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ABSTRACT

Background Stress cardiomyopathy (SCM) currently has a high incidence in older adults, and the theories regarding its causes
include “catecholamine myocardial toxicity” and “sympathetic hyperactivation”. However, the role of the central nervous system
in the pathogenesis of SCM remains unknown. We investigated the role of microglia activation in the paraventricular hypoth-
alamic nucleus (PVN) in the development of SCM.

Methods An SCM model was created using male Sprague-Dawley (SD) rats, immobilized for 6 h every day for a week. Electroca-
rdiogram, cardiac electrophysiology, and echocardiography examinations were performed to verify the changes in cardiac struc-
ture and function in rats with SCM. RN A sequencing was used to explore the changes in the hypothalamus during SCM. In addition,
brain and heart tissues were collected to detect microglial activation and sympathetic activity.

Results The main findings were as follows: (1) immobilization stress successfully induced SCM in SD rats; (2) microglia were sig-
nificantly activated in the hypothalamus, as evidenced by cytosol thickening, increases in the number of microglial branches, and
microglia enriched in the PVN; (3) in SCM, the microglia in the PVN exhibited increased central and peripheral cardiac sympath-
etic activity and increased the expression of neuroinflammatory factors; and (4) it is possible that inhibiting microglial activation co-
uld suppress the sympathetic activity of the central nervous system and heart and increase cardiac electrical stability in SCM rats.

Conclusions SCM was induced in SD rats by immobilization stress, acting through the activation of the hypothalamic micr-
oglia. The activated microglia were specifically enriched in the PVN, increasing the activity of the central and peripheral sympat-
hetic nervous systems by regulating the expression of neuro-inflammatory factors, mediating dysfunction of the left ventricle, and
increasing the susceptibility to ventricular arrhythmias.

tress cardiomyopathy (SCM) is a reversible and
transient abnormality of the left ventricular
systolic and diastolic functions, similar to my-
ocardial infarction but in the absence of coronary artery
disease. SCM, also referred to as Tako-Tsubo cardiomy-
opathy, was first described in Japan in the 1990s and is

the frequency of SCM has been growing (15-30 cases per
100,000 people per year), its true rate of occurrence is un-
clear due to under-diagnosis.” The in-hospital mortality
rate is 1.0%-4.5%, and there is a recurrence rate of
5%-10% among SCM patients after a 5-year follow-up.”’
SCM has a high incidence in older adults. Of 112 pa-

characterized by transient left ventricular dysfunction."
SCM has an incidence of 1.0%-2.5%, with the majority of
cases occurring in postmenopausal women, frequently in
response to acute emotional or physical stress.”) While
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tients enrolled in the Chinese Registry of Takotsubo Syn-
drome from 02/01/2016 to 12/28/2021, the mean age
was 59.4 +18.7 years, and 27.7% were men.” Patients
with SCM are more prone to life-threatening ventricular
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arrhythmias such as ventricular tachycardia, ventricular
fibrillation (VF), tip-twist, and sudden cardiac death.!”
SCM is associated with sympathetic hyperactivity, cat-
echolamine myocardial toxicity, abnormalities in mi-
crovascular and myocardial metabolism, coronary vas-
ospasm,”” elevated levels of plasma catecholamines and
their metabolites, inflammation, and estrogen defici-
ency.! However, the exact pathophysiological mechan-
isms in the central nervous system (CNS) involved with
SCM remain unclear."’

Although a connection between the brain and the he-
art has long been proposed, the role of the CNS in the pa-
thogenesis of SCM is still uncertain. The CNS contains
numerous glial cells," which have been found to play an
important role in regulating neuronal development,
maintaining homeostasis in the brain and the blood-br-
ain barrier,"” and modulating neuronal activity.") Micro-
glia are a type of glial cell and release neuroactive mo-
lecules called gliotransmitters, including pro-inflammat-
ory cytokines, chemokines, proteases, reactive oxygen,/
nitrogen species, cytotoxic adenosine triphosphate, and
glutamate."”"" These molecules regulate neuronal activ-
ity and maintain homeostasis in the brain.!"""*"*! Mi-
croglia can be activated in response to various acute st-
ress states where neurons are damaged or repaired.”” Su-
gama, et al"” have shown that restraint stress induces
activation of the microglia through the membrane p-ad-
renergic receptors of the blue spot-norepinephrine sys-
tem in the brain. Therefore, we hypothesized that the mi-
croglia in the CNS play a regulatory role in the central
sympathetic nervous system outflow resulting in patho-
genetic SCM. The paraventricular hypothalamic nucleus
(PVN) is the higher center of the subcortical sympathetic
nerves and is also known as the “sympathetic outflow
tract”, from which sympathetic preganglionic neurons
project into the ventral lateral nucleus of the medulla ob-
longata and descend to the middle ventral lateral column
of the spinal cord. These neurons send postganglionic
fibers to innervate the neural efferent and cardiac sym-
pathetic afferent reflexes after cervical stellate ganglion
permutation.”” In this study, we investigated the activa-
tion of microglia in the PVN of SCM rats and the prote-
ctive effect of minocycline in inhibiting microglial activa-
tion in SCM.

METHODS

Animals and Treatments

Male Sprague-Dawley (SD) rats (300-400 g) were ob-
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tained from the Liaoning Changsheng Biotechnology
Co., Ltd (Shenyang, China) and randomized into three
groups: (1) an SCM model group (n = 23) in which rats
were restrained to create immobilization stress (IS), fol-
lowing the methods described in our previous study;””
(2) a minocycline group (n = 20), which received an in-
traperitoneal dose of 40 mg/kg of minocycline (M9511-
100 MG), and after standing for 2 h, they were subject to
the IS experiment, which showed no difference from the
model group; and (3) a control group (n = 17), no inter-
vention. All experimental protocols were approved by
the Animal Ethics Committee of the First Affiliated Hos-
pital of Harbin Medical University (No.2021096) and ad-
here to the National Institute Laboratory Guide for the
Care and Use of Laboratory Animals.

All of the rats were fed ad libitum and maintained at
21 +1 °C under a 12:12 h light:dark cycle. IS commenced
at 10:00 am and ended at 4:00 pm, for 7 consecutive days
(Figure 1A & 1B). Following the IS trial, surface electro-
cardiogram (ECG), ultrasonic cardiogram, and intracar-
diac electrophysiology measurements were recorded
after which the rats were anesthetized using 20% ureth-
ane (1.5 g/kg) and subjected to tracheal intubation and
artificial breathing at 60-80 beats/min, using oxygen-en-
riched ambient air. After anesthesia, plasma, brain, and
left ventricular tissues were collected, rinsed in saline,
dried, frozen in liquid nitrogen for 15 min, and then
stored at —80 °C.

Surface ECG

We used a multichannel electrophysiological recorder
(GY-6000) (Henan Huanan Medical Electric Technology
Co., Ltd., Zhengzhou, China) to record the surface ECG
of rats for 30 min. The QT interval, QT corrected (QTc)
interval, Tpeak-end (Tp-e), and T-wave amplitude were
measured for each experimental group. The QTc inter-
val was calculated using Bazett's formula: QT /RR1/2.
The Tp-e was defined as the interval from the wave peak
to the end of the T-wave. For a more accurate measure-
ment of T-wave duration, we referred to various the pre-
vious studies.”

Ultrasonic Cardiograms

Ultrasonic cardiograms were measured using a
Philips EPIQ 5 (Bothell, Washington, USA), and tran-
sthoracic echocardiographs were measured using a Ph-
ilips S12-4 phase-controlled ultrasound transducer (Bo-
thell, Washington, USA). Parasternal short-axis maps we-
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Figure1l Schematic depiction of the IS protocol. (A): Male Sprague-Dawley rats were subjected to IS for 6 h every day for seven days. El-
ectrocardiogram, ultrasonic cardiogram, plasma, electrophysiology studies were measured following IS; (B): IS device for rats; (C): plasma
corticosterone levels in the model, minocycline, and control groups were 75.77 +12.43 pg/mlL, 64.31 + 11.54 ug/mL, and 31.53 £ 6.46 ng/mL,
respectively; (D): plasma noradrenaline levels in the model, minocycline, and control groups were 218.8 + 28.88 pg/mL, 179.8 + 28.82 pg/mL,
and 113.3 + 36.47 pg/mL, respectively; and (E): rat immobilization stress. *P < 0.05, **P < 0.01, ***P < 0.0001. IS: immobilization stress.

re recorded to measure the maximum left ventricular
volumes at the end of diastole and systole. The left vent-
ricular ejection fraction (LVEF), left ventricular end-sy-
stolic volume (LVESV), and left ventricular end-diastolic
volume (LVEDV) were also recorded. The measure-
ments were averaged over three consecutive cardiac cyc-
les, and each echocardiography was performed by the
same skilled cardiac sonographer who was unaware of
the experimental groupings and the specific experi-
mental protocol.
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Cardiac Electrophysiology

Urethane (1.5 g/kg) was injected intraperitoneally to
anesthetize the rats. A locust separation along the left
parasternal apex was made to expose the heart to allow
intracardiac electrophysiology to determine the occur-
rence of VF and the left ventricular effective refractory
period (VERP). A 1.9 F electrophysiological catheter
(Transonic Scisense Inc., Ontario, Canada) was placed on
the left ventricular apex. Ventricle pacing (20 Hz, 2 ms
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pulse width, for 10 s) was used to determine the induci-
bility of VF. VERP values were determined by deliver-
ing a single S2 stimulus after eight times S1. The S1-S1
interval was set at 120 ms. The S1-52 interval was initi-
ally set at 80 ms and then reduced in 2 ms steps until an
52 stimulus could not elicit a ventricular response. The
last S1-S2 interval to elicit a ventricular response was def-
ined as the VERP. The ventricular fibrillation threshold
(VFT), determined using a train of constant-current
pulses (20 Hz, for 10 s), was applied during diastole to
induce VF. The voltage was increased from1 V to 6 V, in
0.5V (10 s) steps until VF was elicited. The VFT was
defined as the lowest voltage required to induce VF. VF
was defined as an irregular ventricular arrhythmia last-
ing for more than 1s.

Enzyme-linked Immunosorbent Assay (ELISA)

Within 2 h of anesthesia, the intraperitoneal venous
blood was collected, placed into ethylenediaminetet-
raacetic acid tubes, and centrifuged in a cryogenic centri-
fuge (Beckman, Beverly, CA, USA) at 3000 g for 15 min
at 4 °C. The supernatant was then reserved. Plasma
samples were stored at —80 °C for later analysis. Norad-
renaline (NA), brain natriuretic peptide (BNP), cardiac
troponin I (cTnl), and corticosterone (CORT) levels were
measured using respective ELISA kits (all from Wuhan
Adanti Biotechnology Co., Ltd., Wuhan, China).

Western Blotting

The proteins were separated using electrophoresis on
10% or 12.5% SDS-polyacrylamide gels and transferred
to polyvinylidene difluoride membranes while still wet.
The membranes were sealed with 5% skimmed dry milk
dissolved in phosphate buffer saline and then incubated
overnight at 4 °C. The membranes were treated with the
primary antibody, incubated overnight, and then ex-
posed to a horseradish peroxidase-coupled secondary
antibody for 1 h. Antibodies for markers of microglial ac-
tivation (anti-IBA-1) (ab178846), central sympathetic
nerve activity (c-fos) (ab208942), and peripheral sym-
pathetic expression (Tyrosine hydroxylase, T-H) (ab112)
and the inflammatory markers IL-6 (ab9324), IL-1
(ab254360), and TNF-a were purchased from Abcam
(Cambridge, UK). GAPDH and p-tubulin were used as
internal reference proteins. AlphaView FluorChem FC3
in a Bio-Rad system (Bio-Rad, Hercules, CA, USA) used
to view and record the bands.
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Immunohistochemistry (IHC)

The brains were collected and fixed in paraformalde-
hyde solution for 24 h. The PVN area was cut in the cor-
onal plane, divided into sections, rinsed with water for 2
h, dehydrated in an ethanol gradient, and embedded in
paraffin. The ethanol gradient dehydration routine fol-
lowed the protocol, then, 3% hydrogen peroxide was ad-
ded to the sections for 30 min followed by placement in
citrate solution for microwave antigen repair and accli-
mation to room temperature. Next, the sections were wa-
shed with PBST solution (100 mL Phosphate buffer sali-
ne + 20 uL. Tween) three times for 5 min each time, bloc-
ked with goat serum for 30 min, and incubated with pr-
imary antibody (anti-IBA1 rabbit antibody, 1:2000, Ab-
cam and anti-c-fos mouse antibody, 1:2000, Abcam)
overnight at 4 °C. The sections were washed in PBST
three times for 5 min each time, then incubated with
horseradish peroxidase-labeled goat anti-rabbit/ mouse
IgG (anti-rabbit: 1:10000, ZB-5301, ZSGB-BIO, Beijing,
China; anti-mouse: 1:10000, ZB-2305, ZSGB-BIO, Beijing,
China) for 30 min. DAB was then added dropwise to the
sections and allowed to incubate for 3 min, then, hem-
atoxylin re-staining and counterstaining, dehydration,
and coverslipping.

Cell Counting and Analysis

The IBATl-immunoreactive (IBA1-IR) microglia in the
PVN were counted over a grid with a 100 pum scale and ph-
otographed. Each complete microglial nucleus with bra-
nches was defined as one microglia. The average of three
photographs was taken as the final result of the cell cou-
nt. The most commonly observed cell morphology in the
PVN was chosen and photographed to represent the ty-
pical IBA1-IR microglial morphology at a scale of 50 pm.

RNA Sequencing and Data Analysis

Brains from the rats in the control, model, and mino-
cycline groups were collected seven days after IS. Total
RNA was isolated using Trizol Reagent (Invitrogen Life
Technologies, Waltham, MA, USA), and sequencing lib-
raries were constructed. RNA sequencing was perfo-
rmed using an lllumina HiSeq X Ten (Illumina, San
Diego, CA, USA). Raw sequencing data were filtered us-
ing the FASTP (v.0.22.0) software to remove connectors
and low-quality reads. The filtered data were mapped to
the rat reference genome using the HISAT2 (v.2.1.0) soft-
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ware, and the gene expression levels were then calcu-
lated using the HTSeq (v.0.9.1) software. Differentially
expressed genes (DEGs) between groups were identified
using the edgeR (v.3.42.4) algorithm in R (v.4.3.1). Genes
with a log,FoldChange > 0.5 or < —0.5 and a P< 0.05 were
defined as DEGs. Analysis of the DEGs was performed
using clusterProfiler” (v.4.8.3) to assign Gene Ontology
Biological Processes, with a cutoff significance set at P<
0.05. The raw RNA sequencing data are available from
the National Center for Biotechnology Information Gene
Expression Omnibus database under the accession num-
ber GSE261833.

Statistical Analysis

Except for VF duration, normally distributed data
were reported as mean £ SD. Data from skewed distrib-
utions were expressed as the median (interquartile
range, 25%-75%). One-way ANOVA analysis (F-test) and
Bonferroni’s test were used to compare normally dis-
tributed data between the different experimental groups.
The Kruskal-Wallis test combined with pairwise com-
parisons was used to compare skewed distribution data
among the different groups. A two-tailed probability
value of P<0.05 was considered statistically significant.

RESULTS

SCM Rats had Higher Concentrations of Stress Hor-
mones

After IS, most of the rats displayed stress symptoms
such as upright hair, irritability, and red discharge
around the eyes. To evaluate the degree of stress, plasma
CORT, and NA levels were measured using ELISA kits
(Figure 1C & 1D). Compared with the control group, the
plasma CORT levels in the model group increased from
31.53 £ 6.46 pg/mL (n=11, P< 0.0001) before IS to 75.77
+12.43 pg/mL (n= 16, P<0.0001) after IS, while the
CORT levels decreased to 64.31 £11.54 pg/mL (n=13, P
< 0.05) after minocycline treatment. Comparing to the
control group, the model group plasma NA levels in-
creased from 113.3 + 36.47 pg/mL (n=11, P<0.0001) to
218.8 £28.88 pg/mL (n =16, P< 0.0001), and after mino-
cycline treatment, NA levels decreased to 179.8 + 28.82
pg/mL (n=13, P<0.01) (Figure 1C & 1D). These results
showed that the IS protocol effectively induced stress in
SD rats, and that minocycline treatment was able to re-
duce the levels of stress-related hormones.
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SCM Rats Exhibited Spontaneous Premature Ven-
tricular Contractions with Altered Ventricular Struc-
ture and Function

The ECG analysis revealed significant differences
among the three groups in terms of the QT interval, QTc
interval, QRS interval, Tp-e, and T-wave amplitude. The
QT and T-wave of each lead were quite stable, without
abnormal fluctuations. We recorded 30-minute surface
ECG values and observed spontaneous ventricular ar-
rhythmias in SCM rats, as shown in Figure 2A, where
ventricular premature systolic dyads were recorded in
the model group. Compared with the control group, the
model group showed obvious differences in the QT in-
terval, QTc interval, Tp-e, and T-wave amplitude. The
model group was characterized by prolonged QT and
QTc intervals, no difference in QRS interval, increased T-
wave amplitude and prolonged Tp-e (P < 0.05, Figure
2B-2F). In the minocycline group, the QT interval, QTc
interval and Tp-e were clearly improved (P < 0.0001, Fig-
ure 2B & 2C & 2F).

SCM can be divided into four types: basal Takotsubo
syndrome (TTS), midventricular TTS, apical TTS (clas-
sical SCM), and focal TTS. Transthoracic parasternal
short-axis cardiac M-mode cardiac echocardiography
measures were taken to evaluate the effects of the IS pro-
tocol on cardiac structure and ventricular motion in the
rats (Figure 2G-2I). The results showed that compared
with the control group, IS led to a significant decrease in
LVEF (P<0.0001), LVESV (P<0.0001), and LVEDV (P<
0.05) in the model animals (Figure 2J-2L). In the IS-in-
duced SCM model rats, it seems that impairment of the
left ventricular systolic function was more significant
than the diastolic function. These findings are similar to
those seen in clinical cardiac ultrasound performance in
human SCM patients, indicating that the IS-induced
SCM model in SD rats could be realistic. Minocycline
treatment significantly improved the LVESV and LVEF
(P<0.05, P<0.0001, respectively) but had no significant
effect on the LVEDV (P> 0.05, Figure 2J-2L).

SCM Rats Showed Reduced Myocardial Injury and
Ventricular Electrical Stability

Previous studies have demonstrated elevated plasma
stress-related hormone levels in SCM rats (Figure 1C &
1D). The rate of VF induction, VERP, and VFT were cal-
culated to determine the electrical stability of the vent-
ricles (Figure 3A-3C & Figure 3F-3H). The levels of
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Figure 2 Alterations in ventricular structure, function, and electrical stability. (A): Spontaneous frequent premature ventricular con-
traction occurred in 11 electrocardiograms in the model group, but not in the minocycline and control groups; (B-F): statistical histo-
grams of the QT interval, QTc interval, QRS interval, T-wave amplitude, and Tp-e in the model, minocycline, and control groups. QT
interval: 98.13 + 9.46 ms, 70.25 + 3.40 ms, 68.38 + 2.78 ms; QRS intervals: 25.13 +2.30 ms, 27 + 2.39 ms, 23.88 + 1.64 ms; Tp-e: 58.5 + 8.62 ms,
31.38 £1.85 ms, 31.38 + 3.25 ms; and T-wave amplitudes: 0.2160 (0.20-0.2853) mv, 0.1665 (0.1163-0.2205) mv, 0.1535 (0.1083-0.1810) mv, res-
pectively (n = 8 per group); (G-I): each image is a short-axis M-mode ultrasound image at the apical, papillary muscle level site of the
left ventricle; and (J-L): histograms of LVEF, LVESV, and LVEDV statistics for the model, control, and minocycline groups. *P < 0.05,
***P <0.001, ***P < 0.0001, ns for no difference. LVEDV: left ventricular end-diastolic volume; LVEF: left ventricular ejection fraction;
LVESV: left ventricular end-systolic volume; QTc: QT corrected; Tp-e: Tpeak-end.
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Figure 3 Inhibition of microglial activation improved ventricular electrophysiology and myocardial injury. (A): Induced VF failed in
the control group and the sinus rate resumed within 1 s after the stimulation ended (n = 11); (B): VF was successfully induced, and lasted
for > 1 min in three rats (n = 11); (C): induced VF failed in the minocycline group (n = 11); (D & E): ELISA statistical histograms of plasma
cTnl and BNP concentrations. The ¢Tnl concentrations in the model, minocycline, and control groups were 36.22 + 1.36 ng/mL, 24.04 +
1.75 ng/mL, and 18.91 + 1.39 ng/mL, respectively. The plasma BNP concentrations in the model, minocycline, and control groups were
1041 +1.659 ng/L, 8.137 + 1.59 ng/L, and 4.516 + 1.615 ng/L, respectively (model group: n = 16; minocycline group: n = 13; control group:
n =11); (F): the percentage of VF induced rats in each group (n =11 per group); (G): the ventricular fibrillation threshold in each group
(n =7 per group); and (H): the ventricular effective refractory period in each experimental group (n=7 per group). *P < 0.05, **P < 0.01,
***P <0.001, ***P < 0.0001, ns for no difference. BNP: brain natriuretic peptide; cTnl: cardiac troponin [; ELISA: enzyme-linked immun-
osorbent assay; VF: ventricular fibrillation.
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plasma BNP and cTnl were measured to determine the
degree of heart injury (Figure 3D & 3E). Figure 3A-3C
and Figure 3F shows the VF induction in the model,
minocycline, and control groups. We successfully ind-
uced VF (VF > 1 s) in the model group using a uniform
stimulation procedure, with an induction rate of around
82% (n=9/11), with about 27% of VF lasting for more
than 1 min failing to recover sinus rate. However, VF
was not induced in the control group. VF was evoked in
some of the minocycline-treated rats, with a 45% induc-
tion rate (n=5/11), and all of the VF rats resumed sinus
rate after a sustained period (VF <1 min). A significant
difference in VERP was observed in the model group
compared with the control and minocycline groups (P<
0.001) (Figure 3H) (model group: 68.71 + 2.97 ms; mino-
cycline group: 51.14 + 2.34 ms; control group: 50.86 + 2.82
ms). Meanwhile, the VFT of the model group was lower
than the other groups [model group: 3.286 + 1.075 V;
minocycline group: 6.0 (5.0-6.0) V; control group: 6.0 (6.0-
6.0) V] (Figure 3G). Compared with the control group,
the plasma cTnl and BNP levels were significantly high-
er in the model group (< 0.0001, Figure 3D & 3E) and
those in the minocycline group were significantly lower
than those in the model group (P< 0.01, Figure 3D & 3E).
These results indicate that minocycline inhibition of mi-
croglial activation successfully attenuates stress-related
hormone levels and cardiac damage in SCM rats. The in-
hibition of microglial activation has a protective effect on
myocardial injury and ventricular electrical stability.

RNA Sequencing Revealed the Activation of Mi-
croglia and Neuroinflammation in SCM Rats

RNA sequencing was performed on five PVN tissues
in the model, minocycline, and control groups. The se-
quencing results are shown in Figure 4A-4C. The DEGs
of the model group were compared with the control
group, and a volcano plot was generated ( | log,Fold-
Change| > 0.5 and P<0.05, Figure 4A). A total of 211 up-
regulated genes and 292 down-regulated genes were se-
lected for analysis. All of the upregulated DEGs were
screened and it was revealed that Fgf2 acts as a fibro-
blast growth factor that enhances microglial migration,”’
Hmgb2 promotes the inflammatory response of mi-
croglia,”” and the expression of Hif3¢ in inflammatory
states may be regulated by microglia through the NF«B
pathway."”" It has been reported that Apocl expression
in the CNS is unique to microglia.”! Clec7a is one of the
markers for microglia (Figure 4A).”" The results suggest
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that the activity of microglia in the PVN may be invol-
ved in the central mechanism of SCM by regulating neu-
roinflammation in the model rats. Therefore, we admin-
istered minocycline to inhibit microglial activation and
then performed differential gene analysis between the
minocycline group and the model group (Figure 4B). The
results showed that the expressions of Hif3a, Fgf2,
Apocl, Rgs1, and Btg2 were down-regulated, and that
Rgs1 and Btg2 appeared to be related to the regulation of
microglia."’ In subsequent experiments, an elevation of
IBA1, a marker for microglial activation, was also dem-
onstrated (Figure 5]). Subsequently, we performed GO
analysis of the DEGs between the minocycline and mod-
el groups, and found significant differences in the biolo-
gical functions of genes in the “regulation of inflammat-

v

ory factors”, “migration of inflammatory cells”, “produc-
tion and regulation of tumor necrosis factor”, “produc-
tion and regulation of IL-1B”, and “production and regu-
lation of IL-6” categories (P< 0.05, Figure 4C). In the fol-
lowing experiment, we selected brain tissue from the
PVN and performed western blot analyses of IL-6, IL-1p,
and TNF-a. The results were consistent with the tran-
scriptome data, demonstrating that the model group had
higher levels of IL-6, IL-1f, and TNF-o compared with
the minocycline and control groups (Figure 4D-41).
These results suggest that microglia may be involved in
the regulation of the central mechanisms of SCM by reg-
ulating neuroinflammation in the SCM rats, and that
minocycline can inhibit the activation of microglia and
reduce the expression of neuroinflammatory factors,
such as IL-6, IL-1B, and TNF-o.in the PVN.

Microglial and Central Sympathetic Activation in
SCM Rats

After IS, the IBA1-IR cells (microglia) exhibited
changes in both quantity and morphology in SCM rats
(Figure 5A-5I), with an activated phenotype character-
ized by more branches and thicker cytosol compared
with the minocycline and control groups. Furthermore,
we observed an increase in the number of IBA1-IR cells
and elongated brown branches in the PVN (Figure 5G-
5I). We were surprised to discover that c-fos expression
followed a similar trend to the IBA1-IR cells (Figures 5 & 6).
The IBA1-IR cell enrichment and high c-fos expression
were co-located in the PVN (Figure 6). The results of the
western blots and statistical analyses of IBA1 (Figure 5] &
5K) and c-fos (Figure 6G & 61) were consistent with the
IHC results.
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Figure 4 Microglia and neuroinflammation activation are highlighted in SCM. (A): Volcano plot to initially screen the differentially expres-
sed genes between the model and control groups (P < 0.05). The labeled genes are Fgf2, Hmgb2, Hif3a, Apocl, and Clec7a; (B): volcano plot to init-
ially screen the differentially expressed genes between the minocycline and model groups (P < 0.05). The labeled genes are Hif3a, Fgf2, Btg2, Rgs1,
and Apocl; (C): the enrichment of genes in the GO biological function categories. The range and median P-values for the different specific
biological functions within each category are shown. The size of the rectangle indicates the number of genes and the shade of the color indicates
the corrected P-value. The smaller the corrected P-value, the closer it is to red; and (D-I): western blotting and statistical analysis of the PVN for TNF-
a, IL-6, and IL-1B with GAPDH/B-tubulin as the internal reference protein (INF-a and IL-6: n = 5 per group; IL-18: n =4 per group). Transcrip-
tomic samples in each group of n = 5. *P < 0.05, **P < 0.01, ***P < 0.0001, ns for no difference. PVN: paraventricular hypothalamic nucleus; SCM:
stress cardiomyopathy.
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Figure 5 Changes in the microglia in the PVN. (A-C): The location of the PVN is shown in the rectangle. Scale bar: 500 um; (D-F): the part of
the PVN shown in A-C. Scale bar: 100 pm; (G-I): the part of the PVN shown in D-F. Scale bar: 50 pm. Activated IBA1-IR cells in the PVN of
stress cardiomyopathy rats (G), the IBAI-IR cells inhibited through minocycline treatment (H) and the “resting” IBA1-IR cells (I); (J): represent-
ative western blots of microglia IBA1; (K): histograms showing the cell counts of microglial Ibal-IR (n = 6 per group); and (L): quantification of
IBA1 using GAPDH as the internal reference protein (model group: n = 4; minocycline group: n = 4; control group: n = 4). *P < 0.05, **P <

0.001, ns for no difference. PVN: paraventricular hypothalamic nucleus.

Increased Peripheral Cardiac Sympathetic Ventricu-
lar Nerve Activity in SCM Rats

In order to verify whether the peripheral sympathetic
activity of the heart was affected by the central sympath-
etic activity western blots were used to analyze the ex-
pression of T-H (a marker of sympathetic synapses) in
the left ventricular myocardium. The results are shown
in Figure 6H. The expression of T-H was significantly
higher in the model group compared with the minocyc-
line and control groups (P < 0.05), while there was no di-
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fference between the minocycline and the control groups
(P> 0.05; Figure 6]). The results showed that central sym-
pathetic activity influences cardiac sympathetic activity.

DISCUSSION

In this study, we successfully induced an SCM model in
SD rats using IS. Previous studies have used drug injec-
tion to establish an SCM model, but drug injection mod-
eling has certain limitations, and the drug concentration
used often exceeds the physiological upper limit. This
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Figure 6 Central and peripheral sympathetic nerve activation. (A-C): The distribution of c-fos in the PVN. Scale bar: 500 um; (D-F):
selected region of the PVN shown in A-C. Scale bar: 500 pm; (G & H): representative western blots of f-tubulin, c-fos, GAPDH, and T-
H in the PVN in rats in all of the experimental groups; and (I & J): quantification of c-fos and T-H in rats in all of the experimental

groups, with GAPDH or p-tubulin as the internal reference protein (c-fos: model group: n = 5; minocycline group: n = 5; control group:
n = 5. T-H: model group: n = 4; minocycline group: n = 4; control group: n = 4). *P < 0.05, **P < 0.01, ns for no difference. PVN: para-

ventricular hypothalamic nucleus.

method does not truly reflect the physiological situation
under real stress, and the experimental animals modeled
by drug injection often suffer considerable mortality.
Therefore, we chose IS to induce the establishment of a
rat SCM model, more suitable for imitating the incid-
ence of SCM in human patients.” !

PVN transcriptomics revealed that the microglial
marker genes related to microglial regulation were upr-
egulated in SCM rats. Subsequently, minocycline was
administered to inhibit the activation of microglia, and it
was found that the genes related to IL-1p, IL-6, and TNE-
a regulation were altered in the minocycline group. We-
stern blotting results also showed that the IL-1f, IL-6, and
TNF-o0 decreased significantly in the minocycline group.

L hitp://www jgc301.com; jge@jgc301.com

Our results suggest that the SCM rats may experience
microglial activation and increased neuron-inflammat-
ory factor expression. As a CNS macrophage, microglia
are responsible for secreting and regulating the expres-
sion of inflammatory factors, as has been confirmed by
many previous studies."”"” Lopez-Rodriguez, et al.™
have shown that activated microglia cells can release IL-
1B in response to lipopolysaccharide stimulation. Also,
Jeong, et al”” have claimed activated microglia can pro-
duce proinflammatory factors such as IL-6, IL-1B, and
TNF-a after SARS-CoV-2 infection in humans. Accord-
ing to the above research results, the regulation of pro-
inflammatory cytokines secretion by microglia has been
very clear, so we will not verify it again.
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Our experiments verified the activity of the central and
peripheral sympathetic nerves using IHC and western
blotting, and found that the activity of the central and
peripheral sympathetic nerves increased in IS-induced
SCM rats. We speculate that the activation of microglia in
SCM rats may increase the expression of inflammatory fac-
tors in the CNS, increase the outflow of the central sym-
pathetic nerves, and then increase the sympathetic nerve
activity in the peripheral heart, ultimately affecting the
function and electrical stability of the ventricle. Kabata, et
al” have shown a correlation between inflammatory
factors and neurons, which can enhance the excitability
of neurons under different physiological and patho-
physiological conditions. This is consistent with our fi-
nding that the expression of inflammatory factors and of
c-fos, a marker of central sympathetic nerve activity, are
increased in the PVN of SCM rats.

We found some changes in the microglia that differed
from those previously reported. In the PVN, the mic-
roglial cytosol thickened and branches became thin and
long and numerous, in contrast to previous reports of re-
active microglia with thickened cytosol and fewer bra-
nches.”"! We found more microglial branches in the
background of IHC stains of the PVN. It seems that mi-
croglia form a “synaptic network” or “information net-
work”. Therefore, we speculate that these longer bra-
nches enhance information transmission between cells.
However, due to the limitations of our experiments, we
were not able to fully explore and verify this hypothesis.
Our experiment provides a reference for the further
study of the central nervous mechanism of SCM and
adds to the transcriptomic database of the PVN in SCM,
providing a transcriptomic reference database for future
studies.

LIMITATIONS

There are some shortcomings to our experiment that
must be noted. Firstly, the validation of peripheral cardi-
ac sympathetic activity is still weak. Secondly, the ECG
data revealed unexpected differences in the QRS inter-
vals between the minocycline and the control groups, wh-
ich remain to be explained. Last but not least, we found a
difference in the T-wave amplitude between the model
and minocycline groups, but unfortunately it was not sta-
tistically significant. Perhaps this is due to an insufficient
sample size, producing inconsistent results. Future stud-
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ies should seek to solve these limitations and further elu-
cidate the role of microglia in SCM.

CONCLUSIONS

The main finding of this study is that the microglia are
significantly activated in the PVN of SD rats in SCM, in-
creasing the number of microglial cells and branches. Ac
tivated microglia increase central sympathetic nerve
activity outflow by enhancing the expression of inflam-
matory factors, which then increases VF susceptibility.
Inhibition of microglial activation may be able to reduce
central inflammation and increase cardiac electrical sta-
bility. Therefore, the microglia may be a potential target
for intervention in the prevention of sudden death in
SCM sulfferers.
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