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Abstract
Background

T lymphocytes are involved in infarct size at the early stage of stroke. However, the phenotypes of T
lymphocytes and their functions in peripheral immune organs and the brain have not been well-analyzed
from the acute to the chronic phase of stroke.

Methods

A 45 min transient middle cerebral artery occlusion mouse model was used. The phenotypes of T
lymphocytes in the thymus, spleen, blood, and brain were determined using the neurological severity
score (NSS) and body weights during the 6-month follow-up.

Results

Impairment of thymocyte numbers, development, proliferation, and apoptosis was observed for up to 2
weeks. The number of mature T cells in the spleen and blood decreased and showed less interferon-
production for up to 2 weeks. Increased numbers of CD44+CD62L- effector T cells and CD4-CD8-CD3+
double negative T cells were observed in mouse brains in the early phase of stroke, while interleukin
(IL)-10+Foxp3+ regulatory T cell levels increased for 1 week during the chronic phase. These phenotypes
were correlated with body weight and the NSS.

Conclusions

The recovery of T lymphocyte numbers and increased IL-10+Foxp3+ regulatory T lymphocytes may be
important for the improvement of long-term neurological outcomes. Dynamic changes in T lymphocytes
from the acute and chronic phase may play different roles, such as pathological and recovery roles,
respectively. This study provides fundamental information regarding the T lymphocyte alterations from
the brain to the peripheral immune organs from the acute to the chronic phase of stroke.

Introduction
Stroke is the second most common cause of death and the third most common cause of disability-
adjusted life worldwide [1, 2]. Ischemic stroke occurs when the blood �ow to the brain becomes blocked.
Without oxygen and glucose, neurons undergo cell death. The process of cell death in the brain following
a stroke leads to the activation of local immune cells, causing in�ammation in brain tissue. In�ammation
plays an important role in the pathogenesis of ischemic stroke. Clinically, the susceptibility of patients to
stroke and the subsequent prognosis are in�uenced by systemic in�ammatory processes [3, 4]. Patients
who undergo stroke with systemic in�ammation exhibit clinically poorer outcomes [5, 6].

Peripheral immune cells are involved in systemic in�ammation. Animal studies and clinical data
consistently reveal a drastic shrinkage in spleen size following stroke, which is accompanied by a
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reduced number of splenocytes [7, 8]. Further studies have reported that a splenectomy prior to middle
cerebral artery occlusion (MCAO) in both rats and mice decreases infarct volume and improves
behavioral de�cits up to 96 h after stroke [9, 10], indicating a pathological role of splenocytes in the acute
phase of stroke. The spleen contains a wide variety of immune cells, including lymphocytes, monocytes,
and natural killer cells. Among them, lymphocyte-de�cient Rag1-/- and SCID mice have shown sustained
small infarct volumes and improved neurologic de�cits within 24 h of MCAO [11, 12]. CD4+ or CD8+ T
lymphocyte de�ciency decreases the infarct volume after stroke,[12] indicating that T lymphocytes play a
pathological role in acute ischemic stroke. Most previous studies have focused on the early stages of
stroke between 24 and 96 h. A recent study on rats assessed the function of the spleen and its effects on
long-term outcomes after stroke for up to 28 d [13]. In this study, the spleen was removed immediately
after reperfusion or 3 d after stroke. However, delayed splenectomy failed to provide long-term protection
to the ischemic brain or improve functional recovery, such as the recovery of sensorimotor and cognitive
functions. The authors suggest that the loss of neuroprotection might be related to the prolonged
decrease in the percentage of T cells. These results suggest that T lymphocytes play a detrimental role at
the early stage of stroke, and may have a protective role in long-term recovery. However, the phenotypes
of T lymphocytes from the acute to chronic phase have not yet been fully elucidated. Most previous
studies have focused on the early stages of stroke, rather than all phases of the disease. Therefore, we
focused on the pathological phenotype of systemic immune alterations and neurological behavior,
especially those of T lymphocytes from day 1 to 6 months after stroke. As mature T lymphocytes are
generated from the thymus and stroke induces thymic atrophy [7, 14], we further investigated the
impairment and changes in thymocytes after stroke, including T lymphocytes in the brain. This study
aimed to provide an understanding of the basis of peripheral (including thymus, spleen, and blood)
immune cell alterations following stroke for effective clinical interventions. We aimed to provide a
system-based assessment of peripheral responses to cerebral ischemia and show dynamic T cell
movement and roles beyond the brain.

Methods
Animals

Male C57BL/6 mice (10–12 weeks old) were used in this study (Orient, Seongnam, South Korea). Mice
were housed in a speci�c pathogen-free barrier facility at Inha University. All animal experiments were
approved by our Institutional Animal Care and Use Committee (INHA 170908-513-1).

Transient MCAO (tMCAO) stroke model

The tMCAO stroke model was induced via MCAO using a 6-0 nylon mono�lament suture (Doccol
Corporation, Sharon, MA, USA). The mice were anesthetized with 2% iso�urane (Kyongbo Pharmaceutical
Co. Ltd, Asan, South Korea) in 30% oxygen and 70% nitrous oxide using a face mask. The mice were
placed on a heat pad throughout the procedure. After anesthetization, a midline neck incision was made.
The left common carotid artery (CCA), internal carotid artery (ICA), and external carotid artery (ECA) were
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exposed. One knot was made in the CCA, and two were made in the ECA. After cutting between the two
knots in the ECA, the suture with a round, coated tip (�lament size 6-0, diameter 0.09-0.11 mm, length 20
mm; diameter of coated tip 0.25+/- 0.02 mm, length 5-6 mm, Cat# 602556PK10Re; Doccol Corporation,
Sharon, MA, USA) was inserted into the ECA lumen and then gently advanced into the ICA lumen to block
MCA blood �ow and left there for 45 min until reperfusion. In sham-operated mice, after incision of the
skin and the exposure of blood vessels (as in tMCAO), a knot was made in the CCA. After 10 min, this
knot was removed and the skin was sealed. Mice were euthanized at various time points.

Neurological severity score (NSS)

The NSS was determined and recorded using the following four parameters:

Zea-longa: 5 score

The Zea-longa score was determined by observing the movement of mice in and out of the cage. Score 0:
mice had no neurological de�cit. Score 1: mice could not fully extend the left forepaw. Score 2: mice
circled to the left while walking. Score 3: Mice fell to the left or limped. Score 4: mice were unable to walk
spontaneously. Score 5: death [15].

Prehensile traction: 4 score

The ability of the mice to grab and hold on to a 0.5 cm-diameter wire elevated at a height of 70 cm from a
surface was tested. Performance was evaluated on a four-grade score. Score 0: mice could hang on the
wire for over 5 s with the hind legs placed on the wire. Score 1: mice could hang on the wire for 5 s. Score
2: mice could hang on the wire for 3–4 s. Score 3: mice could hang on the wire for 0–2 s. In scores 1–3,
the mice were unable to place their hind legs on the wire [16].

Circling: 5 score

Circling behavior was determined by observing and scoring the ability of the mice to remain in contact
with the �oor with their forelegs. Score 0: mice had no observable de�cit. Score 1: mice exhibited �exion
of the contralateral torso. Score 2: mice circled clockwise. Score 3: mice continuously spun clockwise.
Score 4: there were no movements or reactions [17].

Forelimb: 5 score

The mice were held by their tail, and the bending of the torso or forelimbs in the air was observed and
scored. Score 0: normal reaction. Score 1: mice occasionally exhibited �exion of the asymmetric forelimb.
Score 2: asymmetric forelimb �exion. Score 3: mice exhibited �exion of the asymmetric forelimb and
torso. Score 4: there was no motor activity or reaction [17].

Cresyl violet staining
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Brains were �xed in 4% paraformaldehyde (PFA; Biosesang, Seongnam, South Korea) and the vibratome
sections were stained with 0.1% cresyl violet (Sigma-Aldrich, St. Louis, MO, USA) in distilled water. The
infarct areas were measured using ImageJ software (NIH, Bethesda, MD, USA).

Flow cytometric analysis of cell populations in the blood, spleen, and thymus

After anesthesia, blood was collected VIA retro-orbital bleeding using sterile capillary tubes (Paul
Marienfeld GmbH & Co. KG. Lauda-Königshofen, Germany). The blood samples (50 μL) were stained
using different antibodies at 4°C for 20 min and then the red blood cells (RBCs) were removed with RBC
lysis buffer (Sigma-Aldrich). The samples were washed once with �uorescence-activated cell sorting
(FACS) buffer [phosphate-buffered saline (PBS) with 1% bovine serum albumin (BSA) and 20 mM
ethylenediaminetetraacetic acid] and �xed with 4% PFA. Lymphocytes (1 × 106) from the spleen and
thymus were incubated with FACS antibodies at 4°C for 20 min. The cells were rinsed once with FACS
buffer and �xed with 4% PFA. Cells were then analyzed via �ow cytometry (BD FACS Verse™; BD
Biosciences, San Jose, CA, USA), and FlowJo software (BD Biosciences, San Jose, CA, USA) was used for
data analysis. FACS antibodies anti-CD3 (145-2C11), CD4 (RM4-5, GK1.5), CD8 (53-6.7), CD44 (IM7),
CD25 (3C7), CD45R/B220 (RA3-6B2), and T-cell receptor (TCR)-β (H57-597) were purchased from BD
Biosciences. Anti-CD3 (17A2), was purchased from BioLegend (San Diego, CA, USA). Anti-CD8 (5H10)
and CD62L (MEL-14) were purchased from Invitrogen (Carlsbad, CA, USA).

Thymocyte proliferation assay in vivo using BrdU

One day after tMCAO, 150 µl of BrdU (10 mg/mL) was injected intraperitoneally into the tMCAO and sham
mice. The thymus was removed 2 h later and BrdU-positive cells were analyzed using a BrdU assay kit,
according to the manufacturer’s protocol (BD Biosciences).

Cell culture and cytokine analysis using enzyme-linked immunosorbent assay (ELISA)

First, 1 x 106 lymphocytes from the spleen were stimulated with 0.1 μg/mL of anti-CD3 (145-2C11) and
anti-CD28 (37.51) antibodies (BioGems, Westlake Village, CA, USA) in Roswell Park Memorial
Institute (RPMI) 1640 (HyClone, GE Healthcare Life Science, PA, USA) culture medium containing 0.1% 2-
mercaptoethanol (Thermo Fisher Scienti�c, MA, USA), 10% heat-inactivated fetal bovine serum (FBS;
Gibco®, Australia origin, Thermo Fisher Scienti�c), and 1% antibiotic-antimycotic (Thermo Fisher
Scienti�c) in a 24-well plate and incubated at 37°C in a 5% CO2 incubator. After 24 and 48 h of
stimulation, interleukin (IL)-2, IL-4, IL-13, and interferon (IFN)-γ levels in the culture medium were
quanti�ed using ELISA kits according to the manufacturer’s protocol (BD Biosciences).

Isolation of T lymphocytes from the brain

T lymphocytes from the brain were isolated as described previously, with some modi�cations [18]. A
Percoll gradient protocol was used. The stock isotonic Percoll (SIP) was prepared by mixing nine parts of
Percoll (Sigma-Aldrich) with one part of 10× PBS without calcium chloride or magnesium sulfate. Each
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hemisphere of the brain was minced using a homogenizer in a 1.5 mL tube with RPMI 1640 containing
0.1% 2-mercaptoethanol, 10% FBS, and 1% antibiotic-antimycotic. Digestive enzymes, including
collagenase Type I (2 mg/mL, Sigma-Aldrich) and DNase Type II (40 μg/mL, Sigma-Aldrich) in 1× DPBS
without calcium chloride or magnesium sulfate (GenDEPOT, Texas, USA) were added after
homogenization and incubated at 37°C for 45 min. The cell suspension was then passed through a 70
μm cell strainer and rinsed with 1× DPBS, and the volume was made up to 7 mL. Next, 3 mL of SIP was
added to the cell suspension to obtain a �nal concentration of 30% SIP. The cell suspension (10 mL in
30% SIP) was layered on top of 2 mL of 70% SIP in a 15 mL conical tube to make a total volume of 12
mL. After centrifugation at 2000 rpm for 20 min continuously at room temperature (RT), 3–4 mL of the
white layer at the 70–30% interface was collected into a new tube. After further centrifugation at 1500
rpm for 3 min, the cells were rinsed once with FACS buffer or 1× PBS.

Immunohistochemistry

Mice were transcardially perfused with saline solution containing 0.5% sodium nitrate and heparin (10
U/mL), and then �xed with 4% PFA dissolved in 0.1 M phosphate buffer. Brain tissues were dissected
from the skull, post-�xed overnight in buffered 4% PFA at 4°C, and stored in a 30% sucrose solution for
24–48 h at 4°C until they were settled, frozen, and sectioned on a cryostat in 30 μm-thick coronal
sections. Tissue sections were washed in cold PBS three times for 10 min and blocked with universal
blocking solution (0.3% Triton™ X-100, 1% BSA, 0.05% Tween 20, and 0.05% sodium azide in PBS) for 1 h
at RT. Sections were then incubated with the following primary antibodies: rat anti-Foxp3 (1:100,
Invitrogen) and anti-IL-10 (1:90, R&D system) for 2 h at RT. Thereafter, the tissues were rinsed and
incubated with Alexa Fluor 488 donkey anti-rabbit IgG (1:400, Invitrogen) and Alexa Fluor 594 goat anti-
mouse IgG (1:400, Invitrogen) for 1 h. After washing with PBS, coverslips were mounted on glass slides
using mounting media with DAPI (Vector Laboratories), and were analyzed using a confocal microscope
(LSM 800, Carl Zeiss). For CD4 staining, tissues were stained with rabbit anti-CD4 (1:400, Santa Cruz) at
4°C overnight. The following day, tissues were rinsed and incubated with Cy3-conjugated-anti-rabbit IgG
(1:800, Millipore) for 1 h. Labeled tissue sections were mounted on gelatin-coated slides and analyzed
under a confocal microscope (LSM 700, Carl Zeiss).

Statistical analysis

Student’s t-test was used to compare two independent groups of data that were properly distributed.
Values of *p ≤ 0.05, ** p ≤ 0.01, and ***p ≤ 0.001 were considered signi�cant.

Results
Evaluation of infarct area and neurological impairment from day 1 up to 6 months in tMCAO mice

First, we evaluated infarct volume from day 1 up to 6 months. Brain damage after tMCAO was measured
using cresyl violet staining. The extent of brain damage was evaluated as a percentage of the infract area
in the acute phase (1 d and 1 week) and as atrophy in the chronic phase (2 weeks, 2 months, and 6
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months) following tMCAO. As stroke causes atrophy in the chronic phase, the brain volume representing
non-injured tissue (NI), ischemic scar tissue (IS), remaining total ipsilateral tissue T (NI + IS), and resorbed
tissue (estimated infarct: EI) was analyzed according to the methods of a previously reported study [19].
We found that cerebral ischemia caused infarction that peaked at 1 week (Fig. 1A and 1B). In addition,
the neurological impairment status of tMCAO mice was assessed via NSS at different time points.
Compared to the sham-operated mice, the tMCAO mice showed decreased body weight and neurological
dysfunction in four parameters of NSS up to 2 weeks (Fig. 1C and 1D). euronal atrophy was observed
between 2 weeks and 6 months. Improvement of animal body weight and behavior was observed after 2
weeks. Next, we evaluated the alterations in immune organs from the acute to the chronic phases after
stroke.

Impairment of thymocyte development in tMCAO mice

Although thymus shrinkage occurs in the early stages of stroke [7, 14], their phenotypes have not been
well-analyzed long-term in tMCAO mice. Here, we evaluated the phenotypes of thymocytes from day 1 up
to 6 months after stroke. Strong thymic shrinkage and decreased thymocyte numbers peaked at 1 week
after stroke and then gradually recovered (Fig. 2A and 2B). The number of thymocytes was restored to the
level observed in sham-operated mice after 2 months (Fig. 2B). The thymocyte sub-population is well-
de�ned according to CD4 and CD8 expression; double-negative (DN: CD4-CD8-), double-positive (DP:
CD4+CD8+), and single-positive (CD4+CD8- or CD4-CD8+). The percentage of the DP subpopulation
dramatically decreased until 1 week after stroke (Fig. 2C). The absolute cell number in each
subpopulation was signi�cantly reduced until 2 weeks after stroke (Fig. 2D). Although stroke induces
apoptosis by releasing stress hormones [14], we found that this may not be the only explanation for
thymic shrinkage. The thymocyte development process was identi�ed based on the expression of speci�c
cell surface markers, such as CD4, CD8, CD44, and CD25. The DN population was divided into four
stages; DN1 (CD44+CD25-), DN2 (CD44+CD25+), DN3 (CD44-CD25+), and DN4 (CD44-CD25-). The
percentage of DN1 increased, whereas the percentage of DN4 decreased until 1 week after stroke (Fig. 3A
and 3B). These results suggest that stroke may arrest development from DN1 to DN2. As the thymus
produces thymocytes daily, and a certain number mature and circulate in the periphery, we analyzed
whether stroke inhibited thymocyte proliferation. BrdU was injected into the mice 1 d after MCAO, and
BrdU-incorporated thymocytes were analyzed via �ow cytometry. As seen in �gure 3C, stroke completely
blocks the proliferation of thymocytes. Furthermore, we found that stroke increased the percentage of
TCR-β+ thymocytes in the DN stage up to 1 week after stroke (Fig. 3D and 3E). Thymocytes that do not
undergo appropriate TCR gene rearrangement undergo apoptosis, whereas those that express appropriate
TCRs interact with peptides, determining the positive and negative selection essential for thymocyte
differentiation [20, 21]. This increased inappropriate TCR-β+ population in the DN stage might be a
reason for cell death. As CD4-CD8-CD3+ (DN CD3+ T cells) and CD4+Foxp3+CD3+ thymus-derived
natural regulatory T cells (nTregs) play a role in the pathogenesis of the brain in stroke [22, 23], we
analyzed these cells in the thymus. Interestingly, both populations increased in the thymus 1 week after
stroke (Fig. 3F). Inappropriate thymus development was observed until 2 weeks after stroke. This time



Page 9/24

frame is correlated with the recovery of the NSS and body weight. It is likely that appropriate thymic
development is important for long-term recovery.

Immunosuppression of T lymphocytes in the spleen of tMCAO mice

Consistent with the decreased total thymocyte numbers in the tMCAO mice, the spleen size and total
number of splenocytes were signi�cantly reduced until 1 week after stroke (Fig. 4A-C). To determine
whether stroke induced the activation of T lymphocytes, splenocytes were analyzed with CD44 and
CD62L antibodies using �ow cytometry. The percentage of CD44+CD62L- (effector-type) T lymphocytes
in the spleen was signi�cantly decreased in both CD4+ and CD8+ populations 1 week after stroke (Fig. 4D
and 4E). In addition, to test whether ischemic stroke downregulates T lymphocyte functions, splenocytes
were stimulated with anti-CD3 and -CD28 antibodies. After 48 h, the expression level of IFN-γ decreased at
day 1 and week 1 (Suppl. Fig. 1A). Consistently, the �uorescence intensity of CD25+ signi�cantly
decreased 1 week after stroke in both CD4+ and CD8+ T lymphocytes compared to that in sham-operated
mice (Suppl. Fig. 1B). This suggests that stroke induced the immunosuppressive function of T cells in the
spleen at the early stage.

Increased CD44+CD62L- T lymphocytesin the blood of tMCAO mice

Circulating lymphocytes in whole blood were examined. In particular, the percentage of CD4+ T
lymphocytes signi�cantly decreased until 1 week after stroke compared to that in sham-operated mice
(Fig. 5A and 5B). In contrast to the spleen, the percentage of CD44+CD62L- effector T lymphocytes in the
blood signi�cantly increased in both CD4+ and CD8+ populations until 1 week after stroke (Fig. 5C and
5D). Activated effector T lymphocytes were probably egressed from the spleen to the blood stream in
tMCAO mice.

Analysis of T lymphocytes in the brain of tMCAO mice

To investigate the correlation between the thymus, spleen, blood, and brain after stroke, T lymphocytes in
the brain were isolated using the Percoll gradient protocol and phenotypes were analyzed. The number of
brain CD3+ T cells gradually increased until 2 weeks (Fig. 6A). The number of CD4+ and CD8+ T cells
also gradually increased from day 1 up to 2 weeks. In addition, brain CD4-CD8-CD3+ double negative T
cells (DNTs) play an in�ammatory role in brain injury.[22] The number of DNTs rapidly increased 1 week
after stroke (Fig. 6A). Interestingly, when we stained CD4+ T cells in the ipsilateral injured area, they
reached a peak at 1 week, which was sustained for up to 6 months after stroke (Fig. 6B). This suggests
that CD4+ cells were strongly in�ltrated in the injured brain area after 1 week of stroke, and some cells
were sustained in the tissue for up to 6 months. In addition, regulatory T cells in the brain may play a role
in the regulation of in�ammation after stroke [23, 24]. Therefore, we analyzed CD3+CD4+Foxp3+ Tregs in
the brain. We observed an increased and sustained regulatory T cell population from 1 d to 2 weeks in the
ipsilateral tMCAO brain (Fig. 7A). However, in the ipsilateral cortex injury area, Foxp3+ cells gradually
increased up to 6 months. As some regulatory T cells express IL-10 cytokines, we stained both Foxp3 and
IL-10 in the infarct area. Interestingly, IL-10 expression strongly increased from 2 weeks to 6 months, and
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expressions of co-localized cells with Foxp3 also increased (Fig. 7B). This suggests that the increased
levels of IL-10-producing Tregs in the injured area may inhibit in�ammation, which may be correlated with
increased T lymphocytes and recovery of the NSS and body weight.

Discussion
Here, we aimed to provide a system-based assessment of peripheral responses to cerebral ischemia as
well as show dynamic T cell movement and roles beyond the brain from day 1 up to 6 months post-
stroke. In our stroke model, the largest infarct size (IS) was observed 1 week post-stroke, and gradually
decreased up to 6 months, whereas the EI size did not decrease. This means that the reduction of the
infarct area does not necessarily indicate the recovery of neuronal cells from 2 weeks after tMCAO.
However, consistent with the IS, the body weight and NSS recovered from 2 weeks post-stroke, which is
correlated with the recovery of T lymphocytes. Interestingly, the NSS gradually recovered from 2 weeks to
6 months, which is correlated with increased IL-10+Foxp3 regulatory cells in the brain. The recovery of T
lymphocyte numbers and increased IL-10+Foxp3+ regulatory T lymphocytes may be important for the
improvement of long-term neurological outcomes.

Lymphocyte number and IFN-γ production decrease up to 2 weeks post-stroke [14], in which the β2-
adrenoreceptor antagonist propranolol and a glucocorticoid receptor inhibitor RU486 are involved in the
recovery of early lymphocyte activation. However, a detailed analysis of T lymphocytes in relation to brain
damage was not reported alongside these �ndings. Here, we analyzed T lymphocytes in lymphoid organs
at the same time in the brain from day 1 up to 6 months to show dynamic T lymphocyte movement. We
observed a decreased number of T lymphocytes up to 1 week post-stroke, and the cell numbers recovered
from 2 weeks. The percentage of CD44+CD62L- effector T lymphocytes increased in the blood but
decreased in the spleen. In addition, we observed increased levels of effector T lymphocytes in tMCAO
mice (Supplementary Fig. 2). This suggests that effector T lymphocytes egress from the spleen and enter
the injury sites of the brain through the circulating blood stream in the early stage of stroke, whereas
naïve T cells likely remain in the spleen. In addition, we observed decreased CD25 expression and
cytokine production (such as IFN-γ) up to 1 week post-stroke, when the splenocytes were stimulated with
anti-CD3 and anti-CD28 antibodies. It is likely that intrinsic TCR signaling is affected by stroke. Stress
hormones, especially catecholamines released by immune cells or the HPA axis, serve as modulators to
reduce lymphocyte proliferation and differentiation, and induce cell apoptosis through the β2-adrenergic
receptor [25-27]. Here, we also observed a markedly reduced size of the thymus and number of
thymocytes in mice following stroke. The cause of thymocyte loss may be stress hormones. The
administration of a β2-adrenergic receptor agonist, such as isoproterenol, leads to a decrease in
thymocyte number and thymus weight [28]. Moreover, glucocorticoids induce the apoptosis of
thymocytes in vivo and in vitro, especially in the DP population [29-31]. As T lymphocytes express
catecholamine [32], the dynamic changes in catecholamine levels in immune organs and T lymphocytes
post-stroke should be elucidated to understand the relationship between T lymphocytes and neurological
disability.
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Moreover, we observed the developmental block in the DN stage and the inhibition of thymocyte
proliferation at day 1 post-stroke. This means that stroke induced not only thymocyte cell death but also
inhibited the development and proliferation of thymocytes in the acute phase. This phenomenon appears
to be one of the reasons for T lymphocyte loss in the peripheral immune system. Various selection
mechanisms operate in the thymus and, among them, negative selection causes the apoptosis of
thymocytes with high TCR gene expression [33-35]. Thymocytes with high avidity TCR/ligand interactions
undergo thymic selection due to mutual antagonism between the TCR-mediated signals and
glucocorticoids in the thymus [36-38]. It is possible that stroke-induced glucocorticoids increase TCR-β
expression and induce the death of immature thymocytes through negative selection in the thymus. As
glucocorticoid metabolic enzymes are expressed in thymocyte subsets [37], whether stroke can affect
these enzymes requires further investigation.

Recently, several studies have reported the various roles of in�ltrating T lymphocytes in the brain
following stroke [39-41]. In�ltrating DNTs promote microglia-mediated neuroin�ammation and increase
brain injury in the acute phase following a stroke [22]. However, where the DNTs in brain injury sites
following a stroke are primarily derived from is currently unclear. We found that the number of DNTs as
well as CD4+ and CD8+ T cells increased gradually from 1 d to 2 weeks in the brain following a stroke.
We also observed an increase in the percentage of DNTs in the thymus 1 week post-stroke. Moreover, we
observed an increased number of brain CD3+CD4+Foxp3+ Treg cells in the chronic phase up to 6 months
post-stroke. Ito et al. found that brain Treg cell numbers increased from 10 d after stroke, which may
potentiate neurological recovery during the chronic phase of stroke [23]. They also reported that the brain
Treg cells were thymus-derived effector cells. We also observed increased CD4+Foxp3+ nTreg cells in the
thymus and gradually increased IL-10+Foxp3+ Treg cells in the brain, which may correlate with the
improved NSS. Therefore, the exact role of this population should be investigated in future studies to
identify potential therapeutic targets. Overall, T lymphocytes have different in�ltration time points to the
site of brain injury following a stroke, depending on their pro- or anti-in�ammatory functions. Considering
the large number of patients with post-stroke disorders, studies regarding the chronic phase are of great
importance. Therefore, our study provides fundamental information regarding the T lymphocyte
alterations in the brain and periphery from the acute to chronic phase of stroke, which may be helpful for
developing potential therapeutic targets for stroke.

Conclusions
This study demonstrated that the recovery of T lymphocyte numbers in immune organs and increased IL-
10+Foxp3+ regulatory T lymphocytes may be important for the improvement of long-term neurological
outcomes. Dynamic changes in T lymphocytes from the acute and chronic phase may play different
roles, such as pathological and recovery roles, respectively. This study provides fundamental information
regarding the T lymphocyte alterations from the brain to the peripheral immune organs from the acute to
the chronic phase of stroke.
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Abbreviations
tMCAO: transient middle cerebral artery occlusion; DN: CD4-CD8- double negative; DNT: CD4-CD8-CD3+
double negative T cells; nTreg: natural regulatory T cells; BrdU: 5-Bromo-2’-Deoxyuridine; NSS:
neurological severity score
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Figure 1

Measurements of infarct volume, body weight, and NSS after tMCAO (A and B) Assessment of tissue
volume from 1 day to 6 months after tMCAO. NI, Non-injured tissue (yellow); IS, ischemic scar tissue (red,
black round line); T, total ipsilateral tissue (NI + IS); EI, estimated infarct tissue calculated by subtracting
total ipsilateral volume from total contralateral volume (black square) (i.e. differences between the
hemispheres, green). (C) The weights were measured. (D) Evaluation of neurological impairment by NSS.
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The scores of the mice used at each time point were averaged. The black line represents sham-operated
mice and red line represents tMCAO mice. The mice used were n= 5 to 29 per each group. *p ≤ 0.05, ** p
≤ 0.01, and ***p ≤ 0.001

Figure 2

Total cell number and subpopulation of thymocytes after tMCAO (A) Representative thymus size and
morphology at 1 and 2 weeks. (B) Total thymocytes number were counted. (C) CD4 and CD8 thymocytes
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were analyzed by �ow cytometry. Letters marked in red in the FACS data represent values that differ from
those for sham-operated mice. (D) Absolute thymocytes numbers of each subpopulations were counted.
The black bar represents sham-operated mice and red bar represents tMCAO mice. The mice used were
n= 6 to 26 per each group. *p ≤ 0.05, ** p ≤ 0.01, and ***p ≤ 0.001

Figure 3
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Impairment of thymocyte development after tMCAO (A) DN stages of thymocytes were analyzed
according to CD44 and CD25 expression. Letters marked in red in FACS data indicate values that differ
from those for compared to sham-operated mice. (B) Percentage of DN subpopulation is shown. (C)
Thymocytes proliferation was measured using BrdU assay. (D, E) The percentage and absolute cell
number of TCR-β subpopulation were analyzed in the DN population. (F) CD4-CD8-CD3+ DNT and
CD4+Foxp3+ nTreg thymocytes were analyzed. The mice used were n= 6 to 29 per each group. *p ≤ 0.05
and ***p ≤ 0.001
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Figure 4

T lymphocyte population and phenotype in the spleen after tMCAO (A) Representative spleen size and
morphology analysis for sham-operated mice and tMCAO mice at 1 and 2 weeks. Total cell number (B)
and CD4+ and CD8+ T lymphocytes (C) were counted. (D) Representative FACS plot of activated T
lymphocytes. Letters marked in red in the FACS data represent values that differ from those for sham-
operated mice. (E) CD4+ and CD8+ T lymphocytes were gated and then analyzed using CD44 and CD62L
markers. The black bar represents sham-operated mice and red bar represents tMCAO mice. The mice
used were n= 6 to 26 per each group. *p ≤ 0.05, ** p ≤ 0.01, and ***p ≤ 0.001
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Figure 5

T Lymphocytes population and phenotype in the blood after tMCAO (A) Representative CD4 and CD8 T
lymphocyte population plots were showed. Letters marked in red in the FACS data represent values that
differ from those for sham-operated mice. (B) Percentages of CD4+ and CD8+ T lymphocytes
subpopulations were analyzed. (C) Activated T lymphocytes were gated on CD4+ and then analyzed
using CD44 and CD62L markers. Representative plots were showed. (D) T lymphocytes were gated on
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CD4+ and CD8+ cells and then analyzed using CD44 and CD62L markers. The mice used were n= 9 to 29
per each group. *p ≤ 0.05, ** p ≤ 0.01, and ***p ≤ 0.001

Figure 6

Analysis of brain T cells after tMCAO (A) Absolute cell numbers of brain CD3+ T cells, DNTs, CD4+, and
CD8+ T cells were analyzed using FACS. To obtain the required cell numbers, brain T cells were analyzed
by pooling the ipsilateral hemispheres. A total of 4-8 brains were combined per sample for sham-operated
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mice and 3-4 brains were combined per sample for tMCAO mice. (B) Brain tissues were processed for
immunohistochemical analysis at 1 day, 1 week, 2 weeks, 2 months and 6 months post tMCAo.
Fluorescence images of CD4 (red) and DAPI (blue). Quanti�cation of CD4+ levels in the striatum of
tMCAo lesioned mouse. Scale bar = 20 . The mice used were n= 6 to 26 per each group. *p ≤ 0.05and
***p ≤ 0.001

Figure 7
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Analysis of Foxp3 regulatory T cells in brain. (A) CD3+CD4+Foxp3+ Treg cells was analyzed in ipsilateral
hemispheres by �ow cytometry. (B) Brain tissues were processed for immunohistochemical analysis at 1
day to 6 months post tMCAO. Fluorescence images of Foxp3 (green), IL-10 (orange), and DAPI (blue). A
white square was expanded in large image in the ischemic region. Red arrows indicate Treg cells. The
mice used were n= 6 to 26 per each group. ***p ≤ 0.001
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