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Monocyte-Derived Macrophages Aggravate
Cardiac Dysfunction After Ischemic Stroke
In Mice
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BACKGROUND: Cardiac damage induced by ischemic stroke, such as arrhythmia, cardiac dysfunction, and even cardiac ar-
rest, is referred to as cerebral-cardiac syndrome (CCS). Cardiac macrophages are reported to be closely associated with
stroke-induced cardiac damage. However, the role of macrophage subsets in CCS is still unclear due to their heterogeneity.
Sympathetic nerves play a significant role in regulating macrophages in cardiovascular disease. However, the role of mac-
rophage subsets and sympathetic nerves in CCS s still unclear.

METHODS AND RESULTS: In this study, a middle cerebral artery occlusion mouse model was used to simulate ischemic stroke.
ECG and echocardiography were used to assess cardiac function. We used Cx3cr1¢7Ccr2f mice and NLRP3-deficient
mice in combination with Smart-seq2 RNA sequencing to confirm the role of macrophage subsets in CCS. We demon-
strated that ischemic stroke-induced cardiac damage is characterized by severe cardiac dysfunction and robust infiltration of
monocyte-derived macrophages into the heart. Subsequently, we identified that cardiac monocyte-derived macrophages dis-
played a proinflammatory profile. We also observed that cardiac dysfunction was rescued in ischemic stroke mice by blocking
macrophage infiltration using a CCR2 antagonist and NLRP3-deficient mice. In addition, a cardiac sympathetic nerve retro-
grade tracer and a sympathectomy method were used to explore the relationship between sympathetic nerves and cardiac
macrophages. We found that cardiac sympathetic nerves are significantly activated after ischemic stroke, which contributes
to the infiltration of monocyte-derived macrophages and subsequent cardiac dysfunction.

CONCLUSIONS: Our findings suggest a potential pathogenesis of CCS involving the cardiac sympathetic nerve—-monocyte-
derived macrophage axis.
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erebral-cardiac syndrome (CCS) refers to the de-
velopment of cardiac dysfunction after central
nervous system injuries, such as ischemic stroke,
intracerebral hemorrhage, traumatic brain injury, and
stress."? Ischemic stroke is the primary cause of CCS,
with more than 90% of individuals with ischemic stroke
experiencing adverse cardiac events.! CCS is mainly
characterized by arrhythmia, heart failure, and even

cardiac arrest.® Animal studies have also widely re-
ported that experimental stroke induced cardiac dys-
function and cardiac myocyte death in vivo, ex vivo,
and in vitro.*-® Owing to its stealth and instability, CCS
is recognized as the second leading cause of death
in the poststroke stage.” However, the pathogenesis
of CCS remains unclear, resulting in a lack of specific
therapies targeting the syndrome.
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CLINICAL PERSPECTIVE
What Is New?

Cardiac monocyte-derived macrophage subset
expansion aggravated the cardiac dysfunction
in the context of ischemic stroke.

e Qveractivation of the sympathetic nervous sys-
tem recruited the cardiac macrophage after is-
chemic stroke.

What Are the Clinical Implications?

e Cardiac dysfunction after stroke is recognized as
the second leading cause of death in the post-
stroke stage. The present study may support that
inhibiting excessive sympathetic nervous system
activation and cardiac monocyte-derived mac-
rophage subset expansion may be a potential
approach for clinical treatment of cardiac dys-
function after stroke.

Nonstandard Abbreviations and Acronyms

CCR2 (C-C chemokine receptor type 2

CCSs cerebral-cardiac syndrome

LVFS left ventricular fractional shortening

MCA middle cerebral artery

MCAO middle cerebral artery occlusion

NLRP3 NOD-like receptor thermal protein
domain associated protein 3

SCG superior cervical ganglion

Inflammatory responses have been reported as a
vital pathogenic mechanism of CCS." Of note, immune
cells play crucial roles in maintaining cardiac function
and regulating the pathological process following car-
diovascular disease. Macrophages, as dominant im-
mune cells, have high heterogeneity and diversity. A
previous study documented that CCS is character-
ized by macrophage expansion.? Interestingly, cardiac
macrophages can be divided into 2 distinct subsets:
cardiac resident macrophages and monocyte-derived
macrophages.® The cardiac macrophage subset can
be discriminated according to the expression of C-X3-C
motif chemokine receptor 1 (CX3CR1) in resident mac-
rophages and C-C chemokine receptor type 2 (CCR2)
in monocyte-derived macrophages.’®'" Emerging ev-
idence indicates that resident cardiac macrophages
play fundamental roles in visceral coronary artery
development, cardiomyocyte proliferation and matu-
ration, cardiac electrical conduction, metabolic stabil-
ity, inflammation control, and tissue remodeling.'%1213
Cardiac  monocyte-derived macrophages mediate
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myocardial injury, fibrosis, and adverse heart remod-
eling and contribute to heart failure.'*"'® However, the
origin and function of cardiac macrophages in CCS
remain unclear.

The cardiac nervous system plays a vital role in
regulating both the physiological function and patho-
logical progression of the heart. Hyperactivation of the
sympathetic nervous system is a leading hypothesis
about the mechanism of CCS." Interestingly, cardiac
macrophages express alpha- and beta-adrenergic re-
ceptors, which can bind with norepinephrine, thereby
regulating the inflammatory state of macrophages.'®
The sympathetic nervous system has been widely re-
ported to regulate macrophage function in various tis-
sues, including bone marrow, gut, and white adipose
tissue.'®?' However, whether the sympathetic nervous
system regulates cardiac macrophages in ischemic
stroke remains unknown.

In this study, we performed an ischemic stroke
mouse model through middle cerebral artery oc-
clusion (MCAQ). CCS phenotype was induced after
MCAQO, which characterized by reduced cardiac sys-
tolic function, prolonged QT interval, and robust car-
diac macrophage infiltration. To understand the source
and function of cardiac macrophages after ischemic
stroke, we used a transgenic mouse line and phar-
macological methods to examine the components of
cardiac macrophage subsets. Our results revealed that
cardiac macrophage expansion in CCS predominantly
involves monocyte-derived macrophages. Additionally,
we found that NLRP3 (NOD [nucleotide oligomeriza-
tion domain]-like receptor thermal protein domain as-
sociated protein 3) inflammasome activation may be
a molecular target of monocyte-derived macrophage-
induced cardiac dysfunction after stroke. Furthermore,
through a combination of a genetic mouse model,
retrograde nerve tracing, sympathectomy, and phar-
maceutical inhibition, we demonstrated that cardiac
sympathetic hyperactivation after ischemic stroke in-
duces macrophage expansion in the heart, resulting in
cardiac dysfunction. Overall, our study highlighted the
important role of sympathetic nerve-induced cardiac
monocyte-derived macrophages in CCS. These find-
ings have implications for the development of targeted
therapies, which focus on the interplay between the
sympathetic nervous system and monocyte-derived
macrophages in CCS.

METHODS

Animal

Our study examined male mice because male ani-
mals exhibited less variability in ischemic stroke
phenotype. Male C57BL/6J mice (8—12weeks) were
acquired from Guangdong Sja Biotechnology Co. Ltd.
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Cx3cr1GFPCer2ffP mice (Stock #: 032127), Nip3~-
mice (Stock #: 021302), Th°"® mice (Stock #: 008601),
and ROSA261™omato mice (Stock #: 007909) were or-
dered from the Jackson Laboratory. All mice were of
the C57BL/6J background, but only male transgenic
mice were used for subsequent experiments. Mice
were bred and housed in the Laboratory Animal Center
of Zhujiang Hospital of Southern Medical University. All
mice were allowed free access to food and water on
a 12-hour light/dark cycle. All mice were grouped ran-
domly, and a blind test was conducted in the animal
experimental procedures.

Study Approval

All experiments were performed following the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals. Experiments involving mice and
protocols were performed according to protocols ap-
proved by the Medical Faculty Ethics Committee of
Zhujiang Hospital, Southern Medical University (LAEC-
2021-074, Guangdong, China).

Ischemic Stroke Mouse Model

The ischemic stroke mouse model was performed
using MCAQ, according to the protocol of our previous
study.® Briefly, mice were anesthetized with 2% isoflu-
rane (RWD Life Science Co., Ltd, Shenzhen, China).
After making a skin incision of the midline neck, a nylon
monofilament with a blunted tip (Sebiona Technology
Co. Ltd., Guangzhou, China) was inserted into the ori-
gin of the right middle cerebral artery (MCA) through
the right external carotid artery to block the MCA blood.
The suture remained in place for 1 hour without anes-
thesia, and reperfusion was followed by withdrawing
the suture under anesthesia with 2% isoflurane. Mice
were considered as ischemic stroke models when the
MCA blood flow was reduced by more than 70% due
to occlusion, which were included in further analyses.
Mice that died during surgery were excluded. Sham-
operated mice underwent the same procedure without
inserting the monofilament.

Statistical Analysis

Animal numbers were determined based on our pilot
experiments by power analysis using G power soft-
ware (G power software 3.1.9.7, Germany).?? The re-
quired sample size needed to achieve a power of 80%
with an alpha error of 0.05 was 4 to 10 animals for each
experiment. Data were presented as the mean+SD and
were analyzed using SPSS Statistic software (version
27, IBM, Chicago, IL). Normality of the data was tested
using Shapiro-Wilk test. Based on normality test,
Mann-Whitney U test or 2-sided Student t test was
performed to determine significance, which was set
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at P<0.05. For more than 2 arms comparison, 1-way
ANOVA with Tukey’s post hoc correction or Kruskal—
Wallis H test was used, as appropriate. The difference
between the groups was considered statistically sig-
nificant at P<0.05.

A detailed description of the experimental proce-
dures is provided in the Data S1. The antibodies and
primers used in this study are listed in Tables S1 and
S2. The data sets generated during or analyzed during
the current study are available from the corresponding
author upon reasonable request.

RESULTS

Cardiac Dysfunction Induced by Ischemic
Stroke

Ischemic stroke is characterized by a reduced blood
supply to brain tissue. We first performed the MCAO
mouse model and confirmed it by laser speckle con-
trast imaging. We found that the right cerebral blood
flow obviously decreased (up to 70%) during occlusion
in the MCAO group (Figure 1A and 1B). Furthermore,
we observed a substantial infarct area in the brain by
2,3,5-triphenyl tetrazolium chloride staining at 3days
after MCAO (Figure 1C) and notable brain atrophy at
28days after MCAO (Figure 1D). These results indicate
that the MCAO mouse model has the potential to rep-
licate ischemic stroke.

Echocardiography and ECG are most used to evalu-
ate cardiac function in mice in vivo.®2® Prolongation of
the QT interval is a risk factor for fatal arrhythmias.?*
The mice consistently exhibited prolonged QT and
QTc intervals at 3 and 28days post-MCAO treat-
ment, compared with the sham group (Figure 1E and
1F). In addition, compared with the sham group, sig-
nificantly decreased left ventricular ejection fraction
(LVEF) and fractional shortening (LVFS) were demon-
strated at 28days, but no significant difference was
found at 3days in the MCAO group (Figure 1G and
1H). Collectively, these findings suggest that the ex-
perimental stroke model (MCAQO) successfully induced
cardiac dysfunction similar to that observed in human
patients.

Ischemic Stroke Recruited Monocyte-
Derived Macrophages Into the Heart
Myocardial inflammation plays an important role in
CCS. To evaluate the change of immune cell clusters
in response to ischemic stroke, we first performed flow
cytometry on cardiac single cells isolated from sham
or MCAO mice 3days after the procedure. Cardiac
macrophages and neutrophils were elevated in MCAO
mice compared with sham mice (Figure S1A and S1B).
However, no differences were found in B cells, T cells,



Linetal Cardiac Monocyte-Derived Macrophages in CCS

A B C D
Sham || MCAO
W - 5., ,. »os. | Sham|[MCAO|
=)’ A 3 = i " .
2 4 F B @ @ E
m s ) _(CU
X 404 e
g) E _ ﬁ U)
E Baselline Bloclking Re;;erfusion @ 6
m Euo- T Q ]
< 2 | = sere s @ O
.8 8 g0 .:I.. v <
=1 i e
5 £ o] Q@ &.‘ %
: 5|1 g ™ e Z
656 492 327162 0 Baseline BIot':king Re;')erfusion 5m
E ; G
|—Sham —MCAO| | Zoomin | | Sham

— T QT
- IR
@© ©
ke rftﬁ -
« I
> Z | |
N §1I—soms 2 soms QT —
] oo QT
>

> [l | ]
© e
O '] | ©
oo N
N

| | T
- < QT
F H

. Sham - MCAO] _ |+ sham - mMcAQ]
S

— * mn * -
g 80 — * ézoo . w 9 120 n.s. *% 80 H *%
60 - °é' 150 . ol g ol 11 .8 R _ iso .
Sm o oi oj::: 0 c 100 3%-' ;ﬁ e = .I: .I WS e ® g g) | .o » .E' .
0] L < wm S=E° .1: :, .
z 20 £ 5 g 0 ° T g 2 'I:
= o 5] © £ o
= 0 T T = T T G—J' 0 T T L _8 0 T T
O 3day 28day © 3day 28day W " 34d4ay 28day % 3day 28day

Figure 1. Abnormal cardiac systolic function and electrocardiogram presented in MCAO mice.

A, Representative CBF imaging indicates the right MCA blood supply area (white frame) before and after occlusion as well as
reperfusion in the sham or MCAO mice. Scale bar: 1 mm. B, Quantification of the CBF fractional changes in the sham group
(n=8) and MCAO group (n=13). C, Representative brain slices from mice with triphenyl tetrazolium chloride staining at 3days
after surgery. The white area refers to the infarcted area. Scale bar: 5mm. D, Representative images of right hemispheric
atrophy in the MCAO groups at 28 days after surgery. Scale bar: 2mm. E, ECG monitoring on day 3 and day 28 after the sham
and MCAO procedure, with black lines representing sham mice and red lines representing MCAO mice. F, Quantification of
the QT (P=0.0231 and P=0.0157) and QTc intervals (P=0.0105 and P=0.0001) on day 3 (n=8 in the sham group and n=13 in the
MCAO group) and day 28 (n=5 in the sham group and n=9 in the MCAO group) based on the distance between the Q-wave
and T-wave. G, Representative echocardiography frames on day 3 and day 28 after the sham or MCAO procedure. LVIDd
and LVIDs are indicated by yellow lines. H, Quantification of the left ventricular ejection fraction (P=0.5423 and P=0.0032) and
fractional shortening (P=0.1768 and P=0.0027) on day 3 (n=8 in the sham group and n=13 in the MCAO group) and day 28 (n=5
in the sham group and n=9 in the MCAO group). CBF indicates cerebral blood flow; LVIDd, left ventricular internal diameter
at end diastole; LVIDs, left ventricular internal diameter at end systole; MCA, middle cerebral artery; MCAO, middle cerebral
artery occlusion; and n.s., not significant. *P<0.05, **P<0.01, ***P<0.001.
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Figure 2. Cardiac macrophage subset altered after ischemic stroke.

A, Increased cardiac macrophages (blue arrow) in cardiac cross-sectional sections are indicated by IBA1
immunohistochemical staining. Scale bar: 1mm and 100um. B, Quantification of cardiac macrophages
in the sham and MCAO groups (n=5 in each group, P=0.0007); the y axis represents the IBA1-positive
cell number. Each dot represents the mean IBA1-positive cell number of 4 different fields of view in
each slice of the heart. C, Representative flow cytometry plots of resident macrophages (green frame)
and monocyte-driven macrophages (red frame). D, Quantification of resident-(CX3CR1*, P=0.9306)
and monocyte-derived macrophages (CCR2*, P=0.0369) in the sham and MCAQO groups (n=4 in each
group). E, Representative immunofluorescence images of resident- (yellow arrow) and monocyte-driven
macrophages (white arrow) in cross-sectional sections of the heart. Green: CX3CR1; Red: CCR2. Scale
bar: 100 um. F, Quantification of CX3CR1* (P=0.3908) and CCR2* (P=0.0025) in the sham and MCAO
groups (n=5 in each group). The y axis represents the number of CX3CR1*- or CCR2*-positive cells.
Each dot represents the mean number of positive cells in 3 different fields of view in each slice of the
heart. CCR2 indicates C-C chemokine receptor type 2; CX3CR1, C-X3-C motif chemokine receptor 1;
IBA1, ionized calcium binding adaptor molecule 1; MCAO, middle cerebral artery occlusion; and n.s., not
significant. *P<0.05, **P<0.01.
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Figure 3. Pharmacological inhibition of CCR2* monocyte-derived macrophages ameliorated ischemic stroke-induced
cardiac dysfunction.

A, Quantification of cardiac CCL2 mRNA expression level in the sham and MCAO groups (n=5 in each group, P=0.0110). B, CCL2 protein
of myocardial tissue is indicated by Western blot and quantification in the sham and MCAO groups (n=6 in each group, P=0.0303). C,
Schematic diagram of RS-504394 treatment to inhibit CCR2* monocyte-derived macrophages in vivo. Mice received RS-504394 (1 mg/kg)
once a day 24 hours before the MCAO or sham procedure. D, Representative IBA1 immunohistochemical staining of cardiac macrophages
(blue arrow) in cardiac cross-sectional section. Scale bar: 100um. Quantification of cardiac macrophages in the sham and MCAO groups
with vehicle or RS-504394 treatment (n=4 in each group, P<0.0001 and P<0.0001). The y axis represents the IBA1-positive cell number.
Each dot represents the mean IBA1-positive cell number of four different fields of view in each slice of the heart. E, Representative
echocardiography frames and quantification of the LVEF and LVFS on day 3 (h=8-13 in each group) and day 28 (n=4-6 in each group) in the
sham and MCAO groups with vehicle or RS-504394 treatment. F, Representative ECG monitoring image and quantification of the QT and
QTc intervals on day 3 (n=8-10 in each group) and day 28 (n=4-6 in each group) in the sham and MCAO groups with vehicle or RS-504394
treatment. CCL2 indicates chemokine ligand 2; CCR2, C-C chemokine receptor type 2; Echo, echocardiography; IBA1, ionized calcium
binding adaptor molecule 1; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; MCAO, middle cerebral

artery occlusion; n.s., not significant; and s.c., subcutaneous injection. *P<0.05, **P<0.01, ***P<0.001.

and dendritic cell clusters in the heart (Figure S1B).
Similarly, we found that IBA1 (ionized calcium binding
adaptor molecule 1)-positive cells were increased in
the heart sections of MCAO mice (Figure 2A and 2B).
Interestingly, correlation analysis revealed a negative
relationship between the percentage of cardiac mac-
rophages (counted by flow cytometry) and the LVEF of
the heart in both MCAO and sham mice (Figure S1C
and S1D). These results suggest that cardiac mac-
rophage expansion after ischemic stroke onset may
contribute to cardiac dysfunction.

Cardiac macrophages display obvious heterogeneity
and can be divided into resident macrophages and
monocyte-derived macrophages.'® Cx3cr1¢*Ccroff
reporter mice have been widely used to distinguish res-
ident macrophages (C-X3-C motif chemokine receptor
1*) and monocyte-derived macrophages (CCR2Y) lin-
eages.?>?% Given the large increase in cardiac macro-
phage abundance following ischemic stroke, we used
Cx3cr1GFPCer2ffP mice to further explore the subset
population of increased cardiac macrophages. In re-
sponse to ischemic stroke stimulation, cardiac CCR2*
macrophages, except for C-X3-C motif chemokine re-
ceptor 1" macrophages, were significantly increased in
MCAQO mice (Figure 2C and 2D). A significant increase
in CCR2* positive cells was likewise found in the heart
sections of the MCAO mice (Figure 2E and 2F). Resident
macrophages renew through self-proliferation, and
Ki-67 is a marker of cell proliferation.?” Surprisingly,
there were no significant differences in cardiac Ki-67*
macrophages between MCAO mice and sham mice
(Figure S1E and S1F). Taken together, these results
suggest that monocyte-derived macrophages are the
dominant subset for cardiac macrophage expansion
after ischemic stroke.

The CCL2-CCR2 Axis Is Responsible for
Cardiac Dysfunction After Stroke

CCL2 (chemokine ligand 2) is the key chemokine for
recruiting CCR2* monocyte infiltration.?® Therefore,
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we evaluated the mRNA and protein expression levels
of CCL2 in the heart after ischemic stroke. As antici-
pated, the expression of CCL2 mMRNA and protein was
significantly increased in the MCAO group (Figure 3A
and 3B). RS-504394 is an efficient CCR2 antagonist
that inhibits the recruitment of CCR2* monocytes.?®
To explore the role of the CCL2-CCR2 axis in CCS,
RS-504394 was pretreated 24 hours before the MCAO
or sham procedure and was applied once a day for
28days after the surgery (Figure 3C). We found that
RS-504394 treatment reduced cardiac macrophage
expansion after stroke (Figure 3D). Furthermore, RS-
504394 treatment sufficiently restored cardiac func-
tion, which shows improved LVEF and LVFS at 28 days
(Figure 3E) and shortening QT and QTc intervals at 3
and 28days (Figure 3F) after ischemic stroke. These
results identify the crucial role of the CCL2-CCR2 axis
in cardiac macrophage expansion and cardiac dys-
function after ischemic stroke.

Monocyte-Derived Macrophages
Displayed a Proinflammatory Profile in
CCS

Different cardiac macrophage subsets play distinct
roles in the cardiac pathological process.*® To probe
the spectrum of gene expression profiles and function
among cardiac macrophage subsetsin CCS, we estab-
lished the MCAO mouse model using Cx3cr1¢PCcr2ff?
mice. Subsequently, fluorescence-activated cell sort-
ing was used to separate and collect cardiac resident-
(18239+10629) and monocyte-derived macrophages
(4380+1693) for Smart-seg2 RNA sequencing at 3days
after MCAO (Figure 4A and 4B). There were 2456 genes
of different levels in monocyte-derived macrophages,
of which 1301 were upregulated genes and 1155 were
downregulated genes, compared with those in resident
macrophages (Figure 4C). Further analysis of the gene
expression pattern in both cardiac macrophage sub-
sets. We found that cardiac monocyte-derived mac-
rophages expressed high levels of proinflammatory



Linetal

response genes, such as IL6, JAK2, and MMP9. The
resident macrophages were also characterized by
high expression of anti-inflammatory response-related
genes, such as IGF1, TLR2, and TREMZ2 (Figure 4D).
As previously reported, macrophages can be divided
into classic inflammatory polarization (M1) and alter-
natively activated polarization (M2).8' Of note, cardiac
monocyte-derived macrophages are characterized by
the high expression of IL1p, IL6, and IL12, which resem-
ble the signatures of M1 macrophages. Moreover, resi-
dent macrophages express high levels of M2-related
genes, such as IL10, CD163, and TGFB (Figure 4D and
Figure S2A).

Gene Ontology analysis with differentially expressed
genes was also performed in both cardiac macro-
phage subsets. In Gene Ontology terms, differentially
expressed genes were enriched in the immune system
process, inflammatory response, adaptive immune
response, and immune response (Figure 4E), indicat-
ing the inflammatory activation status of monocyte-
derived macrophages. Differentially expressed genes
also presented enrichment in protein binding, cyto-
kine activity, signaling receptor binding, plasma mem-
brane, and intracellular membrane-bound organelle
of cellular component and molecular function in Gene
Ontology terms (Figure S2B and S2C). The analysis
of Kyoto Encyclopedia of Genes and Genomes path-
ways by differentially expressed genes showed en-
richment in cytokine—-cytokine receptor interaction,
metabolic pathways, and chemokine signaling path-
ways (Figure S2D). Collectively, these data suggest
that cardiac monocyte-derived macrophages demon-
strate a significant proinflammatory pattern in CCS.

NLRP3 Inflammasome Activation
Contributed to Cardiac Dysfunction After
Stroke

We next sought to explore the functional character-
istics of monocyte-derived macrophages in the con-
text of inflammation in CCS. Of note, the activation of
the NLRP3 inflammasome is the key component in
inflammatory cascade.®* The NLRP3 inflammasome
activation-related genes NLRP3, ASC, IL1p, and NFkB
were upregulated in monocyte-derived macrophages
relative to resident macrophages, as indicated by
Smart-seg2 RNA sequencing (Figure 5A). We further
confirmed a substantial increase in the mRNA expres-
sion of NLRP3 inflammasome activation-related genes
in the heart tissue of MCAO mice (Figure 5B). These
results indicated that the NLRP3 inflammasome was
activated in the heart after stroke.

Furthermore, we used both NIrp3~~ and wild-type
mice to establish the MCAO mode. We found that the
LVEF and LVFS were significantly increased at 28 days
after the MCAQ procedure in Nirp3~~ mice compared
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with wild-type mice (Figure 5C). Similarly, the QT and
QTc intervals were preserved at 3 and 28days after
MCAQ in Nirp3~~ mice (Figure 5D). Interestingly, we
found that cardiac macrophages were decreased
in Nirp3~~ mice compared with wild-type mice after
MCAQO procedure (Figure 5E). Collectively, these re-
sults reveal that NLRP3 inflammasome activation may
be a molecular target of cardiac monocyte-derived
macrophage-induced cardiac dysfunction after isch-
emic stroke.

Cardiac Sympathetic Activation Presented
After Stroke

Cardiovascular diseases are characterized in part by
an imbalance in autonomic nervous system activation,
which also contributes to regulating cardiac inflam-
mation. Tyrosine hydroxylase is used to label the cell
bodies and nerve terminals of sympathetic neurons.®?
To determine sympathetic nerve activation in the heart
after ischemic stroke, we used the Cre/LoxP recombi-
nation system to cross the Th®®* and ROSA26!dTomato/+
mice and thus generated Th@’°™ma© mice, in which the
sympathetic nerve is selectively expressed as a red
fluorescent protein reporter (tdTomato) (Figure 6A).
Furthermore, WGA-AF488, an efficient retrograde fluo-
rescent neural tracer, was injected into the myocardium
of Thtdfmale mice via echocardiography guidance3
(Figure 6B, Video S1). Seven days after intramyocardial
injections, WGA-488 could be found in the left ventricle
myocardium, indicating the success of intramyocardial
injection (Figure 6C). Retrograded WGA-AF488 was
likewise found in tdTomato* neurons in the superior cer-
vical ganglion (SCG) (Figure 6D), suggesting that SCG
sympathetic neurons project nerve fibers to the heart.

C-fos and pERK were used as markers for neuron
activation.®® We found that C-fos- and pERK-positive
cells were increased in the SCG in MCAO mice com-
pared with sham mice (Figure BE, Figure S3A). In addi-
tion, norepinephrine was found to be significantly evoked
in the serum after MCAQO (Figure 6F). The ratio of low-
frequency power to high-frequency power in heart rate
variability can directly reflect sympathetic nerve activity.
Similarly, low-frequency power to high-frequency power
was significantly enhanced in MCAO mice compared
with sham mice (Figure 6G). Collectively, these results
indicate that cardiac sympathetic nerves are character-
ized by excess activation after ischemic stroke.

Sympathetic Activation Induced Cardiac
Macrophage Expansion After Stroke

Neural activity can directly regulate macrophage re-
cruitment and infiltration. We found that cardiac mac-
rophages primarily localize into clusters along the
cardiac sympathetic nerve fibers following MCAO
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Figure 4. RNA sequencing of the cardiac macrophage subset during CCS progression.

A, The schematic diagram indicates that the mice were subjected to the MCAO procedure, and then hearts were collected
for FACS sorting. All resident macrophages and monocyte-derived macrophages of each mouse heart were collected for
Smart-seq2 RNA sequencing. B, The cell number of FACS-sorted cardiac macrophages. Each dot represents the cardiac
macrophages from a mouse. Red: monocyte-derived macrophage; Green: resident macrophage. C, Volcano plot showing the
differentially expressed genes between cardiac monocyte-derived macrophages and resident macrophages in MCAO mice.
Red: upregulated genes, blue: downregulated genes, gray: unchanged genes. RNA sequencing analysis with the parameters of
P<0.05 and absolute fold change >1.2 were considered differentially expressed genes. D, Heat map of differentially expressed
anti- and proinflammatory genes between different cardiac macrophage subsets in MCAO mice. E, GO enrichment analysis of
cardiac monocyte-derived macrophages and resident macrophages. The y axis represents the GO pathways, and the x axis
represents the rich factor. CCS indicates cerebral-cardiac syndrome; FACS, fluorescence-activated cell sorting; GO, Gene
Ontology; and MCAOQ, middle cerebral artery occlusion.

J Am Heart Assoc. 2024;13:e034731. DOI: 10.1161/JAHA.123.034731

Cardiac Monocyte-Derived Macrophages in CCS



Linetal

(Figure 7A), suggesting that sympathetic nerves may
participate directly in cardiac macrophage infiltration.
To further investigate the role of sympathetic nerves
in regulating cardiac macrophage expansion, we per-
formed SCG resection 7days before the MCAO or
sham procedure (Figure 7B). Interestingly, compared
with the control group (MCAO without SCG resec-
tion), SCG resection significantly reduced cardiac
macrophage infiltration after stroke (Figure 7C). SCG
resection also elevated the LVEF and LVFS as well
as decreased the QT and QTc intervals after MCAO
(Figure 7D and 7E). Furthermore, mice were treated
with propranolol for pharmacologically inhibiting the
function of norepinephrine for 28days after stroke
onset (Figure S4A). Compared with the vehicle treat-
ment group, cardiac macrophage expansion was re-
versed in the propranolol treatment group after stroke
(Figure S4B). Additionally, we found that proprano-
lol treatment protected cardiac function after stroke,
which manifested as increased LVEF and LVFS as well
as decreased QT and QTc intervals (Figure S4C and
S4D). Together, these results demonstrate that sympa-
thetic activation induces cardiac macrophage expan-
sion, resulting in cardiac dysfunction after stroke.

DISCUSSION

In this study, we highlighted the vital role of cardiac
monocyte-derived macrophages in CCS. The signifi-
cant expansion of the cardiac monocyte-derived mac-
rophage subset coincided with cardiac dysfunction in
the context of ischemic stroke. Of note, we found that
monocyte-derived macrophages had a proinflamma-
tory profile. NLRP3 inflammasome activation may be
a potential target in monocyte-derived macrophages
expansion, which induces cardiac dysfunction after
stroke. In addition, the activation of cardiac sympa-
thetic nerves from SCG after stroke coincided with
the expansion of cardiac macrophages. SCG resec-
tion and propranolol treatment prevented cardiac dys-
function after stroke by inhibiting cardiac macrophage
recruitment. Our study revealed that inhibiting the ex-
pansion of the cardiac monocyte-derived macrophage

Cardiac Monocyte-Derived Macrophages in CCS

subset by harnessing the sympathetic nerve could be
a potential therapeutic strategy for cardiac dysfunction
after stroke in clinical settings.

The most common complication after ischemic
stroke is cardiac related, with an estimated occurrence
of approximately 20% to 90% in clinical settings.%6-38
Cardiac complications after ischemic stroke also indi-
cate a higher risk of mortality in the poststroke stage.”
Of note, arrhythmia is the most prevalent cardiac com-
plication in ischemic stroke, with a prevalence of 74.4%
within 24 hours following stroke onset.3® Surprisingly,
we identified that QT and QTc intervals were prolonged
at 3 and 28days, respectively, after ischemic stroke.
The morbidity of left ventricular systolic dysfunction
after ischemic stroke is up to 11.6%.4° Alexandre et al
found that experimental ischemic stroke-induced re-
duction of LVFS in vivo and of left ventricle developed
pressure ex vivo in isolated perfused hearts.* However,
the evaluation of cardiac function ex vivo in isolated
perfused hearts failed to detect the influence of the
nervous system and the immune system in the patho-
logical progression of CCS. Therefore, we mainly used
echocardiography and ECG in vivo to evaluate the
cardiac function of mice in the present study. We also
found decreased LVEF and LVFS in ischemic stroke
mice at 28 days postoperation.

Macrophages, as one of the most important im-
mune cell subsets in the heart, are involved in cardiac
inflammation, efferocytosis, tissue remodeling, and
homeostasis. An increasing number of studies have
highlighted that under homeostatic conditions, car-
diac resident macrophages mainly take part in car-
diac electrical conduction and metabolic stability and
promote cardiac recovery after cardiac injury.!442
In contrast, monocyte-derived macrophages are re-
cruited and expanded during myocardial injury, which
plays a vital role in producing inflammatory cytokines,
promoting myocardial fibrosis, and contributing to ad-
verse remodeling.'®'4-® CCR2* cardiac macrophage
abundance is predictive of poor prognosis in pa-
tients with heart failure.'® In this study, we found that
CCR2* cardiac macrophages were increased in the
heart after ischemic stroke, which also corresponds
to cardiac dysfunction, suggesting the essential role of

Figure 5. NLRP3 inflammasome activation in the heart contributed to CCS.

A, Heat map of NLRP3 inflammasome activation-related genes expression from Smart-seq2 RNA sequencing in MCAO mice. Red:
upregulated genes, blue: downregulated genes. B, Quantification of NLRP3, ASC, Caspasel, and IL15 mRNA expression levels in
the heart in the sham and MCAOQO groups (n=5 in each group, P=0.0026, P=0.0080, P=0.0014, and P=0.0001). C, Representative
echocardiography frames and quantification of the LVEF and LVFS on day 3 and day 28 in the sham and MCAO groups of WT or Nirp3~"~
mice (n=5-9 in each group). D, Representative ECG monitoring image and quantification of the QT and QTc intervals on day 3 and day
28 in the sham and MCAO groups of WT or Nirp3~~ mice (n=5-8 in each group). E, Representative IBA1 immunohistochemical staining
of cardiac macrophages (blue arrow) in cardiac cross-sectional section. Scale bar: 100um. Quantification of cardiac macrophages
in the sham and MCAO groups in WT or Nirp3~- mice (n=5 in each group, P<0.0001 and P=0.0036). CCS indicates cerebral-cardiac
syndrome; IBA1, ionized calcium binding adaptor molecule 1; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional
shortening; MCAO, middle cerebral artery occlusion; NLRP3, NOD-like receptor thermal protein domain associated protein; n.s., not
significant; and WT, wild type. *P<0.05, **P<0.01, ***P<0.001.

J Am Heart Assoc. 2024;13:e034731. DOI: 10.1161/JAHA.123.034731 10



Linetal

Cardiac Monocyte-Derived Macrophages in CCS

A Resident  Monocyte-derived B
macrophage  macrophage o *% -
| 2 eS8 . 85
NFKB1 I &2 é 2
= 0 o O
Sharpin | ! % &4 8 Q.
20 o O
NLRC4 o < L«
D Z 2 w P4
x = X
Myd88 12 o%ue, Q
B E 0- o E 0
IL1B I Sham MCAO Sham MCAO
NFKBia g
c 4 *% . < 3
NLRP3 O % 3 Qg
0 9 ] g 2
< 0 =
ASC 2 gz_ fzj %
© ©
TRAF4 % <Z,: N i s <Z( 1
TNIP3 4 A
e, B @ E
TRAF1 Sham MCAO Sham MCAO
c D 3 day 28 day
El
(%‘ < 2 QT <> QTr—>
- @ 1K |
™ O
< | u}h |
= A M W Sham
> E “M*JL M1 Nirp3+- Sham
T 8 QT | |
©
o & . WT MCAO
N O € QTJU]:UL |
o
S 8L Nirp3*MCAO
E 50 ms i1l QTI‘_’l
® WT Sham ©  Nirp3-Sham ® WT Sham O Nirp3*Sham
® \WT MCAO 9 Nip3-MCAO ® WTMCAO 9 NIrp3-MCAO
= ns. **k *kk *kk
§1oo s, *: % %Bo ns LS t o aao ***O_ * 7”\200 *k% ,1*
c * — — *
_%so 4 ri.o -%so i%. o 1 éeo SO i. ém ?o k% —
S . £ 2 'f ® o % © @ »
" RN of ZRENE 2fFg I8 2
s*® T £ k=
0 4 5 . =20 © 50
3 day 28 day “* 3 day 28 day 3 day 28 day 3 day 28 day
E
® WT Sham ©  Nirp3*Sham
® WT MCAO 9 Nirp3-MCAO
" £ 100~ o
B= Kk
2™ =
8 60 i
: i
S 40 3 oﬁ
) o)
s | d ok
= 204 B
<
@ o

J Am Heart Assoc. 2024;13:e034731. DOI: 10.1161/JAHA.123.034731

11



Linetal Cardiac Monocyte-Derived Macrophages in CCS

A
ROSA26-CAG-LSL-tdTomato-WRPE (Ai9)
LoxP LoxP Th-tdTomato
X —> A
5’ 3 5 3
Promotor LoxP
Th-Cre
C

Heart

E SCG | Zoom in] F G
t *kk = ) *%
_ c
%1000 ?E;) . * % 34 R
— 800 ° c o o
[0} ~ (0]
O 600 ) ol = 24
2 400 1 s <
p= < ;I} =)
) 200 Q| . < 44
@] o1 ~ [ ]
Qo % = I °
)
._,<I2 -200 T T 9 0-1 3 0 *
o Sham MCAO § Sham MCAO Sham MCAO

Figure 6. Cardiac sympathetic nerves from the superior cervical ganglion were activated after ischemic stroke.

A, Schematic diagram showing the generation of Th'd®ma® mice by crossing Th®®* mice and ROSA26!°omato/+ (AjQ) mice. B,
Schematic diagram of intramyocardial WGA-488 injection for retrograde neural tracers in Thi9°ma mice. Representative images
of intramyocardial injections by using an ultrasound-guided transthoracic procedure. The red arrow indicates the needle. The red
dashed area indicates the outer wall of the left ventricle, and the white dashed area indicates the inner wall of the left ventricle. C,
Representative images of cardiac slices after intramyocardial WGA-488 injection. WGA-488 in the heart indicates a successful
injection. Green: WGA-488; Red: tdTomato; Blue: DAPI. Scale bar: 100um and 1 mm. D, Representative images of retrograde WGA-
488 (green) in TH-positive cells (red, white arrow) in the SCG. Scale bar: 100pum. E, Representative images of activating neurons
(white arrow) in the SCG with C-fos staining and quantification of the number of positive cells in sham and MCAO mice (n=5 in each
group, P=0.0001). The y axis represents the number of C-fos-positive cells in the SCG. Each dot represents the mean number of
positive cells in 3 different fields of view of each slice. Green: C-fos; Blue: DAPI. Scale bar: 50 um. F, Quantification of the level
of norepinephrine in serum in sham (n=8) and MCAO mice (n=9, P=0.0347). G, Quantification of the ratio of low-frequency power
to high-frequency power in heart rate variability in sham and MCAO mice (n=6 in each group, P=0.0021). MCAO indicates middle
cerebral artery occlusion; SCG, superior cervical ganglion; and TH, tyrosine hydroxylase. *P<0.05, **P<0.01, ***P<0.001.

monocyte-derived macrophages in promoting cardiac in macrophages. It can enhance the synthesis of proin-
damage in ischemic stroke. The NLRP3 inflammasome  flammatory cytokines by sensing intracellular signals,
is one of the most important members of the NLR re- thereby causing inflammatory damage to tissues and
ceptor family, which is mainly expressed and activated organs.*® We found that NLRP3 deficiency remarkably
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Figure 7. Cardiac sympathetic nerve activation recruited cardiac macrophage and induced cardiac dysfunction.

A, Representative images refer to the spatial relationship between cardiac macrophages (yellow arrow) and sympathetic nerve fibers
(white arrow). Green: IBA1; Red: TH; Blue: DAPI. Scale bar: 50 um. B, Schematic diagram indicating that SCG resection was performed
at 7 days before the MCAO or sham procedure in mice. C, Representative IBA1 immunohistochemical staining of cardiac macrophages
(blue arrow) in cardiac cross-section. Scale bar: 100 um. Quantification of cardiac macrophages in the sham and MCAO groups with
and without SCG resection (n=5 in each group, P<0.0001 and P<0.0001). The y axis represents the IBA1-positive cell number. Each dot
represents the mean IBA1-positive cell number of 4 different fields of view in each slice of the heart. D, Representative echocardiography
frames and quantification of the LVEF and LVFS on day 3 and day 28 in the sham and MCAO groups with and without SCG resection
(n=6-10 in each group). E, Representative ECG monitoring image and quantification of the QT and QTc intervals on day 3 and day 28 in
the sham and MCAO groups with and without SCG resection (n=6-10 in each group). IBA1 indicates ionized calcium binding adaptor
molecule 1; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; MCAO, middle cerebral artery occlusion;

n.s., not significant; and SCG, superior cervical ganglion. *P<0.05, **P<0.01, ***P<0.001.

improved cardiac function after ischemic stroke. Our
findings suggest that NLRP3 inflammasome activation
plays an essential role in the development of cardiac
dysfunction after ischemic stroke.

To date, prominent studies have reported the close
relationship between the nervous system and the im-
mune system, which is also called the neuroimmune
interaction.**4% A previous study has reported that
the norepinephrine level in the heart is enhanced after
stroke."” However, cardiac norepinephrine primarily has
2 sources: the adrenal glands and the sympathetic
nerves in the heart. In this study, we observed enhanced
activation of sympathetic elements in the SCG that proj-
ect to the heart after ischemic stroke. Our data strongly
suggest that excessive cardiac sympathetic activation
appears after stroke. Of note, sympathetic nerves have
a significant regulatory effect on macrophages in car-
diovascular disease.?” The gastrointestinal tract reveals
the presence of sympathetic nerve axons innervat-
ing macrophages in proximity to the nerves.'®?° Very
much in line with these studies, we found that recruited
macrophages in the heart tend to cluster around the
sympathetic nerves, suggesting that the sympathetic
nervous system may play an important role in cardiac
macrophage recruitment after stroke. Importantly, we
found that SCG resection and propranolol treatment in-
hibited cardiac macrophage expansion and prevented
cardiac dysfunction after stroke, which provided targets
for the development of CCS therapies in the clinic.

The limitation of this study is that we cannot pre-
cisely define a molecular mechanism of monocyte-
derived macrophages in CCS pathogenesis. Our
Smart-seg2 RNA sequencing data demonstrated only
that NLRP3 inflammasome-related genes were highly
expressed in the monocyte-derived macrophage sub-
set. Similarly, NLRP3 inflammasome-related genes
have been reported to be highly expressed in car-
diac monocyte-derived macrophages during cardiac
impairments, including myocardial infarction, dilated
cardiomyopathy, and ischemic cardiomyopathy.'®'3
However, we used global NLRP3-deficient mice only
to demonstrate the role of NLRP3 in CCS in this study.
To further explore the role of NLRP3 inflammasome
activation in monocyte-derived macrophage subsets,

J Am Heart Assoc. 2024;13:e034731. DOI: 10.1161/JAHA.123.034731

monocyte-derived  macrophage-specific ~ NLRP3-
deficient mice would be a foundation for future studies.

Interestingly, our data demonstrated that inhibiting
the infiltration of cardiac monocyte-derived macro-
phages could partly rescue the cardiac function after
stroke, but the cardiac function did not return to nor-
mal levels. However, global NLRP3-deficient mice still
maintained normal cardiac function levels after stroke,
similar to wild-type sham mice, raising questions about
the contribution of NLRP3 inflammasome in other cell
types to post-MCAO cardiac function. Of note, we
found that in addition to cardiac macrophages, neu-
trophils were another immune cell that was markedly
increased in the heart after stroke. NLRP3 inflam-
masomes have been reported to have high expression
and activation in neutrophils.*® Therefore, the role of
NLRP3 inflammasome activation in neutrophils in CCS
also needs further studies.

CONCLUSIONS

In summary, our study revealed that the expansion of
the cardiac monocyte-derived macrophage subset is
induced by the high expression of CCL2 in the heart
after stroke. NLRP3 inflammasome activation may
be a molecular target in cardiac monocyte-derived
macrophage-induced cardiac inflammatory injury.
Additionally, overactivation of the sympathetic nervous
system after stroke has a direct regulatory effect on
cardiac macrophage expansion. Our study highlights
that inhibiting excessive sympathetic nervous system
activation and cardiac monocyte-derived macrophage
subset expansion may be a potential approach for clin-
ical treatment of cardiac dysfunction after stroke.
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