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Abstract

Enhanced cardiac sympathetic afferent reflex (CSAR) contributes to ventricular ar-
rhythmia (VA) after acute myocardial infarction (AMI). However, central regulation
mechanisms remain unknown. The aim of this study was to investigate whether local
cardiac sympathetic afferent ablation (LCSAA) could reduce VA by inhibiting activated
astrocytes in the hypothalamus paraventricular (PVN) in an AMI rat model. The rats
were randomly divided into AMI, AMI +BD (baroreceptor denervation), AMI+LCSAA
and AMI+BD+ LCSAA groups. Before the generation of AMI, BD and (or) LCSAA
were performed. At 24 h after AMI, the incidence and duration of VA in AMI+LCSAA
group and AMI+BD+LCSAA group were significantly reduced than AMI group
(P<0.05). Furthermore, LCSAA significantly reduced GFAP (a marker for activated
astrocytes) positive cells and their projections as well as the level of TNF-a and IL-6
in the PVN of AMI+LCSAA group and AMI+BD+ LCSAA group, along with the de-
crease of neuronal activation in PVN and sympathetic nerve activity (P<0.05). but
BD had no obvious difference between AMI+LCSAA and AMI+BD +LCSAA group
(P>0.05). Therefore, LCSAA could decrease sympathoexcitation and VA occurrence
in AMI rats by inhibiting astrocyte and neuronal activation in the PVN. Our study

demonstrates that activated astrocytes may play an important role on CSAR in AMI.
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1 | INTRODUCTION

Malignant ventricular arrhythmias (VA) complicating acute myocar-
dial infarction (AMI) is the most common cause of sudden cardiac
death (SCD).! Sympathetic overactivation contributes to initiation of
VA complicating AMI.2 Inhibit sympathetic activation has become
an important prevention and treatment strategy for VA and scD.?
Cardiac sympathetic afferent reflex (CSAR) may play an important
role on this context; however, the central regulation mechanisms are
incompletely understood.

Cardiac sympathetic afferent reflex (CSAR) is a sympathoex-
citatory reflex with positive feedback characteristics. The precise
neural conduction pathways of CSAR have been not well under-
stood, but the hypothalamus paraventricular (PVN) is regarded as
an important integrative central site of CSAR.* Some research has
reported that cardiac sympathetic afferent nerves (CSAN) activated
by myocardial ischemia signal increase the inflammatory cytokines
in PVN.® Our previous study has suggested that activated astro-
cytes in PVN increased the inflammatory cytokines production at
the early phase of AML. Therefore, it is conceivable that astrocytes
activation in PVN may involve in CSAN response to AMI.

Glial fibrillary acidic protein (GFAP) is an intermediate filament
protein peculiar to astrocyte and upregulation of GFAP indicated
the activated form of astrocyte.” Many studies have shown the
close interactions between neuronal activity and astrocytic plas-
ticity provide a dynamic astrocyte-neuron network, which then
regulates GFAP expression at multiple layers under disease con-
ditions.®? Based on these considerations, we hypothesized that
the excitation of CSAN would result in neuronal and inflammation-
associated GFAP cells activation in PVN after AMI, then promoting
sympathetic overactivation and the occurrence of VA complicating
AMI.

2 | MATERIALS AND METHODS

2.1 | Animals

Male Sprague-Dawley rats (270-306g) were purchased from the
experimental animal centre at the Second Affiliated Hospital of
Harbin Medical University, China. All experimental protocols were
approved by the Institutional Animal Care and Use Committee of
Harbin Medical University. All animals were acclimated to new situ-
ation for seven days before experiment. They were raised by two
animals per a cage with 12h light and free access to food and water
in a climate-controlled room.

Eighty rats were anesthetized by intraperitoneal injection of a
mixture of a-chloralose (40mgkg™) and urethane (800mgkg™),
then each animal was intubated and mechanically ventilated using
a rodent ventilator (683, Harvard, Millis, MA, USA) with room air
(75-80breaths/min). The core body temperature was maintained at
37 +0.3 °C with heating pads.

2.2 | Generation of AMI model and nerve ablation
Eighty rats were randomly divided into the groups of AMI (n = 20),
AMI+BD (baroreceptor denervation, n = 20), AMI+LCSAA (local
cardiac sympathetic afferent ablation, n = 20) and AMI+BD+
LCSAA groups (n = 20). AMI was induced by ligating the left ante-
rior descending coronary artery as previously described.® AMI was
confirmed by the electrocardiograph (ECG) immediately displayed
ST-segment elevation and the lesion area gradually becoming pale.
Before the generation of AMI, rats underwent one or both of the
following interventions.

2.21 | Vagotomy and baroreceptor denervation

Vagotomy and baroreceptor denervation were carried out to reduce
or eliminate impact on CASR, as previously reported.’®*! Briefly,
bilateral cervical vagus nerves and carotid sinus nerves were ex-
posed, identified and sectioned. The common carotid arteries and
carotid bifurcation were stripped of adventitial tissues from 4mm
below the bifurcation to 4mm above. The remaining nerve fibres
were destroyed by the 10% phenol solution. The validity of BD was
evaluated by recording changes in heart rate (HR) to intravenous in-
jection of phenylephrine (20 pg/kg), namely, mean arterial pressure
increased by more than 25mmHg while HR not exceeding 5 beat/
min. Rats recovered for at least an hour after vagotomy and barore-

ceptor denervation or sham operation.

2.2.2 | Local cardiac sympathetic afferent ablation
LCSAA were performed in epicardial surface of the left ventricle
with solution of 10% phenol and 70% ethyl alcohol as previously
described.’ The phenol solution was painted to the distribution of
the left anterior descending coronary artery to interrupt the cardiac
sympathetic fibres innervating only that region of the heart. The
other parts of the heart and surrounding tissues were protected
from the spread of phenol by covering with absorbent paper and
sterile gauze. The validity of LCSAA was evaluated by immunohis-
tochemistry. AMI was induced immediately after the application of
the phenol solution.

2.3 | Heart rate variability and VA measurement

Heart rate variability (HRV) was measured via 5-min ECG record at
24 h after coronary occlusion under anaesthesia, as described pre-
viously.® Spectral power included low frequency component (LF,
sympathetic components, from 0.04 to 0.15Hz), high frequency
component (HF, parasympathetic component, from 0.15 to 0.40Hz)
and ratio between LF and HF (sympathetic components, LF/HF),

were analysed.



CHEN ET AL.

WiLEY-L*”

Spontaneous VA was continuously recorded for 24h in all
rats and included ventricular premature beats (VPB), ventricular
tachycardia (VT) and ventricular fibrillation (VF), as we described

previously.®

2.4 | Collection of blood and tissue samples

At 24 h after AMI, rats were decapitated to collect trunk blood, brain
and heart tissues as described previously.® Plasma and PVN tissues
were separated and then stored at -80 °C for subsequent analysis.
Other rats were perfused transcardially, then the samples of brain
and heart tissues were collected and embedded in paraffin for his-

topathology study.

2.5 | Biochemical assays

Plasma and tissue were measured using ELISA techniques, according
to the manufacturer's instructions. Plasma norepinephrine (NE), PVN
tissue IL-6 and TNF-a levels were separately measured with rat nor-
epinephrine (NE) Kit (Cusabio Biotech Co., China), rat IL-6 ELISA Kit
(SABiosciences, USA) and rat TNF-o ELISA Kit (Bioss Biotech Co., China).

2.6 | Histopathology studies

Masson's trichrome stain and immunohistochemistry techniques was
separately used to determine infarct size and the expression of GFAP
(Glial fibrillary acidic protein, a marker for activated astrocytes), Ibal
(lonized calcium binding adaptor molecule-1, a marker for activated
microglia) and Fra-LI (Fra-like, fos family gene, a marker for chroni-
cally continuous neuronal activation) in the hypothalamus PVN as
well as TRPV1 (Transient Receptor Potential Vanilloid 1) in ventricular
myocardium as detailed in our previous reports.® Briefly, infarct size
was defined as the area stained blue and calculated as the total length
of the infarct area as a percentage of the total left ventricle circumfer-
ence. The paraffin sections were incubated with primary antibodies
(GFAP, 1:400, Bioss, China; Fra-LI, 1:50, Santa Cruz Biotechnology;
I1ba1,1:2000, Abcam Ltd.; TRPV1,1:50, Abcam Ltd.) at 4 °C over-
night. After washing in PBS, sections were further incubated with
biotinylated secondary antibodies (IgG-HRP, Zsbio, China). DAB
substrate-chromogen system was used for staining. For each animal,
the positive cells within the bilateral borders of the PVN were ana-

lysed in three consecutive sections at about -1.80mm from bregma.

2.7 | Statistical analysis

Data were expressed as the mean + standard deviation. Comparisons
among continuous data was analysed by anova followed by SNK-q
test in SPSS 21.0 software (IBM Corp., USA). P<0.05 was consid-
ered as statistically significant.

3 | RESULTS

3.1 | Generalresults

To created nerve ablation model, three of forty rats needed a second
operation for generation of vagotomy and baroreceptor denervation.
CSAN ending are mainly TRPV1 positive receptors, TRPV1-expressing
afferent nerves are essential for CSAR during AMI. As shown in
Figure 1A, TRPV1-expressing afferent nerves in left ventricle of the
heart of AMI+LCSAA and AMI+BD+ LCSAA groups were signifi-
cantly less than in AMI group (P<0.05). These observations suggest
that we succeeded in creating the nerve ablation model. Unfortunately,
fourteen rats died of severe bradyarrhythmia or ventricular fibrillation
among generation of AMI and (or) nerve ablation model (Table 1).

In AMI+LCSAA or AMI+BD+ LCSAA groups, LCSAA signifi-
cantly decreased the numbers of VPB, VT/VF frequency and du-
ration (P<0.05), but BD had no obvious effects on VA(P>0.05)
(Figure 1B-E).

3.2 | Activity of astrocyte and neurons in the PVN
In comparison with the AMI group, less GFAP positive (GFAP+) cells
in the PVN exhibited a typical “activated” morphology character-
ized by cytoplasm hypertrophy with highly ramified projections in
AMI +LCSAA or AMI+BD +LCSAA groups (Figure 2A). Morphological
quantitative analysis also showed that LCSAA significantly decreases
in the number of GFAP+ cells and projections from GFAP+ cells in
AMI+LCSAA or AMI+BD +LCSAA rats (P<0.05) (Figure 2A).

As shown in Figure 2B, immunohistochemical study showed that
there were fewer Fra-LI positive cells in the PVN of AMI+LCSAA
or AMI+BD+LCSAA rats when compared with AMI rats (P<0.05),
but there was no significant difference between AMI+LCSAA group
and AMI +BD+ LCSAA group (P>0.05).

3.3 | Activation of microglia in the PVN

A smaller portion of Ibal positive cells in four groups exhibited a
“amoebic activation” morphology characterized by clearly enlarged
soma with considerably thicker and shorter projections (Figure 2C).
Moreover, morphological analysis demonstrated that the number of
activated microglia or microglia counted in the PVN was not signifi-

cantly different between four groups (P> 0.05) (Figure 2C).

3.4 | Proinflammatory cytokine in the PVYN

TNF-a and IL-6 were obviously reduced in AMI+LCSAA and
AMI 4+ BD+ LCSAA rats compared with AMI rats (P <0.05). However,
there was no significant difference between AMI+LCSAA group
and AMI+BD+ LCSAA group or between AMI group and AMI+BD
group (P>0.05) (Figure 3A).
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FIGURE 1 LCSAA by ablating TRPV1-
positive fibres in ventricle reduced VA
occurrence. (A). TRPV1-positive fibres

in ventricle in four groups (x400, Scale
bar = 40pum). (B-E). The occurrence of the
VA in the four groups at 24 h after AMI.
*P<0.05 versus AMI group; #p<0.05
versus the AMI+LCSAA group. TRPV1,
Transient Receptor Potential Vanilloid

1; AMI, acute myocardial infarction;
LCSAA, local cardiac sympathetic afferent
ablation; BD, baroreceptor denervation;
VA, ventricular arrhythmia
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3.5 | Sympathetic nerve activity 4 | DISCUSSION

Compared with AMI group, plasma NE and the sympathetic compo-
nents (LF and LF/HF) in HRV were significantly lower and parasym-
pathetic component (HF) was markedly increased following LCSAA
but not BD (P<0.05) (Figure 3B-E).

3.6 | Infarct size, heart rate and blood pressure

As shown in Figure 4 and Table 2, there was no obvious difference
in infarct size, heart rate and mean arterial pressure among four AMI
group (P> 0.05).

The present work showed that LCSAA reduced VA occurrence by
inhibiting astrocyte and neuronal activation in the PVN at 24 h after
AMI, along with deceasing proinflammatory cytokine in the PVN
and sympathetic hyperactivation, but BD had no obvious effect.
Moreover, activation of microglia in the PVN was not influenced by
LCSAA or BD. These results and previous studies indicate astrocyte
and neuronal activation in the PVN contribute to CSAR and VA oc-
currence at 24 h after AMI (Figure 5).

The heart is innervated via the sophisticated neuronal net-
work, especially CSAR. CSAN travel in the superficial epicardium

in an apex-to-base direction and converges the information from
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the heart to the brain, while vagal afferent fibres travel deeper in
the myocardium until they approach the atrioventricular groove.*?
Histological and functional research also show that CSAN ending
are mainly TRPV1 positive receptors and these afferent nerves are
essential for the cardiogenic sympathoexcitatory reflex during myo-

cardial ischemia.’® Phenol application to the epicardial surface has

TABLE 1 General results among the four AMI groups

Wi LEYm

been used in selective cardiac sympathetic afferent and efferent
denervation.”'? In this study, CSAN was ablated by this method,
along with the decreased expression of TRPV1-expressing afferent
nerves. The baroreceptor reflex is also important in regulating car-
diovascular activity and may affect the function of CSAR.* In almost
all studies, bilateral sinoaortic denervation and cervical vagotomy

Death (n)
Group Bradyarrhythmia
AMI (n = 20) 1
AMI+BD (n = 20) 3
AMI+ LCSAA (n = 20) 3
AMI +BD+LCSAA (n = 20) 2

tachyarrhythmia Research analysis (n)
2 17
2 15
1 16
0 18

Abbreviations: AMI, acute myocardial infarction; BD, baroreceptor denervation; LCSAA, local cardiac sympathetic afferent ablation.

[ AMI (n=10)
5] AMI+BD (n=10)
AMIFLCSAA (n=10)
MI+BD+LCSAA (n=10)

Ey

Number of Project in GFAP+ Cells
-

FIGURE 2 LCSAA attenuated
AMI-induced astrocyte and neuronal
activation in the hypothalamus PVN,

but had no effect on microglia. (A-C).
Representative examples of GFAP-
immunoreactive astrocytes (400x),
Fra-LI positive cells (400x), Ibal
immunohistochemical staining and
statistical comparison in bilateral regions
of PVN. *P<0.05 versus AMI group;
#P<0.05 versus the AMI+LCSAA group.
AMI, acute myocardial infarction; BD,
baroreceptor denervation; LCSAA, local
cardiac sympathetic afferent ablation;
GFAP, glial fibrillary acidic protein; PVN,
paraventricular nucleus; Fra-LI, Fra-like
immunoreactivity; Ibal, lonized calcium
bindingadaptor molecule-1
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FIGURE 3 Effectof LCSAA on
proinflammatory cytokine in the PVN
and sympathetic nerve activity. (A).
expression level of TNF-a and IL-6 in the
PVN. (B). plasma norepinephrine. (C-E).
heart rate variability, including LF, HF
and LF/HF. *P<0.05 versus AMI group;
#P <0.05 versus the AMI+LCSAA group.
AMI, acute myocardial infarction; BD,
baroreceptor denervation; LCSAA, local
cardiac sympathetic afferent ablation; NE,
norepinephrine; LF, low frequency; HF,
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were usually carried out to eliminate the possible impact of barore-
ceptor reflex.'%** Thus, we also evaluated the effect of barorecep-
tor reflex on activated astrocytes in the PVN besides CSAN in this
study. As expected, BD had no obvious effect.

CSAR is considered as an important pathway for transmission
of cardiac nociception information to brain during myocardial isch-
emia.* The stimulation of CSAN endings such as bradykinin, ade-
nosine and reactive oxygen species, may induce CASR and thereby
increase sympathetic activity.r> The enhanced CSAR partially con-
tributes to the sympathoexcitation and pathogenesis of heart fail-
ure, hypertension and AMI.41Y Zhou et al. reported that cardiac
sympathetic afferent denervation could enhance ventricular elec-
trophysiological stability and protect the heart from AMI-triggered
VAs by suppressing left stellate ganglion.18 Our previous research
suggested that local ablation of the coronary sinus and great car-
diac vein (GCV) peripheral nerves could reduce VA in a canine AMI
model by decreasing norepinephrine levels in coronary sinus and
ventricular tissue.’? The central regulation of CSAR may contribute
to prevent VA complicating AMI. The previous study has demon-
strated that CSAN played an important role in the acute proinflam-
matory response in the PVN to AMI.> Our recent research showed

that activated astrocytes in the PVN increased the proinflammatory
cytokines expression at 24 h after AML.8 In this study, we found that
the ablation of local CSAN reduced VA occurrence and inhibited
the activated astrocytes and proinflammatory cytokine in the PVN.
Therefore, astrocytes activation in the PVN may participate in CSAN
activity at 24 h after AMI.

Astrocytes are non-neuronal cells and historically considered as
structural supporting cells for neurons, but recently more and more
evidence indicated that astrocyte plays an essential role in maintain-
ing proper neuronal health and function.?® Astrocytes are closely
associated with the pathogenesis of neurodegenerative diseases,
mood disorders and energy balance.?*"?® Inflammation-associated
GFAP astrocytes interact with neuronal activation.®? We also found
that neuronal activation and proinflammatory cytokines were re-
duced following the inhibition of activated astrocytes in the PVN
and then VA occurrence was reduced at 24h after AML® In this
study, LCSAA could suppress the astrocyte and neuronal activation
in the PVN in rats AMI model with no obvious effects on microglia
activation, along with deceasing proinflammatory cytokine in the
PVN. These results indicate that dynamic astrocyte-neuron network

and proinflammatory cytokine in the PVN may be an underlying
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infarct size (%)
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<

FIGURE 4 Measurement of infarct size among the four different groups. Representative images of HE stain (A) and Masson's trichrome
staining (B) (x400, Scale bar = 40 um), and infarct size (%) (C). The area stained blue represents infarct size

TABLE 2 The change in MAP and HR among the four different
groups at 24 h post-AMI

Group MAP (mmHg) HR (beat/min)
AMI (n =17) 76.8 +4.7 399.9 +12.3
AMI+BD (n = 15) 78.5+4.6 401.3 +13.8
AMI+LCSAA (n = 16) 749 +3.5 393.3+14.9
AMI+BD+LCSAA (n = 18) 77.2 £5.2 389.5+10.9

Abbreviations: AMI, acute myocardial infarction; BD, baroreceptor
denervation; HR, heart rate; LCSAA, local cardiac sympathetic afferent
ablation; MAP, Mean arterial pressure.

central mechanism of CSAR at 24 h after AMI, but detailed mecha-
nisms should be explored in the future.

At present, astrocyte has become a hot research field for neuro-
scientist and new function are continuously being discovered.?%242>
To our knowledge, the present study is the first to demonstrate that
activated astrocytes in the PVN is required for CSAN at the early
phase of AMI. Activated astrocytes in the PVN has been reported in
association with infarction-induced heart failure, hypertension and

VA complicating AMI by our laboratory and others.>?¢%?” Our study
will provide a new idea for central mechanisms of CSAN, as well as
an intact neural pathway for astrocytes activation and sympathoex-
citation after AMI.

5 | LIMITATIONS

There are some limitations in this study. First, the anaesthetics
and surgical trauma may affect activated astrocytes, but they
were performed in the same manner in all groups and then could
be eliminated during analysis. Second, Phenol application to the
epicardial surface ablated not only CSAN but also cardiac sympa-
thetic efferent nerve, and the painted region was limited to the
distribution of the left anterior descending coronary artery in
four group. Lastly, it was very complex in the mechanisms in the
brain, for example, how astrocytes in the PVN were activated and
how astrocyte-neuron network interact, these will be explored in

future studies.
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FIGURE 5 Schematic of the proposed
mechanism underlying central regulation
of CSAR to prevent VA complicating
AMI. Red rectangle indicates the
content has been studied previously
by our laboratory (Ref. [6]). AMI, acute
myocardial infarction; VA, ventricular
arrhythmia; PVN, paraventricular nucleus;
NE, norepinephrine; HRV, heart rate
variability; 3V, third ventricle; GFAP, Glial
T fibrillary acidic protein; Fra-LI, Fra-like

(NE,HRV) immunoreactivity

6 | CONCLUSIONS

Our study demonstrated that LCSAA could decrease sympathoexci-
tation and VA occurrence in AMlI rats by inhibiting astrocyte-neuron
network and proinflammatory cytokine in the PVN. These findings
may provide novel insight into understanding the central regulation
of CSAR after AMI.
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