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Inflammatory responses mediate
brain–heart interaction after
ischemic stroke in adult mice
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Abstract

Stroke induces cardiac dysfunction which increases post stroke mortality and morbidity particularly in aging population.

Here, we investigated the effects of inflammatory responses as underlying mediators of cardiac dysfunction after stroke

in adult mice. Adult (eight-to-nine months) male C57BL/6 mice were subjected to photothrombotic stroke. To test

whether immunoresponse to stroke leads to cardiac dysfunction, splenectomy was performed with stroke.

Immunohistochemistry, flow cytometry, PCR, ELISA and echocardiography were performed. We found marginal cardiac

dysfunction at acute phase and significant cardiac dysfunction at chronic phase of stroke as indicated by significant

decrease of left ventricular ejection fraction (LVEF) and shortening fraction (LVSF). Stroke significantly increases macro-

phage infiltration into the heart and increases IL-1b, IL-6, MCP-1, TGF-b and macrophage-associated inflammatory

cytokine levels in the heart as well as induces cardiac-fibrosis and hypertrophy. Splenectomy with stroke significantly

reduces macrophage infiltration into heart, decreases inflammatory factor expression in the heart, decreases cardiac

hypertrophy and fibrosis, as well as significantly improves cardiac function compared to non-splenectomized adult stroke

mice. Therefore, cerebral ischemic stroke in adult mice induces chronic cardiac dysfunction and secondary immune

response may contribute to post stroke cardiac dysfunction.
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Introduction

Stroke is a prominent cause of mortality and long-term
disability worldwide, and is accompanied by high life-
time medical costs. Accumulating clinical and experi-
mental evidence indicates that stroke may induce
myocardial damage and arrhythmias.1–5 Stroke-
induced cardiac damage may lead to fatality, lifelong
cardiac disease, or lead to mild and recoverable damage
such as neurogenic stress cardiomyopathy and
Takotsubo cardiomyopathy.5 We have previously
demonstrated that experimental stroke in young adult
mice with no primary cardiac disease or underlying vas-
cular pathologies induces cardiac abnormalities includ-
ing functional changes such as decreased cardiac
ejection fraction and morphological changes such as
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cardiomyocyte hypertrophy and interstitial fibrosis.6

Ischemia-like electrocardiography (ECG) changes and
arrhythmias are frequently seen in stroke patients, even
in those without symptoms or history of primary heart
disease, which support a central nervous system origin
of these cardiac abnormalities.7 Therefore, it is likely
that there exists a causal relationship between brain
damage and heart dysfunction after stroke.

Aging increases the risk of cardiac dysfunction after
stroke.8 There have been reports that stroke-induced
chronic cardiac dysfunction is related to sympathetic
nerve activity.9 However, age-related brain–heart inter-
action is not simply confined to progressive sympathetic
system impairment, and inflammation may play an
important role in mediating cardiac dysfunction post
stroke.10–12 Stroke induces cardiac damage, and a mag-
nified cardiac response is characterized by excessive
inflammatory cell infiltration and release of inflamma-
tory mediators.10 Moreover, inflammation of the heart
causes trans-differentiation of fibroblasts to myofibro-
blasts, thereby increasing collagen accumulation in the
heart, a key part of adverse cardiac remodeling.13

Aging increases the number of macrophages in
heart.14 Macrophages are the primary immune cells
that reside in the heart under normal physiological con-
ditions, are locally replenished via proliferation, and
perform immunosurveillance of cardiac tissue.15

However, under pathological conditions such as myo-
cardial ischemia, the majority of cardiac macrophages
are derived from blood monocytes.15 Increased macro-
phage activation may promote cardiac dysfunction.
Monocyte-chemoattractant protein-1 (MCP-1), is a
potent chemo-attractant for monocytes, natural killer
cells and T cells, as well as directly promotes cardiac
fibrosis by increasing collagen expression.16 During the
acute phase of cardiac infarction, monocytes infiltrate
into the myocardium in response to upregulation of
MCP-1.17 In addition, aging-associated stress also
stimulates proinflammatory responses within the heart
and large arteries.10,18 Myocardial MCP-1 is increased
with advancing age and promotes hypertrophy and sen-
escence/apoptosis.11 Thus, increased age drives chronic
low-grade systemic and cardiac inflammation.19

In this study, using adult (eight-to-nine months)
mice, we tested the effects of brain–heart interaction
after stroke and investigated inflammation and
immune responses mediated by the spleen as potential
mechanisms of stroke-induced cardiac dysfunction.

Materials and methods

All experiments were conducted in accordance with,
and approval of the National Institutes of Health
guidelines for the Animal Care and Use Committee
of Tianjin Medical University General Hospital.

The research adheres to the Transparency and
Openness Promotion Guidelines. Appropriate meas-
ures were taken to ensure minimal pain or discomfort
in animals. The manuscript was prepared in accordance
with the ARRIVE guidelines.

Animals and experimental groups

Adult (eight-to-nine months) male C57/BL6 mice were
purchased from HFK Bioscience Corporation (Beijing,
China). Mice were randomized and divided into different
groups: (1) sham-control (no stroke, no splenectomy);
(2) stroke alone; (3) stroke with splenectomy and (4)
only splenectomy. Four sets of mice (n¼ 4–6/group)
were prepared: one set was sacrificed at three days
after stroke for flow cytometry; one set sacrificed at
three days after stroke to harvest heart tissue for real-
time PCR, ELISA and immunostaining, third set sacri-
ficed at one month after stroke for immunostaining
evaluation of brain and cardiac tissues and fourth set
for blood pressure and body temperature measurements.

Photothrombotic stroke

A model of photothrombotic stroke was employed to
induce cortical infarcts in mice, as previously
described.20 The photothrombotic stroke model was
chosen over the intraluminal middle cerebral artery
occlusion (MCAo) stroke model in this study because:
(1) The MCAo model may directly affect the insular
cortex which then affects cardiac function.21 In our
pilot studies, we have found that the MCAo model in
8–10-month-old mice induces significant cardiac def-
icits, but also induces a high mortality rate which hin-
ders long term cardiac function measurement. (2) The
photothrombotic stroke model produces infarction of
small size with well-delimited boundaries in the cortex
and is minimally invasive without any mechanical
manipulations with blood vessel and does not affect
the insular cortex.20,22 (3) Mice subjected to the photo-
thrombotic stroke model survive longer than mice sub-
jected to the MCAo model and this permits us to
investigate the chronic cardiac function after stroke.
Briefly, mice were anesthetized with chloral hydrate
(0.3mg/kg, intraperitoneal injection). A concentration
of 10mg/mL solution of Rose Bengal dye (Sigma
Aldrich, St Louis, MO) in saline was prepared and
150 mL administered via intraperitoneal injection
5min prior to cold light exposure. The skull was
exposed by a midline incision to the right side of the
scalp. A roundabout rubber was placed on the skull
surface to expose 0.7–2.7mm right to the midline,
�2.5 to 1mm rostral to the bregma and illuminated
for 15min with a fiber-optic bundle of a cold light
source (KL 1600 LED; Schott, Mainz, Germany).
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The incision was sutured and mouse moved to its home
cage to recover. Sham-control mice underwent the same
procedure without Rose Bengal dye injection or
splenectomy.

Splenectomy

Splenectomy was performed prior to stroke induction.
The splenic artery, veins, and nerves were ligated,
and the spleen was removed through a small lateral
peritoneal incision, as previously described.23

Photothrombotic stroke surgery was performed imme-
diately after splenectomy in the stroke with splenec-
tomy group.

Echocardiographic measurements

Animals were anesthetized with 1.5%–2.0% isoflurane
administered via a face mask, and the chest was shaved
and placed in the supine position on a 37 �C heating
pad. Left ventricular cardiac function was measured by
echocardiography at three days and one month after
stroke using a Vevo 2100 ultra-high resolution small
animal ultrasound imaging system in real time
(VisualSonicsVevo 2100, Canada) with an MS-250
ultrasound scanning transducer (model C5) following
previously described methods.24 The left ventricles,
long axis Doppler mode images and M mode were rec-
orded. The following parameters of left ventricular
function and structure were recorded: left ventricular
ejection fraction (LVEF), left ventricular shortening
fraction (LVSF), interventricular septum thickness dia-
stolic (IVS;d), interventricular septum thickness dia-
stolic (IVS;s), left ventricular internal diameter
diastolic (LVID;d), left ventricular internal diameter
systolic (LVID;s), left ventricular posterior wall thick-
ness diastolic (LVPW;d), left ventricular posterior wall
thickness systolic (LVPW;s), left ventricular volume
diastolic (LV VOL;d), left ventricular volume systolic
(LV VOL;s). LVEF was measured using the formula:
LVEF¼[(LV VOL;d- LV VOL;s/ LV VOL;d� 100],
LVSF¼[(LVID;d-LVID;s)/LVID;d�100].
Echocardiography was performed by an investigator
blinded to the experimental groups. All primary meas-
urements were digitized by goal-directed, diagnostically
driven software and three beats were averaged for each
measurement.

Neurological function tests

An investigator who was blinded to the experimental
groups performed a battery of functional tests, includ-
ing modified neurological severity score25 and foot-
fault test,26 prior to stroke and on days 1, 3, 7, 14,
21, 28 after stroke.

Quantitative real-time PCR

At three days after stroke, total RNA was isolated from
heart with TRIzol reagent (Invitrogen) and quantified
by ultraviolet spectrophotometry at 260/280 nm. Trans-
Script First-Strand cDNA Synthesis SuperMix Kit
(Transgen) was used to transcribe complementary
DNA (cDNA). PCR was performed on an Opticon 2
Real-Time PCR Detection System (BioRad, Hercules,
CA, USA) with the primers and SYBR green
PCR Master Mix (Roche Diagnostics, Basel,
Switzerland).Samples were conducted in duplicate and
normalized to GAPDH using the 2–DDCt method. The
expression levels of mRNAs were calculated as fold
changes vs. control. The following primer sequences
were used:

ED-1: FWD:GAAGGAAAGAGCTGAAGAGCAG;

REV:AGGTTTAGGAGAGGGTTTCCAC;

MCP-1: FWD: CTGCTACTCATTCACCAGCAAG;

REV:CTCTCTCTTGAGCTTGGTGACA;

IL-1b: FWD:TCCAGGATGAGGACATGAGCAC;

REV:GAACGTCACACACCAGCAGGTTA;

IL-6: FWD:TGATGCACTTGCAGAAAACA;

REV:ACCAGAGGAAATTTTCAATAGGC;

IL-10: FWD: GTACAGCCGGGAAGACAATAAC

REV: GCATTAAGGAGTCGGTTAGCAG

GAPDH: FWD: GCCAAGGCTGTGGGCAAGGT;

REV: TCTCCAGGCGGCACGTCAGA.

Flow cytometry

Mice were sacrificed at three days after stroke and per-
ipheral blood and heart tissue harvested and single cell
suspensions prepared. Briefly, for each animal, the
heart was excised and minced with a fine scissor prior
to digestion in 125U/ml collagenase II, 80U/ml DNase
I and 60U/ml hyaluronidase (Sigma-Aldrich) for 1 h at
37 �C. Tissues were triturated and cells filtered through
40 mm nylon mesh (BD Falcon), washed and centri-
fuged (10min, 350 g, 4 �C). The pellet was resuspended
in 5ml of 30% Percoll (GE Healthcare Bio Science AB,
Uppsala, Sweden) and centrifuged at 700� g for 10min.
Cells were collected on the bottom and resuspended
with 1% BSA. For blood samples, the mononuclear
cells were isolated from the whole blood of angular vein.
The cell suspensions were stained with fluorochrome
and biotin-conjugated antibodies. Fluorochrome- and
biotin-conjugated antibodies specific to mouse
CD45 (30-F11), CD11b (M1/70) and F4/80 (BM8)
were used. CD45 is a marker of leukocyte. Activated
macrophages/monocytes were identified as
CD45þCD11bþF4/80þ cells. Fluorescence minus one
(FMO) controls were stained, respectively. Flow cyto-
metry data were obtained on a FACSAriaTM flow

Yan et al. 3



cytometer (BD Biosciences, San Jose, CA, USA) and
analyzed with FlowJo software version 7.6.1.

Immunohistochemistry

Mice were anesthetized and transcardially perfused
with cold PBS. Brain and heart were isolated and
fixed in 4% paraformaldehyde before being embedded
in paraffin. Heart coronal sections (6 mm thick) were cut
and PicroSirius Red (PSR) staining was employed to
assess myocyte cross-sectional area (MCSA)27 and
interstitial collagen fraction measurement.28

Antibodies against monocyte chemotactic protein-1
(MCP-1, Abcam, 1:150), transforming growth factor
(TGF-b; 1:250, Santa Cruz), CD45 (1:500, Abcam),
Natural Killer Cell (NK cells, 1:1000, Abcam), CD3
(T cell marker, 1:500, Abcam) and IBA1 (1:1000,
Wako) were employed. DAPI counter stain was used
to stain nuclei in immunofluorescent staining. Three
slides from each heart, with each slide containing 5
fields of view were digitized under 20�magnification
using a light microscope (Olympus, Tokyo, Japan) or
fluorescence microscope. Positive areas of PSR,
MCSA, and the number of positive cells of MCP-1,
TGF-b, IBA1, NK and CD3 were calculated by
Image Pro Plus 6.0. Immunohistochemical analysis
was performed by an investigator who was blinded to
the experimental groups.

Lesion volume measurement

Brain coronal sections (6 mm thick) were cut from a
standard block obtained from the center of the lesion
(bregma �2.5mm�þ1mm). Seven coronal sections of
tissue were stained with hematoxylin and eosin (H&E)
for lesion volume calculation and presented as a
percentage of lesion compared with the contralateral
hemisphere. Measurements were performed by an
investigator who was blinded to the experimental
groups.

Blood pressure and body temperature
measurements

To test whether stroke and/or splenectomy regulate
blood pressure, diastolic arterial pressure (DAP),
mean arterial pressure (MAP) and systolic arterial pres-
sure (SAP) were measured in all four groups (sham-
control, Spx-alone, stroke alone and strokeþSpx) by
tail-cuff method (CODA 8-Channel High Throughput
Non-Invasive Blood Pressure system, KENT scientific)
on day 28 after stroke. The mice were habituated for 2–
3min in plastic restrainers for seven consecutive days
before experiments were performed. Body temperature
was maintained at 37 �C using a warming pad. Blood

pressure was recorded and averaged over 15 consecu-
tive readings. Body core temperature was monitored
before stroke or splenectomy and on days 1, 3, 14,
21, and 28 days after stroke or/and splenectomy using
a rectal temperature probe coupled to a data-acquisi-
tion system (ADInstruments) in awake mice. In order
to rule out biorhythm, the core temperature was rec-
orded at 2–4 pm.

ELISA

Protein from mouse hearts was isolated using TriZol
(Thermo FisherSci) following standard protocol. Once
the protein pellets from the TriZol isolation were resus-
pended in 1% SDS, 150 ug of protein/well was used in
duplicate wells to run an MCP-1 ELISA (Thermo
Fisher Sci, BMS6005) following standard protocol.

Statistical analysis

To test the main effect of group difference (1m-stroke
vs. 1m-spx-stroke) in functional test, the repeated meas-
ure analysis of variance (ANCOVA) was used to study
the difference in mNSS functional test and foot-fault
functional test over time (time points: 1, 3, 7, 14, 21,
and 28 days).

The one-way analysis of variance (ANOVA) was
considered and analysis started testing the overall
group effect using F-test, followed by Tukey’s honest
significance test for pairwise group comparisons on
each outcome of interest including LVEF, LVFS, LV
Vol;d, LV Vol;s, IVS;d, IVS;s, LVID;d, LVID;s,
LVPW;d, LVPW;s, LV mass, fibrosis, heart weight,
MCSA, MCP-1, IL-1b, IL-6, IL-10, ED-1, IL-10,
lesion volume, DAP, SAP, MAP, TGF-b, flow cytome-
try, CD45, IBA-1, CD3 and NK cells at three days and/
or one month mice, respectively. A significant pairwise
group difference was detected if both the overall group
and pairwise group comparison were significant with p
value< 0.05, respectively. All the analyses were con-
ducted without adjusting for multiple endpoints given
this was a proof-of-concept study. All data are
expressed as mean�SD.

Results

Cerebral ischemic stroke induces progressive cardiac
dysfunction in adult mice, while splenectomy prior to
stroke reduces cardiac damage without affecting
blood pressure and body temperature

To test the effects of stroke on heart function, echocar-
diography was performed on days 3 and 1 month after
stroke. Figure 1(a) and (b) and Table 1 show that
stroke induces marginal cardiac dysfunction at three
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days after stroke, and significant cardiac dysfunction
and LV enlargement at one month after stroke identi-
fied by decreased LVEF as well as increased LVID;s
and LVVOL;s compared to sham-control mice.
Splenectomy alone does not induce any significant
changes in heart size or cardiac function.

To suppress immune response, splenectomy was per-
formed prior to stroke induction. Compared to stroke
alone mice, splenectomy with stroke significantly
attenuates cardiac dysfunction indicated by increased
LVSF at acute stage of stroke, and significantly
increases LVEF at chronic stage of stroke and

Figure 1. Splenectomy with stroke attenuates cerebral ischemic stroke-induced cardiac dysfunction in adult mice. (a) Representative

images of echocardiography from sham control, splenectomy alone, stroke alone and stroke with splenectomy groups at one month

after stroke in adult mice. (b) Echocardiography data at three days and one month after stroke shows that stroke induces marginal

cardiac dysfunction at acute stage and significant cardiac dysfunction at one month after stroke Splenectomy with stroke in adult mice

significantly improves cardiac function as indicated by increased LVEF and LVSF. The respective F values are 2.4, 2.92, 9.2, 7.96, sample

size of n¼ 9/group was employed for all groups except 1m-spx n¼6, 1m-spx-stroke n¼ 8, *p< 0.05, One-way ANOVA (Tukey).

(c) Stroke or splenectomy with stroke does not alter blood pressure or body temperature compared to sham control mice. The

respective F values were: 0.6, 0.85, 0.69. Sample size: control n¼ 5, 1m-spx n¼ 5, 1m-stroke n¼ 5, 1m-spx-stroke n¼ 4, *p< 0.05,

One-way ANOVA (Tukey). (d) Splenectomy prior to stroke significantly improves neurological function (n¼ 9/group, ANCOVA,

*p< 0.05) and decreases lesion volume (n¼ 6/group, *p< 0.05, One-way ANOVA (Tukey)) at one month after stroke. The respective

F values are 27.59, 37.27, 0.6, 0.85, 0.64.
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decreases LVID and LVVOL at both acute and chronic
stage of stroke. The data indicate that cerebral ischemic
stroke induces significant and progressive cardiac dys-
function, while splenectomy reduces stroke-induced
cardiac dysfunction in adult mice.

To test if stroke with or without splenectomy
induces any hemodynamic changes and thereby affects
cardiac function, we measured blood pressure and body
core temperature at one month after stroke. Figure 1(c)
shows that there were no significant changes among the
four groups (sham control, stroke alone, splenectomy
alone and stroke with splenectomy) in mean arterial
BP, diastolic BP or systolic BP and body temperature.
There were no mortalities in any of the four groups.

Splenectomy prior to stroke significantly decreases
lesion volume and improves neurological function
at one month after stroke

To test the effect of splenectomy on stroke outcome, we
performed a battery of neurological function tests and
measure lesion volume at one month after stroke.
Figure 1(d) shows that splenectomy with stroke signifi-
cantly improves neurological function indicated by
lower mNSS and foot-fault score as well as decreases
cerebral ischemic lesion volume compared to stroke
mice without splenectomy.

Splenectomy reduces stroke-induced chronic
heart damage

To test whether stroke affects cardiac hypertrophy, we
measured heart weight, cardiac fibrosis and cardiomyo-
cyte size at one month after stroke. Cardiac fibrosis is
evident in the myocardial interstitium in the stroke

group. Figure 2(a) and (b) shows that stroke signifi-
cantly increases cardiac interstitial fibrosis and cardio-
myocyte size compared to sham-control mice. We
found a significant increase in heart weight after
stroke compared with non-stroke control mice. These
data indicate that stroke induces myocyte hypertrophy
and interstitial fibrosis. However, stroke mice with
splenectomy exhibited significantly decreases heart
weight, hypertrophy and fibrosis compared to adult
stroke mice. Splenectomy alone group does not increase
heart weight, hypertrophy or fibrosis.

TGF-b plays an important role in mediating cardiac
fibrosis.29 TGF-b immunostaining and quantification
data obtained at one month after stroke indicate that
stroke significantly increases TGF-b expression in heart
compared to sham-control mice, while splenectomy
with stroke significantly decreases TGF-b expression
compared to non-splenectomy stroke mice
(Figure 2(c) and (d)).

Splenectomy with stroke decreases stroke-induced
cardiac inflammatory responses during acute
phase of stroke

Stroke is known to cause systemic inflammation, there-
fore, to test whether stroke induces cardiac inflamma-
tion at an acute time point after stroke, inflammatory
factor (IL-1b, IL-6, MCP-1 and ED1) and anti-inflam-
matory factor IL-10 gene expression were measured by
PCR in heart tissue harvested at three days after stroke.
Figure 3(a) to (c) shows that the gene expression of
inflammatory cytokines IL-1b, IL-6 and MCP-1 was
significantly increased in stroke mice compared to
sham-control mice. Meanwhile, splenectomy with
stroke significantly reduces IL-6, IL-1b and MCP-1

Table 1. Echocardiography measurements at three days and one month after stroke in adult mice.

Group IVS;d (mm) IVS;s (mm) LVID;d (mm) LVID;s (mm) LVPW;d (mm) LVPW;s (mm) LV Vol;d (ul) LV Vol;s (ul)

3d-Control 0.52� 0.03 0.87� 0.03 3.91� 0.12 2.629� 0.12 0.76� 0.03 1.06� 0.04 67.16� 4.76 26.05� 2.71

3d-Spx 0.65� 0.02 1.02� 0.05 3.91� 0.11 2.63� 0.16 0.86� 0.03 1.21� 0.05 67.14� 4.23 26.64� 3.75

3d-Stroke 0.581� 0.03 0.88� 0.04 3.89� 0.13 2.80� 0.13 0.79� 0.05 1.07� 0.05 66.63� 5.17& 30.32� 3.28&

3d-Spx-Stroke 0.69� 0.04 0.93� 0.06 3.51� 0.10 2.27� 0.14 0.82� 0.05 1.22� 0.06 61.52� 1.59 22.59� 1.47

1m-Control 0.52� 0.03 0.87� 0.03 3.91� 0.12 2.629� 0.12 0.76� 0.03 1.06� 0.04 67.16� 4.76 26.05� 2.71

1m-Spx 0.55� 0.04$ 0.98� 0.06 3.87� 0.12 2.57� 0.21$ 0.79� 0.05 1.07� 0.05 66.24� 4.96 25.87� 4.67$

1m-Stroke 0.55� 0.02 0.79� 0.02 4.26� 0.09 3.27� 0.09* 0.71� 0.02 0.92� 0.05 81.60� 4.11 43.66� 2.93*

1m-Spx-Stroke 0.55� 0.02 0.86� 0.04 3.78� 0.12 2.72� 0.12# 0.72� 0.01 1.03� 0.04 62.40� 4.91 28.55� 3.2#

Note: Compared to sham control mice, stroke mice exhibit significant cardiac dysfunction at three days and one month after stroke. LV enlargement is

significantly higher at one month compared to three days after stroke. Splenectomy with stroke significantly attenuates stroke-induced cardiac

dysfunction at one month after stroke in adult mice. Splenectomy in sham control does not induce any significant changes in cardiac function.

Spx: splenectomy; IVS;d: interventricular septum thickness diastolic, IVS;s: interventricular septum thickness systolic, LVID;d: left ventricular internal

diameter diastolic, LVID;s: left ventricular internal diameter systolic, LVPW;d: left ventricular posterior wall thickness diastolic, LVPW;s: left ventricular

posterior wall thickness systolic, LV Vol;d: left ventricular volume diastolic, LV Vol;s: left ventricular volume systolic.

*p< 0.05 vs. Control; $p< 0.05 vs. 1m-stroke; #p< 0.05 vs. 1m-Stroke; &p< 0.05 vs. 1m-Stroke; One-way ANOVA (Tukey). The respective F values are

10.31, 5.17, 3.62, 7.94, 4.84, 5.41, 2.97, 4.64.
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Figure 2. Splenectomy with stroke decreases chronic cardiac fibrosis and hypertrophy in adult mice. (a) Representative images for

PicroSirius Red immunostaining in heart tissue at one month after stroke. (b) Splenectomy with stroke in adult mice significantly

attenuates stroke induced cardiomyocyte hypertrophy (MCSA), interstitial fibrosis (Sirius red), and increased heart weight at one

month after stroke in adult mice. The respective F values are 31.87, 8.35, 6.65. Sample size: Control n¼ 9, 1m-Spx n¼ 5, 1m-Stroke

n¼ 9, 1m-spx-stroke n¼ 8, *p< 0.05, One-way ANOVA (Tukey). (c) TGF-b immunostaining and (d) quantification data indicate that

splenectomy with stroke in adult mice significantly decreases stroke-induced TGF-b expression in heart. F value¼ 6.023. Sample size:

Control n¼ 5, 1m-Spx n¼ 5, 1m-Stroke n¼ 5, 1m-spx-stroke n¼ 4, *p< 0.05, One-way ANOVA (Tukey).
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gene expression compared to stroke alone mice.
However, stroke with or without splenectomy does
not significantly affect IL-10 gene expression at three
days after stroke compared to sham control mice
(Figure 3(e)). Figure 3(d) shows that macrophage
marker ED1 expression is significantly increased in
the heart after stroke and decreased significantly in
stroke mice with splenectomy. Therefore, to test
whether stroke induces changes in macrophages, flow
cytometry was employed.

Splenectomy with stroke decreases stroke-induced
inflammatory cell infiltration into heart during acute
phase of stroke

CD45 is a leukocyte marker and macrophages are iden-
tified as cells with dual expression of CD11b and F4/80
surface markers.30 When monocytes migrate into heart,
they become macrophages. To determine whether
splenectomy regulates macrophages
(CD45þCD11þbF4/80þ) in heart, macrophages
count were measured by flow cytometry. As shown in

Figure 4(a) to (c), heart tissue harvested at three days
after stroke exhibit a significantly increase in macro-
phages expression compared to sham control and
splenectomy only mice. Splenectomy with stroke sig-
nificantly reduced macrophages expression in the
heart compared to stroke control mice. Stroke mice
also exhibit a significant increase in circulating leuko-
cytes and activated monocytes (CD11bþF4/80þ) com-
pared with sham-control and splenectomy only group
(Figure 4(b) and (d)). Figure 4 also shows that stroke
mice with splenectomy exhibit significantly reduced
macrophage (CD11bþF4/80þ) infiltration into heart
as well as decreased circulating activated monocytes
number compared to stroke mice. We found that splen-
ectomy alone does not induce any significant differences
in leukocytes and macrophage infiltrating into heart
and circulation leukocytes and activated monocytes
(Figure 4).

To determine whether splenectomy regulates periph-
eral monocyte number (gated by their characteristic size
and granularity in whole blood), blood monocyte count
before and after splenectomy was measured by flow

Figure 3. Splenectomy with stroke decreases stroke-induced acute cardiac inflammatory factor expression. PCR results indicate

that splenectomy with stroke significantly decreases stroke-induced inflammatory factor gene expression such as (a) IL-1b, (b) IL-6, (c)

MCP-1 and (d) ED1 compared to sham-control mice. However, stroke with or without splenectomy does not significantly alter (e) IL-

10 gene expression at three days after stroke compared to sham control mice. F values are 7.66, 9.07, 22.96, and 17.09, respectively.

Sample size: Control n¼ 6, 3d-Spx n¼ 4, 3d-stroke n¼ 6, 3d-Spx stroke n¼ 6; *p< 0.05, One-way ANOVA (Tukey).
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cytometry. We found that splenectomy alone did not
induce any significant differences in peripheral mono-
cyte number prior to and three days after splenectomy
(Supplementary Figure 1).

To test whether stroke regulates other inflammatory
cell infiltration into the heart tissue, NK cell and T cell

immunostaining was employed. Stroke does not signifi-
cantly increase NK and T cell number in the heart
compared to sham control mice (Supplementary
Figure 2). These data suggest that inflammation, espe-
cially macrophages, may play an important role in
brain–heart interaction after stroke in adult mice.

Figure 4. Splenectomy with stroke decreases invasion of immune cells into heart. (a–b) Representative flow cytometry plots show

the gating strategy of CD45þ leukocytes population and CD45þCD11bþF4/80þmacrophage population in heart, and activated

monocytes (CD11bþF4/80þ) in blood. (c) Splenectomy with stroke significantly decreases infiltration of leukocytes and macrophages

into heart, compared to stroke alone mice. F values are 5.49, 11.42, respectively. (d) Splenectomy with stroke significantly decreases

the leukocytes and activated monocytes in blood, compared to stroke alone mice. F values are 10.84 and 5.64, respectively. N¼6/

group, *p< 0.05, One-way ANOVA (Tukey).

Yan et al. 9



Stroke induced increase of macrophage infiltration
persist from acute to chronic phase of stroke

At the acute phase of stroke, augmented cardiac infil-
tration of leukocytes and macrophages was further con-
firmed by CD45 and IBA-1 immunostaining

(Figure 5(a) and (b)), which revealed a significant
increase in leukocytes and macrophages in heart
tissue compared with sham control mice. Splenectomy
with stroke significantly decreases leukocyte and
macrophage number in heart after stroke. In the
chronic phase of stroke, infiltrating macrophages in

Figure 5. Stroke induces macrophage infiltration into heart which persists from acute to chronic phase of stroke. (a) CD45

immunostaining and quantification data indicate that stroke significantly increases CD45þ cells in heart at three days and one month

after stroke compared to sham control and splenectomy only group, respectively. F value¼8.61. (b) IBA-1 immunostaining and

quantification data indicate that stroke significantly increases IBA-1 positive macrophages in heart at three days as well as one month

after stroke compared to sham control mice. Splenectomy with stroke significantly decreases IBA-1 positive macrophages at three

days after stroke. F value¼6.25. Sample size: Control n¼ 5, 3d-spx¼4, 3d-stroke n¼ 5, 3d-spx-stroke n¼ 5, 1m-spx n¼ 5, 1m-stroke

n¼ 5, 1m-spx-stroke¼4. *p< 0.05, One-way ANOVA (Tukey).
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heart are still significantly increased compared to sham
group, but less than three days after stroke (p< 0.05).
Although stroke with splenectomy mice have reduced
inflammatory cell infiltration into heart than stroke
alone mice, there were no significant differences
between chronic stroke and chronic stroke with splen-
ectomy mice.

MCP-1 immunofluorescence staining and quantifica-
tion data obtained at three days and one month after
stroke indicate that stroke increases MCP-1 expression
in heart compared to sham-control mice, while splen-
ectomy with stroke significantly decreases MCP-1
expression compared to stroke only mice (Figure 6(a)
to (c)). It has been previously reported that MCP-1 is
not only expressed in inflammatory cell, but also co-
localizes with cardiomyocytes.31–33 We found that

MCP1 is primarily expressed in cardiomyocyte in the
heart tissue at one month after stroke as shown in
Supplementary Figure 3. To confirm the immunostain-
ing data, MCP-1 ELISA was performed. We found that
stroke with splenectomy significantly decreased MCP-1
protein level compared to stroke alone mice at three
days and one month after stroke (Figure 6(d)). These
data indicate that immunoresponse may regulate car-
diac pathological remodeling after stroke.

Discussion

In this study, we found that ischemic stroke in adult
mice induces chronic heart dysfunction which may be
attributed to macrophage infiltration and increased
inflammatory factor expression in the heart.

Figure 6. Splenectomy with stroke decreases stroke-induced cardiac MCP-1 expression. Representative images for MCP-1 immu-

nostaining in heart tissue at (a) three days and (b) one month after stroke and (c) quantification data. Stroke significantly increases

cardiac MCP-1 expression compared to sham control mice as well as splenectomy alone mice. MCP-1 expression is significantly

greater at one month after stroke compared to three days after stroke. Splenectomy with stroke significantly decreases MCP-1

expression compared to stroke alone group at three days as well as one month after stroke. F value¼ 28.54. Sample size: Control

n¼ 6, 3d-spx¼5, 3d-stroke n¼ 6, 3d-spx-stroke n¼ 6, 1m-spx n¼ 5, 1m-stroke n¼ 6, 1m-spx-stroke¼6. *p< 0.05, One-way ANOVA

(Tukey). (d) ELISA data indicate that splenectomy with stroke significantly decreases MCP-1 expression compared to stroke alone

group at three days as well as one month after stroke in adult mice.
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Splenectomy prior to stroke significantly decreases
stroke-induced inflammatory cell infiltration and
inflammatory factor expression in the heart and
improves cardiac function as well as neurological func-
tional outcome in adult mice. These data suggest that
inflammation may contribute to the progression of car-
diac dysfunction after stroke in adult mice.

Stroke induces progressive cardiac dysfunction
in adult mice

Stroke can cause cardiac dysfunction even in the
absence of risk factors and pre-existing heart disease,
especially in stroke patients of advanced age.1–7,34

Therefore, investigating cardiac dysfunction after
stroke in the older population is important and clinic-
ally relevant. Our previous study found that stroke
induces mild chronic heart damage in healthy, young
mice subject to stroke.6 However, this is not a clinically
relevant population. Therefore, in our present study, we
have employed adult (eight-to-nine months old) mice
and investigated acute and chronic effects of stroke
on cardiac function. Our results indicate significant car-
diac dysfunction at three days after stroke without evi-
dent cardiac pathological remodeling. At one month
after stroke, we found that stroke induces significant
cardiac dysfunction which was worse compared to
three days after stroke, as well as myocardial patho-
logical remodeling. Myocardial pathological remodel-
ing is characterized by rearrangement of the normal
heart chamber wall, which includes cardiac hypertro-
phy, myocardial interstitial fibrosis, and apoptosis and
necrosis.35 Myocardial interstitial fibrosis is an import-
ant and common pathological process that is closely
related to rheumatic heart disease, hypertension, car-
diac dysfunction, arrhythmia and sudden cardiac
death, as well as reduces the ventricular systolic and
diastolic compliance, damages the electrical coupling
between myocardial cells, reduces capillary density,
increases the oxygen diffusion distance of myocardial
cells, and ultimately affects ventricle function.36

Myocardial interstitial fibrosis plays a crucial role in
the change of cardiac function from compensatory to
decompensatory, and in myocardial remodeling from
reversible to irreversible. Our data show that stroke in
adult mice induces chronic heart pathological remodel-
ing, demonstrated by increased heart weight, LVVOL,
cardiac interstitial fibrosis and hypertrophy without
affecting blood pressure compared to control mice.

In the heart, TGF-b plays an important role in med-
iating cardiac fibrosis by regulating differentiation,
migration, and collagen secretion of cardiac myofibro-
blasts.29 TGF-b is an important mediator of the hyper-
trophic growth response of the heart to Ang-II and
decrease in TGF-b attenuates cardiac hypertrophy.37

Myocardial TGF-b expression is significantly increased
under pathological conditions such as myocardial
infarction, cardiac hypertrophy, and hypertrophic car-
diomyopathy. Increased cardiac expression of TGF-b is
associated with increased interstitial cardiac fibrosis
and cardiac hypertrophy in mice.38,39 In addition,
TGF-b overexpression can also increase myocardial
stiffness and induce diastolic dysfunction.38 Our data
indicate that stroke increases TGF-b expression in
heart which may be mediated by splenic immune
response and contribute to observed cardiac remodel-
ing and functional deficits.

Stroke induces inflammatory responses
in heart tissue

Many factors including post-stroke inflammation and
immune response may mediate brain–heart interaction
after stroke.5 Macrophages are the most prominent
population among cardiac leukocytes.15 Macrophages
help maintain cardiovascular health; however, activa-
tion of their inflammatory actions can promote heart
disease.40,41 Macrophages expand in mice and humans
with diastolic dysfunction, particularly in aged mice.42

Macrophages can stimulate myocardial fibroblasts and
induce cardiac fibrosis.43 Cardiac fibrosis may cause
systolic dysfunction through several distinct mechan-
isms, including impaired force generation by myo-
cytes,44,45 disrupted normal coordination of
myocardial excitation-contraction coupling,46 and an
asynchronous contraction of the myocardium.47 Our
data show that macrophages were significantly
increased at an early stage after stroke compared with
the non-stroke sham control. Cardiac macrophage
expansion was associated with MCP-1, which promotes
the migration of monocytes into the heart. Myocardial
macrophage, the number of circulating activated mono-
cytes and MCP-1 expression were significantly
increased after stroke in adult mice compared to
sham control. These results indicate that macrophages
may play an important role in mediating cardiac dys-
function after stroke.

Immune response mediated by the spleen
contributes to cardiac dysfunction after stroke
in adult mice

In our present study, we found that splenectomy alone
did not induce cardiac dysfunction at one month after
surgery as measured by LVEF and LVSF, and did not
increase cardiac fibrosis compare to sham control mice.
However, splenectomy with stroke significantly attenu-
ates stroke-induced cardiac dysfunction and inflamma-
tion in the heart, as well as reduced heart weight,
remission of myocardial hypertrophy, and reduction
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of myocardial fibrosis compared with non-splenecto-
mized stroke animals at one month after stroke. Our
data suggest that chronic cardiac damage is inhibited
by reduction of macrophage infiltration and anti-
inflammatory effects of splenectomy.

Sager et al.48 found that myocardial infarction
increased macrophage through both increased resident
macrophage proliferation (about 9%) and monocyte/
macrophage recruitment (1/3).48 Macrophages partici-
pate in the immunosurveillance of myocardial tissue.49

Except the resident macrophages (about 6–8% of the
non-cardiomyocyte population in the healthy mouse
myocardium),49 the spleen is the largest secondary
lymphoid organ in the body, and serves as the major
and immediate source of monocyte/macrophage
deployment following injury.50,51 Increased macro-
phage density in heart is caused by monocyte recruit-
ment and hematopoiesis activation in spleen and bone
marrow.42 Activated splenic immune cells can traffic
into the damaged heart and exhibit immune memory
and are primed to induce tissue injury that promotes
pathological cardiac remodeling.52 MCP-1 signaling
pathway mediates cardiac macrophage expansion
through recruitment of monocyte/macrophage.48 Our
data are consistent with other publications that splen-
ectomy alone does not significantly decrease peripheral
monocytes.53 Compared to sham control but splenec-
tomy with stroke significantly attenuates stroke-
induced monocytes/macrophage infiltration into heart,
and decreases MCP-1 expression in the heart tissue as
well as improves cardiac function after stroke in adult
mice. Therefore, the improved cardiac function after
splenectomy is most likely not simply related to changes
in circulating inflammatory cell number, but rather
related to the loss of splenic mobilization and subse-
quent diminished tissue infiltration of inflammatory
cells.54

MCP-1 plays an important role in a variety of patho-
physiological processes in cardiovascular biology.31

However, why splenectomy causes a significant
decrease in MCP-1 expression is not clear. Previous
studies have found that inflammatory cytokines (IL-1
and TNF-a) stimulate cultured human cardiac cells
expression of MCP-1.31 Oxidative stress is known to
increase MCP-1 secretion from cardiomyocytes as
well as monocytes.31–33 We found that stroke not only
increases MCP-1 expression in monocytes/macro-
phages, but also in cardiomyocytes, which is consistent
with previous studies showing that myocarditis
increases cardiomyocyte MCP-1 expression.31

Damaged cardiomyocytes can express MCP-1 which
promotes recruitment of monocytes into the heart.55

The recruited inflammatory cells can also secrete
MCP1 in the heart and exacerbate myocardial
damage, resulting in a cascade of inflammatory

reactions. Brain-injury can induce cardiac oxidative
stress which can injure cardiomyocytes.5,56,57

Splenectomy not only reduces monocyte infiltration
into heart, but also reduces heart tissue oxidative
stress and cardiomyocyte damage.56 Thus, reduced
monocyte infiltration, oxidative stress and myocardial
damage may play a role in MCP-1 reduction after
splenectomy.

In this study, we also found that stroke significantly
increased pro-inflammatory factors IL-1b and IL-6
expression, but did not regulate anti-inflammatory
factor IL-10 expression in the heart. Splenectomy sig-
nificantly attenuated stroke-induced pro-inflammatory
factor IL-1b and IL-6 expression in the heart compared
to stroke alone mice. Our data suggest that inflamma-
tion may contribute to stroke-induced cardiac deficits.
In addition, we also found that splenectomy prior to
stroke significantly decreases cerebral lesion volume
compared to stroke control in adult mice. Therefore,
we cannot exclude the possibility that decrease of
lesion volume may also contribute to splenectomy
induced improved cardiac function.

We found that splenectomy alone did not induce
cardiac dysfunction at one month after surgery, mea-
sured by LVEF and LVSF and did not increase cardiac
fibrosis measured by Sirius red staining. Kondo et al.58

found that splenectomy increases interstitial fibrosis in
the left atrium in mice subjected to abdominal aortic
constriction (AAC). However, splenectomy did not
regulate heart fibrosis and macrophage infiltration at
any time point in the sham-AAC control group.58

Ismahil et al.54 also found that splenectomy did not
induce any changes in cardiac function in sham-oper-
ated mice. Splenectomy reduced the recruitment of
macrophages into the heart and decreased interstitial/
perivascular fibrosis as well as MCP-1 expression in
four week Ang II infusion-induced cardiac fibrosis
and hypertensive rats,59 and splenectomy reversed
pathological cardiac remodeling as indicated by
increased LVEF and decreased monocyte/DC infiltra-
tion in mice with chronic heart failure.54 Therefore, our
results are consistent with others,54,58 and splenectomy
may play different roles in cardiac function under dif-
ferent pathological conditions.

Splenectomy is associated with several risks such as
immunosuppression and infection, thrombocytosis and
venous thromboembolism with multiple pathophysio-
logical mechanisms.60,61 We would like to highlight
that this is a proof-of-concept study demonstrating
the role of the spleen and immune response in mediat-
ing cardiac deficits after stroke. We do not suggest
splenectomy as a therapeutic intervention, as the
spleen exerts crucial hematological and immunological
functions and splenectomy can induce immunosuppres-
sion and increase the risk of infection as well as induce
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thrombocytosis and venous thromboembolism. Rather,
this study draws attention to cardiac deficits after
stroke even in the absence of primary cardiac disease
and suggests that it may be important to improve car-
diac function (such as using immunomodulatory thera-
peutics) in addition to treating the injured brain.

In this study, we found that splenectomy signifi-
cantly reduced lesion volume and improve neurological
functional outcome after stroke compared to stroke
alone mice. Previous studies have reported a lack of
beneficial effect of splenectomy on either early or late
outcomes after stroke in Lewis rats.62 In another study,
although splenectomy decreased the number of infil-
trating monocytes/macrophages in the ischemic brain,
but did not alter infarct volume at seven days after
MCAo in 10–11-week-old mice.63 In our study, we
have employed a less severe stroke model
(Photothrombotic stroke) in eight-to-nine-months-old
mice and observe that splenectomy performed just
before stroke decreases lesion volume and improves
neurological recovery in addition to attenuating
stroke-induced cardiac deficits. Thus, the apparent
divergent results possibly may be attributed to the dif-
ferences in strain, age, and stroke model, and further
studies using multiple models of stroke including severe
stroke are warranted.

Limitations

Investigation of how stroke in aged population medi-
ates cardiac function is clinically relevant. Our pilot
studies have found that aged mice alone have signifi-
cant cardiac functional deficit compared to young adult
or adult mice (data not shown). In the current study, we
focus on testing whether stroke can cause cardiac dys-
function and whether immunoresponse contribute to
stroke-induced cardiac deficit in the absence of pre-
existing heart disease. Therefore, aged mice were not
employed in this study. Further studies are warranted
on direct comparisons on the progression of stroke-
induced cardiac dysfunction as a function of age in
male and female animals.

MCP-1 not only recruits macrophages, but also
regulates natural killer cells and T cells recruit.64 IL-6
and IL-1b can be produced and secreted by a variety of
cell types such as monocytes/macrophage, natural killer
cells and T cells. Although the spleen serves as the
major and immediate source of monocyte/macrophage
deployment following injury,50,51 we cannot exclude the
possibility that other inflammatory cells such as natural
killer cells and T cells also play a role in splenectomy-
induced improvement cardiac function and reduced
inflammatory factor MCP1, IL-1b and IL-6 expression.
Our supplementary data show that there are few CD3
and NK cells that infiltrate into the heart after stroke.

Stroke did not significantly increase T cell and NK cell
infiltration into heart, but significantly increased
macrophage expression in the heart tissue when com-
pared to sham control. Therefore, we focus our inves-
tigation on whether splenectomy regulates macrophage
infiltration into heart after stroke. The potential effects
of other inflammatory cells on cardiac damage post
stroke warrant future study.

Using an in vivo rat model of Angiotensin (Ang) II
infusion, others have demonstrated that the spleen is the
source of macrophage accumulation in the heart, and
following the release of monocytes by the spleen, activa-
tion of MCP-1 and the AT1 receptor in the heart pro-
motes recruitment of macrophages into the heart and
aorta and contributes to Ang II-induced cardiac fibrosis
and hypertension.59,65 Ang II–AT-1 receptor signaling
also induces splenic monocyte motility and tissue infil-
tration.51 Splenectomy or inhibition of the AT1 receptor
pathway significantly reduced the number of macro-
phages in heart, decreased myofibroblast proliferation,
inhibited collagen production and decreased cardiac
tissue fibrosis through activating the AT2 receptor in
an Ang II-induced myocardial fibrosis and hypertension
model.59,66 The inflammatory responses mediated by the
spleen-Ang II pathway may also play an important role
in cardiovascular remodeling after vascular injury, which
warrant future study.

Conclusions

In this study, we found that cerebral ischemic stroke
induces chronic cardiac dysfunction in adult mice.
Immune and inflammatory responses may be involved
in stroke-induced cardiac dysfunction. Suppression of
macrophage infiltration may be a therapeutic target to
prevent or reduce heart dysfunction post stroke.
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