on the ischemic model used. We further found
more total T cells, CD4 T cells and CD8 T cells in the ischemic brains of WT rats in the suture
MCAo model than in the distal MCAo model. In addition, we detected more CD68-expressing
macrophages in the ischemic brains of WT rats than in nude rats in the suture MCAo but not the
distal MCAo model. Lymphocyte reconstitution in nude rats resulted in larger infarct sizes in the
suture MCAo, but not in the distal MCAo stroke model. The results of regional CBF measurement
indicated a total reperfusion in the MCAo model but only a partial reperfusion in the distal MCAo
model. In conclusion, the protective effects of T cell deficiency on brain injury are dependent on
the ischemic model used; likely associated with different degrees of reperfusion.
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1
T lymphocytes have been demonstrated to contribute to brain injury induced by stroke in
mice (Yilmaz et al., 2006, Hurn et al., 2007, Liesz et al., 2009, Kleinschnitz et al., 2010). T
cells, like macrophages and neutrophils, were found to infiltrate ischemic brains after stroke
(Iadecola and Anrather, 2011), suggesting that T cells may form physical contact with brain
tissues and directly destroy neurons. In addition, infarct sizes were robustly reduced in
immunodeficient mice lacking both T cells and B cells and that the reconstitution of T cells,
but not B cells, recovered infarct sizes(Hurn et al., 2007). More recent studies suggest that
deficiency of either CD4 or CD8 T cells resulted in smaller infarct size (Yilmaz et al., 2006,
Kleinschnitz et al., 2010), while deficiency of regulatory T cells (Treg) led to enlarged,
delayed infarct sizes (Liesz et al., 2009). Our laboratory further showed the distinctive roles
of T cell subtypes in mice, with reduced-infarction in Th1 deficient mice and increased-
infarction in Th2 deficient mice (Gu et al., 2012). These studies that suggest a critical role of
T cells in stroke-induced brain injury were performed mostly in the mouse suture MCAo
model where withdrawal of the suture led to total reperfusion.

Like other neuroprotectants, the protective effects of T cell deficiency should be confirmed
in multiple models using different species and strains to avoid potential bias, as stated by the
guidelines of Good Laboratory Practice (Macleod et al., 2009). Here we investigated
whether T cell deficiency also results in neuroprotection in nude rats and compared their
infarct sizes to wild type (WT) Sprague Dawley (SD) rats. We examined in two stroke
models infarct sizes, T cells and their subsets in the ischemic brains, CD68-expressing
macrophages, and the effects of lymphocyte reconstitution on infarct sizes in nude rats. The
two models are the MCA suture occlusion model and the distal MCA occlusion model. The
suture MCA occlusion model is induced by transient MCA intraluminal suture occlusion
where the suture withdrawal results in complete reperfusion (Zhao et al., 2004).

The distal MCAo model is induced by transient bilateral CCA occlusion combined with
permanent distal MCA occlusion (Zhao et al., 2005, Zhao et al., 2006) where release of the
bilateral CCA occlusion results in partial reperfusion. This model generally mimics frequent
clinical cases in which partial reperfusion occurs, as previous studies report that most
spontaneous recanalization after stroke results in partial reperfusion (Neumann-Haefelin et
al., 2004), and further, that t-PA treatment leads to partial reperfusion in most stroke patients
(Alexandrov et al., 2001).

2. Experimental Procedures
2.1 Animals and stroke models

Experimental protocols were approved by the Stanford University Administrative Panel on
Laboratory Animal Care (Protocol #: APLAC 12642), and experiments were conducted in
accordance with the guidelines of Animal Use and Care of the National Institutes of Health
and Stanford University. All efforts were made to minimize the number of animals used and
their suffering. Male nude rats (NCI-Frederick, MD) and male Sprague Dawley (SD) rats
(Charles River, MA) were used. Anesthesia was induced by 5% isoflurane and maintained at
1% to 2% isoflurane during surgery in male SD WT rats, and in T cell deficient nude rats
(260–320g). In the distal MCAo model, focal cerebral ischemia was generated by occluding
the bilateral CCA for 60 min combined with permanent occlusion of the left MCA above the
rhinal fissure, as previously described (Zhao et al., 2005, Zhao et al., 2006, Zhao et al.,
2007). In the suture MCAo model, the left MCA was occluded by inserting an intraluminal
4-0 nylon monofilament suture through the common carotid artery to the branch point of the
MCA for 100 min (Zhao et al., 2004). Core body temperatures were maintained at 36.5–
37.2°C throughout the experiments and arterial pO2, pCO2 and pH were controlled in
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normal ranges. Acute infarct size was measured as described (Zhao et al., 2005, Zhao et al.,
2006, Zhao et al., 2007). Rats were euthanized with an overdose of isoflurane 48 h after
stroke, perfused with phosphate buffered saline (PBS), and the brains removed. Brains were
sectioned coronally at 2-mm intervals, generating a total of 5 sections, which were stained
with a 2% solution of 2,3,4-triphenytetrazolium-chloride (TTC). Using a computerized
image analysis system (NIH image, version 1.61), the area of infarction was measured at the
sides of the inner section. Infarct volumes were integrated with the ischemic area timing the
thickness of each slice, and adding all values together from 5 slices of each brain.

2.2. Cerebral blood flow measurement
Relative regional cerebral blood flow (rCBF) was monitored by using a laser Doppler probe
(Dinapoli et al., 2006, Zhao et al., 2006, Gao et al., 2008). Briefly, two 1mm diameter holes
was drilled to monitor CBF at an ischemic core (1.0mm posterior to the bregma, 4.5mm
lateral to the midline) and ischemic margin (2mm posterior to the bregma, 2mm lateral to
the midline) in animals subjected to suture middle cerebral occlusion (sMCAO) and distal
middle cerebral occlusion (dMCAO). The laser probe with a diameter of 0.5mm was
attached to the surface of the brain through the hole to detect CBF values at different time
points. CBF values were expressed as percentages relative to the baseline (100%). For
sMCAO, CBF was measured 15 min before ischemia onset (base line), during ischemia
(every 15 min after stroke onset), and immediately, 15 min and 30 min after reperfusion. For
dMCAO, CBF was measured at 15 min before CCA occlusion, immediately after CCA
occlusion, immediately after MCA occlusion, during ischemia (every 15 min after stroke
onset), and immediately, 15 and 30 min after CCA reperfusion.

2.3. Moderate hypothermia
The ischemic model of distal MCAo generates infarction only in the cortex, which is much
smaller than that in the MCA suture occlusion model. There is a concern that T cell
deficiency in nude rats does not reduce infarction because the infarction is too small to be
reduced. Therefore, we used hypothermia as a positive control to show that infarction can
still be robustly reduced by a neuroprotectant in this distal MCA occlusion model. Moderate
hypothermia (30°C) was induced by spraying 100% alcohol on the rat body; temperature
was controlled by a heating pad underneath the rat combined with an overhead light over the
rat, as described previously (Zhao et al., 2005). Body temperature was adjusted to 30±0.5°C
(at 10 min before ischemia onset) and maintained for 1 h during CCA occlusion. After CCA
release, the wound was sutured and body temperature was increased to 37±0.5°C.

2.4. Brain cell isolation and FACS analysis
Brains were collected and cell isolations were conducted as described previously (Lim et al.,
2011). In brief, rats were euthanized with an overdose of isoflurane 72 h after stroke onset
and perfused with 200 ml cold PBS. The ischemic and contralateral cortex in the distal
MCAo rats and ischemic and contralateral hemisphere in suture MCAo rats were harvested
in FACS buffer (F-PBS, PBS with 1% FBS and 0.1% sodium azide) in a tissue culture plate,
and homogenized by the plunger rubber of a 3 ml syringe on ice. The cells were resuspended
in 7 ml FACS buffer, 3 ml 90% Percoll in PBS was added and completely mixed, and 1 ml
70% Percoll in PBS was underlaid to the suspension. The suspension was then centrifuged at
2470 rpm for 30 min at 4°C. Leukocytes at the interphase were isolated and washed 3 times
in FACS buffer. Cells were filtered through a 70 μm strainer and re-suspended in 1ml FACS
buffer and counted. The cells were stained with FITC-conjugated mouse anti-rat TCR
(1:100, abD Serotec, Oxford, UK), PE- conjugated mouse anti-rat CD8 (1:100, BD
Biosciences, Franklin Lakes, NJ) and Biotin-conjugated mouse anti-rat CD4 (1:100 abD
Serotec, Oxford, UK) antibodies at 4°C for 20 min in the dark. To detect CD4, cells were
then incubated with a secondary antibody (1 μl streptavidin (SA)-PE-Cy5, abD Serotec,
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Oxford, UK) on ice for 20 min in the dark. The fluorescence threshold between negative and
positive cells was set on the basis of the reactivity of appropriate nonspecific fluorochrome-
conjugated isotype controls. Stained samples were acquired on a BD FAC scan using
CELLQuest software (Becton Dickinson, San Jose, CA). Data were analyzed using FlowJo
version 7.6.2 (Tree Star, Ashland, OR) and the results were normalized by infarct volume.

2.5. Tissue immunofluorescent staining
Rats were euthanized with overdose of isoflurane 72 h after stroke onset and perfused with
cold PBS, followed by 4% paraformaldehyde in phosphate-buffered saline (PBS) (pH 7.4).
The brains were taken and post-fixed for 48 h in 4% paraformaldehyde in PBS (pH 7.4) and
cut into 50μm sections. Immunofluorescent staining was carried out on free-floating
sections under moderate shaking. All washes and incubations were done in 0.1M PBS (pH
7.4) containing 0.3% triton X-100. Sections were incubated for 1 h with blocking solution
(0.1M PBS, 0.3% Triton X-100 and 5% equine serum). After washes, sections were
incubated overnight at 4°C with mouse anti-rat primary antibody for CD68 (diluted 1:200;
MCA341GA, AbD Serotec, Oxford, UK), a marker for reactive macrophages/microglia,
Sections were then rinsed and incubated for 2 h at room temperature with an Alexa 488-
conjugated goat anti-mouse (diluted 1:200, Invitrogen, Carlsbad, CA). The sections were
washed and mounted on glass slides using Vectashield mounting medium with 4′, 6-
diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA). A negative
control without primary antibodies was performed in parallel. CD68 expression was
investigated with a Zeiss Axiovert inverted epifluorescence microscope (Zeiss LSM510,
Germany) covering a total of 0.14 mm2. For each animal, 3 sections (0.20 to 0.70 mm
rostral to the Bregma) were randomly chosen, from which the number of CD68-expressing
cells in predefined areas (Figure 3) was counted using Image J software (NIH), and an
average for each animal was calculated. All counts were performed blindly to the
investigator on coded sections.

2.6. Isolation of lymphocyte from spleen and T cell reconstitution in rats
Naive SD rats were deeply anesthetized and euthanized with an overdose of isoflurane.
Spleens were collected, chopped into small pieces, and homogenized by the plunger rubber
of a 3-cc syringe on ice. The cells were filtered through a 70μm strainer. Erythrocytes were
lysed by ACK Lysing buffer (GIBCO, Invitrogen, Carlsbad, CA). RPMI 1640 (Invitrogen,
Carlsbad, CA) was added to stop the lyses reaction and the cells were centrifuged at
1200rpm for 5 min at room temperature. The cell pellet was re-suspended in 20ml RPMI
1640 and counted using a hemocytometer. The cell concentration was adjusted to 108/ml in
RPMI 1640 and 100 μl was immediately administered to the nude rats intravenously via the
external jugular vein. Stroke was induced 24 h after reconstitution.

2.7. Statistical Analyses
Data is expressed as mean ± SEM. Differences were considered statistically significant for p
<0.05. Student’s t-tests were used when two groups were compared. Two-way ANOVAs
were used for CBF measurement statistical analysis, followed by Bonferroni post-tests using
Prism 5 (GraphPAD Software for Science, San Diego, CA).

3. Results
3.1. T cell deficiency resulted protection in MCA suture occlusion model but not in distal
MCA occlusion model in rats

Stroke induced by distal MCAo resulted in a well-defined cortical infarction, whereas suture
MCAo generated infarction in both the cortex and striatum (Fig. 1). In the distal MCAo
model, infarct sizes measured at 2 d post-stroke did not differ among SD rats and nude rats.
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In the suture MCAo model, however, infarct sizes in nude rats were only half of those in SD
rats (Fig. 1). Thus, T cell deficiency resulted in reduced-infarct sizes in the suture MCAo
model, but not in the distal MCAo model.

Infarction generated in the distal MCAo model is smaller than that in the MCA suture
occlusion model, which leads to a concern that T cell deficiency in nude rats did not reduce
infarction is because the infarction is too small to be reduced in the distal MCAo model.
However, as a positive control, hypothermia could robustly reduce infarction in this distal
MCA occlusion model, suggesting the relatively small infarction cannot be counted as the
reason for the non-reduced infarction in distal MCA model.

3.2. More infiltrations of T cells in the ischemic brains receiving MCA suture occlusion
than distal MCA occlusion in wild type rats

It is possible that the degree of reperfusion affects T cell infiltration, which accounts for the
different roles of T cell deficiency in these 2 models. Indeed, FACS analyses showed that
the total numbers of T cells, CD4 T cells and CD8 T cells per cm3 in the ischemic brains of
WT rats were lower in the distal MCAo model than in the suture MCAo model (Fig. 2).

3.3. Macrophage activities differed between wild type rats and nude rats with MCA suture
occlusion but not with distal MCA occlusion

We then examined protein expression of CD68, a molecular marker for macrophage activity
(Fig. 3). Immunostaining results showed reduced numbers of CD 68 positive cells in the
ischemic brains of nude rats compared with WT rats in the total reperfusion model but not in
the partial reperfusion model.

3.4. T cell reconstitution resulted in larger infarct sizes in the MCA suture occlusion model
but not in the distal MCA occlusion model

If T cells are responsible for the model-dependent effects of infarct sizes between WT and
nude rats, T cell reconstitution in nude rats should result in different outcomes in each
model. We used total spleen lymphocytes from WT rats to reconstitute T cells in nude rats
and found that T cell reconstitution resulted in larger infarct sizes in thesuture MCAo model
but not in the distal MCAo model (Fig. 4).

3.5. Different degrees of rCBF restoration may be associated with T cell infilatration and its
detrimental effect

We hypothesize that the differential protective effects of T cell deficiency in the two models
are associated with differences of rCBF restoration after stroke. We therefore measured and
compared changes in CBF in these two stroke models (Fig 5). In the MCAO suture
occlusion model, rCBF was abruptly decreased to 29±3.20% and 36±4.20 % of the baseline
in ischemic core and margin, respectively. Suture withdrawal resulted in CBF restoration to
89±3.99% and 96±2.98% in the ischemic core and margin, respectively. In the dMCAO
model, bilateral CCA occlusion reduced rCBF to 44±2.73% in the ischemic core, which is
comparable with the levels of 48±5.40% in the ischemic margin. An additional distal MCA
occlusion further reduced CBF to 22±1.61% and 29±2.20% in the ischemic core and margin,
respectively. After CCA release while dMCA remained occluded, rCBF was increased to
90±5.90% of the baseline in the ischemic margin, but only a slight increase of CBF
(42±3.31%) was observed in the ischemic core.

4. Discussion
Our study provides the first evidence that the protective effects of T cell deficiency may
depend on the ischemic model used. First, infarct sizes induced by distal MCAo in nude rats
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are comparable to those in WT rats. Infarct sizes induced by suture MCAo in T cell deficient
nude rats, however, were half of those in WT rats. Second, greater numbers of total T cells,
CD4 T cells and CD8 T cells were in the ischemic brains of WT rats receiving suture MCAo
than those receiving distal MCAo. Third, more CD68-expressing macrophages were
observed in WT rats undegoing suture MCAo than in nude rats; however, no differences
were found in rats undergoing distal MCAo. Fourth, T cell reconstitution in nude rats
resulted in larger infarctions in the suture MCAo but not the distal MCAo model. Lastly, we
confirm that partial reperfusion occurred in the distal MCAo model while total reperfusion
occurred in the suture MCAo model, suggesting that different degrees of CBF restoration
may be a factor in determining the differential protective effects of T cell deficiency.

We speculate there are at least 3 mechanisms responsbile for the distinctive effects of T cell
deficiency in these two models. First are their different degrees of reperfusion. Suture
withdrawal in the suture MCAo model results in complete reperfusion, while permanent
occlusion of the MCA in the distal MCAo model results in partial reperfusion (Chen et al.,
1986, Gao et al., 2008). Total reperfusion may result in a stronger inflammatory response
with increased recruitment of immune cells, including T cells, into the brain (Chan, 1996,
Ren et al., 2011). We confirmed that total reperfusion occurred in the suture MCAo model
while partial reperfusion occurred in the distal MCAo model. Our results show that fewer T
cells infilatrated into the ischemic brains of the partial reperfusion model than in the total
reperfusion model, and T cell deficiency resulted in less inflammation in the total
reperfusion model but not in the partial reperfusion model. As a result, T cell deficiency may
avoid the detrimental effects of the inflammatory response and thus lead to smaller
infarctions. In the case of partial reperfusion, the contribution of T cells to the formation of
the infarction may be minor, therefore, their absence does not significantly alter infarction
size. Second, the location of infarction differs in each model. The area of infarct in the distal
MCAo model exclusively affected the cortex, while the suture MCAo model affected both
the cortex and striatum. Other studies have suggested that brain lesion sizes correlate with
different immune responses (Jankovic et al., 1991, Kang et al., 1991, Kriegsfeld et al.,
2003). Lymphocyte response may be dependent on where the infarct occurs. Third, infarct
volumes differ. Suture MCAo resulted in a much larger infarct in the whole hemisphere but
the distal MCAo infarct is restricted to the cortex. The larger ischemic region may recruit
more immune cells after reperfusion, and the infiltrated immune cells further worsen the
infarct. Therefore, larger infarct sizes are usually accompanied by a stronger inflammatory
response, and the detrimental effects of T cells might be less significant in the distal MCAo
model. Taken together, the protective effects of T cell deficiency are dependent on the
ischemic model used. Nevertheless, we cannot completely exclude other contributing factors
to the model-dependent effects as the genetic background of nude rats, exclusive of T cells,
may differ from SD WT rats. Given that no difference in infarction was observed between
SD and nude rats in the distal MCAo model, however, we believe the protective effects of T
cell deficiency after suture MCAo are largely due to model-dependent rather than genetic
factors.

Relatively small infarction is generated only in the cortex in the distal MCAo model while a
larger infarction is induced in both the cortex and striatum in the suture MCAo model. Thus
there is a concern that the infarction might be too small to be reduced in the distal MCAo
model by the deficiency of T cells. Nevertheless, we have demonstrated that induced-
hypothermia was able to robustly reduce infarct sizes in the distal MCAo model, suggesting
the smaller infarct sizes should not be a major reason for the absence of neuroprotection for
the lack of T cells in nude rats receiving distal MCA occlusion.

Our finding has high clinical relevence as strategies to inhibit T cell activities are developed
for stroke treatment. A large portion of stroke patients may have no reperfusion, and in
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patients who have spontaneous recanalization after stroke, partial reperfusion occurs in most
cases (Neumann-Haefelin et al., 2004). Furthermore, t-PA treatment may also lead to partial
reperfusion in most stroke patients (Alexandrov et al., 2001). Given that T cell deficiency in
this study did not provide protection in the partial reperfusion model, development of anti-
inflammation strategies must consider the reperfusion status in stroke patients.

5. Conclusion
T cell deficiency resulted in protection against stroke in nude rats undergoing total
reperfusion but not partial reperfusion, suggeting the detrimental role of T cells is ischemic-
model dependent.
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Highlights

We used two stroke models with total reperfusion or with partial reperfusion.

T cell deficiency reduced infarction with total, but not partial reperfusion

Total reperfusion resulted in more. T cell infilatration than partial reperfusion

T cell reconstitution resulted in larger infarct sizes in total reperfusion

T protective effects of T cell deficiency are ischemic model dependent
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Fig. 1.
Infarct sizes in WT rats and T cell deficient nude rats. Stroke was generated in two models
and animals were euthanized two days post-stroke for infarction measurement. A. Suture
occlusion model. The representative staining of TTC indicates that infarction (the non-
stained white region) was generated in both the cortex and striatum in the ischemic
hemisphere in the WT rats, but the infracted cortex was largely abolished in the nude rats.
The statistical results are presented by the bar graph in the bottom. * P<0.05; *** P<0.001.
N=9–11 each group. B. Distal MCA occlusion model. The representative TTC staining
indicates cortical infarction (above) and the bar graph stands for average infarct size
(bottom). No difference was observed between groups. N=9–11 each group. C. Hypothermia
reduced infarction in nude rats receiving distal MCA occlusion. Stroke was generated
exactly the same as in B. Intra-ischemic hypothermia (30°C) reduced infarction compared
with normothermia (37°C). * P<0.05; *** P<0.001, N= 10/group.
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Fig. 2.
The number of T cells and T cell subsets in the ischemic brains. Ischemic and non-ischemic
hemispheres of rat brains were collected 3 d after stroke onset for FACS analyses. A.
Representative gating strategy for T cells, CD4 and CD8 T cells in MCA suture occlusion
model. B. Average numbers of each cell type normalized by infarct size in the ischemic and
non-ischemic hemispheres (MCA suture occlusion model) or cortex (distal MCA occlusion
model). *, P<0.05 between indicated two groups. N=4–5 each group.
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Fig. 3.
Macrophage activities differ between WT and nude rats treated with MCA suture occlusion
model but not with distal MCA occlusion model. A. Representative infarction in the MCA
suture occlusion model and the distal MCA occlusion model. The squares represent the
areas where positive CD68 staining cells were counted. B. Representative immunostaining
of CD68 in sham, WT and nude rats. Stroke brains were prepared 3 d post-stroke. C. The bar
graphs show the statistic results of cell counting for CD 68 positive cells. ** P<0.01, vs WT.
N=4–5 each group. Scale bar, 50 μM.
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Fig. 4.
The effects of lymphocyte reconstitution on infarct sizes in nude rats. Splenocytes were
harvested from WT rats, and 100 ul of splenocytes (108/ml) were injected via an external
jugular vein to each nude rat. Stroke was induced 24h after lymphocyte reconstitution, and
infarct sizes were measured 2 d after stroke. A. Infarct volumes in MCA suture occlusion
model. B. Infarct sizes in distal MCA occlusion model. * P<0.05, vs vehicle. N=4–5 each
group.
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Fig. 5.
Changes in rCBF in animals subjected to sMCAO and dMCAO. (A) Laser Doppler
measurements revealed that MCA suture occlusion reduced rCBF to 29±3.20% in the
ischemic core (circle line) and to 36±4.20 % of the baseline in the ischemic margin (triangle
line) in rats subjected to sMCAO. After reperfusion, rCBF was sharply restored to
89±3.99% and 96±2.98% of the baseline in the ischemic core and margin, respectively. No
significant difference in rCBF was found between the ischemic core and the ischemic
margin. (B) In dMCAO model animals, bilateral CCA occlusion resulted in rCBF reduction
to 44±2.73% of the baseline in the ischemic core and to 48±5.40% in the ischemic margin.
An additional MCA occlusion further induced a secondary reduction in CBF both in the core
and margin. With releases of the bilateral CCAs, rCBF was sharply increased to 90±5.90%
in the ischemic margin while it was only increased to 42±3.31% of the baseline in the
ischemic core. No significant difference was found before and during ischemia, but
significant differences were found after reperfusion between ischemic core and ischemic
margin. N=5/group; *** P<0.001 vs ischemic core).
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