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Abstract
Animals that have myelin basic protein (MBP) specific lymphocytes with a Th1(+) phenotype
have worse stroke outcome than those that do not. Whether these MBP specific cells contribute to
worsened outcome or are merely a consequence of worse outcome is unclear. In these
experiments, lymphocytes were obtained from donor animals one month after stroke and
transferred to naïve recipient animals at the time of cerebral ischemia. The MBP specific
phenotype of donor cells was determined prior to transfer. Animals that received either MBP
specific Th1(+) or Th17(+) cells experienced worse neurological outcome, and the degree of
impairment correlated with the robustness of MBP specific Th1(+) and Th17(+) responses. These
data demonstrate that the immunologic phenotype of antigen specific lymphocytes influences
stroke outcome.
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1. Introduction
Following stroke there is a transient breakdown in the blood–brain barrier (BBB) that allows
cells of the immune system to gain access to the brain (Jander et al., 1995). In addition,
dying neurons and glia release proteins into the systemic circulation allowing cells of the
immune system to come into contact with CNS specific proteins in the periphery (Jauch et
al., 2006). The possibility for developing an immune response to brain antigens thus exists,
and the nature of that response depends upon the microenvironment at the site of antigen
presentation. In animal models, we showed that Th1 type immune responses to antigens
such as myelin basic protein (MBP) were uncommon after stroke, but that Th1 responses
could be enhanced by an inflammatory insult (systemic injection of lipopolysaccharide
[LPS]) during the period of BBB compromise (Becker et al., 2005). In these experiments, a
Th1(+) response to MBP was associated with worse stroke outcome (Becker et al., 2005;
Gee et al., 2008, 2009). Whether the Th1 response to brain antigens contributed to the poor
outcome or was merely a marker of poor outcome has not yet been adequately addressed. In
the current study, the influence of lymphocytes primed to MBP by stroke (and injection of
LPS) on stroke outcome was assessed by adoptive transfer of these cells to naïve animals.
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Lymphocytes were harvested from donor animals one month after stroke and injected into
recipient animals at the time of middle cerebral artery occlusion (MCAO). The immunologic
phenotype of the transferred cells (MBP specific Th1[+] or Th17[+]) was determined and
their effect on the outcome of recipients assessed.

2. Methods
2.1. Animals

All protocols were approved by the Institutional Animal Care and Use Committee (IACUC).
Donor animals (male Lewis rats, 325–375 g, Charles River) underwent 3 h middle MCAO
and received either an intraperitoneal (IP) injection of lipopolysaccharide (LPS; 1 mg/kg) or
normal saline (1 mL/kg) at the time of reperfusion. The prolonged period of ischemia (3 h)
and LPS was used to skew the immune response towards MBP to that of a Th1(+) response
(Becker et al., 2005). Sham-operated animals underwent ligation of the common carotid
artery without MCAO and were similarly treated with either LPS or saline. Donor animals
were sacrificed at 1 month after MCAO — the optimal time point to detect the Th1 immune
response to MBP based on our prior studies (Becker et al., 2005). Recipient animals (male
Lewis rats, 325–375 g, Charles River) underwent MCAO (2 h) and at the time of reperfusion
received an IP injection of splenocytes (1 × 108 cells in 1 mL normal saline) from donor
animals. Recipient animals received cells from only 1 donor animal and were sacrificed at 1
day, 3 days or 1 week after MCAO (Fig. 1). Temperature was maintained at normothermia
during MCAO, but animals were allowed to spontaneously thermoregulate thereafter. A
shorter period of ischemia (2 h) was used in recipient animals so that a detrimental effect of
the adoptively transferred cells could be detected.

2.2. Donor cell preparation
Spleens were removed from donor animals at the time of sacrifice and processed into single
cell suspensions. Cells (5 × 106/mL) were cultured in media supplemented with bovine MBP
(2 μg/mL, Sigma Aldrich) for 48 h to expand the population of MBP reactive cells. Cells
were washed extensively prior to injection. Splenocytes from a subset of animals were
labeled with carboxy-fluorescein diacetate succinimidyl ester (CFDA SE) according to
manufacturer’s recommendations (Invitrogen) to track their migration after transfer. One
donor animal generally provided enough cells for transfer to up to two different recipient
animals.

2.3. ELISPOT assays
At the time of sacrifice, ELISPOT assays were done on isolated donor lymphocytes to detect
the MBP specific secretion of IFN-γ, IL-17 and TGF-β1 (R&D Systems). Briefly, cells were
cultured in media alone or in media supplemented with human MBP (50 μg/mL, Sigma
Aldrich) for 48 h in 96 well plates (Multiscreen®-IP, Millipore). Plates were developed
using standard protocols (R&D Systems). After plate development, spots were counted with
the aid of a semi-automated system (Metamorph®) and expressed as the ratio of the relative
increase in the number of MBP specific IFN-γ to the relative increase in the number of MBP
specific TGF-β1 secreting cells (Th1 response) or as the ratio of the relative increase in the
number of MBP specific IL-17 to the relative increase in the number of MBP specific TGF-
β1 secreting cells (Th17 response).
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The ratios of the number of MBP specific IFN-γ and IL-17 secreting cells to that of MBP
specific TGF-β1 secreting cells (Th1 and Th17 responses, respectively) were used to better
reflect the overall immunologic phenotype of the adoptively transferred cells. The most
robust Th1 response seen in any naïve/sham-operated animal was 1.16 and the most robust
Th17 response seen in any naïve/sham-operated animal was 1.15. Animals were thus
considered to be Th1(+) or Th17(+) if they had responses that exceeded these values (1.16
and 1.15, respectively).

2.4. Behavioral outcomes
The neurological score of recipient animals was determined at 3 h, 1 day, 3 days and 1 week
after MCAO (Bederson et al., 1986). Recipient animals were trained on the rotarod for 5
sessions over 5 days prior to MCAO. After MCAO, rotarod performance was assessed at 1
day, 3 days and 1 week and expressed as a percent of pre-stroke baseline. Performance of
the foot fault test was also assessed at these time points and the results expressed as a
percentage of foot faults per total number of steps taken (Lubics et al., 2005).

2.5. Histology
At the time of sacrifice, recipient animals were perfused with saline followed by 4%
paraformaldehyde. Brains were removed, post-fixed in 4% paraformaldehyde, cryoprotected
in 25% sucrose and frozen at −80 °C until sectioning. Sections (20 μm) were stained for
IFN-γ and IL-17 (Abcam). Additional sections were stained for lymphocytes using a CD3
antibody (Abcam) detected with a rhodamine tagged secondary antibody (Jackson labs);
CFDA SE labeled lymphocytes were identified with an anti-fluorescein antibody
(Invitrogen) and detected with a fluorescein tagged secondary antibody (Abcam). CD8+
cells were detected using a mouse anti-rat CD8 antibody (Abcam). Cells were counted in
coronal brain sections correlating to bregma 2.70 mm and −0.26 mm. The number of cells
within 6 high power fields (100×) in each of the 8 different brain regions outlined in Fig. 3a
was determined.

2.6. Statistics
Non-parametric data are displayed as the mean and (interquartile range [IQR]) and
compared using the Mann–Whitney U test. Parametric data are displayed as the mean and
standard deviation (unless otherwise indicated) and compared by t-test. Categorical data are
compared using the χ2-test statistic. Correlations are performed using Pearson’s r for
parametric data and Spearman’s rho (ρ) for non-parametric data. Significance was set at P <
0.05.

3. Results
The absolute change in the numbers of cells secreting IFN-γ, TGF-β1 and IL-17 upon
culture with MBP (in comparison to culture in media alone) after stroke is depicted in Fig. 2.
The fact that there was a decrease in the number of cells secreting cytokines after culture
with MBP in some animals suggests that MBP downregulated secretion of those cytokines.
The horizontal line in each panel represents the highest value seen in sham-operated
animals. Stroke was associated with an increase in the proportion of animals that had an
MBP dependent upregulation in the secretion of IFN-γ and IL-17. The effect of LPS
administration at stroke onset was notably associated with an increase in the MBP specific
IFN-γ response (Fig. 2a).

To better reflect the immunologic status of this pool of splenocytes, the ratio of the relative
increase in the number of MBP specific cells secreting IFN-γ to that of the relative increase
in the number of MBP specific cells secreting TGF-β1 was calculated (as a marker of the
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Th1 response) and the ratio of the relative increase in the number of MPB specific cells
secreting IL-17 to that of the relative increase in the number of MBP specific cells secreting
TGF-β1 was calculated (as a marker of the Th17 response). The immunologic phenotype of
donor cells, Th1(+) versus Th17(+), is displayed in Table 1. The proportion of animals with
a Th1(+) response was increased by the administration of LPS at the time of MCAO, while
Th17(+) responses were associated with MCAO alone.

Neither the stroke nor the LPS treatment status of the donor animals affected the outcome of
recipient animals (data not shown). Animals that received Th17(+) cells at the time of
MCAO, however, had higher temperatures in the post-stroke period and higher (worse)
neurological scores 1 week after MCAO (Table 2). Animals that received cells with either a
Th1(+) or Th17(+) phenotype also performed less well on the rotarod after stroke (Table 2).
To further test the relationship between the immunologic phenotype of the donor cells and
their effect of the outcome of recipient animals, the robustness of the Th1 and Th17
response was correlated to each outcome measure. Table 3 shows that the more robust the
Th1 and Th17 response in donor cells the worse the performance on the rotarod in recipient
animals. Additionally, more robust Th17 responses to MBP were associated with worse
(higher) neurological scores in recipient animals.

Immunocytochemistry was done for IFN-γ, IL-17, fluorescein (to identify CFDA SE labeled
cells) and CD8 at the time of sacrifice (1, 3, or 7 days after MCAO). Fig. 3 shows compares
the number of these cells in the brain based on the phenotype (Th1[+] or Th17[+]) of the
cells. There were more fluorescein+ cells in the infarcted hemisphere 1 day after MCAO in
animals receiving Th1(+) donor cells (Fig. 3d). Among animals receiving Th17(+) donor
cells, there were more IFN-γ+ and more CD8+ cells in the infarcted hemisphere 3 days after
MCAO (Fig. 3f and i). No fluorescein labeled cells were found in the brains of sham-
operated animals or in the non-infarcted hemisphere in animals undergoing MCAO. At 3
days after MCAO/adoptive transfer, there was a strong correlation between the number of
fluorescein labeled cells and the number of IFN-γ+ (r =0.76, P = 0.001), IL-17+ (r = 0.54, P
= 0.04), and CD8+ (r = 0.70, P = 0.007) cells. The correlation between the number of
fluorescein labeled cells and the number of CD8+ cells persisted to 7 days (r = 0.64, P =
0.04). Fig. 4 shows the infiltration of donor (fluorescein+) cells 1 day after MCAO in
recipients of MBP specific Th1(+) cells.

4. Discussion
There is increasing evidence that lymphocytes contribute to ischemic brain injury (Iadecola
and Anrather, 2011). There is also ample evidence demonstrating the occurrence of
autoimmune responses to brain antigens after stroke, but the pathologic consequences of
these responses are unknown (Rocklin et al., 1971; Youngchaiyud et al., 1974; Kallen et al.,
1977; Wang et al., 1992). We previously showed that a Th1 type immune response to MBP
is associated with worse outcome in experimental models of stroke (Becker et al., 2005; Gee
et al., 2008; Gee et al., 2009) and that Th1 responses to MBP are associated with worse
clinical outcome in a cohort of stroke patients 3 months after stroke onset (Becker et al.,
2011). The association of the Th1 response to MBP and worse outcome, however, does not
prove that the lymphocytes with the Th1 phenotype mediate the worse outcome. The
purpose of this study was to more definitively address the role of MBP specific lymphocytes
in modulating outcome from stroke. The contribution of MBP specific lymphocytes was
evaluated by adoptive transfer into recipient animals. For clinical relevance, the donor
lymphocytes were generated in animals undergoing severe stroke (3 h MCAO) and skewed
towards a Th1(+) response by the administration of LPS. Animals that received donor cells
with either an MBP specific Th1(+) or Th17(+) phenotype at the time of stroke experienced
worse clinical outcome than animals that received donor cells without a Th1(+) or Th17(+)
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phenotype. Further, there was a direct correlation between the robustness of both the Th1
and Th17 responses to MBP and functional outcome at multiple time points after stroke.
These observations suggest that adoptively transferred cells mediate the worsened outcome.

Most animals undergoing MCAO do not develop a Th1(+) response to MBP (Becker et al.,
2005). Systemic administration of LPS, however, skews the immune response towards that
of a Th1(+) response in animals undergoing severe stroke (3 h MCAO) (Becker et al., 2005).
In accord with our prior studies, we observed an increase in the Th1 response to MBP
among animals treated with LPS. LPS, however, did not appear to increase the MBP specific
Th17 response after stroke. The requisites for generation of Th1 and Th17 cells differ; the
former is dependent on IFN-γ in the environment of antigen presentation and the latter upon
the presence of both TGF-β1 and IL-6 (Zhou et al., 2009). Few studies address stroke
induced changes in plasma IFN-γ, and those that do show no appreciable changes (Urra et
al., 2009) or even a decrease in IFN-γ (Vogelgesang et al., 2010) in the days after stroke.
Further, IFN-γ does not appear to be reliably upregulated in the ischemic brain (Lambertsen
et al., 2004). LPS, however, is known to induce the production of IFN-γ (Pulendran et al.,
2001). Infections, especially those caused by Gram-negative organisms, are associated with
an increase IFN-γ (Kohler et al., 1993; Lainee et al., 2005; Paats et al., 2013). These data
argue that the usual scenario after stroke would not favor the development of Th1 responses,
but that post-stroke infection (with generation of IFN-γ) could increase this likelihood.
Unlike IFN-γ, both IL-6 and TGF-β1 are known to be markedly upregulated following
ischemic stroke. Systemic IL-6 increases within hours after stroke onset (Beamer et al.,
1995; Waje-Andreassen et al., 2005). There is also rapid upregulation of IL-6 and TGF-β1
expression in ischemic brain (Krupinski et al., 1996; Suzuki et al., 1999; Legos et al., 2000;
Ali et al., 2001). The cytokines necessary for the development of a Th17 response are thus
usually present after stroke. These observations might explain why LPS was needed to
provoke the development of Th1(+) responses while stroke itself was associated with a
Th17(+) response in at least 50% of animals.

In the animal model used in our experiments, LPS is used as a proxy for systemic infection.
Infections, especially pneumonia and urinary tract infections, are very common following
stroke (Westendorp et al., 2011). As might be expected, patients who develop infection are
more likely to develop Th1 responses to MBP, and these Th1 responses are associated with
worse clinical outcome (Becker et al., 2011). We have not previously evaluated the
association between MBP specific Th17 responses and stroke outcome. The current study,
however, suggests that both MBP specific Th1 and Th17 immune responses may not only be
associated with worse stroke outcome, but may mediate this worse outcome. Importantly,
the absolute number of MBP specific cells secreting IFN-γ and IL-17 in this study is similar
to that seen for PLP in models of EAE (Targoni et al., 2001). Further, the numbers of MBP
specific cells are similar to those seen in the circulation of patients with multiple sclerosis
(Jansson et al., 2003).

CFDA SE(+) or fluorescein+ cells were found in the infarcted hemispheres of recipient
animals, demonstrating that these cells traffic into ischemic brain; the infiltration of these
fluorescein+ cells was most robust at 1 day after MCAO in animals receiving Th1(+) cells.
Interestingly, there were more IFN-γ+ (not IL-17+) cells in the brains of animals receiving
Th17(+) donor cells at day 3 after MCAO, but there appears to be a population of Th17(+)
cells that also secrete IFN-γ (Suryani and Sutton, 2007; Murphy et al., 2010). We did not see
a significant difference in the number of IFN-γ+ or IL-17+ cells among animals receiving
Th1(+) or Th17(+) donor cells at other time points. More CD8+ cells were seen among
recipients of Th17(+) cells 3 days after MCAO, suggesting these animals experienced a
more robust inflammatory response, which may help to explain the worse functional
outcome in recipients of Th17(+) cells. To better address the relative numbers of IFN-γ+,
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IL-17+, fluorescein+ and CD8+ cells, flow cytometry with intra-cellular cytokine staining of
lymphocytes isolated from the ischemic brain could be done in future studies. In addition,
these studies might address the contribution of inflammatory cells other than lymphocytes to
the CNS inflammatory response in animals receiving MBP specific Th1(+) and Th17(+)
cells.

In concert, our data argue strongly that lymphocytes are able to modulate outcome from
stroke and that the phenotype of the lymphocytes is important in determining the nature of
this modulation. MBP specific Th1(+) and Th17(+) cells both worsen outcome from stroke
while MBP specific cells with a Treg phenotype improve outcome from stroke (Becker et
al., 2003). Whether Th1(+) and Th17(+) cells differentially effect outcome was not directly
evaluated in this study, but in animal models of experimental autoimmune
encephalomyelitis (EAE), Th17 type cells are inducing more severe disease than Th1 type
cells (Jager et al., 2009). After stroke, endogenously developing immune responses towards
brain antigens may thus be either detrimental (Th1, Th17) or beneficial (Treg). This
observation suggests that manipulation of the post-ischemic immune response is thus a
potential therapeutic strategy for the treatment of stroke.
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Fig. 1. Experimental protocol
Donor animals underwent 3 h of MCAO (or sham surgery) and received either LPS or saline
at the time of reperfusion. Animals were sacrificed at 720 h (1 month), splenocytes
harvested and cells cultured with MBP for 48 h. A subset of cells was subjected to ELISPOT
assay to determine the Th1 and Th17 responses to MBP. Recipient animals underwent 2 h
MCAO and donor cells were injected into recipient animals at the time of reperfusion.
Neurologic function was assessed at 24 h (1 day), 72 h (3 days) and 168 h (1 week) after
MCAO. Subsets of animals were sacrificed at each time point for histological analysis.
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Fig. 2.
Change in numbers of cells secreting IFN-γ (a), TGF-β1 (b) and IL-17 (c) after culture with
MBP (in comparison to culture in media alone). The Y-axis shows the increase or decrease
in cell number (per 100,000 cells) following culture with MBP and the X-axis shows the
treatment of the donor animals. The horizontal line indicates the highest number of MBP
specific cells seen in sham-operated animals. The proportion of animals with stroke induced
increases in MBP specific IFN-γ and IL-17 responses (in comparison to highest number seen
in sham-operated animals) is displayed in panels a and c. LPS administration to donor
animals was also associated with an increase in the absolute numbers of MBP specific IFN-γ
secreting cells (a; P = 0.03 by ANOVA). Stroke (with or without LPS administration) did
not result in a significant change in the number of MBP specific TGF-β1 secreting cells (b).
* indicates that the treatment groups differ by P < 0.05 (χ2).
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Fig. 3.
The numbers of cells staining for IFN-γ, IL-17, fluorescein and CD8 were determined in 4
regions within the infarcted hemisphere and in 4 regions within the non-infarcted
hemisphere in two different coronal brain sections (a). Cells were counted in 6 adjacent high
power fields (100×) within each of the 4 brain regions in the infarcted and non-infarcted
hemispheres. The graphs show the total cell counts for regions 1 through 4 in both coronal
sections (as there were virtually no identifiable cells in non-infarcted hemisphere). Animals
receiving cells from a Th1(+) donor had more CFDA SE positive (or fluorescein+) cells in
the infarcted hemisphere at day 1 after MCAO (d), but there were no differences in the
number of IFN-γ+ (b), IL-17+ (c) or CD8+ (d) cells. Animals receiving cells from a Th17(+)
donor had more IFN-γ+ and CD8+ cells at day 3 after MCAO (f and i). Data are presented as
the mean and SEM. *P < 0.05 and **P < 0.01 by t-test.
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Fig. 4.
Immunocytochemistry for CFDA SE (fluorescein) (a), CD3 (b), and both (c) at 20×. The
donor cells for this animal were Th1(+) but not Th17(+); the recipient animal was sacrificed
1 day after MCAO. The arrow in panel a shows a fluorescein+ cell that is not CD3+, and the
arrows in panel b show CD3+ cells that are not fluorescein+. Panel d shows fluorescein+

(donor) cells in a different animal that received MBP specific Th1(+) but not Th17(+) cells
and was sacrificed 1 day after MCAO.
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Table 1

Th1 and Th17 responses of donor animals based on treatment status.

Number of animals with Th1(+) and Th17(+) responses

Naïve/sham MCAO; LPS(−) P

Th1(+) 0/9 2/8 (25%) 0.11

Th17(+) 0/9 5/8 (62%) <0.01

Naïve/sham MCAO; LPS(+) P

Th1(+) 0/9 10/18 (56%) <0.01

Th17(+) 0/9 9/18 (50%) <0.01

MCAO; LPS(−) MCAO; LPS(+) P

Th1(+) 2/8 (25%) 10/18 (56%) 0.15

Th17(+) 5/8 (62%) 9/18 (50%) >0.20

Th1(+) indicates a Th1 response > 1.16, Th17(+) response indicates a Th17(+) response >1.15 as defined in the methods section. MCAO = middle
cerebral artery occlusion, LPS = lipopolysaccharide, LPS(+) = treated with LPS at the time of MCAO, LPS(−) = treated with saline at the time of

MCAO. Statistics are by χ2.

Bold indicates significant results (P < 0.05).
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