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Editorial on the Research Topic

Autonomic Nervous System and Cardiovascular Diseases: From Brain to Heart

The autonomic nervous system connects the control from brain to heart through the sympathetic
and parasympathetic branches. Central nervous system diseases can induce cardiovascular diseases
mediated by autonomic nervous system. For instance, patients with Parkinson’s disease present
autonomic dysfunction and α-synuclein deposition in cardiovascular system leading to
catecholaminergic abnormalities and cardiac denervation, because of the high density of
sympathetic innervation in the heart (Sharabi et al., 2021). Meanwhile, the brain-heart
interaction is involved in the pathophysiology of cardiovascular diseases through autonomic
nervous system, as patients with Takotsubo syndrome display deficient autonomic-limbic
integration and fewer functionally connected parasympathetic- and sympathetic-subnetworks
(Templin et al., 2019). All these findings highlight the autonomic nervous system as an essential
target for prevention and control of the pathological process of cardiac diseases, and for further
clinical transformation (Yu et al., 2010; Yu et al., 2017).

This research topic aimed to explore recent developments in this area focused on 1) the role of
autonomic nervous system in cardiovascular diseases, 2) the role of autonomic nervous system in central
nervous system diseases, and 3) the autonomic nervous system interaction between heart and brain.

The function of cardiac autonomic nervous system (CANS) is under influence of multiple factors,
including pathophysiological processes. Hooper et al. showed that irritant-evoked pulmonary-cardiac
reflexes were remodeled in spontaneously hypertensive (SH) rats. Inhalation of the selective transient
receptor potential ankyrin 1 agonist allyl isothiocyanate evoked pulmonary-cardiac reflex, leading to
morphological change in P waves in SH rats. Inhibition of either parasympathetic or sympathetic
components of the pulmonary-cardiac reflex attenuated these effects. This study provides novel
evidence for altered irritant-evoked pulmonary-cardiac reflex for AF initiation in SH rats, that deepens
our understanding of autonomic mechanisms underlying cardiovascular diseases.

Kidney plays an important role in sympathetic activation and the pathogenesis of hypertension,
and regulation of the renal afferents influences the sympathetic activity and blood pressure. Ye
et al. demonstrated the contribution of renal afferents and the induced excitatory renal reflex
(ERR) in the development of hypertension in SH rats. The study showed that ERR was enhanced in
the early stage of hypertension, but attenuated in the later stage in the SHR, indicating the
involvement of abnormal ERR in sympathetic activation and the development of hypertension. As
the renal sympathetic denervation therapy gains extensive attention, this study proposed that
selective renal afferent or efferent denervation may produce distinct output in hypertension,
especially at the early stage.
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The stellate ganglion (SG) is an autonomic nervous ganglion
that provides sympathetic outflow and plays an integrative role in
regulating cardiovascular function. Myocardial infarction (MI)
results in neural remodeling in the SG, however, the expression
and function of the proteins in SG tissue after MI remained
unclear. Cheng et al. explored the expression characteristics of
proteins in rabbit SG by the tandem mass tags quantitative
proteomic sequencing, and found 383 differentially expressed
proteins (DEPs) including 143 upregulated and 240
downregulated proteins. This study provides beneficial
evidence for further studies on the SG in understanding the
pathological process and developing therapeutic treatment of MI.

Along with the identification and investigation of the
autonomic mechanisms in cardiovascular disease, major focus
was put on the left-sided cardiac pathology and in animals.
However, the structure, function and autonomic innervation
of the right ventricle are distinct from the left. Zandstra et al.
reviewed the asymmetry and regional differences with distinct
anatomical, functional and molecular characteristics of the CANS
in humans. Based on this review, further researches are needed to
investigate the different autonomic innervation of the right
ventricle and design accurate treatment in accordance with
cardiac autonomic asymmetry and heterogeneity.

Cardiac autonomic imbalance is observed after acute ischemic
stroke (AIS), and heart rate variability (HRV) can be used to predict
clinical outcomes and neurological function. However, are other
noninvasively measured cardiac parameters involved and associated
with neurological improvement in AIS? Joseph Miller et al.
conducted a pilot prospective observational study in AIS patients,
and found that the cardiac stroke volume index (cSVI) and mean
arterial blood pressure (MAP) were associated with 24-h
neurological improvement. Of which, cSVI showed a linear
correlation with NIH stroke scale improvement. This study
proposed cSVI as a unique cardiac parameter in association with
24-h neurological outcomes in AIS patients, which provides valuable
evidences for possible therapeutic and prognostic application.

Hydrogen sulfide (H2S), as a vital endogenous
gasotransmitter, is involved in a wide range of physiological
and pathological processes. Basak Donertas Ayaz et al. studied
the H2S donor NaHS in a rat model of hypertension. They found
that intracerebroventricular infusion of NaHS attenuated
angiotensin II induced hypertension, autonomic dysfunction
and microglia activation in paraventricular nucleus (PVN).
Their results suggest an independent role of central H2S from
circulating H2S in treatment of hypertension, and the mediated
neuromodulating and neuroimmune pathways contributing H2S
a potentially beneficial autonomic and anti-hypertensive target.

Epilepsy is a disorder of central nervous system characterized by
repeated seizures, leading to impaired CNAS function. However,
there are few researches studied the CANS function in pre-school
children with epilepsy. Yang et al. found that the measurements of
heart rate variability (HRV), multiscale entropy (MSE) and Kurths-
Wessel symbolization entropy (KWSE) were significantly lower in
pre-school pediatric intractable epilepsy (PIE) patients, indicating
the imbalance of CANS in both sympathetic and vagal tone.
Meanwhile, an accurate prediction of PIE via the combination
of HRV, MSE and KWSE was proposed based on noninvasive

ECG. This study provides important implication in health control
in pre-school PIE children.

Event-related potentials (ERPs) are commonly used to assess
motor or cognitive events. But no study reported if other factors,
such as changes in heartbeat-evoked potentials (HEPs), could
influence ERPs. Park et al. revealed the effects of HEPs on the
performance of the mental workload (MWL) classification based
on ERPs. With a mental arithmetic task to distinguish low- and
high- MWL, they found that HEPs affected the ERPs resulting in a
decrease in the performance of MWL classification. HEPs reflected
a synchronization in the communication between brain and heart,
indicating that the cardiac activity is needed to be considered to
obtain a clear and pure ERP response. This study suggested an
accurate strategy to improve brain activity classification and
provide a better application of ERPs to various fields.

Both sympathetic hyperactivation and baroreflex dysfunction
are typical characteristics in heart failure patients with reduced
ejection fraction (HFrEF), but it’s unclear between the phasic
activity of sympathetic nerve bursts and the baroreflex
dysfunction. Toschi-Dias et al. investigated the rhythm of the
muscle sympathetic nerve activity (MSNA) in HFrEF patients.
They found that the oscillatory pattern of MSNA was directly
associated with the gain and coupling of the sympathetic
baroreflex function, and inversely associated with MSNA burst
frequency. This study extended our knowledge about the
oscillatory pattern of MSNA on the functional capacity and
clinical condition of HFrEF patients.

Moyamoya disease is a rare cerebrovascular disease resulting
in ischemic or hemorrhagic stroke, characterized by progressive
stenosis of the intracranial internal carotid arteries and their
proximal branches. Zou et al. presented a rare case of a
postpartum woman with moyamoya disease, observed atypical
posterior reversible encephalopathy syndrome (PRES). Based on
this report, PRES can occur in patients with moyamoya disease
and should be considered for the differential diagnosis of cerebral
infarcts and hemorrhage in postpartum woman, providing both
pathophysiological and clinical significance.

In conclusion, the present research topic collected some
interesting papers and revealed better understanding of the
autonomic nervous system interaction between heart and
brain. We hope further researches about this topic will be
continued, and will contribute to the clinical transformation of
novel neuromodulate strategies.
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Excessive sympathetic activation plays crucial roles in the pathogenesis of hypertension.
Chemical stimulation of renal afferents increases the sympathetic activity and blood
pressure in normal rats. This study investigated the excitatory renal reflex (ERR) in the
development of hypertension in the spontaneously hypertensive rat (SHR). Experiments
were performed in the Wistar-Kyoto rat (WKY) and SHR aged at 4, 12, and 24 weeks
under anesthesia. Renal infusion of capsaicin was used to stimulate renal afferents,
and thus, to induce ERR. The ERR was evaluated by the changes in the contralateral
renal sympathetic nerve activity and mean arterial pressure. At the age of 4 weeks,
the early stage with a slight or moderate hypertension, the ERR was more enhanced
in SHR compared with WKY. The pressor response was greater than the sympathetic
activation response in the SHR. At the age of 12 weeks, the development stage with
severe hypertension, there was no significant difference in the ERR between the WKY
and SHR. At the age of 24 weeks, the later stage of hypertension with long-term several
hypertensions, the ERR was more attenuated in the SHR compared with the WKY. On
the other hand, the pressor response to sympathetic activation due to the ERR was
smaller at the age of 12 and 24 weeks than those at the age of 4 weeks. These results
indicate that ERR is enhanced in the early stage of hypertension, and attenuated in the
later stage of hypertension in the SHR. Abnormal ERR is involved in the sympathetic
activation and the development of hypertension.

Keywords: renal reflex, hypertension, sympathetic activity, blood pressure, kidney

INTRODUCTION

Excessive sympathetic activity is closely associated with hypertension, chronic heart failure, and
chronic kidney disease (Chen et al., 2015; Grassi and Ram, 2016; Cheng et al., 2019). Most of the
patients with chronic kidney diseases have an excessive sympathetic activation and hypertension,
which is closely related to the increased morbidity and mortality of cardiovascular events (Kaur
et al., 2017). Sympathetic overactivity is found not only in various hypertensive animal models
including the spontaneously hypertensive rat (SHR) (Fan et al., 2012), obesity-related hypertensive
rats (Xiong et al., 2012), renovascular hypertensive rats (Chen et al., 2011), and DOCA-sal
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hypertensive rats (Yemane et al., 2010), but also in patients with
essential hypertension (Fisher and Fadel, 2010) and secondary
hypertension (Vecchione et al., 2000; Lambert et al., 2007;
Neumann et al., 2007). The excessive sympathetic activation
plays a pathogenic role in the occurrence and development of
hypertension and related organ damage (Grassi et al., 2015).
Intervention of sympathetic overactivity is an important strategy
for attenuating hypertension and its complication (Esler, 2014;
Seravalle et al., 2014).

Kidney plays critical roles in the sympathetic activation in
hypertension and chronic kidney diseases (Rettig et al., 1989,
1990; Iliescu et al., 2015). Renal nerves comprise of the afferent
sensory fibers and efferent sympathetic fibers. The afferent
sensory activity from the kidney to the brain is involved in
regulating the sympathetic activity and blood pressure (Kopp,
2015; Bie and Evans, 2017; Milanez et al., 2020). Selective
removal of renal afferent fibers reduces the blood pressure and
sympathetic activity in a rat model of renovascular hypertension
(Lopes et al., 2020). Recently, we have shown that the chemical
stimulation of kidney in normal rats with capsaicin causes an
excitatory renal reflex (ERR), which results in the sympathetic
activation and pressor responses (Ye et al., 2020). The capsaicin-
induced ERR is mediated by angiotensin II in the hypothalamic
paraventricular nucleus (PVN), which acts on AT1R, and in
turn activates NADPH oxidase, causing oxidative stress and the
subsequent NFκB activation and IL-1β production in the PVN
in normal rats (Qiu et al., 2020; Zheng et al., 2020). The renal
afferent input increases the activity of some neurons in the PVN
(Xu et al., 2015), and destruction of the PVN neurons abolishing
the capsaicin-induced ERR (Ye et al., 2020).

In the recent years, catheter-based renal sympathetic
denervation (RDN) is the most extensively investigated approach
for intervention of hypertension by interrupting the activity
of both afferent and efferent renal nerves (Lauder et al., 2021;
Weber and Osborn, 2021). It is important to know the changes of
the ERR in the pathogenesis of hypertension. Unfortunately, the
changes of the ERR-induced by the chemical stimulation of renal
afferents in hypertension are still unknown. SHR is the most
widely used animal model of essential hypertension. The genetic
hypertension model has many similarities with human essential
hypertension in the pathophysiological progress, neuroendocrine
changes, clinical course, and secondary diseases (Bell et al., 2004;
Graham et al., 2005). In the present study, we investigated the
changes of the ERR in the occurrence and development of
hypertension in the SHR.

MATERIALS AND METHODS

Animals
Male WKY and SHR at ages four, 12, and 24 weeks were obtained
from the Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). The rats were kept in a temperature-controlled
room on a 12-h cycle of light/darkness. Tap water and normal rat
chow were available ad libitum. The experiments were approved
by the Experimental Animal Care and Use Committee of Nanjing
Medical University, and performed in accordance with the

recommendations in the NIH guidelines (Eighth edition, 2011)
listed in the Guide for the Care and Use of Laboratory Animals.

General Procedures
Rats were anesthetized intraperitoneally with a mixture of
urethane (800 mg/kg) and α-chloralose (40 mg/kg). Depth of
anesthesia was assessed by both the paw withdrawal and corneal
reflexes (Zhang et al., 2014). The rats were kept in a supine
position, and a vertical incision was made in the middle of
the neck to expose the trachea and carotid artery. Positive
pressure ventilation via endotracheal intubation with room air
was performed using a small animal ventilator (51,600, Stoelting,
Chicago, IL, United States). A PE50 catheter was implanted into
the right common carotid artery for blood pressure recording.
Right and left kidneys were, respectively, exposed via flank
incisions for preparing renal stimulation to induce ERR and
renal sympathetic nerve activity (RSNA) recording. After the
surgery, rats were allowed to stabilize for more than 30 min
before intervention. Finally, the rats were euthanized by a rapid
intravenous injection of pentobarbital sodium (100 mg/kg).

Assessment of ERR
Our previous study has shown that the infusion of capsaicin
into the cortico-medullary border of the kidney caused greater
ERR effects than those in the cortex or medulla of the kidney.
Infusion of capsaicin into the upper, lateral, or lower parts of the
kidney showed similar ERR effects (Ye et al., 2020). Therefore,
the cortico-medullary border of the lateral part of the kidney
was selected for the infusion site in inducing ERR (Qiu et al.,
2020; Zheng et al., 2020). Intravenous infusion of the same dose
of capsaicin failed to cause significant effects on the RSNA,
mean arterial pressure (MAP), and heart rate (HR), excluding
the possibility that the effects of the renal infusion of capsaicin
might be caused by leaking into the blood circulation (Ye et al.,
2020). The right kidney was exposed through a flank incision.
An outer diameter of 0.31 mm stainless steel tube was inserted
horizontally from the lateral margin of the kidney to the hilum
level of the kidney. The tip of the tube rested on the edge of
the renal cortex and medulla, where the tube encountered a
slight resistance. A PE50 catheter was connected to the tube
with a PM2000B programmable pressure injector (MicroData
Instrument, NJ, United States). The ERR was induced by a renal
infusion of capsaicin (1 nmol/µL) at 1.0 µL/min for 20 min, and
evaluated by the capsaicin-induced changes in the RSNA and
MAP. The same amount of vehicle was used as a control. At
the end of the experiment, the same volume of Evans Blue was
infused for the histological identification of the infusion sites.
Capsaicin was purchased from MedChemExpress (Monmouth
Junction, NJ, United States).

RSNA Recording
Renal sympathetic nerve activity was continuously recorded as
we reported previously (Ye et al., 2020). Left renal sympathetic
nerve was exposed through a left retroperitoneal incision in a
prone position. The nerve was separated, and cut at the distal end
to eliminate the renal afferent activity. The renal nerve was placed
on a pair of platinum electrode, and soaked in paraffin oil at

Frontiers in Physiology | www.frontiersin.org 2 June 2021 | Volume 12 | Article 6739509

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-673950 May 29, 2021 Time: 17:55 # 3

Ye et al. Excitatory Renal Reflex in SHR

37◦C. Renal nerve signal was amplified by 4-Channel Differential
Amplifier (Warner Instrument, Hamden, CT, United States) with
a band-pass between 100 and 3,000 Hz. RSNA was integrated
at a 100-ms time constant using the LabChart 8 software
(ADInstruments). Background noise was recorded after cutting
the central end of the renal nerve. RSNA data were obtained
by subtracting the background noise. The percentage change
in the integrated RSNA from the baseline value was calculated
after renal infusion.

Blood Pressure Recording
Before the acute experiment, blood pressure of tail artery was
measured in a conscious state with a non-invasive computerized
tail-cuff system (NIBP, ADInstruments). Rats were warmed at
28◦C for 10–20 min so that the pulsation of the caudal artery
could be detected to reach the pulse level. The systolic blood
pressure (SBP) was determined by averaging 10 measurements.
During the acute experiment, the right common carotid artery
was exposed via a vertical incision in the middle of the neck.
A PE50 catheter filled with normal saline containing heparin
(50 IU/mL) was implanted into the right common carotid
artery. Blood pressure was continuously recorded via a pressor
transducer connected with the catheter using an 8SP PowerLab
system with the data acquisition software (ADInstruments, Bella
Vista, NSW, Australia).

Statistics
Renal sympathetic nerve activity, MAP, and HR changes were
determined by a one-minute average at the time frame of
the maximal RSNA responses to the chemicals. All data were
expressed as mean ± SE. Student’s t-test was used to compare
the difference between two groups. Paired t test were used to
compare the values before and after the intervention. One-way
and two-way ANOVA followed by Bonferroni’s post hoc analysis
were used for multiple comparisons. P < 0.05 was considered
statistically significant.

RESULTS

ERR in the WKY and SHR at the Age of
4 Weeks
Our previous study has shown that the renal infusion of capsaicin
dose-dependently induces ERR in normal rats (Ye et al., 2020).
The dose of capsaicin at 1 nmol/min for 20 min was selected to
induce ERR, and the vehicle for renal infusion had no significant
effects on the RSNA, MAP, and HR (Qiu et al., 2020; Ye et al.,
2020; Zheng et al., 2020). At the age of 4 weeks, the early stage
with slight or moderate hypertension, unilateral renal infusion
of capsaicin caused immediate increases in the contralateral
RSNA and MAP in both the WKY and SHR, lasting for at least
30 min. Capsaicin reached its maximal effect at about 15 min
after the beginning of the renal infusion. However, capsaicin
reduced the HR in SHR, which occurred a little later than the
capsaicin-induced pressor response (Figure 1A). The ERR was
significantly enhanced in the SHR compared with the WKY.

However, capsaicin increased the HR in WKY, but decreased in
SHR (Figure 1B).

ERR in WKY and SHR at the Age of
12 Weeks
Renal infusion of capsaicin caused a rapid increase in the RSNA
and MAP in both the WKY and SHR at the age of 12 weeks,
the development stage with severe hypertension (Figure 2A).
Unexpectedly, the capsaicin-induced ERR was not significantly
enhanced in the SHR compared with the WKY. Renal infusion of
capsaicin increased the HR in WKY, but had no significant effects
in SHR (Figure 2B).

ERR in WKY and SHR at the Age of
24 Weeks
At the age of 24 weeks, the later stage of hypertension with long-
term several hypertensions, renal infusion of capsaicin increased
the RSNA and MAP in both the WKY and SHR (Figure 3A).
However, the capsaicin-induced ERR was significantly attenuated
in the SHR compared with the WKY. Renal infusion of capsaicin
had no significant effects on the HR in both the WKY and
SHR (Figure 3B).

Comparison of ERR at Different Ages of
Hypertension in WKY and SHR
There was no significant difference in the body weight between
the WKY and SHR at the ages of 4, 12, and 24 weeks (Table 1).
The SBP of the SHR in a conscious state at the ages of 4, 12, and
24 weeks were significantly higher than those in the WKY, and
the SBP in the SHR at the ages of 12 and 24 weeks were higher
than that in the SHR at the age of 4 weeks (Table 1). Similarly,
the baseline MAP of the SHR under an anesthetic at the ages of
4, 12, and 24 weeks were significantly higher than those in the
WKY, and the baseline MAP in the SHR at the ages of 12 and
24 weeks was higher than that in the SHR at the age of 4 weeks
(Figure 4A). In order to better understand the changes of ERR
in the different periods of hypertension, we presented the results
mentioned above in another format (Figure 4B). The RSNA
response to capsaicin in WKY at the ages of 12 and 24 weeks was
more enhanced than that in the WKY at the age of 4 weeks, while
the MAP response to capsaicin in the SHR at the ages of 12 and
24 weeks was more attenuated than that in the SHR at the age of
4 weeks. Capsaicin-induced reduction in HR only occurred in the
SHR at the age of 4 weeks (Figure 4B).

Difference in the RSNA and MAP
Responses to Capsaicin in the WKY and
SHR
We further compared the difference in the RSNA and MAP
responses to capsaicin with the ratio of the MAP change to the
integrated RSNA change (P/A index), an index to evaluate the
relationship of MAP and RSNA. The P/A index was calculated
as the ratio of MAP change in mmHg to the integrated RSNA
change in mV (Figure 5A) or to the integrated RSNA change in
percentage (Figure 5B). The P/A index was greater in the SHR
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FIGURE 1 | ERR in the WKY and SHR at the age of 4 weeks. The ERR was induced by renal infusion of capsaicin at 1 nmol/min for 20 min. (A) representative
recordings showing the recordings of the capsaicin-induced ERR. (B) bar graph showing the capsaicin-induced ERR. Values are mean ± SE. ∗P < 0.05 vs the
values before renal infusion; †P < 0.05 vs WKY. n = 6.

than that in the WKY at the age of 4 weeks, but there was no
significant difference in the P/A index between the WKY and
SHR at the age of 12 or 24 weeks. The upregulated P/A index in
the SHR at the age of 4 weeks was reduced to the normal level at
the ages of 12 and 24 weeks (Figures 5A,B).

DISCUSSION

Renal infusion of capsaicin to induce ERR dose-dependently
increased the contralateral RSNA and MAP in normal rats. The
ERR can be induced by renal infusion of several chemicals such
as capsaicin, angiotensin II, bradykinin, and adenosine (Ye et al.,
2020). Capsaicin stimulates afferents and increases the afferent
nerve activity at a low concentration, but causes denervation at
a high concentration (Fitzgerald, 1983). The concentration of
capsaicin in the present study was used to stimulate the renal

afferents and cause ERR (Qiu et al., 2020; Ye et al., 2020; Zheng
et al., 2020), which was much lower than the concentration
used for denervation in previous studies (Fitzgerald, 1983; Foss
et al., 2015). The capsaicin-induced ERR existed in the SHR
at the ages of four, 12, and 24 weeks, indicating that the
ERR is involved in the sympathetic activation and hypertension
from the early stage to the sustained stage of hypertension
in SHR. It is noted that the ERR was enhanced in the SHR
aged at 4 weeks compared with the WKY, indicating that the
enhanced ERR is crucial for the sympathetic activation and the
occurrence and development of hypertension in the early stage.
The findings suggest the importance of early intervention of
the enhanced ERR in retarding and attenuating sympathetic
activation and hypertension. On the other hand, vascular
remodeling contributes to the development and complications
of hypertension (Schiffrin, 2012). Intervention of sympathetic
activation or a variety of major targets in arteries at the early

Frontiers in Physiology | www.frontiersin.org 4 June 2021 | Volume 12 | Article 67395011

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-673950 May 29, 2021 Time: 17:55 # 5

Ye et al. Excitatory Renal Reflex in SHR

FIGURE 2 | ERR in the WKY and SHR at the age of 12 weeks. The ERR was induced by renal infusion of capsaicin at 1 nmol/min for 20 min. (A) representative
recordings showing the recordings of the capsaicin-induced ERR. (B) bar graph showing the capsaicin-induced ERR. Values are mean ± SE. ∗P < 0.05 vs the
values before renal infusion. No significant difference was found between the WKY and SHR. n = 6.

stage of hypertension not only attenuates hypertension, but also
vascular remodeling in the young SHR (Fan et al., 2012; Sun et al.,
2017; Ren et al., 2020). We speculate that early intervention of the
enhanced ERR may have beneficial effects in attenuating vascular
remodeling in hypertension. Although the ERR was attenuated in
the 24-weeks-old SHR compared with the WKY, the attenuated
ERR was still an important factor to increase the sympathetic
activity and blood pressure in a sustained hypertension.

An interesting finding in the present study was that the
increase in RSNA was smaller but the increase in blood pressure
was greater in the 4-week old SHR than those in the WKY. We
propose to use the P/A index to reflect the relationship between
the RSNA and MAP changes. The increased P/A index means
that smaller changes in the renal sympathetic nerve activity (A)
cause greater changes in the blood pressure (P). In this study, the
P/A index in the young SHR was much greater than that in the
young WKY or adult SHR, suggesting that an increased RSNA is
more important for hypertension in the young SHR. In the WKY

rats, capsaicin-induced the sympathetic activation increasing the
HR. However, renal infusion of capsaicin in the four-weeks-old
SHR reduced the HR, which may be secondary to the enhanced
baroreceptor reflex because the capsaicin-induced HR reduction
response appeared a little later than the pressor response. In the
SHR at the ages of 12 and 24 weeks, renal infusion of capsaicin
had no significant effects on the HR. The possible explanation
may be that the role of sympathetic activation in increasing the
HR is attenuated by the role of the baroreceptor reflex in reducing
the HR, and/or the parasympathetic control of HR is dampened
in the adult SHR.

Transient receptor potential vanilloid 1 (TRPV1) is a non-
selective cation channel, which is primarily expressed in the
sensory Aδ- and C-fibers and primary sensory neurons. The
TRPV1 can be activated by capsaicin, endovanilloids, and a
variety of chemical and physical stimuli such as lipid metabolites,
acidic pH, and noxious heat (Zhong et al., 2019). Capsaicin, a
selective TRPV1 agonist, increases the ipsilateral afferent renal
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FIGURE 3 | ERR in the WKY and SHR at the age of 24 weeks. The ERR was induced by renal infusion of capsaicin at 1 nmol/min for 20 min. (A) representative
recordings showing the recordings of the capsaicin-induced ERR. (B) bar graph showing the capsaicin-induced ERR. Values are mean ± SE. ∗P < 0.05 vs the
values before renal infusion; †P < 0.05 vs WKY. n = 6.

nerve activity in the Wide-type mice but not in the TRPV1
knockout mice (Zhong et al., 2019). Pretreatment with a TRPV1
competitive antagonist capsazepine abolishes the capsaicin-
induced ERR (Qiu et al., 2020). These findings indicate that
the renal infusion of capsaicin-induced ERR is mediated by the
TRPV1 receptors in the kidney.

TABLE 1 | Body weight and systolic blood pressure measured in a
conscious state.

Age (weeks) BW (g) SBP (mm Hg)

WKY SHR WKY SHR

4 99.7 ± 4.6 102.5 ± 5.6 118.0 ± 3.8 143.5 ± 5.7*

12 249.0 ± 8.2† 244.0 ± 7.9† 121.3 ± 3.9 182.2 ± 8.6*†

24 389.3 ± 7.5†‡ 368.7 ± 9.8†‡ 122.5 ± 4.9 191.0 ± 6.3*†

Values are mean ± SE. *P < 0.05 vs WKY. †P < 0.05 vs four weeks. ‡P < 0.05 vs
12 weeks. n = 6. BW, body weight; SBP, systolic blood pressure.

Renal stimulation induces two opposite sympathetic
responses, the excitatory renal reflex (ERR) and inhibitory
renal reflex (IRR), which may be related to the site of stimulation,
types of stimuli, and pathophysiological state (Kopp, 2015). ERR
can be induced by the renal infusion of capsaicin, bradykinin,
adenosine, and angiotensin II at the cortico-medullary border of
the kidney, which increases the sympathetic activity and blood
pressure (Ye et al., 2020). IRR can be induced by increasing
the ureteral pressure or retrograde ureteropelvic perfusion
with 0.9 M NaCl, which increases the ipsilateral afferent renal
nerve activity but decreases the contralateral efferent renal
nerve activity in normal WKY rats, but not in SHR (Kopp
et al., 1987). Activation of renal afferents by the increased
renal pelvic pressure, bradykinin, prostaglandin E2, substance
P, and norepinephrine exerts an inhibitory effect on RSNA
to minimize sodium retention (Kopp, 2015). The function of
sensory fibers containing TRPV1 is impaired in obesity, diabetes,
and aging (Zhong et al., 2019). TRPV1 expression and function
in renal sensory fibers were impaired in the Dahl salt-sensitive
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FIGURE 4 | Comparison of ERR in the WKY and SHR at the ages of 4, 12, and 24 weeks. The ERR was induced by renal infusion of capsaicin at 1 nmol/min for
20 min. (A) Baseline MAP and HR. †P < 0.05 vs WKY. ‡P < 0.05 vs 4 weeks. (B) capsaicin-induced ERR. Values are mean ± SE. ∗P < 0.05 vs the values before
renal infusion; †P < 0.05 vs WKY. ‡P < 0.05 vs 4 weeks. n = 6.

FIGURE 5 | Difference of the RSNA and MAP responses to renal infusion of capsaicin in the WKY and SHR at the ages of 4, 12, and 24 weeks. The ERR was
induced by renal infusion of capsaicin at 1 nmol/min for 20 min. (A) The ratio of MAP change to RSNA change induced by capsaicin. The values were expressed as
mmHg/mV. (B) The ratio of MAP change to RSNA change induced by capsaicin. The values were expressed as mm Hg/1% RSNA change. Values are mean ± SE.
∗P < 0.05 vs WKY. †P < 0.05 vs 4 weeks. n = 6.

hypertensive rats fed with a high-salt diet (Li and Wang, 2008).
In the present study, the capsaicin-induced ERR was attenuated
in the SHR at the age of 24 weeks compared with the WKY,
which might be attributed to the impaired function of sensory
fibers containing TRPV1. A limitation is that we did not measure
the TRPV1 receptor expression in the kidneys between the WKY
and SHR rats, which needs further investigation.

Excessive sympathetic activity plays crucial roles in the
pathogeneses of hypertension, chronic heart failure, and chronic

kidney disease (Fitzgerald, 1983; Chen et al., 2015; Grassi and
Ram, 2016; Cheng et al., 2019). Renal afferent activity may
contribute to the sympathetic overactivity in these diseases
(Esler, 2014; Frame et al., 2016; Kaur et al., 2017). Catheter-
based radiofrequency renal denervation (RFRD) was used as a
therapy for hypertension, chronic kidney disease, and chronic
heart failure (Veelken and Schmieder, 2014; Frame et al.,
2016; Carlstrom, 2017). However, the renal denervation therapy
destroys both the afferent and efferent renal nerves. The present
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study shows the important roles of renal afferent activity in
the sympathetic activation in hypertension, especially in the
early stage of hypertension. Selectively renal afferent denervation
or efferent denervation to interrupt ERR may have its unique
advantage in the treatment of hypertension.

In conclusion, abnormal ERR is involved in the sympathetic
activation and development of hypertension. ERR is enhanced
in the early stage of hypertension, and is attenuated in the later
stage of severe hypertension in SHR. ERR-induced sympathetic
activation is associated with a stronger pressor response in the
early stage of hypertension.
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Objective: Intractable epilepsy and uncontrolled seizures could affect cardiac function

and the autonomic nerve system with a negative impact on children’s growth. The aim of

this study was to investigate the variability and complexity of cardiac autonomic function

in pre-school children with pediatric intractable epilepsy (PIE).

Methods: Twenty four-hour Holter electrocardiograms (ECGs) from 93 patients and 46

healthy control subjects aged 3–6 years were analyzed by themethods of traditional heart

rate variability (HRV), multiscale entropy (MSE), and Kurths–Wessel symbolization entropy

(KWSE). Receiver operating characteristic (ROC) curve analysis was used to estimate

the overall discrimination ability. Net reclassification improvement (NRI) and integrated

discrimination improvement (IDI) models were also analyzed.

Results: Pre-school children with PIE had significantly lower HRV measurements than

healthy controls in time (Mean_RR, SDRR, RMSSD, pNN50) and frequency (VLF, LF, HF,

LF/HF, TP) domains. For the MSE analysis, area 1_5 in awake state was lower, and areas

6_15 and 6_20 in sleep state were higher in PIE with a significant statistical difference.

KWSE in the PIE group was also inferior to that in healthy controls. In ROC curve analysis,

pNN50 had the greatest discriminatory power for PIE. Based on both NRI and IDI models,

the combination of MSE indices (wake: area1_5 and sleep: area6_20) and KWSE (m = 2,

τ = 1, α = 0.16) with traditional HRV measures had greater discriminatory power than

any of the single HRV measures.
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Significance: Impaired HRV and complexity were found in pre-school children with PIE.

HRV, MSE, and KWSE could discriminate patients with PIE from subjects with normal

cardiac complexity. These findings suggested that the MSE and KWSE methods may

be helpful for assessing and understanding heart rate dynamics in younger children

with epilepsy.

Keywords: pre-school children, intractable epilepsy, heart rate variability, multiscale entropy, symbolization

entropy

INTRODUCTION

Epilepsy is a brain disorder affecting patients of all ages (1)
with approximately 10.5 million children in the world suffering
from uncontrolled seizures (1, 2), and 20–30% of these children
are resistant to antiepileptic drugs (AEDs) and other clinical
therapies (3). Sudden unexpected death in epilepsy (SUDEP) has
been reported to account for 15 and 50% of all deaths in patients
with epilepsy and drug-resistant epilepsy, respectively (4), and
the regulation of the autonomic nervous system (ANS) has
been highlighted (5). Specifically, alterations of the sympathetic
and parasympathetic systems resulting in cardiac arrhythmia,
apnea, or cerebral electrical shutdown have been linked to
SUDEP (6, 7). Recurrent seizures have higher negative impact on
physical growth, sleep, behavior, and mental development (such
as depression, anxiety, psychosis, suicide) later in life, bringing
heavy burdens to families and society (2, 3, 8–13). Apart from
recurrent and unprovoked seizures, epilepsy also contributes
to alterations of cardiac autonomic modulation, exhibiting an
impairment of sympathetic and/or parasympathetic modulation
of cardiac activity (14, 15). Children with intractable epilepsy
demonstrate age-related seizure expression (2); thus, more
attention should be paid to younger children, especially pre-
school children, for their better future development. However,
few studies have focused on the cardiac autonomic nerve system
(CANS) of pre-school children with intractable epilepsy, and
whether epilepsy and seizures impair the function of CANS in
such younger age range is still unknown.

Heart rate variability (HRV) is considered one of the
accurate biomarkers of the sympathovagal balance of the CANS
by a noninvasive method. Generally, a high HRV reflects
the sympathovagal balance or well-conditioned adaptability of
CANS, and a low HRV relates to a sign of deficient and abnormal
function of the ANS (16). HRVmeasurements have been effective
and independent predictors for cardiovascular and neurological
diseases (17, 18). Previous studies of autonomic modulation in
children with epilepsy published different results, most of which
indicate the impairment of CANS regulation considering HRV
measurements in the time and frequency domain (14, 15, 19–
26). In addition to 24-h long-term analysis, recent studies also
focused on ictal or peri-ictal characters with the HRV method to
investigate heart activity abnormalities or detect seizures (27–30).
The inconsistency in the results, however, was probably owing to
different designs of the experiments in sample size, epilepsy type,
recording time, and analysis detail. Moreover, HRV index from
24-h Holter electrocardiogram (ECG) recording in pre-school

children was still not covered in patients with intractable epilepsy
and their healthy control subjects.

Heart rate signals have typical non-linear features because
they are the results of the interaction of multiple physiological
systems and are influenced by various internal and external
factors (18). There are some limitations for traditional non-linear
domain HRV measures to assess the complexity of heart rate
dynamics (18). For example, classical entropy-based complexity
measures quantify only the regularity of time series on a
single scale without considering more scales from interaction
and consolidative capability of time and space in CANS.
Under the postulation that the healthy allow for responding to
transient stressors for adaptation to the demands of an ever-
changing environment, the multiscale entropy (MSE) method
was proposed (31, 32). Diseased and/or aged systems are less
adaptable, so the complexity of the human body should be
reduced, which could be observed by MSE analysis but could
not be observed using traditional HRV entropy. MSE has been
extensively used and developed in diagnostics, classification, risk
stratification, and prognosis for patients undergoing peritoneal
dialysis as well as patients with diseases such as stroke,
heart failure, primary aldosteronism, Alzheimer’s disease, autism
spectrum disorder, and Parkinson disease. Actually, MSE analysis
is a kind of direct and fixed coarsening of RR intervals. Besides
this, symbolization entropy is also a normal coarsening process
to time series with adjustable control parameters for observing
the effects of parameters and choosing the stable parameters.
Kurths–Wessel symbolization entropy (KWSE) is a relatively
easy symbolization method to implement and is closely related
to heart rate signals, finally forming a four-symbol static time
series transformation method (scope of recommendations for α:
[0.03, 0.07] in original papers) (33–35). It has been used in the
discrimination of elder, cardiac heart failure, and adult epilepsy
from healthy people and seems to be a stable and reliable marker
for cardiac complexity (36). However, MSE and KWSE analyses
of heart rhythm dynamics in pre-school patients with intractable
epilepsy have not yet been studied.

In our previous study, we looked into the difference of HRV
andMSE features between adult patients with intractable epilepsy
and healthy controls (37). Several indicators were found to
have significant results. In this study, we aimed to investigate
the variability and complexity of long-term ECG signals using
not only HRV and MSE analysis, but also KWSE analysis
in pre-school children with intractable epilepsy. Furthermore,
the results of MSE and KWSE analysis were compared with
traditional complexity measures.
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MATERIALS AND METHODS

Participants
Pediatric patients with intractable epilepsy (PIE) as defined by the
International League Against Epilepsy (38) were screened strictly
based on the inclusion and exclusion criteria in the VNS-PIE
clinical trial. A total of 11 centers participated in the VNS-PIE
study. These included Peking University First Hospital (Principal
Unit), Chinese PLA General Hospital, Shenzhen Children’s
Hospital, Qilu Hospital of Shandong University, Shandong
Province Hospital, the First Hospital of Jilin University,
the Second Affiliated Hospital of Xi’an Jiaotong University,
Xiangya Hospital Centeral South University, the Children’s
Hospital Zhejiang University School of Medical, Fujian Medical
University Union Hospital, and the Affiliated Hospital of Zunyi
Medical College. Pediatric patients had undergone routine pre-
surgical examinations, including clinical history, biochemical
examination, long term video-electroencephalograph (EEG),
imaging examination (magnetic resonance or MR), cognitive
development testing (Gesell scale), and 24-h Holter ECG
recordings. Inclusion criteria were as follows (1) age 3–6 years,
(2) at least six seizures per month, (3) refractory epilepsy,
(4) in good health except for epilepsy, (5) family members of
patients can understand the method and sign the informed
consent, and (6) patients with good compliance and can complete
post-operative follow-up. Exclusion criteria were as follows: (1)
results of MRI showed epilepsy was caused by intracranial space-
occupying lesions; (2) tumor, cardiopulmonary anomaly, heart
failure, progressive neurological diseases, asthma, mental disease,
peptic ulcer, diabetes, poor health, and other contraindications
toward surgery; (3) vagal nerve lesion or damage; (4) could
not write the epilepsy diary; (5) participating in another
clinical trial; (6) could not complete the operation; (7) could
not complete the post-operative follow-up; or (8) could not
complete the programming. Pediatric healthy control (PHC)
subjects with matched age and gender were recruited into
this study based on their clinical history, physical examination
results, and 24-h Holter ECG results. This trial (VNS-PIE) was
approved by the Clinical Trial Ethics Committee of Peking
University First Hospital (Protocol Number: G112L31101; Date:
31/7/2017) and registered on ClinicalTrials.gov protocol system
(Clinical Trials Identifier: NCT03062514). The parents of all
the pediatric participants provided informed consent in written
form before the start of the study. The observed variables of
participants included demographic data, seizure type, epilepsy
duration, etiology, seizure frequency, number of AEDs used, pre-
surgical MRI findings, ictal scalp video-EEG characteristic and
ECG recordings.

ECG Recording and Pre-processing
A 12-lead ambulatory ECG monitoring device (MIC-12H-3S;
JincoMed, Beijing, China) with a sampling rate of 500 samples/s
per channel was used to record a consecutive 24-h ECG in
all participants. Wearing this Holter ECG device, participants
(patients and healthy controls) were in freely moving conditions
and normal daily style to avoid strenuous activities or restricted
movement. Their parents were asked to keep a record of

the children’s main activity and observed seizures every hour,
including the time, duration, and type of each activity and
seizure. The chest lead V5 with stable and reliable signal quality
was selected as the main analysis lead and the standard limb lead
II as the secondary analysis lead. If the above two lead signals
were missing or their signal-to-noise ratios were low, we selected
other lead as an auxiliary analysis lead, which was recorded as
a normal and stable waveform. The ECG segments with possible
seizures along with the segments within at least 15min before and
from seizure onsets were discarded to avoid their potential effects
on further analyses.

Based onMatlab (R2020a, Mathworks, Natick, MA, USA) and
Kubios (Kubios Premium 3.4.1, University of Eastern Finland,
Kuopio) softwares, the ECG fragments and abnormal QRS waves
submerged by noise or motion artifacts were removed. The long-
term RR interval time series were formed, whose abnormal R-
wave markers were <10%, and the length of each record was not
<20 h. Then 4-h periods of RR intervals in the awake and sleep
state were selected, respectively, by researchers for each recording
according to the heart rate characteristics and activity recordings
(39, 40).

Measures From RR Intervals
Traditional HRV measures always include time and frequency
domain analysis according to the recommendations of the
European Society of Cardiology and the North American Society
of Pacing Electrophysiology (18). Mean RR was the mean RR
interval values. SDRR was calculated as the standard deviation
of RR intervals and taken to represent the overall variability of
autonomic modulation. RMSSD was the root mean square of
successive differences between successive RR intervals. pNN50
was calculated as the percentage of absolute differences in normal
RR intervals >50ms. RMSSD and pNN50 were regarded as the
variability of parasympathetic nerve function on the heart rate.
The frequency domain parameters, including high frequency
(HF; 0.15–0.4Hz), low frequency (LF; 0.04–0.15Hz), and very
low frequency (VLF; 0.003–0.04Hz) power, were calculated by
Fast Fourier transformation (FFT) algorithm. The total power
(TP) was the sum of HF, LF, and VLF power, and the ratio of
LF to HF (LF/HF) was also calculated. LF was taken to reflect
the modulations of both the parasympathetic and sympathetic
nervous systems, whereas HF primarily demonstrated the
function of parasympathetic nerve. It was suggested that the
VLF power appeared to be generated intrinsically by the heart
itself (41).

Traditional non-linear HRV measures included ApEn (42)
and SampEn (43) in this study. Instead of merely estimating the
complexity of a time series with a single scale, the MSE method
presents the meaningful structural richness of information
embedded in multiple spatial and temporal scales (31, 32). In
the analysis of MSE, we selected two 4-h periods of RR intervals
in the quiet awake state and sleep state to reduce the variability
of the circadian rhythm and physical activity. Similar processing
can be found in previous research (37, 39, 40). The MSE
method comprises two steps: (1) Coarse-graining process: the RR
intervals were reconstructed as different time scales. For example,
for a given RR interval, in which N is the number of time series,
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the multiple coarse-graining time series y(τ )j was the average of n
non-overlapping consecutive beats with an increasing scale factor
τ .The equations were calculated according to Equation (1):

y
(τ )
j =

1

τ

jτ
∑

i=(j−1)τ+1

RRi, 1 ≤ j ≤ N/τ (1)

(2) Quantified by sample entropy with parameters m = 2 and r
= 0.15 ∗ SDRR, where m was the embedding dimension, r was
the size of the cell for coarse-graining the phase space, and SDRR
was the standard deviation of the 4-h RR interval time series as
defined in the paper in which themethod was originally proposed
(31, 32). The implementation of the parameters corresponded
to normalizing the time series so that the sample entropy
results depended only on the sequential ordering rather than
the variance of the original time series. For each of the 4-h
periods, including periods in the awake and sleep states, four
different measures were calculated from theMSE profile: the area
of entropy values of scales 1–5 (area 1_5), which quantified the
complexity of RR dynamics in a short time scale; 6–15 (area 6_15)
and 6–20 (area 6_20), which quantified the complexity of RR
dynamics in long time scales; and the linear-fitted slope of scale
1–5 (k1), which characterized the modulation pattern in short
scales (37, 39, 40). Such indices were proved to be efficient in our
previous study discriminating adult patients with epilepsy and
healthy controls (37). To avoid underestimation of entropy due to
nonstationary artifacts, especially trends of RR intervals series, a
detrending process was used on RR intervals before MSE analysis
to adaptively extract the trends and subtract them (44, 45).

Besides the coarse graining on different scales in the MSE
method, the symbolization of time series was also a coarse
process by transforming the original sequence into a sequence
containing only individual values, which showed fast, antinoise,
and robust features in practical application. A static time series
transformation method of four symbols determined KWSE with
three steps (33–35). (1) In symbolization, the RR intervals
were transformed to a symbolization series Si(RRi) based on
Equation (2):

Si(RRi) =















0 : µ < RRi ≤ (1+ α)µ
1 : (1+ α)µ < RRi ≤ ∞
2 : (1− α)µ < RRi ≤ µ

3 : 0 < RRi ≤ (1− α)µ

, 1 ≤ i ≤ N (2)

where µ was the mean of the RR intervals series and α was the
parameter to control the symbolization range. (2) Coding for the
symbolization series, Ci was constructed bym points with τ delay
based on Equation (3):

Ci =
m

∑

j=1

2m+1−jSi+(j−1)τ , 1 ≤ i ≤ N −mτ (3)

(3) With the Shannon entropy calculation, H was finally
calculated by a classical Shannon entropy of Ci denoting the
complexity of RR intervals based on Equation (4):

H = −
∑

Ci Ci (4)

Statistical Analysis
Continuous variables were presented as mean ± standard
deviation (SD). Comparisons of continuous data between the
PIE and control groups were made using the Mann–Whitney
U-test. Differences between qualitative or categorical variables
were assessed using the chi-square test or Fisher’s exact test. To
compare the ability of different Holter parameters to differentiate
the PIE patients from the healthy control patients, a receiver
operating characteristic curve (ROC) was constructed from the
sensitivity and specificity with logistic regression models, and the
area under the ROC curve (AUC) was used to estimate the overall
discrimination ability. C-statistics were used to describe the
discrimination of the models before and after adding non-linear
parameters (46–48). Net reclassification improvement (NRI) and
integrated discrimination improvement (IDI) were used to assess
improvement of the discriminating power by using two different
logistic regression models with 0.2 and 0.4 as the cutoff points,
which are commonly used cutoff values (46, 48). All statistical
analyses were performed using SPSS (Version 20, IBM Corp.,
Armonk, NY, USA) and Matlab (R2020a, Mathworks, Natick,
MA, USA). Statistical significance was set at p < 0.05.

RESULTS

Demographics and Clinical Factors
A total of 93 patients with PIE and 46 healthy control participants
were included in this study, according to the protocols. Among
the 93 patients, based on their epileptic diary, 25 were reported
to have possible seizures during the 24-h ECG recording, and 21
reported to have focal seizures lasting <60 s.

Demographic data and clinical factors of patients with PIE
(n= 93, range 3.1–5.6 years old) and healthy controls (n = 46,
range 3.0 to 5.5 years old) are presented in Table 1. Demographic
data, including gender, age, and body mass index (BMI),
showed no significant differences between patients and controls.
However, there were significant statistical differences in each
subitem of the Gesell scale, indicating that patients with PIE were
undergoing general heavy mental and cognitive degradation.
Other clinical factors included epilepsy duration, use of AEDs,
seizure frequency, seizure type, and cerebral lesions. Twelve
types of therapeutic AEDs were reported to be previously used,
among which valproate was the most administered one, taken
by 72 subjects. Detailed information of clinical and therapeutic
characteristics of patients are also shown in Table 1.

ECG Signals Analysis
The measurements of traditional HRV analysis including time
and frequency domain from long-term RR intervals were
significantly lower in patients with PIE than that in healthy
controls, whereas non-linear parameters (ApEn and SampEn)
could not differentiate the two populations (Table 2). The result
imply impairment of the function of CANS in PIE patients
compared with healthy controls as expected.

The results of MSE are shown in Figure 1 and Table 2. The
profiles of MSE were different based on the wake/sleep state,
which might show the influence of circadian rhythm and the
state of the brain. In comparison to pediatric healthy controls, we
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TABLE 1 | Demographic data and clinical data of the patients.

Characteristics PIE

(n = 93)

PHC

(n = 46)

P-value

Male, no. (%) 60 (64.5) 27 (58.7) 0.50

Age (years) 4.5 ± 0.8 4.2 ± 0.8 0.09

Body mass index (kg/m2) 15.9 ± 2.1 15.6 ± 1.9 0.31

Gesell scale

Adaptability 25.5 ± 21.1 97.5 ± 7.3 <0.001

Gross motor 30.8 ± 19.4 93.7 ± 9.4 <0.001

Fine motor 27.2 ± 21.9 95.5 ± 7.2 <0.001

Language 24.6 ± 20.1 96.4 ± 9.5 <0.001

Individual and social

interaction

26.9 ± 21.4 97.2 ± 9.5 <0.001

Epilepsy duration (months) 39.7 ± 13.4 N.A. N.A.

No. of previous AEDs 5.4 ± 2.1 N.A. N.A.

No. of present AEDs 2.9 ± 1.2 N.A. N.A.

Seizures per month 370.3 ± 488.6 N.A. N.A.

Seizure type, no. (%)

Tonic seizure 38 (40.9) N.A. N.A.

Atypical absence 10 (10.8) N.A. N.A.

Atonic seizure 6 (6.5) N.A. N.A.

Myoclonic seizure 17 (18.3) N.A. N.A.

Spasm 45 (48.4) N.A. N.A.

Others 20 (21.5) N.A. N.A.

Cerebral lesions (MRI), no. (%)

Temporal 2 (2.2) N.A. N.A.

Frontal 7 (7.5) N.A. N.A.

Parietal 12 (12.9) N.A. N.A.

Occipital 11 (11.8) N.A. N.A.

Diffusing or multiple lesions 10 (10.8) N.A. N.A.

Negative 57 (61.3) N.A. N.A.

Previous usage of AEDs, no. (%)

Valproate 72 (77.4) N.A. N.A.

Topiramate 48 (51.6) N.A. N.A.

Levetiracetam 39 (41.9) N.A. N.A.

Clonazepam 33 (35.5) N.A. N.A.

Lamotrigine 24 (25.8) N.A. N.A.

Oxcarbazepine 16 (17.2) N.A. N.A.

Clobazam 15 (16.1) N.A. N.A.

Zonisamide 5 (5.4) N.A. N.A.

Vigabatrin 5 (5.4) N.A. N.A.

Carbamazepine 3 (3.2) N.A. N.A.

Phenobarbital 2 (2.2) N.A. N.A.

Rufinamide 1 (1.1) N.A. N.A.

Data were presented as mean value ± standard deviation or number (percentage). No.

denotes “number.” N.A. denotes “not available,” and five patients’ BMI were not available.

found the MSE of PIE patients in a scale of 3–9 in the wake state
to be significantly lower as well as scale 10–20 in the sleep state
significantly higher. Also, we found that, in PIE patients, area 1_5
in the wake state was significantly lower and areas 6_15 and 6_20
in the sleep state were significantly higher than the PHC group.
No significant differences were found in other measures of MSE.

TABLE 2 | Traditional HRV and MSE measurements of PIE and PHC participants.

Measures PIE

(n = 93)

PHC

(n = 46)

P-value

Mean_RR(ms) 580.4 ± 52.8 616.4 ± 58.7 0.003

SDRR(ms) 33.6 ± 21.8 45.1 ± 15.9 <0.001

RMSSD(ms) 36.7 ± 25.7 50.6 ± 23.3 <0.001

pNN50(%) 9.0 ± 8.8 19.0 ± 11.4 <0.001

VLF(ms2) 105.3 ± 169.7 155.7 ± 77.3 <0.001

LF(ms2) 482.8 ± 512.4 815.0 ± 452.4 <0.001

HF(ms2) 714.4 ± 865.9 1428.9 ± 1235.3 <0.001

LF/HF(ms2) 1.1 ± 0.8 0.8 ± 0.3 0.04

TP(ms2) 1304.4 ± 1406.2 2401.7 ± 1683.5 <0.001

ApEn 1.42 ± 0.07 1.42 ± 0.05 0.58

SampEn 1.55 ± 0.15 1.53 ± 0.10 0.42

MSE

Wake

area1_5 4.43 ± 0.97 4.93 ± 1.05 0.02

area6_15 12.88 ± 2.30 13.75 ± 1.95 0.05

area6_20 20.41 ± 3.60 21.62 ± 2.98 0.08

k1 0.05 ± 0.06 0.06 ± 0.06 0.35

Sleep

area1_5 5.34 ± 0.93 5.39 ± 0.95 0.66

area6_15 11.94 ± 2.01 11.09 ± 1.95 0.02

area6_20 18.48 ± 3.26 16.74 ± 3.09 0.003

k1 −0.05 ± 0.07 −0.07 ± 0.06 0.08

Data were presented as mean value ± standard deviation.

The significant results show the potential discriminating power
of MSE measures between PIE patients and PHC, indicating
the impairment in the complexity of CANS in PIE patients.
Although, as we can observe from the results, some of the
measures of MSE might not work as efficiently as traditional
time and frequency domain HRV analysis to distinguish PIE and
PHC participants.

The profile of KWSE is presented in Figure 2. The larger the
m parameter, the higher the amplitude of the total KWSE curve.
Also, no matter which of the six combinations of m (2, 3, 4) and
τ (1, 2) selected, the entropy values between the two groups were
significantly different when α ≥ 0.12, and especially, the p-value
did not exceed 0.001 when α was between 0.14 and 0.61.

From the results above, we can also find that, in quantifying
the complexity of the heart rate signals, the MSE and KWSE
worked better than the traditional HRV non-linear parameters
ApEn and SampEn. This provided evidence of potentially higher
discriminating power when traditional HRV andMSE/KWSE are
combined during the modeling.

ROC Curve Analysis
In the ROC curve analysis of a single variable, for traditional
HRV parameters, pNN50 (AUC = 0.746) had the greatest
discriminatory power for patients with PIE and healthy control
subjects and complexity measures (Figure 3). In quantifying the
complexity, the AUC of non-linear HRV parameters ApEn and
SampEn were 0.536 and 0.505, respectively. For the MSE results,
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FIGURE 1 | MSE profiles for PIE and PHC. Data are shown as mean value

and bars denoted the standard error (SE = SD/
√
n). (A) Participants were on

wake state; (B) Participants were on sleep state. τ was the scales. P-value

was calculated by Mann-Whitney U-test. *p < 0.05; **p < 0.01; ***p < 0.001.

in the wake state, the AUC of area1_5, area6_15, area6_20, and
k1 were 0.568, 0.550, 0.546, and 0.528, respectively, and in the
sleep state, the AUC of area1_5, area6_15, area6_20, and k1
were 0.504, 0.624, 0.648, and 0.603, respectively. The result of
KWSE (m = 2, τ = 1, α = 0.16) was 0.783, which had the
maximum distinguishing ability. This again showed that theMSE
measures andKWSE overall hadmore discriminating power than
the non-linear HRV when quantifying the complexity of the RR
time series.

Then, we looked at the combination of one of the traditional
HRV parameters and one of the heart rate complexity measures
(MSE or KWSE). In this analysis, according to the profiles of
MSE and KWSE exhibited in section ECG Signals Analysis, we
selected MSE indices (wake: area1_5 and sleep: area6_20) and
KWSE (m = 2, τ = 1, α = 0.16) to construct the model. As a
result, we found remarkable improvement in the discriminating
power as shown in Table 3. The results show that all of the AUCs
of the combined models for each of the traditional HRVmeasure
are over 0.783, larger than that of any single HRV measure
alone. Among them, the HRV adding KWSE models always had
larger AUC than that adding MSE models with the largest being
0.861 of pNN50+KWSE. In both the NRI and IDI indices, the
results confirm that the combination of the traditional HRV and
MSE/KWSE had greater discriminatory power than any of the
single HRV measures with all the NRI and IDI values positive,

and all p-values < 0.05. This result proved that the combination
of the traditional HRV and MSE/KWSE was more efficient
than single variable models, and the HRV+KWSE models
seemed to be the most promising indices for the improvement
of discrimination.

DISCUSSION

The main findings of this study were (1) the pre-school children
with PIE had worse heart rhythm complexity than age- and
gender-matched healthy control children, which was first studied
to the best of our knowledge; (2) in all linear and non-
linear measures based on heart rate, pNN50, VLF, and KWSE
had the greatest discriminatory power to detect the patients
undergoing PIE as a single parameter, and these were superior
to the traditional non-linear measures; (3) the combination
of traditional HRV measures and MSE/KWSE increased the
discriminatory power to differentiate PIE from healthy controls,
and the HRV+KWSE models had the most promising results.
The demographics and clinical factors did not demonstrate
significant impact on our results.

Traditional time and frequency domain analysis of HRV is a
conventional and useful tool to evaluate the cardiac autonomic
system and is commonly used to stratify the risk of patients
with cardiovascular and neurological diseases (17, 18). Aging
and disease have long been the main factors to be focused
on for dynamic characteristics of heart rate (18). According
to our results, we can not only find a major degradation in
behavior and cognition based on the Gesell scale, but also observe
a general impairment of the cardiac autonomic function by
analyzing the RR time series. By the method of traditional HRV,
the values of the time and frequency domain parameters of
the pre-school PIE patients, including SDRR, RMSSD, pNN50,
VLF, LF, and HF, are significantly lower than the paired healthy
controls, reflecting prominent autonomic dysfunction in both the
sympathetic and the vagal tone. This result is consistent with
most of the previous studies on CANS functions of children
with epilepsy, which indicate the impairment of CANS regulation
with multiple decrease in HRV measurements in the time and
frequency domain, such as HF, LF, RMSSD, and pNN50 (17,
19, 20, 22). We also noticed that the LF/HF result of the PIE
group was significantly higher than the PHC group, indicating
the imbalance of the CANS in patients. Several studies as well
found the imbalance of sympathetic vagal with LF increase or
LF/HF increase (23, 26, 49). However, some studies found no
alterations on HRV measures (14, 24). The difference of these
results may be owing to inconsistent sample size, epilepsy type,
recording time, and analysis detail and so on. Still, few studies
concern pre-school children with PIE even in the healthy state.
Our result first offers evidence of the impairment of cardiac
autonomic function in epilepsy patients of pre-school age group,
which supports the extension of the previous conclusion to a
wider age range.

Non-linear features are important to characterize and quantify
the dynamic variation of physiological systems including CANS
(18). Apart from traditional non-linear domainmeasures of HRV,

Frontiers in Neurology | www.frontiersin.org 6 June 2021 | Volume 12 | Article 63237022

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Yang et al. CANS Function of Pediatric Epilepsy

FIGURE 2 | KW entropy profiles for PIE and PHC. Data are shown as mean value. α was the parameter to control the symbolization range for symbolization series Si ,

m was the size of word of coded series Ci , τ was the delay of coded series Ci . *p <0.05; **p <0.01; ***p <0.001.

FIGURE 3 | ROC curves. Analysis of the discrimination power of the two groups by ROC curve analysis. TheAUC of Mean_RR, SDRR, RMSSD, pNN50, VLF, LF, HF,

LF/HF, TP, ApEn, SampEn, area1_5_wake, area6_15_wake, area6_20_wake, k1_wake, area1_5_sleep, area6_15_ sleep, area6_20_ sleep, k1_ sleep, KWSE (m = 2,

τ = 1, α = 0.16) were 0.680, 0.727, 0.706, 0.746, 0.743, 0.734, 0.732, 0.531, 0.736, 0.536,0.505, 0.568, 0.550, 0.546, 0.528, 0.504, 0.624, 0.648, 0.603, and

0.783, respectively.
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TABLE 3 | AUC, NRI, and IDI models of traditional HRV parameters adding heart rate complexity parameters.

Measures AUC R square NRI NRI:p-value IDI IDI:p-value

SDRR 0.727 0.273

Wake:area1_5 0.781 0.418 0.451 0.002 0.142 0.001

Sleep:area6_20 0.798 0.425 0.452 0.002 0.146 0.001

KWSE* 0.814 0.428 0.488 0.001 0.152 0.001

RMSSD 0.706 0.226

Wake:area1_5 0.802 0.402 0.387 0.006 0.143 0.002

Sleep:area6_20 0.798 0.394 0.409 0.003 0.107 0.009

KWSE* 0.828 0.427 0.481 0.001 0.142 0.001

pNN50 0.746 0.234

Wake:area1_5 0.829 0.432 0.562 <0.001 0.155 < 0.001

Sleep:area6_20 0.831 0.432 0.568 <0.001 0.159 < 0.001

KWSE* 0.861 0.455 0.604 <0.001 0.167 < 0.001

VLF 0.743 0.231

Wake:area1_5 0.812 0.421 0.543 <0.001 0.147 < 0.001

Sleep:area6_20 0.814 0.423 0.567 <0.001 0.139 0.001

KWSE* 0.836 0.439 0.573 <0.001 0.161 < 0.001

LF 0.734 0.229

Wake:area1_5 0.825 0.428 0.341 0.004 0.122 0.004

Sleep:area6_20 0.832 0.429 0.419 0.002 0.125 0.004

KWSE* 0.841 0.443 0.498 0.001 0.149 0.001

HF 0.732 0.228

Wake:area1_5 0.819 0.417 0.507 <0.001 0.156 0.001

Sleep:area6_20 0.823 0.424 0.517 <0.001 0.154 0.001

KWSE* 0.843 0.429 0.533 <0.001 0.161 0.001

TP 0.736 0.231

Wake:area1_5 0.828 0.431 0.541 <0.001 0.162 < 0.001

Sleep:area6_20 0.825 0.428 0.531 <0.001 0.161 < 0.001

KWSE* 0.839 0.439 0.587 <0.001 0.185 < 0.001

AUC, areas under the curve; NRI, net reclassification improvement; IDI, integrated discrimination improvement; MSE, multiscale entropy. KWSE, Kurths–Wessel symbol entropy. *m = 2,

τ = 1, α = 0.16.

the MSE and KWSE methods were also included in our analysis,
which consider more scales of temporal and spatial interaction in
CANS (31–35). From our data, although traditional non-linear
domain HRV ApEn and SampEn failed to reveal the decrement
of the complexity in the patients, the MSE and KWSE methods,
however, successfully proved this alteration. Several scales and
indices of MSE and KWSE of the PIE group showed significant
differences from the PHC group. The decrease of complexity
under free-running conditions reflected a declined ability of the
systems to function in certain dynamical regimes, possibly due to
dysregulation or impairment of autonomic control mechanisms.
The results demonstrate the dysfunction of CANS in PIE and, in
the meantime, proved the efficiency of the multiscale methods
compared with the traditional single-scale methods, which
matched our previous expectation. However, no previous study
has reported the results of MSE and KWSE analysis in pre-school
children with PIE. Recent studies of MSE on pediatric patients
with epilepsy focused mainly on the EEG signals, which all
showed that healthy controls had more complexity than epilepsy
patients (50–54). Our result complemented this conclusion with

the ECG signals and might provide new insights into cardiac
complexity in epilepsy.

In the modeling of the discrimination of the patients and
healthy controls, we also found that models including multiscale
measures worked better than any single-index model. The largest
AUC of the models increased from 0.783 with HRV indices alone
to 0.861 with HRV and MSE/KWSE combined. Among them, we
found that the HRV+KWSE seemed to work the most efficiently.
The results show the effectiveness of the MSE/KWSE as auxiliary
methods in the modeling of discrimination. Particularly, the
KWSE method seemed to be the most promising method for
the improvement of the models for pre-school children with
epilepsy. In addition to the results, we also chose the parameters
carefully to get the dynamic features on the heart rate. The
original recommendation range for α in analysis of KWSE was
not suitable for pre-school children in our data, and the interval
[0.12, 0.99] had more stable discrimination power. We selected
the set of parameters as m = 2, τ = 1, α = 0.16, to simplify the
calculation while preserving the discriminating power. In short,
this is the first modeling of the discrimination of PIE patients
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and healthy controls of the pre-school age group based on ECG
signals, and by the HRV with MSE/KWSE measures, the models
exhibited enough efficiency.

There were also some limitations in our study: (1)
Although the age range was focused and narrow, we recruited
heterogeneous children with various epilepsy etiologies, epilepsy
durations, kinds of AEDs, seizure frequency, seizure type,
cerebral lesions, mental development, and so on. These factors
may have potential impact on variability and complexity for
CANS. For example, for studies focusing on specific syndromes,
Hattori et al. (26) found that LF significantly improved from
10-min ECG in sleep state for children with West syndrome
aged <1 year. Other studies focusing on Dravet syndrome found
a total decline in multiple HRV indices on 24-h ECG (22, 55),
and Delogu et al. (22) also found no significant results in all
HRVs for patients with other syndromes. These results show that
complicated factors that affect the results can be significant. (2)
We only roughly deleted possible seizure episodes based on ECG
data by visual inspection. Because the EEG data is considered as
the gold standard of identification of the seizure episodes, there
might remain undetected seizure episodes in our pre-processed
ECG data. They might impact our results because some studies
have published the effects of seizure episodes on heart rate and
HRV (27–30). Further studies are needed to explore the impact
of seizures on the CANS of pre-school children.

CONCLUSION

PIE in pre-school children is associated with diminished HRV,
MSE, and KWSE measures, thereby reflecting the loss of
sympathetic vagal balance and function of autonomic system on
heart rate. More importantly, when modeling with traditional
HRV measurements, the combinations with MSE and KWSE
significantly improve the power to differentiate PIE from healthy
subjects. These quantification methods of HRV could also be

used in younger children and may provide new insights into the
cardiac complexity in epilepsy.
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Irritant Inhalation Evokes P Wave
Morphological Changes in
Spontaneously Hypertensive Rats via
Reflex Modulation of the Autonomic
Nervous System
J. Shane Hooper and Thomas E. Taylor-Clark*

Molecular Pharmacology and Physiology, Morsani College of Medicine, University of South Florida, Tampa, FL, United States

Irritant inhalation is associated with increased incidence of atrial fibrillation (AF) and
stroke. Irritant inhalation acutely regulates cardiac function via autonomic reflexes.
Increases in parasympathetic and sympathetic reflexes may increase atrial susceptibility
to ectopic activity and the initiation of arrhythmia such as AF. Both age and hypertension
are risk factors for AF. We have shown that irritant-evoked pulmonary–cardiac reflexes
are remodeled in spontaneously hypertensive (SH) rats to include a sympathetic
component in addition to the parasympathetic reflex observed in normotensive Wistar-
Kyoto (WKY) rats. Here, we analyzed P wave morphology in 15-week old WKY and
SH rats during inhalation of the transient receptor potential ankyrin 1 agonist allyl
isothiocyanate (AITC). P Wave morphology was normal during vehicle inhalation but was
variably modulated by AITC. AITC increased RR intervals (RRi), PR intervals, and the
P Wave duration. In SH rats only, AITC inhalation increased the occurrence of negative
P waves. The incidence of AITC-evoked negative P waves in SH rats was dependent
on RRi, increasing during bradycardic and tachycardic cardiac cycles. Inhibition of both
parasympathetic (using atropine) and sympathetic (using atenolol) components of the
pulmonary–cardiac reflex decreased the incidence of negative P waves. Lastly, the
probability of evoking a negative P Wave was increased by the occurrence of preceding
negative P waves. We conclude that the remodeled irritant-evoked pulmonary–cardiac
reflex in SH rats provides a substrate for altered P Wave morphologies. These are
likely ectopic atrial beats that could provide a trigger for AF initiation in structurally
remodeled atria.

Keywords: autonomic (vegetative) nervous system, TRPA1, irritant, ECG, P wave, ectopic beat, atrial fibrillation,
hypertension

INTRODUCTION

Atrial conduction abnormalities may be caused by structural changes in the heart
(e.g., hypertrophy, dilation, fibrosis) and by electrophysiological remodeling (e.g., ion
channels, connexins) within cardiomyocytes (Nattel et al., 2000). Aberrant atrial conduction,
particularly in the form of atrial fibrillation (AF) and atrial flutter, is a common cause of atrial
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dysfunction accompanied by debilitating cardiac symptoms and
an increased chance of developing arterial blood clots (resulting
in stroke and pulmonary embolism) (Hald et al., 2018). There
are multiple risk factors for the development of AF, including
advanced age, hypertension, congestive heart failure, diabetes,
and obesity (Benjamin et al., 1998). Although substantial work
has investigated the tendency for episodes of AF to cause
electrical or structural remodeling that promote the maintenance
of AF (“AF begets AF”) (Nattel et al., 2000), less is known about
the direct trigger for the initiation of AF in clinical populations
(Haïssaguerre et al., 1998; Hnatkova et al., 1998; O’Donnell et al.,
2003; Rajawat et al., 2004; Ohkubo et al., 2008). Studies suggest
that modulation of atrial conduction by the autonomic nervous
system alters AF susceptibility in animal models (Shen and Zipes,
2014). Activation of both parasympathetic cholinergic pathways
and sympathetic adrenergic pathways increases AF susceptibility,
and simultaneous activation may be additive (Liu and Nattel,
1997; Oliveira et al., 2011; Shen et al., 2011).

Epidemiological studies have routinely shown that inhalation
of air pollution, such as particulate matter (PM), is associated
with cardiopulmonary morbidity and mortality, particularly
in individuals with preexisting cardiovascular disease (CVD)
(Pope et al., 2004; Brook et al., 2010). PM inhalation is
also associated with increased incidence of stroke (Huang
et al., 2019). Furthermore, in a controlled exposure study,
PM inhalation increased the incidence of AF in an aged
population with structural heart disease (Link et al., 2013).
Inhalation of irritants and pollutants, including PM, causes
changes in the autonomic control of heart rate and blood
pressure, via reflexes initiated by sensory nerves innervating
the airways (Taylor-Clark, 2020). Many of these irritants and
pollutants activate a subset of nociceptive vagal sensory C-fibers
via the gating of the transient receptor potential ankyrin 1
(TRPA1) ion channel (Bautista et al., 2005; Taylor-Clark et al.,
2009; Taylor-Clark and Undem, 2010; Deering-Rice et al., 2011,
2019). In healthy animals, activation of airway vagal C-fibers
causes a central reflex increase in parasympathetic drive to
the heart, resulting in atropine-sensitive reflex bradycardia and
hypotension (Coleridge and Coleridge, 1984; Hooper et al.,
2016). Similarly, in healthy individuals, inhalation of PM evokes
bradycardia (Devlin et al., 2003; Routledge et al., 2006; Peretz
et al., 2008). Interestingly, PM is associated with tachycardia and
hypertension in a number of clinical cohorts with preexisting
CVD, including hypertension and a history of myocardial
dysfunction (Peters et al., 2000; Devlin et al., 2003; Gold et al.,
2005; Park et al., 2005; Chahine et al., 2007; Chuang et al., 2007).
This suggests that PM-evoked modulation of cardiovascular
function is remodeled by preexisting CVD. We recently showed
evidence of a similar remodeling of irritant-evoked reflexes in
spontaneously hypertensive (SH) rats: inhalation of irritants,
including allyl isothiocyanate (AITC), the TRPA1 agonist,
caused a complex brady-tachycardia accompanied by premature
ventricular contractions (PVCs) in SH rats, but only bradycardia
with no PVCs in the normotensive Wistar-Kyoto (WKY) rat
(Hooper et al., 2019). The AITC-evoked tachycardic episodes
and PVCs were blocked by β1 adrenoceptor inhibitor atenolol
but not by atropine, indicating chronic hypertension remodeled

irritant-evoked pulmonary–cardiac reflexes to include a de novo
sympathetic component.

Given that (1) AF risk factors include preexisting CVD,
(2) AF susceptibility is sensitive to autonomic balance, (3)
inhalation of pollutants is associated with AF and stroke in
susceptible individuals with preexisting CVD, and (4) preexisting
CVD remodels irritant-evoked pulmonary–cardiac reflexes, we
hypothesize that inhalation of AITC would cause greater atrial
conduction abnormalities in SH rats compared to WKY rats.
We have reanalyzed ECG data from our previous publication
(Hooper et al., 2019) to study P Wave parameters. Here, we
show that AITC inhalation increases the incidence of negative
P waves in SH rats compared to WKY rats, and that this is
dependent on the reflex activation of both parasympathetic and
sympathetic drive to the heart. Negative P waves are likely ectopic
atrial beats (Waldo et al., 1975), and ectopic atrial activity is
considered a major trigger of paroxysmal AF (Haïssaguerre et al.,
1998; O’Donnell et al., 2003; Rajawat et al., 2004; Ohkubo et al.,
2008). Thus the remodeled irritant-evoked pulmonary–cardiac
reflex in a model of chronic hypertension provides an electrical
substrate that may be an additional risk factor in the initiation
and maintenance of AF in susceptible populations.

MATERIALS AND METHODS

ECG Acquisition and Agonist Exposure
All animal studies were approved by the University of South
Florida Institutional Animal Care and Use Committee (AAALAC
#000434). This data is a reanalysis of experimental studies
previously described (Hooper et al., 2019). Briefly, 15-week-old
male SH and WKY rats, purchased from Charles River, were
implanted with a radiotelemetric device [4ET, Data Sciences
International (DSI)] through a midline incision in the abdomen
under controlled anesthetic (1–5% isoflurane). A trocar was then
used to tunnel through the right pectoral muscle layers allowing
for the negative ECG lead to be fed rostrally through the trocar
and secured by a single polyethylene suture. The positive ECG
lead was implanted into the lower left flank using the same
procedure giving the lead II ECG position. A total of 7–10 days
following surgery, ECGs were recorded from freely moving rats
contained in a plexiglass chamber (4.5× 11′′) placed on top of the
DSI receiver (RPC-1). The receiver was connected to a computer
running Ponemah software via an A/D converter.

Electrocardiogram were recorded continuously for 30 min
during sequential exposures to ambient air, nebulized vehicle
[4% ethanol in phosphate buffered saline (PBS)] and AITC
(4.3 mg/ml) made up in 4% ethanol and PBS (10 min each).
Exposures were performed using a Trek S (PARI Respiratory
Equipment) nebulizer (4 L/min), which produces 1–5 µm
particles. In some cases, rats were pretreated with either
the muscarinic inhibitor atropine (1 mg/kg, i.p.) or the β1
adrenoceptor inhibitor atenolol (0.5 mg/kg, i.p.) 1 h prior to
the nebulized exposures. The half-life for atropine in the rat is
between 45 and 100 min (Harrison et al., 1974). As such we expect
little attenuation of atropine’s effect after 60 min, consistent
with the complete abolishment of AITC-evoked reflex-mediated
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bradycardia in Sprague Dawley rats (Hooper et al., 2016). The
half-life for atenolol in the rat is 24–35 h (Tabacova and Kimmel,
2002). We expect little decrease in atenolol’s effect following 1 h.
In total 15 WKY rats (9 control, 6 treated with atropine) and
25 SH rats (12 control, 9 treated with atropine, 4 treated with
atenolol) were used in this study. All experiments were performed
at the same time of day (0900–1100) to minimize physiological
variation due to circadian rhythms.

Data Analysis
Data was recorded at 5000 Hz and the cardiac cycle, including
P, QRS, and T waves, were resolved using the Ponemah P3Plus
software. In particular the beginning and end of the P Wave
(Pstart and Pend) were determined. The RR interval (RRi, in
ms), PR interval (PRi, in ms, defined as the interval between the
Pstart and R wave), P Wave duration (Pwidth, in ms, defined as
the interval between the Pstart and Pend) data were analyzed.
The P Wave amplitude/height (P-H, in mV) was calculated
as the amplitude of the highest or lowest point during the
P Wave from the Iso-electric line at Pstart. The P-H for a
biphasic P Wave was calculated as the greater of the positive and
negative amplitudes.

As movement can cause interference in the ECG signal leading
to software P Wave misidentification, all cycles were individually
assessed to ensure proper marking and any cycle with an
indiscernible P Wave was excluded from the analysis. Based upon
our need for correlating P Wave parameters with heart rate on
a beat-to-beat basis, we have chosen to present heart rate in
the form of the RRi parameter (Heart rate = (1000/RRi) × 60).
Overall mean ± SEM ECG parameter data for each condition
represents the mean of all measurable events within the first
4 min of exposure for each rat. Only the first 4 min of AITC
exposure were analyzed because previous studies had identified
some tachyphylaxis of the reflex modulation of the cardiac cycle
(Hooper et al., 2016, 2019). The raw RRi and PRi data was
previously published (Hooper et al., 2019). The AITC-evoked
effect on each ECG parameter was calculated for each rat by
subtracting the raw parameter during vehicle inhalation from
the raw parameter during AITC inhalation. The probability of
evoking a negative P Wave was calculated by dividing the number
of cardiac cycles with a negative P Wave by the total number
of cardiac cycles. The percentage of tachycardic and bradycardic
cardiac cycles in a given exposure was calculated as the percentage
of RRi that were <0.875 (tachycardic) and >1.125 (bradycardic)
of the average RRi taken from the first 2 min of the vehicle
exposure for each animal.

In some groups (control WKY rats, control SH rats, and rats
pretreated with atenolol), the mean number of negative P waves
in each consecutive “train” of negative P waves was calculated
for each animal. A train was defined as a cluster of consecutive
cardiac cycles with negative P waves. Thus an individual negative
P Wave immediately preceded and followed by positive P waves
was allocated a value of 1, and consecutive negative P waves were
allocated the value of the sum of the total number of negative
P waves occurring before a positive P Wave occurred. As such
each train had ≥1 negative P waves. An average of this data
produced the mean consecutive negative P Wave data for a given

challenge of a single animal. To calculate the probability of a
negative P Wave occurring based upon the number of preceding
consecutive negative P waves, all of the P waves from a given
challenge of a single animal were classified into either success
or failure for a series of escalating criteria: (1) the occurrence
of a negative P Wave occurring after a positive P Wave; then
(2) the occurrence of a negative P Wave occurring after a single
negative P Wave; then (3) the occurrence of a negative P Wave
occurring after two consecutive negative P Wave; etc.). A sum
was then taken of all successes (s) and failures (f) occurring
during a given challenge for each criterion across all animals
in the group. The probability was then calculated using the
formula: s/(s+ f).

Statistics
Data were compiled and analyzed using GraphPad software.
Raw data of RRi, PRi, Pwidth, and P-H were found to have
Gaussian distributions (Shapiro–Wilk test, p > 0.05), and were
compared using ANOVA with Sidak’s multiple comparisons. The
AITC-evoked effect on RRi, PRi, Pwidth, and P-H were compared
between WKY and SH rats using unpaired T-tests. Raw data
of the % of cardiac cycles that were defined as bradycardic,
tachycardic, or associated with a negative P Wave were compared
with Kruskal–Wallis ANOVA with Dunn’s multiple comparisons.
The AITC-evoked effect on the % of cardiac cycles that were
associated with a negative P Wave were compared between WKY
and SH rats using the unpaired Mann–Whitney test. The Pearson
correlation coefficient, r, was determined for the correlation
between P Wave parameters (PRi, Pwidth, and P-H) and RRi. In
all cases, p < 0.05 was considered significant.

Chemicals
Allyl isothiocyanate, atropine (free base), and atenolol were
purchased from Sigma.

RESULTS

We had previously investigated the effect of inhalation of
nebulized vehicle (4% ethanol in PBS) and AITC (4.3 mg/ml)
on the cardiac cycle in conscious WKY and SH rats using
electrocardiogram (ECG) radiotelemetry (Hooper et al., 2019).
Here, we reanalyzed the data to explore in detail the effect
of AITC inhalation on P Wave characteristics (Figures 1–3),
as these can be indicators of atrial susceptibility to clinically
relevant arrhythmia. During the inhalation of vehicle, the
cardiac cycle and P Wave morphology were relatively stable
(Figures 1, 2). While the RRi of SH rats was significantly shorter
than WKY rats during vehicle inhalation (p < 0.05), there were
no significant differences in PRi, Pwidth, and P-H between the
strains (p> 0.05) (Figures 3A,C,E,G). Inhalation of AITC caused
appreciable changes in the cardiac cycle and P Wave morphology
(Figures 1, 2). In WKY rats, AITC induced a significant increase
in RRi compared to vehicle (p < 0.05, Figure 3A). This
AITC-evoked bradycardia was accompanied with an increase in
PRi and Pwidth (p < 0.05, Figures 3C,E), although there was no
significant effect on the P-H (p > 0.05, Figure 3G). In SH rats,

Frontiers in Physiology | www.frontiersin.org 3 July 2021 | Volume 12 | Article 64229930

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-642299 July 21, 2021 Time: 17:27 # 4

Hooper and Taylor-Clark P Wave Modulation by Irritants

FIGURE 1 | Effect of allyl isothiocyanate (AITC) inhalation on ECG in conscious Wistar-Kyoto (WKY) and spontaneously hypertensive (SH) rats. Representative ECG
for a single WKY rat (A) and two separate SH rats (B,C) during exposure to vehicle (4% ethanol) and AITC (4.3 mg/ml). Note the prominent and reproducible P Wave
prior to the QRS complex in all three animals during vehicle inhalation. The trace during AITC inhalation by the WKY rat (A) was interrupted by a period of poor ECG
recording (not shown). Horizontal scale bars denote 100 ms, vertical scale bars denote 0.1 mV.

AITC significantly increased RRi (p < 0.05, Figure 3A), although
this effect was less than that observed in WKY rats (p < 0.05,
Figure 3B). AITC also increased PRi (p < 0.05, Figure 3C) in
SH rats, but had no effect on Pwidth (p > 0.05, Figure 3E). In
contrast to WKY, AITC caused a significant decrease in P-H in
SH rats (p < 0.05, Figure 3G). The substantial effect of AITC
inhalation on the RRi was also reflected in changes in P Wave
morphology: converting the simple monophasic positive P waves
observed during vehicle inhalation into notched, biphasic, and
even inverted (i.e., negative) P waves in some cardiac cycles
during AITC inhalation (Figures 1, 2). In particular, we found
that AITC caused an increase in the % of cardiac cycles with
negative P waves in SH rats (p < 0.05) but not in WKY rats
(p > 0.05) (Figures 3I,J).

Given the disordered effect of AITC inhalation on RRi and
P Wave morphology, we investigated the correlation of P Wave
characteristics with RRi on a beat-to-beat basis. During AITC
exposure, many RRi in WKY rats were substantial prolonged
(i.e., bradycardic cardiac cycles) compared to vehicle (Figure 4A).
Increased RRi in WKY rats was negatively correlated with P-H
(p < 0.05, r2 = 0.11), but few P-H values were actually negative
(i.e., inverted). The AITC-evoked effect on RRi in WKY rats
positively correlated with increases in Pwidth (p< 0.05, r2 = 0.27,
Figure 4B) and PRi (p < 0.05, r2 = 0.23, Figure 4C). As seen
previously in SH rats (Hooper et al., 2019), the distribution
of RRi during AITC inhalation was complex: AITC increased

the occurrence of both prolonged RRi (i.e., bradycardic cardiac
cycles) and shortened RRi (i.e., tachycardic cardiac cycles)
compared to vehicle (Figure 4D). Interestingly, AITC evoked
negative P waves across the entire spectrum of RRi in the SH rats.
Similar to WKY, the AITC-evoked effect on RRi in SH rats was
positively correlated with Pwidth (p < 0.05, r2 = 0.29, Figure 4E)
and PRi (p < 0.05, r2 = 0.16, Figure 4F).

In order to compare the incidence of negative P waves at
different RRi we generated histograms of the number of cardiac
cycles, the number of negative P waves and the probability of
a P Wave being negative in relation to RRi. Furthermore, we
added datasets from WKY and SH rats pretreated with atropine
(1 mg/kg) and SH rats pretreated with atenolol (0.5 mg/kg),
in order to determine the contribution of muscarinic receptors
(i.e., parasympathetic activity) and β1 receptors (i.e., sympathetic
activity), respectively, to the generation of negative P waves
during vehicle and AITC inhalation. In WKY rats, few negative
P waves were evoked during vehicle (n = 134) and, given the
substantial number of cardiac cycles recorded (n = 8220) this
indicated that vehicle has a very low probability of evoking a
negative P Wave at any RRi (Figure 5A). During inhalation of
AITC by WKY rats, the probability of evoking a negative P Wave
appeared to increase for prolonged RRi (i.e., bradycardic cardiac
cycles) (Figure 5A). In SH rats, few negative P waves were evoked
during vehicle and so in general there was a very low probability
of evoking a negative P Wave – although this probability
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FIGURE 2 | Effect of AITC inhalation on P Wave morphology in conscious WKY and SH rats. Representative consecutive P waves for vehicle (4% ethanol) and AITC
(4.3 mg/ml) inhalation shown in Figure 1: a single WKY rat (A) and two separate SH rats (B,C). The consecutive P waves shown for AITC inhalation by the WKY rat
(A) was interrupted by a period of poor ECG recording (not shown). In some cases, the P Wave could not be discerned (N.D.). Each P Wave is colored by a rainbow
color range denoting the particular RRi of that cardiac cycle. Horizontal scale bars denote 10 ms, vertical scale bars denote 0.05 mV, dotted lines denote the location
of 0 mV.

appeared to increase with the few RRi > 220 ms (Figure 5B).
Interestingly, the probability of evoking a negative P Wave in
SH rats exposed to AITC was highly dependent on the individual
RRi – the probability was very low at “normal” RRi but increased
robustly at RRi<120 and >220 ms. These data suggest that atrial
conduction at resting RRi is normal in SH rats, but it is disturbed
for RRi outside of the resting range. As shown previously (Hooper
et al., 2019), atropine abolished AITC-evoked bradycardia in
both WKY and SH, consistent with the established role of vagal
parasympathetic signaling in irritant-evoked pulmonary–cardiac
reflexes. Consequently, no negative P waves were observed
during RRi >220 ms (Figures 5C,D). Previously, we had shown
that atenolol did not prevent AITC-evoked bradycardia in SH
rats (Hooper et al., 2019). Here we found that AITC-evoked
RRi > 220 ms in SH rats pretreated with atenolol had a high
probability of having a negative P Wave (Figure 5E). Given that
atropine completely abolished AITC-evoked modulation of RRi
in WKY (thus indicating the reflex was entirely mediated by
parasympathetic/muscarinic signaling), there was little rationale
for assessing the contribution of sympathetic signaling in
mediating the AITC-evoked response in the original study
(Hooper et al., 2019).

Resting heart rate varies within cohorts of both WKY and
SH strains (assessed at the same age) (Figure 3A). Thus it is

not possible to ascribe a certain absolute value of RRi as a
threshold for either bradycardia or tachycardia. We therefore
defined thresholds for bradycardic cardiac cycles and tachycardic
cardiac cycles for each rat (see methods) and then calculated
the probability of evoking a negative P Wave in these 2
categories (Figure 6). AITC caused a significant increase in
the % of cardiac cycles that were bradycardic in control WKY
and control SH rats (p < 0.05, Figure 6A). AITC-evoked
bradycardic cardiac cycles were abolished by atropine in both
WKY and SH rats (p < 0.05, Figure 6A). AITC also caused
an increase in the % of cardiac cycles that were bradycardic
in SH rats treated with atenolol (p < 0.05, Figure 6A), which
was not significantly different to control SH rats (p > 0.05).
Importantly, AITC robustly increased the % of bradycardic
cardiac cycles that had negative P waves in control SH rats
(p < 0.05, Figure 6B), but not in control WKY rats (p > 0.05).
In addition, AITC increased the % of bradycardic cardiac cycles
that had negative P waves in SH rats treated with atenolol
(p < 0.05, Figure 6B). This AITC-evoked response in SH
rats treated with atenolol appeared to be smaller in magnitude
compared to control SH rats, but this did not reach significance
(p > 0.05). The % of bradycardic beats that had negative P waves
in the atropine-treated groups could not be calculated because
atropine eliminated the bradycardic cardiac cycles.
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FIGURE 3 | Effect of AITC inhalation on heart rate and P Wave parameters in conscious WKY and SH rats. (A,C,E,G,I) Mean ± SEM of RRi (A), PRi (C), Pwidth (E),
P-H (G), and the % of cardiac cycles with a negative P Wave (I) during inhalation of vehicle (open squares) and AITC (4.3 mg/ml, closed squares) in WKY rats (gray,
n = 9) and SH rats (red, n = 12). The mean ± SEM of RRi (A) and PRi (C) were previously published (Hooper et al., 2019). (B,D,F,H,J) Mean ± SEM of the difference
between vehicle- and AITC-evoked RRi (B), PRi (D), Pwidth (F), P-H (H), and the % of cardiac cycles with a negative P Wave (J) in WKY rats (gray, n = 9) and SH
rats (red, n = 12). In (A,C,E,G), * denotes significant effect of AITC compared to vehicle (p < 0.05) and $ denotes significant difference between WKY and SH rats
(p < 0.05), both assessed by ANOVA with Sidak’s multiple comparisons. In (B,D,F,H), $ denotes significant difference between WKY and SH rats (p < 0.05,
unpaired T-test). In (I), * denotes significant effect of AITC compared to vehicle (p < 0.05, Kruskal–Wallis ANOVA with Dunn’s multiple comparisons). In (J), $
denotes significant difference between WKY and SH rats (p < 0.05, unpaired Mann–Whitney test).

Allyl isothiocyanate caused an increase in the % of cardiac
cycles that were tachycardic in control SH rats (p < 0.05,
Figure 6C), but not in control WKY rats. AITC-evoked
tachycardia in SH rats was abolished by atenolol (p < 0.05), but
was unaffected by atropine, indicating that it is likely dependent
on reflex sympathetic nerve activation. AITC caused an increase
in the % of tachycardic cardiac cycles that had negative P waves
in control SH rats (p < 0.05, Figure 6D), but not in control WKY
rats. Interestingly, AITC failed to increase the % of tachycardic
cardiac cycles that had negative P waves in SH rats treated with
atropine (p> 0.05, Figure 6D), despite the numerous tachycardic
cardiac cycles evoked in these animals. The % of tachycardic beats
that had negative P waves in the atenolol-treated SH rats could
not be calculated because atenolol eliminated the tachycardic
cardiac cycles. Overall, the data suggests that SH rats have
a greater susceptibility to evoke negative P waves in cardiac
cycles with “non-normal” RRi than WKY rats, and that this is
sensitive to autonomic blockade of both the parasympathetic and
sympathetic control of the heart.

Analysis of individual ECG records showed a tendency of
negative P waves to cluster (Figures 1, 2). We calculated the
mean number of negative P waves in each consecutive “train”
of negative P waves. This was approximately one for all groups
during vehicle inhalation – i.e., negative P waves were only found
singularly – with the exception of atropine-treated WKY and SH

rats which often had no negative P waves at all (Figure 7A). In
control SH rats, AITC inhalation evoked a significant increase
in the mean number of negative P waves in each consecutive
“train” (p < 0.05, Figure 7A). AITC failed to increase the mean
number of negative P waves in each consecutive “train” in the
other groups (p > 0.05). Analysis of the probability that a
given P Wave was negative in control SH rats during treatment
with AITC showed that the probability rose from 0.08 ± 0.02
immediately following a single positive P Wave to 0.33 ± 0.06
immediately following a single negative P Wave (Figure 7B).
Thus, the probability of AITC evoking a negative P Wave in
control SH rats was significantly increased by the number of
preceding negative P waves (p < 0.05, Figure 7B).

DISCUSSION

Airborne pollutants such as PM, ozone, diisocyanates, and
acrolein trigger acute cardiopulmonary responses via the TRPA1-
mediated activation of nociceptive sensory nerves innervating
the airways (Bautista et al., 2005; Taylor-Clark et al., 2009;
Taylor-Clark and Undem, 2010; Deering-Rice et al., 2011, 2019;
Taylor-Clark, 2020). Activation of nociceptive airway sensory
nerves causes a vagal–vagal central reflex-mediated bradycardia
(Coleridge and Coleridge, 1984; Hooper et al., 2016). We

Frontiers in Physiology | www.frontiersin.org 6 July 2021 | Volume 12 | Article 64229933

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-642299 July 21, 2021 Time: 17:27 # 7

Hooper and Taylor-Clark P Wave Modulation by Irritants

FIGURE 4 | Correlation of RRi with P Wave parameters for individual cardiac cycles during AITC and vehicle inhalation. Each cardiac cycle is represented by either a
blue dot (during vehicle inhalation) or a red dot (during AITC inhalation). (A,D) Correlation of RRi with P-H. (B,E) Correlation of RRi with P width. (C,F) Correlation of
RRi with PRi. (A–C) Events in WKY rats (n = 9 animals, 8220 cycles during vehicle, 4224 cycles during AITC). (D–F) Events in SH rats (n = 12 animals, 11,745 cycles
during vehicle, 9558 cycles during AITC).

have previously shown that this irritant-evoked pulmonary–
cardiac reflex is remodeled in hypertensive rats such that, in
addition to the atropine-sensitive reflex bradycardia, there is
an additional de novo atenolol-sensitive reflex tachycardia with
accompanying PVCs (Hooper et al., 2019). Here, we have
found that hypertensive rats are also more susceptible to atrial
conduction abnormalities evoked by nociceptive pulmonary–
cardiac reflexes, and this is dependent on the activation of both
parasympathetic and sympathetic signaling.

P Wave polarity and morphology is an indicator of atrial
electrical conduction. If initiated at the sinoatrial node, P waves
(in lead II position) are positive in direction without major
notches (Waldo et al., 1975). Gross deviations from this shape
suggests ectopic P Wave initiation, the source of which can be
identified in 12-lead ECG studies of the human heart (Waldo
et al., 1977; O’Donnell et al., 2003; Rajawat et al., 2004; Ohkubo
et al., 2008; Censi et al., 2016). For example, ectopic activity
originating near the pulmonary veins (in the left atria) can cause
notched or negative P waves in lead II (Waldo et al., 1977; Rajawat
et al., 2004; Ohkubo et al., 2008). Ectopic atrial activity is observed
in all AF patients, with many unique P waves originating from
the pulmonary veins (Haïssaguerre et al., 1998; O’Donnell et al.,
2003; Rajawat et al., 2004; Ohkubo et al., 2008). The importance

of these ectopic P waves is shown by the observation that ablation
of regions surrounding the pulmonary vein can eliminate the
ectopic beats and reduce AF (Haïssaguerre et al., 1998). The
tendency to evoke ectopic P waves is negatively correlated with
the effective refractory period (ERP) of atrial tissue, which is
shortest near the pulmonary veins (Oliveira et al., 2011; Fan et al.,
2019). There are multiple factors that promote aberrant atrial
conduction including atrial hypertrophy and fibrosis (structural
changes) and by changes in intrinsic electrical components (e.g.,
ion channels, connexins) within cardiomyocytes (Nattel et al.,
2000). Conditions which promote these factors, such as age,
congestive heart failure, hypertension, and diabetes are risk
factors for AF (Benjamin et al., 1998). Furthermore, it is likely
that structural changes induce electrical remodeling and vice
versa. This complexity culminates in the concept that “AF begets
AF” (Nattel et al., 2000), which can be seen in experimentally
paced animals (Hayashi et al., 2002; Ogawa et al., 2009; Oliveira
et al., 2011) and in the progression of clinical AF from paroxysmal
to persistent AF in some patients (O’Donnell et al., 2003).
AF is associated with a progressive decrease in ERP (Hayashi
et al., 2002; Anyukhovsky et al., 2005; Fan et al., 2019), which
provides a substrate for re-entry – promoting AF maintenance
or further AF initiations.
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FIGURE 5 | Correlation of RRi with incidence of negative P waves during AITC and vehicle inhalation. Each cardiac cycle from WKY rats (A, n = 9 animals, 8220
cycles during vehicle, 4224 cycles during AITC), SH rats (B, n = 12 animals, 11,745 cycles during vehicle, 9558 cycles during AITC), WKY rats pretreated with
1 mg/kg atropine (C, 6 animals, 6771 cycles during vehicle, 6363 cycles during AITC), SH rats pretreated with 1 mg/kg atropine (D, 9 animals, 10,104 cycles during
vehicle, 11,511 cycles during AITC), and SH rats pretreated with 0.5 mg/kg atenolol (E, n = 4 animals, 3185 cycles during vehicle, 2601 cycles during AITC) was
grouped by RRi into 25 ms bins. For each RRi bin during vehicle (blue) and AITC (red) inhalation the number of cardiac cycles recorded (top), the number of cycles
with negative P waves (middle) and the probability of a given cycle having a negative P Wave (bottom) is shown.

Identifying the source of ectopic P waves in the less
characterized rat heart with a single pair of leads (lead II) is
not possible. Nevertheless, our data demonstrates a profound
change in P Wave morphology in both WKY and SH rats
during inhalation of AITC compared to vehicle: during vehicle
inhalation, P waves are positive, and regularly shaped; whereas
AITC causes variable changes in some P waves, decreasing
their amplitude, increasing the PRi, introducing notches and
causing inversions (negative P waves) (see Figures 1, 2). The
decreased amplitude and increased PRi is consistent with
the slowing of atrial conduction, likely due to the actions
of acetylcholine on atrial M2 muscarinic receptors following
increases in reflex parasympathetic activity (Hooper et al., 2019).
Notched or negative P waves are likely ectopic atrial beats
(Waldo et al., 1975), and this is consistent with heterogeneity
of conduction throughout the rat atria and pacemaker activity
near the rat pulmonary vein (Masani, 1986; Maupoil et al., 2007;

Fan et al., 2019; Logantha et al., 2019). AITC inhalation caused
an increase in negative P waves in SH rats but not WKY rats,
despite the observation that AITC-evoked increases in PRi were
similar between the strains and AITC-evoked increases in RRi
and Pwidth were greater in the WKY rat (Figures 3, 4). The
probability of a P wave being negative in SH rats was highly
dependent on RRi – the probability was negligibly low at heart
rates consistent with sinus rhythm but increased dramatically for
bradycardic and tachycardic cardiac cycles (Figure 5).

Spontaneously hypertensive rats have decreased ERP
compared to WKY rats, and there is greater heterogeneity of ERP
across the atria in SH rats (Lau et al., 2013). Thus SH atria are
intrinsically arrhythmogenic. However, our data suggest that in
addition to this intrinsic susceptibility, the increased number of
negative P waves evoked by AITC in SH rats is dependent on the
aberrant remodeled pulmonary–cardiac reflex, which includes
both atropine-sensitive and atenolol-sensitive components.
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FIGURE 6 | The effect of AITC inhalation on the incidence of negative P waves during bradycardia and tachycardia in conscious WKY and SH rats. (A) Mean ± SEM
of the % of cardiac cycles which were classified as bradycardic. (B) Mean ± SEM of the % of bradycardic cardiac cycles with a negative P Wave. (C) Mean ± SEM
of the % of cardiac cycles which were classified as tachycardic. (D) Mean ± SEM of the % of tachycardic cardiac cycles with a negative P Wave. Data was recorded
during vehicle (open squares) and AITC (4.3 mg/ml, closed squares) inhalation in control WKY and SH rats (gray, n = 9 and 12, respectively), WKY and SH rats
pretreated with 1 mg/kg atropine (blue, n = 6 and 9, respectively), and SH rats pretreated with 0.5 mg/kg atenolol (green, n = 4). The symbol * denotes significant
effect of AITC compared to vehicle (p < 0.05), $ denotes significant difference between WKY and SH rats (p < 0.05), and # denotes significant effect of autonomic
drugs compared to control (p < 0.05), each assessed in Kruskal–Wallis ANOVA with Dunn’s multiple comparisons.

Atropine had no effect on AITC-evoked tachycardia in the SH
rat (Figure 6C), but abolished the negative P waves associated
with that tachycardia (Figure 6D). Similarly, atenolol had no
effect on AITC-evoked bradycardia in SH rats (Figure 6A),
but prevented consecutive negative P waves from forming
(Figure 7A). There was also a trend for atenolol to decrease the
% of negative P waves associated with AITC-evoked bradycardia,
but this failed to reach significance (Figure 6B). Overall, the
data indicate that both parasympathetic and sympathetic
reflexes contributed to the initiation of ectopic P waves during
irritant inhalation. Despite the current observations that the
AITC-evoked changes in RRi and P Wave polarity are abolished
by atropine and/or atenolol in WKY and SH rats, we cannot
definitely rule out a direct effect of AITC on the atrial tissue.
Further inhalation studies with other nociceptor stimulants may
provide clarity on this issue.

What can explain this reflex modulation of P Wave
polarity? Vagal nerve stimulation causes atropine-sensitive

bradycardia and alters the morphology of P waves (Ninomiya,
1966). Outside of the sinoatrial node, muscarinic signaling
increases IKACh currents, resulting in decreased action potential
duration (Chen et al., 2014). Furthermore, this effect is
heterogeneous (Ninomiya, 1966; Liu and Nattel, 1997), thus
parasympathetic signaling reduces atrial ERP in a spatially and
temporally heterogeneous manner, and consequently increases
the susceptibility and duration of experimentally induced AF
(Liu and Nattel, 1997; Oliveira et al., 2011). Stimulation of
sympathetic signaling to the heart also decreases atrial ERP
(Liu and Nattel, 1997), principally by modulating cardiomyocyte
Ca2+ handling (Chen et al., 2014). However, this effect is
not spatially heterogeneous, and thus sympathetic stimulation
alone only marginally increases susceptibility to experimentally
induced AF (Liu and Nattel, 1997). Nevertheless, there is
evidence that coactivation of parasympathetic and sympathetic
activity correlates with atrial arrhythmia and AF susceptibility
(Shen et al., 2011). Furthermore, stellate ganglion ablation
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FIGURE 7 | Allyl isothiocyanate inhalation increases the probability of consecutive negative P waves in SH rats. (A) Mean ± SEM of the average number of negative
P waves in each consecutive “train” of negative P waves during vehicle (open squares) and AITC (4.3 mg/ml, closed squares) inhalation in control WKY and SH rats
(gray, n = 9 and 12, respectively), WKY and SH rats pretreated with 1 mg/kg atropine (blue, n = 6 and 9, respectively), and SH rats pretreated with 0.5 mg/kg atenolol
(green, n = 4). The symbol * denotes significant effect of AITC compared to vehicle (p < 0.05) and $ denotes significant difference between WKY and SH rats
(p < 0.05), both assessed in Kruskal–Wallis ANOVA with Dunn’s multiple comparisons. (B) Mean ± SEM the probability of a given cycle having a negative P Wave in
control SH rats (n = 12) during vehicle (open squares) and AITC (4.3 mg/ml, closed squares) as a function of the prior number of consecutive negative P waves.

reduced experimentally induced AF (Ogawa et al., 2009; Shelton
et al., 2018). This suggests that an increase in sympathetic
signaling to the heart can also contribute to atrial conduction
dysfunction. Here, we have shown that AITC inhalation in
the SH rat increases the probability of negative P Wave
initiation, and this appears dependent on both parasympathetic
and sympathetic signaling. Although the current data is
consistent with a role of autonomic reflexes in the modulation
of the atrial ERP, further studies are required to directly
measure the ERP in the SH heart during AITC-evoked
reflex modulation.

Although AITC inhalation induced a significant increase in
ectopic P waves in SH rats, we wish to emphasize that we
found no evidence of AF. This may be due to the age of
the rats (15 weeks) used in this study. Tachypacing-induced
atrial tachyarrhythmia were significantly increased in 11 month
old SH rats compared to age-mated WKY rats or 3 month
old SH rats (Choisy et al., 2007), and 55 week old SH rats have
spontaneous premature atrial contractions and atrial tachycardia
unlike WKY rats or 14 week old SH rats (Scridon et al., 2012).
Aging leads to increased cardiac fibrosis and hypertrophy in
the SH rat (Choisy et al., 2007; Lau et al., 2013), which was
associated with P Wave abnormalities, ventricular arrhythmia,
and heart failure at >12 months (Pfeffer et al., 1976; Dunn
et al., 1978). Despite the lack of AF, AITC-evoked negative
P waves in SH rats were clustered in consecutive “trains,” with
the probability of a negative P Wave increasing dramatically
with the occurrence of preceding negative P waves. This may
have occurred because the electrical conditions conducive to
increased ectopic atrial activity (decreased atrial ERP with
spatially and temporally heterogeneity) occurred over a period
longer than an individual cardiac cycle. Such a hypothesis would

be consistent with the importance of sympathetic signaling in
these responses which modulates cardiac rhythms over slower
cycles than the beat-to-beat modulation of parasympathetic
signaling (Thoren et al., 1979; Chen et al., 2014). Nevertheless,
we cannot discount the additional possibility that the occurrence
of a negative P Wave itself increased the probability of a
subsequent negative P Wave. This may reflect early stages of
electrical and structural remodeling in the SH (Dunn et al.,
1978), and is consistent with reports that, in some clinical
populations, ectopic atrial beats, especially originating from the
pulmonary veins (negative P Wave in lead II), can initiate AF
(Haïssaguerre et al., 1998; O’Donnell et al., 2003; Rajawat et al.,
2004; Ohkubo et al., 2008).

In conclusion, we have shown that the remodeled
irritant-evoked pulmonary–cardiac reflex (composed of both
parasympathetic and sympathetic components) in the SH rat
provides an electrical substrate that induces negative P waves.
These ectopic P waves could trigger AF initiation in structurally
remodeled atria. Inhalation of the selective TRPA1 agonist AITC
activates the same neural pathways as air pollution. Air pollution
has previously been shown to increase the incidence of AF in
an aged population with structural heart disease (57% of whom
also had hypertension) (Link et al., 2013). Thus the remodeling
of pollution-sensitive pulmonary–cardiac reflexes may be an
additional risk factor in the initiation and maintenance of AF in
susceptible populations.
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3 Department of Clinical Sciences and Community Health, University of Milan, Milan, Italy, 4 School of Physical Education
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Sympathetic hyperactivation and baroreflex dysfunction are hallmarks of heart failure
with reduced ejection fraction (HFrEF). However, it is unknown whether the progressive
loss of phasic activity of sympathetic nerve bursts is associated with baroreflex
dysfunction in HFrEF patients. Therefore, we investigated the association between
the oscillatory pattern of muscle sympathetic nerve activity (LFMSNA/HFMSNA) and
the gain and coupling of the sympathetic baroreflex function in HFrEF patients. In a
sample of 139 HFrEF patients, two groups were selected according to the level of
LFMSNA/HFMSNA index: (1) Lower LFMSNA/HFMSNA (lower terciles, n = 46, aged 53 ± 1
y) and (2) Higher LFMSNA/HFMSNA (upper terciles, n = 47, aged 52 ± 2 y). Heart rate
(ECG), arterial pressure (oscillometric method), and muscle sympathetic nerve activity
(microneurography) were recorded for 10 min in patients while resting. Spectral analysis
of muscle sympathetic nerve activity was conducted to assess the LFMSNA/HFMSNA,
and cross-spectral analysis between diastolic arterial pressure, and muscle sympathetic
nerve activity was conducted to assess the sympathetic baroreflex function. HFrEF
patients with lower LFMSNA/HFMSNA had reduced left ventricular ejection fraction (26 ± 1
vs. 29 ± 1%, P = 0.03), gain (0.15 ± 0.03 vs. 0.30 ± 0.04 a.u./mmHg, P < 0.001) and
coupling of sympathetic baroreflex function (0.26 ± 0.03 vs. 0.56 ± 0.04%, P < 0.001)
and increased muscle sympathetic nerve activity (48 ± 2 vs. 41 ± 2 bursts/min,
P < 0.01) and heart rate (71 ± 2 vs. 61 ± 2 bpm, P < 0.001) compared with
HFrEF patients with higher LFMSNA/HFMSNA. Further analysis showed an association
between the LFMSNA/HFMSNA with coupling of sympathetic baroreflex function (R = 0.56,
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P < 0.001) and left ventricular ejection fraction (R = 0.23, P = 0.02). In conclusion, there
is a direct association between LFMSNA/HFMSNA and sympathetic baroreflex function
and muscle sympathetic nerve activity in HFrEF patients. This finding has clinical
implications, because left ventricular ejection fraction is less in the HFrEF patients with
lower LFMSNA/HFMSNA.

Keywords: heart failure, oscillatory pattern, sympathetic nervous system, baroreflex control, cardiovascular
variabilities

INTRODUCTION

Heart failure is a complex syndrome and considered the leading
cause of hospitalization in patients over the age of 60 years, which
accounts for about 30–40% of the mortality of these patients
(Ponikowski et al., 2016). According to cardiac function, heart
failure (HF) patients are currently classified as follows: (i) with
preserved ejection fraction, (ii) with mid-range ejection fraction;
and (iii) with reduced ejection fraction (HFrEF). It is also known
that neurohumoral excitation is a hallmark of HFrEF and an
independent predictor of mortality in patients suffering with this
syndrome (Barretto et al., 2009).

HFrEF patients have increased sympathetic activity as shown
by the enhanced sympathetic nerve discharges (Barretto et al.,
2009; Triposkiadis et al., 2009), and a progressive loss of phasic
activity of sympathetic nerve bursts (van de Borne et al., 1997).
It is known that the sympathetic nervous system influence on
cardiovascular control depends not only on its tonic but also
its phasic activity (i.e., modulation). Thus, both the frequency
and the intensity of the sympathetic nerve discharge determine a
pattern of oscillation that influences the efficiency of sympathetic
effector response (Toschi-Dias et al., 2013). This modulation
of sympathetic nerve bursts may be evaluated by the balance
between the spectral components of low (LF) and high frequency
(HF) sympathetic nerve activity and represents the intrinsic
behavior of sympathetic nervous system functioning (van de
Borne et al., 1997; Toschi-Dias et al., 2013).

In healthy individuals, spontaneous fluctuations in heart
rate (HR), blood pressure (BP), and muscle sympathetic nerve
activity (MSNA) are strongly coupling in the LF band both
at rest and during physiological maneuvers (e.g., orthostatic
stress) (Malliani et al., 1991; Stauss et al., 1998; Furlan et al.,
2000). Based on neuromodulation approaches, Stauss et al.
(1998) demonstrated that vascular tonus is modulated by
sympathetic nerve stimulations in the frequency range between
0.07 and 0.10 Hz in healthy subjects. However, sympathetic nerve
stimulation reduced blood flow when the stimulation frequency
was in the HF range (i.e., > 0.20 Hz). These findings indicate
that peripheral sympathetic transmission to the vascular bed of
humans acts as a low-pass filter with a cut-off frequency above
0.10 Hz (Stauss et al., 1998).

On the other hand, the increase of burst frequency with
a shift from LF fluctuations toward HF bands (∼0.20 Hz)
are linked with a marked reduction in the linear relationship
between systolic arterial pressure (SAP) and MSNA oscillation
in the presyncope phase during a tilt test maneuver (Kamiya
et al., 2005; Barbic et al., 2015). These data demonstrate the

physiological relevance of spectral density and coupling between
cardiovascular variability parameters, because to induce an
optimal vasomotor response, the tonic and phasic activities of
the sympathetic firings must occur at ∼0.10 Hz for appropriate
vasoconstriction (Pagani et al., 1997; Stauss et al., 1998; Furlan
et al., 2000; Kamiya et al., 2005; Barbic et al., 2015).

A neural mechanism of interest is the baroreflex control,
which exerts a major inhibitory influence on sympathetic outflow
(Joyner et al., 2010). This autonomic reflex control modulates,
at least in part, the tonus and the oscillatory pattern of
MSNA (LFMSNA/HFMSNA) (Groehs et al., 2015). The effectiveness
of the sympathetic baroreflex depends on its magnitude and
coupling responses (Sunagawa et al., 2001). Curiously, baroreflex
dysfunction is also a hallmark of HFrEF. The clinical implication
of this knowledge is based on the fact that both baroreflex
dysfunction and increased MSNA are associated with a poor
prognosis in patients with HFrEF sympathetic nerve discharges
(Grassi et al., 2004; Barretto et al., 2009), and a progressive
loss of phasic activity of sympathetic nerve bursts. However, it
is unknown whether a lower LFMSNA/HFMSNA can potentiate
the sympathetic baroreflex dysfunction in HFrEF patients.
In the present study, we tested the hypothesis that HFrEF
patients with lower LFMSNA/HFMSNA would have an exacerbated
hyperadrenergic state compared with HFrEF patients with
higher LFMSNA/HFMSNA. In addition, we sought to determine
whether there would be an association between LFMSNA/HFMSNA
and the gain and coupling of sympathetic baroreflex function
in these patients.

MATERIALS AND METHODS

This study was approved by the Scientific Commission of the
Heart Institute (InCor), University of São Paulo Medical School
(#3946/13/071) and Human Subject Protection Committee of the
Clinical Hospital, University of São Paulo, Medical School (#
22255213.2.0000.0068). Signed informed consent was obtained
from all patients during the screening visit.

Subjects
Patients were selected from a database of randomized studies
performed at the Unit of Cardiovascular Rehabilitation
and Exercise Physiology of the Heart Institute (InCor),
University of São Paulo Medical School. Initially, 139
HFrEF patients, age ranging from 30 to 65 years, New York
Heart Association functional class II to III, left ventricular
ejection fraction (LVEF) < 40%, and peak oxygen uptake
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(VO2) < 20 ml.kg−1.min−1 were included in the study. The
exclusion criteria were recent myocardial infarction or unstable
angina (<3 months), HFrEF duration (<3 months), and
permanent pacemaker dependence. According to the level of the
LFMSNA/HFMSNA index, patients were placed into two groups:
(1) Lower LFMSNA/HFMSNA (lower terciles < 0.46, n = 46, aged
53 ± 1 y) and (2) Higher LFMSNA/HFMSNA (upper terciles > 1.24,
n = 47, aged 52 ± 2 y).

Cardiac Function
According to international guidelines, LVEF was evaluated
with two-dimensional echocardiography according to the
Simpson method (IE33, Philips Medical Systems, Andover, MA)
(Ponikowski et al., 2016).

Functional Capacity
To assess functional capacity, all patients underwent
cardiopulmonary exercise testing as previously described
(Martinez et al., 2011) on a braked cycle ergometer, using a ramp
protocol with work rate increments of 10, 15, or 20 W every
minute at 60 rpm up to exhaustion. Peak value of oxygen uptake
(VO2 peak) was averaged from the last 30 s interval and was
considered the maximal exercise capacity (Martinez et al., 2011).

Muscle Sympathetic Nerve Activity
MSNA was recorded from the peroneal nerve using the
microneurography technique (Vallbo et al., 1979; Toschi-
Dias et al., 2013). In brief, multiunit postganglionic muscle
sympathetic nerve recordings were made using a tungsten
microelectrode (tip diameter 5–15 µm). The signals were
amplified by a factor of 50–100K and band-pass filtered (0.7–2
KHz). For recordings and analysis, nerve activity was rectified
and integrated with time constant at 0.1 s to obtain a mean
voltage display of MSNA. In the present study, the tonic
activity of the MSNA was evaluated through a time-domain
analysis and expressed as burst frequency (i.e., bursts/min) and
burst incidence (i.e., burst per 100 heartbeats) (Vallbo et al.,
1979; Toschi-Dias et al., 2013). The phasic activity of MSNA
was evaluated by a frequency domain analysis (i.e., power
spectrum analysis of MSNA variability) and refers solely to
the oscillatory pattern of the post-ganglionic sympathetic firing
(Toschi-Dias et al., 2013).

Arterial Pressure, HR, and Respiratory
Rate
Arterial pressure was monitored non-invasively by a finger
photoplethysmography device (Finapres 2,300, Ohmeda,
Englewood, CO) on a beat-to-beat basis. Simultaneously, HR
was monitored through lead II of the ECG and respiratory
rate was monitored with a piezoelectric thoracic belt
(Pneumotrace II, model 1132, UFI, CA) placed around
the upper abdomen.

Experimental Protocol
On the day of the experiment, all patients abstained from caffeine
or other types of stimulants for 12 h. The protocol experiment

was performed at approximately 8:00 AM, with the patients in a
supine position in a quiet air-conditioned room (22–24◦C). After
obtaining an adequate sympathetic nerve recording site in the
leg and after stabilization of the autonomic and cardiovascular
variables, baseline recordings of arterial pressure, HR, MSNA,
and respiratory rate were taken for 10 min.

Autonomic Control
After synchronization among signals, specific software
(HeartScope II; AMPS-LLC, NY) was used by a trained
investigator (ET-D) to process the MSNA, ECG, arterial pressure,
and respiratory activity signals and to extract the time series
of MSNA, R-R interval (RRi), systolic and diastolic arterial
pressure (SAP and DAP, respectively), and respiration on
a beat-to-beat basis. The sympathetic bursts were sampled
once per cardiac cycle synchronously with the peak of the
R-wave of ECG and automatically detected considering an
amplitude threshold of 30% of baseline and rejection ratio of
3%. The maximum and minimum values of arterial pressure
inside the i-th heart period were defined as SAP and DAP
values, respectively, where i is the cardiac beat counter.
Thereafter, the beat-to-beat variability of MSNA, RRi, systolic
and diastolic arterial pressure (SAP and DAP, respectively),
and respiratory activity were analyzed by an autoregressive
frequency domain approach. On stationary segments of 200–300
beats, autoregressive spectral decomposition of times series
were calculated based on the Levinson–Durbin recursion with
the order of the model chosen according to Akaike’s criterion.
This procedure automatically quantifies the center frequency
and the power spectral density of oscillatory components
in very low (VLF: 0.003–0.04 Hz), low (LF: 0.04–0.15 Hz),
and high frequency (HF: 0.15–0.40 Hz) ranges in absolute
(abs.) values as well as in normalized units (n.u.). However,
only the normalized units were used of the LF and HF
components of RRi and MSNA variability due to the variances
in data. According to the international guidelines, the RRi
spectral component quantified in the LF band representing
cardiac sympathetic modulation predominance, and the HF
band synchronized with respiration, representing cardiac
parasympathetic modulation (Malliani et al., 1991; Montano
et al., 1994; Task Force, 1996). Spectral densities of SAP and
DAP variability were quantified only in the LF band, indexes
of the vasomotor sympathetic modulation (Malliani et al.,
1991), because the quantified oscillatory component in the HF
band did not represent an autonomic index (Bertram et al.,
2000). Finally, due to central medullary sympathetic premotor
oscillatory circuits and/or baroreflex resonance, the spectral
density in the LF range of MSNA variability reflects the profile
of oscillation of sympathetic modulation associated with 0.10-Hz
rhythm, whereas spectral density in HF range reflects the
marked influence of the central respiratory drive on medullary
sympathetic premotor neurons (Malliani et al., 1991; Furlan
et al., 2000; Montano et al., 2009). Furthermore, the LF/HF ratio
of RRi and MSNA were calculated for estimation of the cardiac
sympatho-vagal balance (LFRRi/HFRRi) and oscillatory pattern
of MSNA (LFMSNA/HFMSNA), respectively (Martinez et al., 2011;
Toschi-Dias et al., 2013; Groehs et al., 2015).
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SYMPATHETIC BAROREFLEX CONTROL

To evaluate sympathetic baroreflex function, transfer function
analysis by means of the bivariate autoregressive model was
used with model order fixed to 10. As previously described
in detail (Pinna et al., 2002; Bari et al., 2019), this procedure
enables quantification of the gain, phase shift, and coherence of
transfer function between two signals (e.g., MSNA and DAP) in
a frequency range. Briefly, the transfer function was estimated as
the ratio of the cross-spectrum computed from input signal (i.e.,
DAP) to the output signal (i.e., MSNA) to the power spectrum
of the input signal. Thus, the gain of sympathetic baroreflex
function measures the intensity of the response of the MSNA
per unit of spontaneous change of the DAP, being expressed in
a.u./mmHg (Pinna et al., 2002; Toschi-Dias et al., 2013; Bari
et al., 2019). The phase shift estimated the delay between the
oscillations in both variability signals (the SAP changes precede
MSNA changes) and was accepted when it was between 0 and -π
(radians). The squared coherence function of MSNA and DAP
signals was estimated as a ratio of the squared cross-spectrum
modulus to the product of the densities spectra of the input
and output signals. This function ranged between 0 and 1, with
0 indicating null correlation and 1 maximum correlation. In
the present study, the squared coherence index represents the
level of neurovascular coupling between MSNA and DAP. The
phase shift measures the time lag or lead between the signals.
We calculated these indices of the transfer function in the
frequency where the coherence peaked at the maximum value
within the LF range (Pinna et al., 2002; Toschi-Dias et al., 2013;
Bari et al., 2019).

Statistical Analysis
The data are presented as mean ± standard error. A chi-square
(χ2) test was used to assess categorical data differences. For
each continuous or discrete variable, Lèvene and Kolmogorov–
Smirnov tests were used to assess the homogeneity and
normality of distribution, respectively. Demographic data
and baseline physical characteristics and hemodynamic and
autonomic data were compared using Student’s t-tests or
Mann–Whitney tests when appropriate. Spearman correlation
was used to test the association between LFMSNA/HFMSNA,
LVEF, VO2, gain and coherence of sympathetic baroreflex
function. Probability values of P < 0.05 were considered
statistically significant.

RESULTS

Baseline characteristics of patients with HFrEF are shown in
Table 1. Age, body mass index (BMI), sex, mean BP, and HFrEF
etiology were similar between groups. However, LVEF and VO2
were significantly lower and HR and proportion of patients
using anticoagulant were significantly higher in the group with
lower LFMSNA/HFMSNA compared with the group with higher
LFMSNA/HFMSNA.

Spectral parameters of MSNA, RR-interval, SAP, and DAP
of HFrEF patients with a lower and higher oscillatory

TABLE 1 | Baseline characteristics of HfrEF patients with lower and higher
oscillatory pattern of MSNA.

Lower
LFMSNA/HFMSNA

Higher
LFMSNA/HFMSNA

P

N 46 47

Age, y 53 ± 1 52 ± 2 0.91

BMI, kg/m2 26 ± 1 27 ± 1 0.32

Sex

Male, n (%) 33 (72) 38 (81) 0.30

Female, n (%) 13 (28) 9 (19)

LVEF,% 26 ± 1 29 ± 1 0.03

VO2 peak, ml.kg−1.min−1 16 ± 1 18 ± 1 0.03

MAP, mmHg 89 ± 2 86 ± 2 0.89

HR, bpm 72 ± 2 63 ± 2 < 0.001

HFrEF etiology

Idiopathic, n (%) 21 (46) 18 (38) 0.47

Ischaemic, n (%) 14 (30) 15 (32) 0.88

Hypertensive, n (%) 4 (9) 8 (17) 0.23

Chagasic, n (%) 7 (15) 6 (13) 0.73

Medications

β-Blocker, n (%) 44 (96) 45 (96) 0.98

ACEI/ARA, n (%) 44 (96) 44 (94) 0.66

Diuretics, n (%) 42 (91) 46 (98) 0.16

Anticoagulant, n (%) 17 (36) 7 (15) 0.02

Digitalis, n (%) 9 (20) 10 (22) 0.84

Statins, n (%) 19 (41) 22 (47) 0.59

Values are means ± SE; HFrEF, heart failure with reduced ejection fraction;
LFMSNA/HFMSNA, oscillatory pattern of MSNA; BMI, body mass index; LVEF, left
ventricular ejection fraction; VO2 peak, oxygen uptake at peak exercise, MBP,
mean arterial pressure, HR, heart rate; HFrEF, chronic heart failure; ACEI/ARA,
angiotensin-converting enzyme inhibitors/angiotensin II receptor antagonist.

pattern of MSNA are shown in Table 2. The loss of
the physiological autonomic modulatory pattern characterized
by a paradoxical decrease of LF component in the lower
LFMSNA/HFMSNA group was observed in the RRi, SAP, and
DAP variability. Furthermore, the lower LFMSNA/HFMSNA group
had a decreased variance of and sympatho-vagal balance
(LF/HF) than the higher LFMSNA/HFMSNA group had (Table 2).
However, the oscillatory component in HF band of RRi and
variance of MSNA, SAP, and DAP were similar between
groups (Table 2).

In addition, significantly higher levels in burst frequency
(Figure 1A) but not in burst incidence of MSNA (Figure 1B)
occurred in the lower LFMSNA/HFMSNA group compared with the
higher LFMSNA/HFMSNA group.

The sympathetic baroreflex function is shown in Figure 2.
HFrEF patients with lower LFMSNA/HFMSNA had reduced gain
and coherence of sympathetic baroreflex function than that
observed in patients with higher LFMSNA/HFMSNA. Further
analysis showed that LFMSNA/HFMSNA was directly associated
with LVEF, gain and coherence of sympathetic baroreflex
function, and was inversely associated with HR and MSNA burst
frequency (Table 3), yet MSNA burst frequency was significantly
associated with HR and inversely associated with gain and
coherence of sympathetic baroreflex function (Table 3).
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TABLE 2 | Spectral parameters of MSNA, RR-interval, SAP, and DAP of HFrEF
patients with lower and higher oscillatory pattern of MSNA.

Lower
LFMSNA/HFMSNA

Higher
LFMSNA/HFMSNA

P

MSNA

Variance, a.u.2 0.17 ± 0.02 0.19 ± 0.02 0.49

LF n.u.,% 20 ± 1 70 ± 2 <0.01

HF n.u.,% 72 ± 2 28 ± 2 <0.01

LF/HF 0.3 ± 0.1 4.6 ± 0.9 <0.01

R-R interval

Variance, ms2 1828 ± 241 3628 ± 796 0.04

LF n.u.,% 15 ± 2 30 ± 4 <0.01

HF n.u.,% 53 ± 3 49 ± 3 0.44

LF/HF 0.3 ± 0.1 1.4 ± 0.4 <0.01

Systolic arterial pressure

Variance, mmHg2 19 ± 3 23 ± 3 0.26

LF abs., mmHg2 1.5 ± 0.3 4.8 ± 0.8 <0.001

Diastolic arterial pressure

Variance, mmHg2 7.1 ± 0.8 8.4 ± 1.0 0.32

LF abs., mmHg2 0.5 ± 0.1 1.7 ± 0.4 <0.001

Values are mean ± SE; HFrEF, heart failure with reduced ejection fraction; MSNA,
muscle sympathetic nerve activity; SAP, systolic arterial pressure; DAP, diastolic
arterial pressure; LFMSNA/HFMSNA, oscillatory pattern of MSNA; LF, low frequency;
HF, high frequency; LF/HF, sympatho-vagal balance.

DISCUSSION

The main and new findings of the present study were that
the oscillatory pattern of MSNA was directly associated with
gain and coupling of the sympathetic baroreflex function and
inversely associated with MSNA burst frequency in patients with
HFrEF. Indeed, our data showed that patients with HFrEF and
lower LFMSNA/HFMSNA had higher levels of burst frequency and
reduced cardiac function, functional capacity, gain and coupling
of sympathetic baroreflex function.

In the present study, we aimed to investigate a candidate
mechanism underlying the loss of rhythm of the MSNA in
HFrEF patients. In this sense, we thought that the reduced
gain and coupling of the sympathetic baroreflex function would
be involved in this autonomic dysfunction in these patients.
Accumulated evidence shows that sympathetic baroreflex plays
an important role in the modulation of sympathetic nervous
activity (van de Borne et al., 1997; Toschi-Dias et al., 2013).
During the cardiac cycle, when blood pressure increases, the
activation of arterial baroreceptors located in the aortic arch and
in the carotid sinus reflexively restrains the sympathetic efferent
outflow. In contrast, during the reduction in arterial pressure
when arterial baroreceptors are deactivated the sympathetic
activity increases reflexively (Toschi-Dias et al., 2017).

In humans, due to the resonance loop generated in negative
feedback mechanisms such as the baroreceptor reflex arc, this
rhythm occurs in a modulation range of 0.10 Hz and is produced
mainly by the time constant and delays in the local and neuronal
phenomena of a closed system (Burgess et al., 2003; Julien,
2006). This autonomic control can be drastically altered in
cardiovascular disease. For example, the gain in sympathetic

FIGURE 1 | Muscle sympathetic nerve activity (MSNA), assessed directly by
the microneurography technique, in heart failure patients with reduced
ejection fraction. The tonic activity of the MSNA reveals higher levels in burst
frequency (bursts/min, A) but not in burst incidence (bursts/100 heart beats,
B) in the Lower LFMSNA/HFMSNA group compared with the Higher
LFMSNA/HFMSNA group.

baroreflex is significantly reduced in patients with HFrEF (Grassi
et al., 2004), hypertension (Laterza et al., 2007) and myocardial
infarction (Martinez et al., 2011). To our knowledge, this is the
first time that one of the mechanisms related to the loss of
the intrinsic rhythm of sympathetic nervous activity has been
demonstrated in patients with HFrEF. In fact, the coupling of
the sympathetic baroreflex function is reduced in patients with
HFrEF and lower LFMSNA/HFMSNA.

To the best of our knowledge, few studies have evaluated the
phasic activity of neural sympathetic discharge (Pagani et al.,
1997; van de Borne et al., 1997; Furlan et al., 2000; Barbic
et al., 2015). Most of these studies explore only the oscillatory
component in the LF range. Because the MSNA signal acquisition
is performed before the adrenergic synapse, the interpretation
of the rhythms from the relationship between the spectral
components reveals the intrinsic behavior of the sympathetic
nervous system. It has been documented that the increase in the
LF component of signals involved in cardiovascular variability
during physiological stress is the hallmark of phasic sympathetic
activity of an effector organ (Furlan et al., 2000; Barbic et al.,
2015). Based on the response of oscillatory components during
orthostatic stress, an increase of the adrenergic tonic activity is
accompanied by a proportional modification of their LF rhythmic
pattern of sympathetic firing, RRi, and SAP in healthy subjects.
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FIGURE 2 | Sympathetic baroreflex function of muscle sympathetic nerve
activity (MSNA), assessed by the transfer function technique using bivariate
autoregressive spectral analysis, in heart failure patients with reduced ejection
fraction. The levels of gain are expressed in arbitrary unit/mm of mercury
(u.a./mmHg, A) and coherence in percentage (B). *P < 0.01 vs. Group with
higher oscillatory pattern of MSNA.

As mentioned earlier, tonic and phasic activities of the
sympathetic firings at rest and during physiological stress
occur predominantly at ∼0.10 Hz to ensure appropriate
vasoconstriction to organism demand (Pagani et al., 1997;
Furlan et al., 2000; Barbic et al., 2015). However, the loss of
oscillatory patterns of MSNA, characterized by an increase in
burst frequency with the shift from LF range fluctuations toward
the HF range, may be observed through the relation of the
spectral components of the neural sympathetic discharges in
HFrEF patients (van de Borne et al., 1997). This paradoxical
phenomenon reveals the saturation of the sympathetic nervous
system and is linked to a marked reduction in the gain and
coupling of sympathetic baroreflex function. We can speculate
that in cardiac dysfunction, as observed in HFrEF patients, some
excitatory reflex mechanisms, such as chemoreflex control and
cardiac sympathetic afferent reflex, can buffer the baroreflex
control leading to a progressive loss in the central autonomic
rhythm (Toschi-Dias et al., 2017). Further studies will be
necessary to confirm this hypothesis.

Our findings have clinical implications because
LFMSNA/HFMSNA was also positively associated with LVEF
and inversely associated with heart rate. There is a consensus
that LVEF is an independent predictor of cardiovascular death,
hospitalization, and all-cause mortality (Lewis et al., 2003).

TABLE 3 | Relationship between oscillatory pattern of MSNA and burst frequency
with functional and hemodynamic characteristics and sympathetic baroreflex
function in HFrEF patients.

N = 93 patients LFMSNA/HFMSNA Burst frequency

LVEF 0.23* −0.13

VO2 peak 0.18 −0.02

HR –0.46* 0.37*

Gain DAP-MSNA 0.42* −0.28*

Coherence DAP-MSNA 0.56* −0.28*

Burst frequency –0.28* . . .

Spearman rank correlation coefficients. HFrEF, heart failure with reduced ejection
fraction; LFMSNA/HFMSNA, oscillatory pattern of muscle sympathetic nerve activity;
MSNA, muscle sympathetic nerve activity; LVEF, left ventricular ejection fraction;
VO2 peak, peak oxygen uptake; HR, heart rate; DAP, diastolic arterial pressure.
*P < 0.05.

Interestingly, it has been demonstrated that patients with HFrEF
with an absence of the LF component of MSNA have reduced
LVEF and increased hyperadrenergic state (van de Borne et al.,
1997). Our findings confirm these observations. We found that
the loss of intrinsic rhythm of the MSNA is associated with a
worsening in the cardiac systolic function in patients with HFrEF.

The present study extends the knowledge about the influence
of the oscillatory pattern of the MSNA on the clinical condition
of these patients. These data reveal, for the first time, that HFrEF
patients with lower LFMSNA/HFMSNA have decreased functional
capacity. This finding has clinical implications that should be
taken into consideration in medical practice, because it is well
established that VO2 peak is a prognostic index due to its strong
and independent association with clinical outcomes in HFrEF
patients (Keteyian et al., 2016). In addition, we demonstrated, in a
large population, a positive association between LFMSNA/HFMSNA
and the levels of MSNA. In addition, we (Barretto et al., 2009) and
others (Benedict et al., 1996; Stanek et al., 2001) demonstrated
that MSNA and catecholamine levels are independent predictors
of mortality in HFrEF patients.

Likewise, of clinical interest, we found that HFrEF patients
with lower LFMSNA/HFMSNA have increased HR at rest. These
data are important because an elevated HR is also considered
a prognostic index of mortality (Poole-Wilson et al., 2002,
2003; Kotecha et al., 2017). Our data also suggest that patients
with HFrEF under optimized clinical treatment have increased
cardiovascular risk in the presence of a decreased MSNA
oscillatory pattern.

Our study has some limitations that need to be addressed.
First, the experimental protocol considers only recordings
obtained with the patient in the resting position to evaluate
autonomic nervous system in HFrEF patients. Some authors
have suggested that the autonomic nervous system needs to
be evaluated both at rest and during physiological maneuvers
to examine the complexities of neural regulation. Therefore,
it is difficult to generalize our findings to HFrEF patients
during a physiological challenge (e.g., exercise, mental stress, and
orthostatic maneuvers). Second, even considering that female
participants in the present study were a smaller proportion (28
and 19% for the lower and higher LFMSNA/HFMSNA groups,
respectively), someone could argue about the influence of
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the menstrual cycle of these women on our results. We did
not control the menstrual cycle and the use of hormonal
contraceptives or hormone replacement therapy of the women
participating in our study. However, because few women were
under 50 years of age (i.e., mean age for the end of the
reproductive period) our sample was mainly composed of
postmenopausal women, who were similarly distributed between
the groups. Thus, it is unlikely that menopause, the use
of hormonal contraceptives, or hormone replacement therapy
could be a confounding variable in the present study. Finally,
considering our strategy for the composition of the HFrEF
groups, it is possible that some differences in autonomic control
markers could be expected due to the interdependence of
cardiovascular parameters. Further analysis will be needed in
future studies to address this issue.

In conclusion, HFrEF patients with a lower oscillatory pattern
of MSNA have a worsening clinical condition as evidenced by
the reduced cardiac function and functional capacity, exacerbated
resting sympathetic activity, higher resting heart rate, and
baroreflex dysfunction when compared with HFrEF patients with
a higher oscillatory pattern of MSNA. In addition, there is a
direct association between the LFMSNA/HFMSNA index and the
gain and coupling of sympathetic baroreflex function and the
MSNA in HFrEF patients.
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Hydrogen sulfide (H2S) is a gaseous signaling molecule with neuromodulatory, anti-
inflammatory, and anti-hypertensive effects. Here, we investigate whether chronic
intracerebroventricular (ICV) infusion of sodium hydrosulfide (NaHS), an H2S donor, can
alleviate angiotensin II (Ang II)–induced hypertension (HTN), improve autonomic function,
and impact microglia in the paraventricular nucleus (PVN) of the hypothalamus, a brain
region associated with autonomic control of blood pressure (BP) and neuroinflammation
in HTN. Chronic delivery of Ang II (200 ng/kg/min, subcutaneous) for 4 weeks produced
a typical increase in BP and sympathetic drive and elevated the number of ionized
calcium binding adaptor molecule 1–positive (Iba1+) cells in the PVN of male, Sprague–
Dawley rats. ICV co-infusion of NaHS (at 30 and/or 60 nmol/h) significantly attenuated
these effects of Ang II. Ang II also increased the abundance of cecal Deltaproteobacteria
and Desulfovibrionales, among others, which was prevented by ICV NaHS co-infusion at
30 and 60 nmol/h. We observed no differences in circulating H2S between the groups.
Our results suggest that central H2S may alleviate rodent HTN independently from
circulating H2S via effects on autonomic nervous system and PVN microglia.

Keywords: hydrogen sulfide, hypertension, microglia, neuroinflammation, paraventricular nucleus, microbiota,
angiotensin

INTRODUCTION

Uncontrolled, treatment-resistant hypertension (HTN) develops in part due to aberrant autonomic
mechanisms characterized by hyperactivity of the sympathetic nervous system (Tsioufis et al.,
2011) and impairment of cardiac vagal modulation (Mancia and Grassi, 2014). The paraventricular
nucleus (PVN) of the hypothalamus is an important hub integrating a variety of central
and peripheral signals in regulation of autonomic pathways for cardiovascular homeostasis
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(Badoer, 2001; Coote, 2005). Neuroinflammation of PVN,
marked by microglia activation and increased microglial cell
number (Shi et al., 2010; Santisteban et al., 2015; Sharma et al.,
2019), has been associated with sympathetic over-activity and
fluid imbalance in rodent HTN, suggesting that microglia may
exert effects on autonomic regulation of blood pressure (BP).
Microglia are the resident immune cells of the brain involved
in the regular maintenance of the neural environment and
pruning of synapses, and aberrant pruning and exacerbated
neuroinflammation involving activated microglia are implicated
in the various neuropathologies (Paolicelli and Ferretti, 2017;
Sakai, 2020; Geloso and D’Ambrosi, 2021). Consequently,
significant research to date has attempted to understand the role
of microglia in many inflammatory conditions including in HTN.

Hydrogen sulfide (H2S) is an endogenous signaling molecule
produced by the gut bacteria and the host (Kimura, 2014;
Donertas Ayaz and Zubcevic, 2020). Impairment in H2S
homeostasis has been implicated in development of HTN (Zhong
et al., 2003; Yan et al., 2004; Yang et al., 2008; Huang et al.,
2015) and studies using H2S donors have alluded to a therapeutic
potential of H2S in HTN. To date, the BP-lowering effects of H2S
have been primarily attributed to direct vascular effects in various
animal models of HTN (d’Emmanuele di Villa Bianca et al., 2015;
Xue et al., 2015; Ni et al., 2018; Xiao et al., 2018; Li et al., 2019b;
Zhu et al., 2021). However, the central effects of H2S cannot be
discounted, as H2S-producing enzymes are present in the brain
(Abe and Kimura, 1996). Moreover, H2S is a gaseous molecule
that reportedly crosses the blood–brain barrier, which may affect
the central nervous system (CNS) directly (Che et al., 2018).
However, a few studies to date have investigated central effects
of H2S in HTN (Streeter et al., 2011; Yu et al., 2015; Liang et al.,
2017) while precise mechanisms of central BP-lowering effects of
H2S remain unknown.

Hydrogen sulfide is a neuromodulator with neuroprotective
effects (Zhang and Bian, 2014). It can freely cross the cell
membrane to regulate several intracellular signaling processes
(Zhang and Bian, 2014). Recent studies showed that H2S
can attenuate glial-mediated neuroinflammation (Xuan et al.,
2012; Lee et al., 2013, 2016), and that the PVN is a site
of action of H2S (Liang et al., 2017). Treatment with H2S
donors in vitro can decrease pro-inflammatory cytokines in
glial cells (Lee et al., 2016), while intraperitoneal injection
of sodium hydrosulfide (NaHS), an H2S donor, lowers pro-
inflammatory cytokines and gliosis in the hippocampus (Xuan
et al., 2012). Thus, the first objective of this study was to
test whether chronic, intracerebroventricular (ICV) infusion of
NaHS may alleviate rodent angiotensin II (Ang II)–induced
HTN and reduce microglia cell counts in the PVN. Rodent
and human HTN have also been linked with gut dysbiosis
(Yang et al., 2015; Li et al., 2017; Yan et al., 2017) and
inhibition of microglial activity in the PVN can rebalance the
gut microbiota in HTN (Sharma et al., 2019). Thus, we further
hypothesized that central NaHS administration may attenuate
Ang II-induced gut dysbiosis.

The present study shows that chronic ICV infusion of NaHS
attenuated Ang II-induced increase in microglial cells in the
PVN, alleviated Ang II-dependent autonomic dysfunction, and

reduced BP. Lastly, ICV infusion of NaHS prevented Ang II-
dependent elevation in several cecal bacterial taxa, including but
not limited to the sulfate-reducing Desulfovibrionales. No change
in circulating H2S levels was observed in any of the treatment
groups. Thus, H2S may have direct central neuromodulating
and neuroimmune effects that are beneficial for cardiovascular
homeostasis, and thus presents a viable anti-hypertensive target.

MATERIALS AND METHODS

All experimental procedures were approved by the University
of Florida Institutional Animal Care and Use Committee and
complied with the standards stated in the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Animals
Eight-week-old, male, Sprague–Dawley (SD) rats (n = 31) were
purchased from Charles River Laboratories (United States)
and housed individually in a temperature-controlled room
(22 ± 1◦C) of University of Florida Animal Care Service Facility
with a 12:12-h light–dark cycle with food and water ad libitum.

Experimental Procedures
NaHS and Angiotensin II Delivery, BP Measurement,
and Variability Analysis of Systolic BP and Heart Rate
A schematic of the timeline used is shown in Figure 1. BP
and heart rate (HR) measurements were performed in conscious
freely moving rats using radio-telemetry transmitters (HD-
S10 model, DSI, Saint Paul, MN, United States, Ponemah
software v.6.11). Telemetry transmitters were implanted into the
descending abdominal aorta of all rats as previously described
(Huetteman and Bogie, 2009). After 7 days of recovery, baseline
measurements were taken for 48 h. Then, an ICV brain cannula
(ALZET, Durect Corp., Cupertino, CA, United States, Brain
Infusion Kit 1 3–5 mm) was implanted into left cerebral ventricle
in all rats (coordinates: 1.3 mm anterior–posterior from bregma,
1.50 medial–lateral, and 4.50 dorsal–ventral from skull surface,
Paxinos and Watson Rat Brain Atlas) to deliver either NaHS
(30 and 60 nmol/h in separate groups of rats; Sigma-Aldrich,
United States, CAS Number 207683-19-0) or vehicle phosphate-
buffered saline (PBS, 1 × without calcium and magnesium;
CORNING Cellgro) for 4 weeks. ICV cannulas were connected to
subcutaneous (SC) osmotic minipumps (ALZET, Durect Corp.,
model 2004, rate of infusion 0.25–0.28 µl per hour). A separate
SC osmotic minipump was implanted as well to deliver either
Ang II (200 ng/kg/min in normal saline; Bachem, Torrance,
CA, United States) or vehicle (normal saline) for 4 weeks.
Thus, animals were divided in the following groups: (1) Control
(n = 4, ICV PBS and SC normal saline); (2) Ang II (n = 5, ICV
PBS + SC Ang II); (3) 30 nmol/h NaHS (n = 4, ICV 30 nmol/h
NaHS + SC PBS); (4) 60 nmol/h NaHS (n = 4, ICV 60 nmol/h
NaHS + SC PBS); (5) 30 nmol/h NaHS + Ang II (n = 7, ICV
30 nmol/h NaHS + SC Ang II); (6) 60 nmol/h NaHS + Ang
II (n = 7, ICV 60 nmol/h NaHS + SC Ang II). After 7 days
of recovery, BP and HR measurements were performed once
a week for 48 h for 4 weeks. Mean arterial pressure (MAP),
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FIGURE 1 | Schematic representation of study design (ICV: intracerebroventricular; BP: blood pressure). Chronic ICV infusion of NaHS attenuated angiotensin (Ang)
II–induced increase in (A) mean arterial pressure (MAP) and (B) systolic blood pressure (SBP) in Sprague–Dawley rats. (C) Ang II effect on heart rate (HR). Data was
analyzed by Kruskal–Wallis H test followed by Tukey’s multiple comparisons test and presented as mean ± SEM. ****p < 0.0001, ***p < 0.001, **p < 0.01,
*p < 0.05 control vs. Ang II. ####p < 0.0001, ###p < 0.001, ##p < 0.01, #p < 0.05 Ang II vs. NaHS/Ang II-treated rats. In panels (D–E), Ang II-induced left
ventricular (LV) hypertrophy as measured by LV thickness was attenuated by 60 nmol/h but not 30 nmol/h NaHS ICV infusion. In panel (D), representative images of
H&E stain in ventricular sections of experimental groups (magnification: ×4, scale bar = 1000 µm). In panel (E), LV wall thickness (µm) and (F) heart weight (g). Data
were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test and presented as mean ± SEM. ***p < 0.001, *p < 0.05 Control vs. all other
groups. ####p < 0.0001 Ang II vs. all other groups.

systolic blood pressure (SBP), and HR were automatically derived
from the Ponemah software (DSI, Ponemah software v.6.11).
Variations in SBP and inter-beat interval (IBI) were computed
to assess cardiovascular autonomic modulation using Ponemah’s
variability analysis module. Variations have been categorized
into three frequency bands [very low frequency (VLF) at 0–
0.26 Hz, low frequency (LF) at 0.26–0.76 Hz, and high frequency
(HF) at 0.76–3.3 Hz (Tayler et al., 2018)] using Fast Fourier
transform, and these bands were automatically derived from
Ponemah software. To assess variability of SBP, total power
of SBP (TPSBP), an index of global variability, and LF of SBP
(LFSBP), reflecting vasomotor sympathetic modulation (deBoer
et al., 1987; Madwed et al., 1989), were derived. For assessment
of HR variability, total power of IBI (TPIBI), VLF of IBI (VLFIBI),
reportedly related to changes in the renin–angiotensin system
and thermoregulation (Taylor et al., 1998; Pumprla et al., 2002)
and parasympathetic modulation (Taylor et al., 1998), LF of
IBI (LFIBI), which reportedly contains both vagal and cardiac
sympathetic components (Shaffer and Ginsberg, 2017), HF of IBI
(HFIBI), reflecting cardiac parasympathetic modulation (Pagani
et al., 1986), normalized LF of IBI, representing the relative
value of LFIBI power component in comparison to the TP,
normalized HF of IBI, representing the relative value of HFIBI

power component in comparison to the TP, and LF/HF of
the IBI (LH/HFIBI), an index of cardiac autonomic balance
(Montano et al., 1994), were derived. For these analyses, the
averaged SBP and HR variability data was collected for 5 min of
every hour for 48 h.

Tissue and Cecal Content Collection
At study endpoint, rats were euthanized using 4% isoflurane in
95:5 O2/CO2. Whole cecal content was collected from all rats
and stored at −80◦C until analysis. Whole brains were post-
fixed in fresh 2% paraformaldehyde (PFA) at 4◦C overnight, then
transferred to 30% sucrose solution at 4◦C for cryoprotection.
Brains were then placed in OCT (Tissue-Tek; Sakura Finetek,
Torrance, CA, United States) and frozen at −80◦C until
sectioning. Whole hearts were collected and post-fixed in fresh
2% PFA at 4◦C for 48 h, after which they were transferred to 70%
ethanol and stored at 4◦C until infiltration process.

Histology
Before the infiltration process, PFA-fixed hearts were cut
transversely into three pieces. On the dorsal aspect of the heart,
the first cut was made right below the pulmonary artery, and
the second cut was made 5 mm below the first cut. The middle
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TABLE 1 | Changes in blood pressure and heart rate in response to subcutaneous Angiotensin II and intracerebroventricular NaHS infusion.

Parameter Weeks Control (n = 4) (*) Ang II (n = 5) (#) 30 nmol/h NaHS (n = 4) 30 nmol/h NaHS + Ang II (n = 7) (∧) 60 nmol/h NaHS (n = 4) 60 nmol/h NaHS + Ang II (n = 7)

MAP (mmHg) 0 100.25 ± 0.59 97.72 ± 0.53** 100.03 ± 0.59## 98.78 ± 0.45* 95.30 ± 0.59****, ## 98.59 ± 0.45*

1 102.70 ± 1.19φ 102.44 ± 1.06φφφφ 99.87 ± 1.19 112.09 ± 0.90φφφφ, ****, #### 99.81 ± 1.19φφφφ 109.30 ± 0.90φφφφ, ****, ####,
∧

2 105.39 ± 1.98φ 125.17 ± 1.77φφφφ, **** 101.29 ± 1.98#### 135.32 ± 1.50φφφφ, ****, #### 99.39 ± 1.98φ, *, #### 119.96 ± 1.50φφφφ, ****, #, ∧∧∧∧

3 104.44 ± 2.54 150.62 ± 2.27φφφφ, **** 101.80 ± 2.54#### 136.70 ± 1.92φφφφ, ****, #### 100.14 ± 2.54#### 129.04 ± 1.92φφφφ, ****, ####, ∧∧

4 105.91 ± 2.35φ 154.54 ± 2.10φφφφ, **** 100.06 ± 2.35#### 137.16 ± 1.78φφφφ, ****, #### 101.38 ± 2.35φ, #### 127.80 ± 1.78φφφφ, ****, ####,∧∧∧

SBP (mmHg) 0 118.15 ± 0.76 115.24 ± 0.68** 119.67 ± 0.76#### 117.50 ± 0.57# 114.10 ± 0.76*** 117.58 ± 0.57##

1 121.27 ± 1.46φ 123.83 ± 1.30φφφφ 120.32 ± 1.46 134.02 ± 1.10φφφφ, ****, #### 119.00 ± 1.46φφφφ, # 131.67 ± 1.10φφφφ, ****, ####

2 123.95 ± 2.23φφ 147.29 ± 1.99φφφφ, **** 121.76 ± 2.23#### 160.59 ± 1.68φφφφ, ****, #### 118.91 ± 2.23φ, #### 143.82 ± 1.68φφφφ, ****, ∧∧∧∧

3 123.92 ± 2.84φ 174.48 ± 2.54φφφφ, **** 122.09 ± 2.84#### 163.64 ± 2.15φφφφ, ****, ## 119.90 ± 2.84φ, #### 154.98 ± 2.15φφφφ, ****, ####, ∧∧

4 126.27 ± 2.65φφ 180.53 ± 2.37φφφφ, **** 120.50 ± 2.65#### 164.57 ± 2.00φφφφ, ****, #### 121.37 ± 2.65φφ, #### 153.13 ± 2.00φφφφ, ****, ####, ∧∧∧∧

HR (bpm) 0 401.86 ± 2.62 387.45 ± 2.35**** 371.19 ± 2.62****, #### 378.20 ± 1.98****, ## 379.99 ± 2.62****, # 383.46 ± 1.98****

1 367.12 ± 2.58φφφφ 364.86 ± 2.31φφφφ 355.97 ± 2.58φφφφ, **, # 357.91 ± 1.95φφφφ, **, # 367.14 ± 2.58φφφφ 375.04 ± 1.95φφφ, *, ###, ∧∧∧∧

2 362.90 ± 3.00φφφφ 364.13 ± 2.69φφφφ 345.38 ± 3.00φφφφ, ****, #### 356.93 ± 2.27φφφφ 352.66 ± 3.00φφφφ, *, ## 358.98 ± 2.27φφφφ

3 354.31 ± 3.93φφφφ 379.33 ± 3.52φ, **** 344.26 ± 3.93φφφφ, #### 364.89 ± 2.97φφφφ, *, ## 342.88 ± 3.93φφφφ, *, #### 364.99 ± 2.97φφφφ, *, ##

4 352.36 ± 3.23φφφφ 370.59 ± 2.89φφφφ, **** 331.86 ± 3.23φφφφ, ****, #### 360.60 ± 2.44φφφφ, *, ## 346.50 ± 3.23φφφφ, #### 354.02 ± 2.44φφφφ, ####

Ang II, Angiotensin II; MAP, mean arterial pressure; SBP, systolic blood pressure; HR, heart rate.
Data was analyzed by Kruskal–Wallis H test followed by Tukey’s multiple comparisons test and presented as mean ± SEM.
φφφφp < 0.0001, φφφp < 0.001, φφp < 0.01, φp < 0.05 vs. Baseline.
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 Control vs. all other groups.
####p < 0.0001, ###p < 0.001, ##p < 0.01, #p < 0.05 Ang II vs. NaHS-treated groups.
∧ ∧ ∧∧p < 0.0001, ∧ ∧ ∧p < 0.001, ∧∧p < 0.01, ∧p < 0.05 30 nmol/h NaHS/Ang II vs. 60 nmol/h NaHS/Ang II.
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section was then embedded in paraffin using the Tissue-Tek VIP
5 vacuum infiltration processor (Sakura Finetek, United States)
and cross-sectioned at 4-µm thickness using a microtome (Accu-
Cut SRM 200; Sakura Finetek, United States). Sections with knife
trace and/or folding were excluded and one representative slide
per rat was stained with H&E using Leica’s ST5020 automated
multi-stainer in accordance with the manufacturer’s protocol.
Slides were imaged on a Keyence microscope (BZ-X810) under
equal conditions and scanned and stitched using × 4 objective.
The cross-sectional thickness of the left ventricular (LV) wall
was measured from four different areas for one section/rat with
ImageJ software, and the results were averaged.

Immunohistochemistry
Coronal sections of the hypothalamic PVN (40 µm in thickness;
taken at −0.72 mm to −1.92 mm from Bregma, Paxinos
and Watson Rat Brain Atlas) were obtained using a cryostat
(MICROM HM 505 E; GMI, Ramsey, MN, United States).
PVN sections were mounted on superfrost plus slides (Fisher).
Slides were stored at−20◦C until immunohistochemistry (IHC).
Ionized calcium binding adaptor molecule-1 (Iba1) is the most
widely used microglia marker of a protein that participates in
membrane ruffling and phagocytosis in activated microglia, and
elevated level of Iba1 refers to microglia activation (Ohsawa et al.,
2004; Jurga et al., 2020). IHC and quantification of Iba1–positive
(Iba1+) cells in the PVN were performed as previously described
(Oliveira et al., 2018; Sharma et al., 2018). Briefly, non-specific
binding was blocked with 10% goat serum and Triton X-100
(0.3% in PBS) followed by incubation with rabbit anti-Iba1
primary antibody (1:500; Wako, Richmond, VA, United States) at
4◦C overnight. After this, slides were incubated with Alexa Fluor
488–labeled anti-rabbit secondary antibody (1:500; Invitrogen,
Carlsbad, CA, United States) for 1 h at room temperature. Slides
were cover-slipped using Vectashield mounting media (Vector
Labs, Burlingame, CA, United States). Images were taken using a
Keyence microscope (BZ-X810) under ×20 objective. For every
rat, a stack of 15 PVN images 2 µm apart was compressed to
a single image using BZ-X800 Viewer and were analyzed using
Fiji-ImageJ cell counter.

Analysis of Cecal Bacterial Communities by 16S
rRNA Gene Sequencing
Cecal fecal microbial DNA was extracted using MO BIO’s
PowerMag Soil DNA Isolation Kit (catalog no. 27100-4-
EP) as per manufacturer’s instructions. Bacterial 16S rRNA
genes were amplified using primers targeting the V4 region
(515F 5′-GTGCCAGCMGCCGCGGTAA-3′ and 806R 5′-
GGACTACHVGGGTWTCTAAT-3′), as previously described
(Kozich et al., 2013). PCR amplicons were then sequenced in an
Illumina MiSeq using the 300-bp paired-end kit (v.3). Sequences
were denoised, taxonomically classified using Greengenes (v.
13_8), and clustered into 97% similarity operational taxonomic
units (OTUs) with the mothur software (v. 1.39.5) (Schloss
et al., 2009). OTUs that were considered putative contaminants
were removed if their mean abundance in controls reached or
exceeded 25% of their mean abundance in specimens. OTUs were
then classified into taxonomic assignments. Assigned taxonomy

were organized into an OTU table. Sequencing data are avaliable
in the Supplementary Material.

Measurement of Plasma H2S Levels
Hydrogen sulfide concentration in plasma was assayed
spectrophotometrically as described previously (Zhuo et al.,
2009). Briefly, 75 µl plasma mixed with 250 µl 1% (w/v) zinc
acetate (zinc acetate, anhydrous, 99.9+%; Alfa Aesar, Fisher,
United States, CAS Number 557-34-6) and 425 µl distilled
water. Then, 20 mM N-dimethyl-p-phenylenediamine oxalate
(Fisher, United States, CAS Number 207683-19-0 CAS 62778-
12-5) in 7.2 µM HCI (133 µI) (Fisher, United States, CAS
Number 7647-01-0, 7732-18-5) and 30 mM iron trichloride
(FeCl3) (iron (III) chloride, anhydrous, 98%; Alfa Aesar Fisher,
United States, CAS Number 7705-08-0) in 1.2 µM HCI (133 µI)
were added and incubated for 10 min at room temperature.
Protein in the plasma was removed by adding 250 µl of 50%
trichloroacetic acid [Trichloroacetic Acid (Crystalline/Certified);
Fisher, United States, CAS Number 76-03-9] to the reaction
mixture and pelleted by centrifugation at 12,000 × g for 15 min.
Then 300 µl of samples were put into each well and absorbance
of the solution was read with a spectrophotometer (BioTek
Synergy Mx) at 670 nm in a 96-well plate (Fisher). All samples
were assayed in duplicate and blank subtracted absorbance
values were averaged.

Data Presentation, Bioinformatics, and
Statistical Analysis
Significant differences in BP and variability data were analyzed
using IBM SPSS Statistics version 21.0 via Kruskal–Wallis
H test followed by Tukey’s multiple comparisons test
and were presented using GraphPad Prism version 9.0.
Significant differences in LV thickness, the number of Iba1+
microglial cells, H2S plasma assay, Shannon diversity index,
and Firmicutes/Bacteroidetes (F/B) ratio were determined
using GraphPad Prism version 9.0 with one-way ANOVA
followed by Tukey’s multiple comparisons test or Kruskal–
Wallis test where appropriate. Normality of distribution was
tested using the Shapiro–Wilk test. A p value < 0.05 was
considered statistically significant. Data are presented as
mean± SEM. Shannon diversity index is presented as minimum
to maximum with a median.

Statistical analyses of cecal bacterial communities were
conducted in R. Diversity within a sample is referred to as alpha
diversity, and diversity between samples is referred to as beta
diversity. Alpha diversity was estimated with the Shannon index
on raw OTU abundance tables after filtering out contaminants.
The significance of diversity differences was tested with ANOVA.
To estimate beta diversity, OTUs occurring with a count of less
than 3 in at least 10% of the samples were excluded and then
computed using Bray–Curtis indices. Beta diversity, emphasizing
differences across samples, was visualized using principal
coordinate analysis (PCoA) ordination. Variation in community
structure was assessed with permutational multivariate analyses
of variance (PERMANOVA) with treatment group as the main
fixed factor and using 9,999 permutations for significance testing.
A p value < 0.05 was considered statistically significant. F/B ratio
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TABLE 2 | Changes in autonomic variables in response to subcutaneous Angiotensin II and intracerebroventricular NaHS infusion.

Parameter Weeks Control (n = 4) (*) Ang II (n = 5) (#) 30 nmol/h NaHS (n = 4) 30 nmol/h NaHS + Ang II (n = 7) (∧) 60 nmol/h NaHS (n = 4) 60 nmol/h NaHS + Ang II (n = 7)

LF of SBP (mmHg2) 0 1.35 ± 0.06 1.70 ± 0.05**** 1.42 ± 0.06### 1.44 ± 0.04### 1.24 ± 0.06#### 1.24 ± 0.04####, ∧∧

1 2.31 ± 0.16φφφφ 1.57 ± 0.14*** 1.35 ± 0.16**** 1.58 ± 0.12*** 1.89 ± 0.16φφφφ 1.66 ± 0.12φφφ, **

2 1.75 ± 0.14φφ 2.62 ± 0.12φφφφ, **** 1.37 ± 0.14*, #### 1.98 ± 0.10φφφφ, #### 1.74 ± 0.14φφφφ, #### 1.76 ± 0.10φφφφ, ####

3 1.51 ± 0.17 2.66 ± 0.15φφφφ, **** 1.29 ± 0.17#### 2.24 ± 0.13φφφφ, **, # 1.61 ± 0.17φ, #### 2.10 ± 0.13φφφφ, **, ##

4 1.59 ± 0.13 2.51 ± 0.11φφφφ, **** 1.31 ± 0.13#### 2.03 ± 0.10φφφφ, **, ## 1.83 ± 0.13φφφφ, #### 1.87 ± 0.10φφφφ, ####

Total Power of SBP 0 6.22 ± 0.25 6.27 ± 0.23 6.66 ± 0.25 6.99 ± 0.19*, # 4.27 ± 0.25****, #### 5.74 ± 0.19∧∧∧∧

1 10.16 ± 0.62φφφφ 6.84 ± 0.56**** 5.85 ± 0.62**** 8.45 ± 0.47φφ, *, # 7.42 ± 0.62φφφφ, ** 8.27 ± 0.47φφφφ, *

2 7.49 ± 0.65 12.03 ± 0.58φφφφ, **** 5.93 ± 0.65#### 12.17 ± 0.49φφφφ, **** 6.12 ± 0.65φφ, #### 9.89 ± 0.49φφφφ, **, ##, ∧∧

3 7.42 ± 0.75 13.46 ± 0.67φφφφ, **** 5.82 ± 0.75#### 11.74 ± 0.56φφφφ, **** 6.55 ± 0.75φφ, #### 10.84 ± 0.56φφφφ, ***, ##

4 7.10 ± 0.60 12.55 ± 0.54φφφφ, **** 5.63 ± 0.60#### 11.18 ± 0.45φφφφ, **** 7.16 ± 0.60φφφφ, #### 9.89 ± 0.45φφφφ, ***, ###,
∧

VLF of IBI (ms2) 0 3.20 ± 0.50 4.07 ± 0.45 3.60 ± 0.50 4.49 ± 0.38* 2.98 ± 0.50 3.18 ± 0.38∧

1 5.76 ± 0.32φφφφ 4.35 ± 0.28*** 3.96 ± 0.32**** 4.85 ± 0.24* 4.13 ± 0.32φ, *** 4.14 ± 0.24φ, ****, ∧

2 5.33 ± 0.39φφφ 4.75 ± 0.35 4.71 ± 0.39 5.80 ± 0.30φφ, # 4.65 ± 0.39φφ 5.02 ± 0.30φφφφ

3 7.10 ± 0.36φφφφ 4.06 ± 0.32**** 4.25 ± 0.36**** 4.35 ± 0.27**** 5.29 ± 0.36φφφφ, ***, # 4.90 ± 0.27φφφφ, ****, #

4 7.17 ± 0.40φφφφ 4.20 ± 0.35**** 3.90 ± 0.40**** 4.23 ± 0.30**** 5.59 ± 0.40φφφφ, **, ## 4.72 ± 0.30φφφ, ****

LF of IBI (ms2) 0 0.79 ± 0.32 1.20 ± 0.29 0.79 ± 0.32 1.53 ± 0.24 0.85 ± 0.32 0.88 ± 0.24

1 1.32 ± 0.11 1.16 ± 0.10 0.99 ± 0.11* 1.23 ± 0.08 1.18 ± 0.11 0.93 ± 0.08**, ∧

2 1.51 ± 0.16 1.01 ± 0.14* 1.22 ± 0.16# 1.54 ± 0.12## 1.38 ± 0.16 1.27 ± 0.12

3 1.57 ± 0.13φ 1.36 ± 0.12 0.95 ± 0.13** 1.34 ± 0.10 1.12 ± 0.13* 1.04 ± 0.10**, #,
∧

4 1.83 ± 0.15φφ 1.13 ± 0.13*** 0.82 ± 0.15**** 1.42 ± 0.11* 1.28 ± 0.15** 0.90 ± 0.11****, ∧∧∧

HF of IBI (ms2) 0 4.38 ± 0.34 3.10 ± 0.30** 1.97 ± 0.34****, # 2.11 ± 0.25****, # 1.81 ± 0.34****, ## 2.71 ± 0.25****, ##

1 5.01 ± 0.46 3.36 ± 0.41** 4.28 ± 0.46φφφφ 3.81 ± 0.34φφφφ, * 3.24 ± 0.46φφ, ** 2.26 ± 0.34****, #, ∧∧

2 5.87 ± 0.53φφ 3.61 ± 0.48** 5.36 ± 0.53φφφφ, # 4.50 ± 0.40φφφφ, * 3.58 ± 0.53φφ, ** 4.39 ± 0.40φφφφ, *

3 7.08 ± 0.58φφφφ 4.34 ± 0.52φ, *** 6.78 ± 0.58φφφφ, ## 3.52 ± 0.44φφ, **** 3.25 ± 0.58φφ, **** 3.48 ± 0.44****

4 7.25 ± 0.40φφφφ 3.82 ± 0.36**** 3.50 ± 0.40φφφ, **** 3.63 ± 0.30φφφφ, **** 3.33 ± 0.40φφφ, **** 3.39 ± 0.30φ, ****

LF/HF of IBI 0 0.43 ± 0.0.03 0.58 ± 0.03*** 0.47 ± 0.03## 0.49 ± 0.02# 0.57 ± 0.03** 0.44 ± 0.02####

1 0.40 ± 0.03 0.52 ± 0.03φ, ** 0.46 ± 0.03 0.44 ± 0.02φ, # 0.55 ± 0.03*** 0.54 ± 0.02φφφφ, ***, ∧∧

2 0.39 ± 0.03 0.39 ± 0.02φφφφ 0.43 ± 0.03 0.41 ± 0.02φφ 0.58 ± 0.03****, #### 0.43 ± 0.02

3 0.40 ± 0.03 0.31 ± 0.02φφφφ, ** 0.36 ± 0.03φφφ 0.40 ± 0.02φφφ, ## 0.56 ± 0.03****, #### 0.40 ± 0.02##

4 0.39 ± 0.03 0.33 ± 0.02φφφφ 0.36 ± 0.03φφφ 0.39 ± 0.02φφφφ 0.56 ± 0.03****, #### 0.39 ± 0.02#

Normalized LF of IBI 0 0.26 ± 0.01 0.31 ± 0.01*** 0.28 ± 0.01*, # 0.30 ± 0.01 0.32 ± 0.01**** 0.26 ± 0.01###, ∧∧

1 0.25 ± 0.01 0.28 ± 0.01φ, * 0.27 ± 0.01 0.27 ± 0.01φφφ 0.30 ± 0.01*** 0.31 ± 0.01φφφφ, ****, ∧∧∧

2 0.24 ± 0.01 0.23 ± 0.01φφφφ 0.26 ± 0.01 0.25 ± 0.01φφφφ 0.32 ± 0.01****, #### 0.26 ± 0.01#

3 0.24 ± 0.01 0.20 ± 0.01φφφφ, *** 0.23 ± 0.01φφφ, # 0.25 ± 0.01φφφφ, #### 0.31 ± 0.01****, #### 0.24 ± 0.01φ, ###

4 0.24 ± 0.01 0.21 ± 0.01φφφφ, * 0.23 ± 0.01φφφφ 0.25 ± 0.01φφφφ, ## 0.32 ± 0.01****, #### 0.24 ± 0.01φφ, #
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was calculated by dividing the abundance ratio (percentage of
each species in total number of species identified) of Firmicutes
with that of the Bacteroidetes.

Operational taxonomic units were aggregated into each
taxonomic rank and plotted the relative abundance (how
common or rare an OTU is relative to other OTUs in the same
community) of the most abundant ones. Data are presented as
mean ± SEM. Linear discriminant analysis effect size (LEfSe)
was also employed to identify species that were differentially
distributed between different samples1. The threshold of the
linear discriminant analysis score was 2.0 and alpha value for the
Kruskal–Wallis test and Wilcoxon test was 0.05.

RESULTS

Central Administration of NaHS
Attenuated Angiotensin II–Induced
Changes in BP, Heart Rate, and Left
Ventricular Wall Thickness
Table 1 summarizes all significant differences between groups
and times of treatment. Chronic SC Ang II infusion significantly
elevated MAP and SBP starting at week 2 (W2), and these
remained elevated through week 4 (W4) of infusion compared
with the control groups (Figures 1A,B). Chronic, concomitant
ICV infusion of 30 and 60 nmol/h NAHS dose-dependently
(Table 1) attenuated Ang II-induced increase in MAP and SBP
(Figures 1A,B). HR significantly decreased in all groups over
time compared with baseline (W0) (Table 1). However, this
time-dependent decrease in HR was significantly dampened by
Ang II infusion when compared with control and NaHS/Ang II
groups (Figure 1C).

In line with BP increase, Ang II infusion caused a significant
increase in the LV wall thickness (Figures 1D,E) compared with
the control and 60 nmol/h NaHS groups (Ang II: 2,643 ± 179.6
vs. control: 2,016 ± 40.9 µm, p < 0.05 and vs. 60 nmol/h NaHS:
1,500 ± 64.0 µm, 60 nmol/h NaHS/Ang II: 1,728 ± 79.4 µm,
p < 0.0001). The Ang II-induced LV thickness was attenuated by
60 nmol/h NaHS ICV but not 30 nmol/h NaHS ICV co-treatment
(Figures 1D,E, Ang II: 2,643 ± 179.6 vs. 60 nmol/h NaHS/Ang
II: 1,728 ± 79.4 µm, p < 0.0001). No significant difference was
found in heart weights between the groups (Figure 1F).

Central Effects of NaHS on Angiotensin
II–Induced Imbalance in Autonomic
Variables
Table 2 summarizes the statistical significance in derived
autonomic variables between groups and times of treatment.
Spectral analysis of SBP variability showed that Ang II
infusion significantly increased TPSBP and LFSBP starting at
W2 compared with control groups, and that ICV NaHS co-
treatment significantly attenuated this increase at 60 nmol/h
for TPSBP and at 30 and 60 nmol/h for LFSBP (Table 2 and
Figure 2A).

1https://huttenhower.sph.harvard.edu/galaxy
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Spectral analysis of HR variability showed that VLFIBI
significantly increased with time in the control but not in the
Ang II group (Table 2), suggesting that Ang II attenuated
the time-dependent increase in this variable. Co-infusion of
NaHS with Ang II partially corrected the Ang II-induced
changes in VLFIBI at W2 in the 30 nmol/h NaHS/Ang II
group and at W3 in the 60 nmol/h NaHS/Ang II group
(Figure 2B). However, at W4, VLFIBI of all groups was
significantly lower than control. Similarly, LFIBI increased with
time in the control group but not in the Ang II group
(Table 2 and Figure 2C). Co-infusion of NaHS with Ang
II partially corrected the Ang II-induced changes in LFIBI
but only at W2 in the 30 nmol/h NaHS/Ang II group,
while LFIBI was significantly lower at W3 in the 60 nmol/h
NaHS/Ang II group (Figure 2C). HFIBI was significantly
increased in all groups with time except in the Ang II
group (Table 2). However, at W4, the control group showed
significantly higher HFIBI compared with all groups, and no
significant differences were found between the Ang II and
NaHS/Ang II groups (Table 2 and Figure 2D). A decrease
in LF/HFIBI , an index of cardiac autonomic modulation, was
also observed in the Ang II and 30 nmol/h NaHS/Ang II
group, with no change in 60 nmol/h NaHS/Ang II group
(Table 2 and Figure 2G). TPIBI was significantly increased
in the control, 60 nmol/h NaHS control, and 60 nmol/h
NaHS/Ang II groups with time, whereas this variable was
not significantly altered with Ang II (Table 2). Analysis of
normalized values shows that both the Ang II infusion alone
and co-infusions of ICV NaHS with Ang II significantly
reduced nLFIBI (Figure 2E) and increased nHFIBI (Figure 2F)
with time. The nLFIBI and nHFIBI and LF/HFIBI remained
unchanged in the control and 60 nmol/h NaHS control group,
while 30 nmol/h NaHS control group produced a significantly
reduced nLFIBI and increased nHFIBI with time, resulting
in decreased LF/HFIBI in this group (Table 2). These data
suggest that ICV NaHS can affect Ang II-dependent changes in
autonomic variables.

Central Effects of NaHS on Angiotensin
II–Induced Elevation in Iba1+ Cells in the
PVN
As NaHS is an anti-inflammatory agent (Li et al., 2008;
Sidhapuriwala et al., 2009; Aslami et al., 2013), and as
microglial cell numbers are reportedly increased in the PVN
in rodent Ang II HTN (Shi et al., 2010; Shen et al., 2015),
we investigated if ICV NaHS administration would reduce the
numbers of Iba1+ cells in the PVN in rodent Ang II HTN.
We observed a significant increase in the number of Iba1+
cells in the PVN of Ang II-infused rats (per 300 µm2 area
of PVN) compared with the control group (Figures 3A,B:
Ang II: 49.6 ± 1.9 vs. control: 23.7 ± 2.3, p < 0.0001).
Co-infusion of both 30 and 60 nmol/h NaHS resulted in
significantly less Iba1+ cells compared with the Ang II group
(Figures 3A,B: Ang II: 49.6 ± 1.9 vs. 30 nmol/h NaHS/Ang
II: 28.5 ± 2.7, p < 0.001; vs. 60 nmol/h NaHS/Ang II:
34.5 ± 2.0, p < 0.05). These data suggest that ICV NaHS

can attenuate Ang II-induced increase in microglial cells in
the PVN of rats.

Alterations in Cecal Microbial
Composition in Rodents With
Angiotensin II HTN and After Central
Administration of NaHS
Considering the association between gut dysbiosis and rodent
and human HTN (Yang et al., 2015; Adnan et al., 2017; Li
et al., 2017), we investigated the abundance and diversity
of gut microbial species in all groups. Alpha diversity
(Shannon index) is a measure of richness (how many
OTUs) and evenness (how evenly distributed these OTUS
are) in a sample (Willis, 2019). We observed no significant
differences in alpha diversity (Shannon index) in any of
the treatment groups except in the 60 nmol/h NaHS/Ang
II group when compared with all other groups but not the
60 nmol/h NaHS group (Figure 4A: 60 nmol/h NaHS/Ang
II: 3.9 ± 0.3 vs. control: 5.2 ± 0.2, p < 0.05; vs. 30 nmol/h
NaHS: 5.6 ± 0.1, p < 0.01; vs. Ang II: 5.5 ± 0.1, p < 0.01;
vs. 30 nmol/h NaHS/Ang II: 5.0 ± 0.4, p < 0.05). This
suggested a difference in richness (number of taxa) and/or
evenness (the relative abundances of those taxa) in cecal
fecal bacterial samples from the 60 nmol/h NaHS/Ang II
group, and to a certain extent the 60 nmol/h NaHS group
compared with all other groups. However, PCoA analysis
(Figure 4B) showed no apparent clustering between the groups.
In addition, Firmicutes, Bacteroidetes, and Verrucomicrobia
were the most abundant bacterial phyla in all groups;
however, abundance in these phyla was not significantly
different between the groups (Figure 4C). In addition, we
observed no difference in the F/B ratios between the treatment
groups (Figure 4D).

Central Administration of NaHS
Diminished Angiotensin II Effects on the
Abundance of Cecal Desulfovibrionales,
Deltaproteobacterium, and
Dehalobacterium
LEfSe analysis of specific bacterial taxa demonstrated a
significant increase in the abundance of, among others,
Desulfovibrionales, Deltaproteobacterium, and Dehalobacterium
in the Ang II group (in purple) compared with all other
groups (Figure 4E). The observed increase in abundance
of sulfate-reducing Desulfovibrionales after Ang II infusion
suggested that the production of bacterial derived H2S
may be altered in the Ang II group, and that this can
be corrected with ICV NaHS treatment. In addition, we
observed higher abundance of Parabacteroides in the control
group (in blue) compared with all other groups, higher
abundance of Staphylococcus and Bacillales in the 30 nmol/h
NaHS/Ang II group (in green), and Ruminococcaceae, among
others, in the 30 nmol/h NaHS group (in red) compared
with all other groups including the control group (in blue,
Figure 4E).
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FIGURE 2 | Chronic intracerebroventricular infusion of NaHS attenuates angiotensin (Ang) II–induced autonomic imbalance in Sprague–Dawley rats. Spectral
analysis of blood pressure waveform signal was used to derive (A) low frequency (LF) of systolic blood pressure (SBP), (B) very low frequency (VLF) ratio of inter-beat
interval (IBI), (C) low frequency (LF) ratio of IBI, (D) high frequency (LF) ratio of IBI, (E) normalized LF ratio of IBI, (F) normalized HF ratio of IBI, and (G) LF/HF ratio of
IBI. Data were analyzed by Kruskal–Wallis H test followed by Tukey’s multiple comparisons test and presented as mean ± SEM. ****p < 0.0001, ***p < 0.001,
**p < 0.01, *p < 0.05 control vs. Ang II. ####p < 0.0001, ###p < 0.001, ##p < 0.01, #p < 0.05 Ang II vs. NaHS/Ang II-treated rats.

Effect of Angiotensin II HTN and Central
Administration of NaHS on Circulating
H2S Levels
Considering the increase in the sulfate-reducing
Desulfovibrionales in the Ang II group (Figure 4E) and a
significant decrease in Shannon (alpha) cecal bacterial diversity
in the 60 nmol/h NaHS/Ang II group (Figure 4A), we measured
circulating H2S levels in all rats at endpoint (W4) using
methylene blue method (Shen et al., 2011; Donertas Ayaz and
Zubcevic, 2020). We observed no difference in circulating
H2S levels in any of the treatment groups (Figure 5). These
data suggest that rodent HTN induced by systemic Ang II
infusion (200 ng/kg/min) may be independent of any changes
in circulating H2S. In addition, ICV infusion of NaHS can
reduce Ang II-dependent increase in sulfate-reducing cecal
Desulfovibrionales with no effect on circulating H2S.

DISCUSSION

Our data reveal the following findings: (1) Central administration
of NaHS, an H2S donor, attenuated Ang II-induced increase
in BP in a dose-dependent manner. This may be in part
due to improvement in the autonomic regulation of BP,
largely reflecting in effects on the sympathetic vasomotor drive
derived from spectral analysis of SBP waveform signal. (2)
Central administration of NaHS alleviated Ang II-dependent
increase in the Iba1+ cells in the PVN. These data provide
further support for a role of central H2S in regulation of
cardiovascular function (Ufnal et al., 2008; Sikora et al.,

2014; Duan et al., 2015; Yu et al., 2015; Liang et al., 2017).
(3) Ang II infusion increased the abundance of select gut
bacteria, which was prevented by ICV co-administration of
NaHS. As we observed no change in circulating H2S in
any of the treatment groups, this suggests that the anti-
hypertensive effects of H2S are primarily mediated via the CNS
in the current study.

Both the gut bacteria and their host reportedly produce
H2S (Kimura, 2014; Donertas Ayaz and Zubcevic, 2020) and
gut-derived H2S may contribute to the regulation of BP
(Tomasova et al., 2016; Huc et al., 2018). In line with the
latter, we have recently shown a positive correlation between
the gut bacterial and circulating H2S levels in the spontaneously
hypertensive rat (Donertas Ayaz and Zubcevic, 2020). Indeed,
host microbiota may play an important role in controlling
H2S bioavailability and metabolism (Shen et al., 2013) and
gut dysbiosis can have an effect on the plasma H2S (Weber
et al., 2016). As reduced systemic H2S levels are reported
in rodent and human HTN (Chen et al., 2007; Xiao et al.,
2018; Donertas Ayaz and Zubcevic, 2020), we also investigated
circulating H2S levels in Ang II-induced rodent HTN. We show
no association between Ang II rodent HTN and plasma H2S
in the current experimental paradigm. Interestingly, we did
observe an increased abundance of sulfate-reducing Desulfovibrio
in rats with Ang II HTN. It has previously been shown that
increased H2S production in the gut can lead to localized
gastrointestinal inflammation (Singh and Lin, 2015), and Ang
II is also implicated in inflammation (Benigni et al., 2010;
Santisteban et al., 2015; Zubcevic et al., 2017; Satou et al., 2018).
Although we did not measure fecal H2S, unchanged circulating
H2S in Ang II-infused rats suggests that the H2S effects observed
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FIGURE 3 | Chronic intracerebroventricular infusion of NaHS reduces angiotensin (Ang) II–induced elevation in ionized calcium binding adaptor molecule 1–positive
(Iba1+) cells in the paraventricular nucleus (PVN) of Sprague–Dawley rats. (A) Representative images of Iba1+ cells in the PVN in control, Ang II-treated, and
NaHS/Ang II-treated rats (magnification: ×20, scale bar = 100 µm, –0.72 mm to –1.92 mm from Bregma, Paxinos and Watson Rat Brain Atlas). (B) Quantification of
Iba1+ cells per 300 µm2 in the PVN of control (n = 5), Ang II (n = 4), 30 nmol/h NaHS (n = 3), 60 nmol/h NaHS (n = 2), 30 nmol/h NaHS/Ang II (n = 3), and 60 nmol/h
NaHS/Ang II (n = 4). ****p < 0.0001, Ang II vs. control. ###p < 0.001, #p < 0.05 Ang II vs. NaHS/Ang II-treated rats. Data are presented as the mean ± SEM,
one-way ANOVA, Dunn’s multiple comparisons test.

FIGURE 4 | Alterations in cecal microbial composition of Sprague–Dawley rats with angiotensin (Ang) II hypertension and after intracerebroventricular NaHS
administration. (A) Gut bacterial alpha diversity (Shannon index). Data were analyzed by one-way ANOVA, Tukey’s multiple comparisons test, and presented as
minimum to maximum with a median. *p < 0.05, **p < 0.01 vs. 60 nmol/h NaHS/Ang II. (B) Gut bacterial beta diversity (principal coordinate analysis, PCoA)
determined by permutational analysis of variance (adonis R function or PERMANOVA). Operational taxonomical unit (OTU) abundance is summarized into Bray–Curtis
dissimilarities and performed a PCoA ordination. (C) Mean relative abundance of gut bacterial phyla identified in cecal samples in each experimental group. (D) Ratio
of Firmicutes to Bacteroidetes. Data were analyzed by one-way ANOVA followed by Kruskal–Wallis test and presented as mean ± SEM. (E) Linear discriminant
analysis effect size (LEfSe) analysis showing enriched taxa in each group. Control (n = 4), Ang II (n = 5), NaHS (n = 4), and NaHS/Ang II-treated rats (n = 7).
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FIGURE 5 | Hydrogen sulfide levels in plasma of Sprague–Dawley rats with
angiotensin (Ang) II hypertension and after intracerebroventricular NaHS
administration as measured by methylene blue method. Data were analyzed
by one-way ANOVA followed by Kruskal–Wallis test and presented as
mean ± SEM. AU: arbitrary unit. Control (n = 4), Ang II (n = 5), NaHS (n = 4),
and NaHS/Ang II-treated rats (n = 7).

in the current study were not mediated via systemic H2S. From
this, the anti-hypertensive effects of ICV infusion of NaHS
appear to be primarily mediated via the CNS, as increasing
the availability of central H2S modified cardiovascular responses
without affecting the systemic H2S levels. It is noteworthy that
the current study used methylene blue method for detection of
H2S in plasma (Zhuo et al., 2009; Donertas Ayaz and Zubcevic,
2020). Future studies should employ analytical techniques such
as gas/ion chromatography, HPLC, and polarographic electrodes
among others to increase sensitivity of H2S detection in gut and
plasma (Kolluru et al., 2013).

Ang II in the CNS modulates neurohumoral pathways
involved in autonomic control of BP. Ang II receptor activation
within the PVN is a major contributor to chronic sympatho-
excitation, while Ang II in the nucleus of the solitary tract reduces
the parasympathetic control of the heart (Paton and Raizada,
2010). Thus, one goal of the current study was to evaluate the
effects of chronic, concomitant ICV administration of NaHS
on autonomic effects exerted by Ang II. Our findings show
that Ang II infusion increased LFSBP, a marker of sympathetic
vasomotor modulation (deBoer et al., 1987; Madwed et al.,
1989), which is consistent with reports in other rodent models
of HTN (Waki et al., 2006; Zubcevic et al., 2014, 2017; Chaar
et al., 2016). Importantly, we show that ICV NaHS co-infusion
attenuated the Ang II effects on LFSBP. We used established
stereotaxic coordinates for ICV infusion (Li et al., 2006; Jun
et al., 2012; Buttler et al., 2017). However, we acknowledge
that ICV administration may deliver NaHS to ventricular brain
structures other than PVN (Hashimoto et al., 2005; Buttler
et al., 2017). Thus, it is possible that effects of NaHS may
be exerted via action on several brain nuclei in the current
study. We also investigated the effects of our treatments on
VLF, LF, and HF of IBI as indices of autonomic modulation

of HR. The VLFIBI variable is reportedly related to changes
in the renin–angiotensin system and thermoregulation (Taylor
et al., 1998; Pumprla et al., 2002) as well as the parasympathetic
modulation (Taylor et al., 1998). The HFIBI is considered an
index of cardiac vagal efferent modulation, while LFIBI reportedly
contains both vagal and cardiac sympathetic components (Shaffer
and Ginsberg, 2017). Thus, any changes in these variables are
likely to be reflected in modified autonomic input to the heart
and potentially changes in BP. However, while the effects of
Ang II on these variables are significant, the effect of ICV
NaHS treatment on Ang II-induced changes on VLF and LF
of IBI is only partial and sporadic, with no significant effect
on HF of IBI. Moreover, the effects of NaHS infusion alone
on both VLF and LF of IBI appear to be significant at select
time points and doses of NaHS, suggesting NaHS alone may
have neuromodulatory effects in control conditions. This may
potentially be due to effects of H2S on astrocytes (Nagai
et al., 2004; Lu et al., 2008) and/or neurons (Han et al., 2005;
Umemura and Kimura, 2007; Garcia-Bereguiain et al., 2008) as
changes in calcium currents and effects on GABA and glutamate
neurotransmission have previously been observed in astrocytes
and neurons, respectively in response to central H2S. However,
we did not investigate these in the current study. Ang II did
significantly alter nLFIBI and nHFIBI , which are derived by
normalizing the raw values of LFIBI and HFIBI , respectively,
to the value of TPIBI , and ICV NaHS co-treatment appeared
to have corrected this effect of Ang II on these two variables.
Moreover, LF/HFIBI , an index of cardiac autonomic balance,
significantly decreased in the Ang II group, and 60 nmol/h ICV
NaHS co-treatment partially corrected this decrease. However,
interpretation of these changes in IBI variables are challenging
due to the reported participation of parasympathetic modulation
in both LF and HF components (Billman, 2013). Thus, these
results suggest that central H2S may counteract the effects of Ang
II on autonomic function via effects on pre-autonomic neurons
that regulate BP.

Interestingly, we observed an increase in the IBI variables
including HFIBI over time in the control group (Table 2),
which aligns with the time-dependent decrease in HR in
the same group. We have previously shown that HR can
decrease with age in normotensive rodents (Zubcevic et al.,
2009). Thus, attenuation of these time-dependent changes in
HFIBI and HR in the Ang II group suggests deregulation
of cardiac parasympathetic drive after Ang II infusion, as it
has previously been reported (Miller and Arnold, 2019; Dorey
et al., 2020; Sharma et al., 2021). However, this effect of Ang
II on HFIBI was not significantly affected by ICV NaHS co-
treatments, suggesting lesser effects of central infusion of NaHS
on parasympathetic control of BP in our study. Further studies
are needed to fully understand the effects of central NaHS on
cardiac autonomic control.

Left ventricular hypertrophy is a secondary manifestation of
HTN resulting from adaptation of heart muscle to accommodate
the increased cardiac work via the compensatory hypertrophic
response (Li et al., 2019a). In line with our BP results, we observed
increased LV wall thickness in Ang II-infused group compared
with control, which was significantly attenuated by chronic
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ICV 60 nmol/h but not the 30 nmol/h NaHS treatment.
However, heart weight analysis showed no significant differences
between the groups in the current study. Thus, the observed
changes in wall thickness may be due to hypertrophy and/or
dilation effects. However, we did not perform heart fibrosis
and diameter analyses in the current study. Further studies
are needed to determine dose-dependent long-term cardiac
effects of NaHS in HTN.

Considering the reported anti-inflammatory properties of
H2S, we investigated whether central administration of NaHS can
attenuate the previously reported increase in microglial cells in
the PVN, a recognized hallmark of rodent HTN (Shi et al., 2010;
Shen et al., 2015). Microglial cells in the CNS express Iba1, a
microglia/macrophage-specific calcium-binding protein (Sasaki
et al., 2001), which is involved in the membrane ruffling processes
of macrophages/microglia and confers the motile properties of
these cells (Kanazawa et al., 2002). As previously reported, Ang
II infusion significantly increased the number of PVN microglial
cells (Shi et al., 2010; Santisteban et al., 2015; Sharma et al.,
2019). Here, we report that central NaHS treatment reduced
Iba1+ cells in the PVN of Ang II-infused rats. Although we
did not investigate microglial morphology in the current study,
others have previously shown that both NaHS and H2S can
inhibit microglial activation in vitro (Hu et al., 2007; Zhang et al.,
2014) and in vivo (Zhang et al., 2014; Kumar and Sandhir, 2019;
Kumar et al., 2020). It is proposed that Ang II can stimulate the
production of pro-inflammatory cytokines and reactive oxygen
species in both neurons and microglia (Kang et al., 2009; Shi
et al., 2010; Jun et al., 2012; Qi et al., 2013; Shen et al., 2015).
This may affect neuronal activity and contribute to the increase
in the sympathetic outflow and BP in rodent HTN (Kang
et al., 2009; Shi et al., 2010; Jun et al., 2012; Qi et al., 2013;
Shen et al., 2015). Liang et al. (2017) have previously shown
that chronic PVN infusion of a separate H2S donor, GYY4137,
decreased BP and plasma noradrenaline levels in rodent salt
HTN while simultaneously reducing reactive oxygen species
and IL-1β in the PVN. However, H2S may also have direct
neuronal effects (Szabo, 2021), warranting further investigation
of H2S in regulation of activity of pre-sympathetic neurons (Guo
et al., 2011; Centurion et al., 2016; Dominguez-Rodriguez et al.,
2017).

An increase in the F/B ratio, a marker of generalized gut
dysbiosis, has been reported in several rodent models of HTN
(Yang et al., 2015; Durgan et al., 2016; Marques et al., 2017;
Chen et al., 2019; Hsu et al., 2020; Robles-Vera et al., 2020)
and humans with HTN (Yang et al., 2015; Silveira-Nunes et al.,
2020). However, others have reported no change in the F/B ratio
in select animal models of HTN (Mell et al., 2015; Galla et al.,
2018; Cheema and Pluznick, 2019). In line with the latter, we
did not observe a significant change in the F/B ratios in the
current study. However, Ang II did produce a significant shift
in the abundance of specific bacteria including but not limited
to Desulfovibrio, Deltaproteobacterium, and Dehalobacterium.
The genus Desulfovibrio in the Deltaproteobacteria class is one
of the most abundant sulfate-reducing bacteria (SRB) in the
human colon (Dordevic et al., 2021). Higher abundance of genus
Desulfovibrio observed in the Ang II group was in agreement

with the previous reports of other hypertensive rodent models
and human patients (Adnan et al., 2017; Li et al., 2017; Dan
et al., 2019; Thomaz et al., 2021). Desulfovibrio abundance is
also positively correlated with Ang II levels in rats with high-
carbohydrate, high-fat diet–induced HTN (Thomaz et al., 2021).
These and our findings further support the possible involvement
of SRB in HTN. H2S produced by gut bacteria is an important
regulator of gut health, and high concentrations of H2S are
involved in gut inflammation (Dordevic et al., 2021). Thus,
reducing gut Desulfovibrio, as we have shown in the current
study, may be beneficial in regulation of BP. Thus, while CNS H2S
may be beneficial, higher abundance of SRB may be associated
with HTN. However, a cause–effect relationship between SRB
and HTN is not clear. On one hand, studies suggest H2S
involvement in gut inflammation (Dordevic et al., 2021), and
on the other, H2S may be protective of the mucosal integrity
in the gut (Wallace et al., 2018). Further studies employing
genomic sequencing of SRB and investigation of fecal and host
H2S levels in rodents and humans with HTN are needed to
clarify this matter.

To the best of our knowledge, no study to date has reported
an association between Dehalobacterium and HTN, but a positive
correlation between the abundance of Dehalobacterium and
obesity and higher body mass index, which are also associated
with HTN (Jones et al., 1994; Wilson et al., 2002; Zhang et al.,
2019), has been previously reported (Fu et al., 2015; Thomaz et al.,
2021). Here, we observe that central administration of NaHS
normalized the levels of Desulfovibrio, Deltaproteobacteria, and
Dehalobacterium in Ang II-infused rats. These bacterial shifts
may be independent of systemic Ang II effects, as systemic Ang
II levels remain constant in all experimental groups. We further
observed a decrease in Parabacteroides and Porphyromonadaceae
in the Ang II group, but as these also remained less abundant
in all other treatment groups, they may not be associated with
regulation of BP. Further studies are needed to elucidate the
precise mechanisms of host–microbiota interactions and how
they may be involved in hypertensive rodent phenotype and
generation of H2S.

Gender-associated differences in BP have been observed in
animals and in humans (Reckelhoff, 2001; Lim et al., 2002; Mishra
et al., 2016). Thus, one limitation of the current study is the
exclusion of female rats, as the potential of sex differences in the
responses to NaHS and Ang II may be important. In addition,
sex-dependent gut bacterial differences have been reported
(Jasarevic et al., 2016; Beale et al., 2019). Future experiments
should investigate potential sex-dependent responses to H2S and
NaHS treatment in relation to regulation of BP and HTN.

In conclusion, our present data show that central
administration of an H2S donor, NaHS, attenuates BP increase
and improves autonomic function in Ang II HTN independently
of circulating H2S, while also decreasing SRB in the gut
despite continuous systemic Ang II infusion. Moreover,
centrally administered NaHS attenuated the Ang II-induced
increase in microglial cells in the PVN. Thus, H2S is a
potential therapeutic target for neurogenic HTN and the
underlying mechanisms of central H2S effects in HTN warrant
future investigation.
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The cardiac autonomic nervous system (cANS) regulates cardiac adaptation to different
demands. The heart is an asymmetrical organ, and in the selection of adequate
treatment of cardiac diseases it may be relevant to take into account that the cANS also
has sidedness as well as regional differences in anatomical, functional, and molecular
characteristics. The left and right ventricles respond differently to adrenergic stimulation.
Isoforms of nitric oxide synthase, which plays an important role in parasympathetic
function, are also distributed asymmetrically across the heart. Treatment of cardiac
disease heavily relies on affecting left-sided heart targets which are thought to apply
to the right ventricle as well. Functional studies of the right ventricle have often been
neglected. In addition, many principles have only been investigated in animals and not
in humans. Anatomical and functional heterogeneity of the cANS in human tissue or
subjects is highly valuable for understanding left- and right-sided cardiac pathology and
for identifying novel treatment targets and modalities. Within this perspective, we aim
to provide an overview and synthesis of anatomical and functional heterogeneity of the
cANS in tissue or subjects, focusing on the human heart.

Keywords: autonomic nervous system, sympathetic cardiac nerves, vagal cardiac branches, vagus nerve, cardiac
autonomic function, regional differences, anatomical sidedness, asymmetry

INTRODUCTION

The cardiac autonomic nervous system (cANS) adapts the responses of the heart to
external demands. It consists of a sympathetic part, which adapts cardiac function to
physical activity and stress, and a parasympathetic part, which adapts it to a resting
and restorative state. Under physiological conditions these systems are balanced and
cardiac responses will be fine-tuned to differentiating demands. Under pathophysiological
conditions, dysregulation of the cANS can occur as a result of for example cardiac damage
and/or failure, and consequently the balance between the sympathetic and parasympathetic
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activity is lost. Usually, this is caused by an increased activity
of the sympathetic part of the cANS and/or diminished
activity of the parasympathetic part and is associated with an
adverse prognosis.

Knowledge about the cANS is necessary for understanding
cardiac disease and for the identification of treatment targets
(Vegh et al., 2016). Much knowledge is derived from studies in
patients with left-sided pathology, such as myocardial infarction
or left ventricular failure (Cao et al., 2000; Fallavollita et al., 2014;
Fukuda et al., 2015; Matsuo et al., 2016; Franciosi et al., 2017).
The same principles are considered to apply to the right ventricle
(RV). However, the RV is developmentally, morphologically, and
functionally different from the left ventricle (LV). Traditional
heart failure medication used in patients with left ventricular
failure, relying heavily on influencing the cANS, may not have the
same effect on patients with congenital heart disease and right
ventricular failure, even though the hemodynamic problem is
similar (Hechter et al., 2001; Lester et al., 2001; Robinson et al.,
2002; Dore et al., 2005; Josephson et al., 2006; Doughan et al.,
2007; Giardini et al., 2007; Therrien et al., 2008; Bouallal et al.,
2010; Tutarel et al., 2012; Dos et al., 2013; van der Bom et al.,
2013; Palma and Benarroch, 2014; Tobler et al., 2017). Likewise,
other cardiac diseases show a relation to cardiac sidedness and
region and are heavily influenced by autonomic innervation,
such as cardiac arrhythmias originating from the region of the
pulmonary veins, ligament of Marshall and the RV outflow tract
(Wickramasinghe and Patel, 2013).

Although several reports describe the human heart and cANS,
a detailed overview focusing specifically on anatomical sidedness
and regional differences in cardiac autonomic innervation as
related to function, is currently lacking. The selection of
adequate treatment, the identification of future treatment targets,
the planning of cardiothoracic surgery and catheter ablation
procedures for arrhythmias, as well as the use of thoracic epidural
anesthesia might be optimized by taking the sidedness and
regional differences of the cANS into consideration.

The aim of the current paper is to review the anatomy
and physiology of the human cANS with special emphasizes
on asymmetry and regional differences in peripheral cardiac
autonomic regulation. For a comprehensive overview of central
regulation of cardiac autonomic function, we refer to previous
excellent work (Anderson et al., 2000; Kirby, 2007; Kawashima,
2011; Hasan, 2013; Palma and Benarroch, 2014; Jamali et al.,
2016; Coote and Spyer, 2018). Data from animal studies are cited
when human data are unavailable or when data from animal
studies offer additional insight. Relevant questions for future
research are formulated.

SYMPATHETIC GANGLIA AND NERVES:
ANATOMICAL EVIDENCE OF ORIGINS,
VARIATIONS AND ASYMMETRY
(FIGURE 1A)

Preganglionic cardiac sympathetic fibers originate from neurons
located in the intermediolateral cell columns of the upper

thoracic spinal cord (usually T1-T4 or T5) and exit the spinal
cord through the ventral (anterior) roots of spinal nerves
(Figure 1A). Subsequently, they synapse on postganglionic
sympathetic neurons in the paravertebral ganglia of the
sympathetic trunk. The sympathetic trunk is a bilateral structure
situated left and right paravertebrally, extending from the
cervical to the coccygeal level. The following ganglia of the
sympathetic trunk may provide postganglionic fibers to the
heart: the left and right superior cervical, middle cervical and
vertebral ganglia, the left and right cervicothoracic ganglion
(also called stellate ganglion, composed of the inferior cervical
ganglion and the first thoracic ganglion), and the upper thoracic
ganglia on both sides. However, there still is debate about the
upper and lower limits from which postganglionic fibers to
the heart originate, and significant interindividual variations
exist (Bonica, 1968; Janes et al., 1986; Kawashima, 2011)
(reviewed in Wink et al., 2020). Postganglionic sympathetic
fibers travel as cardiac nerves from these ganglia toward the
cardiac plexus. Defined by the paravertebral ganglion they
originate from, these nerves are named as follows (Figure 1A):
the superior cervical cardiac nerve (originating from the
superior cervical ganglion or sympathetic trunk between the
superior cervical and middle cervical ganglia), the middle
cervical cardiac nerve (originating from the middle cervical
ganglion or the vertebral ganglion, or from the sympathetic
trunk between the middle cervical and the inferior cervical or
cervicothoracic/stellate ganglia, including the ansa subclavia),
the inferior cervical cardiac nerve (originating from the inferior
cervical ganglion or the cervicothoracic/stellate ganglion), or
thoracic cardiac nerves (originating from the thoracic ganglia
or the thoracic sympathetic trunk below the inferior cervical or
cervicothoracic/stellate ganglion) (Kawashima, 2005; Federative
International Programme for Anatomical Terminology, 2019)

Variations and asymmetry in stellate ganglion morphology
and cardiac sympathetic nerve origin have been described. In an
American human cadaver study, it was observed that the right
stellate ganglion was often longer than the left (Kwon et al.,
2018). However, in a cohort from Switzerland, the left stellate
ganglion was longer (Marcer et al., 2012) and in a Chinese
cohort, no differences in length were found between the left and
right stellate ganglion (Yin et al., 2015). A study of Pather in
humans in South Africa, also reported no significant difference
in the length and width of the right and left sides of the adult
cardiothoracic ganglia (Pather et al., 2006). In these studies,
differing occurrence and asymmetry of the left and right stellate
ganglion as well as the other thoracic sympathetic ganglia is
consistently described.

A middle cardiac cervical nerve originating from the ansa
subclavia (nerve connection between the middle and inferior
cervical ganglia) was observed twice as often on the left compared
to the right (Kawashima, 2005). Furthermore, asymmetry in
the origin and courses of the left and right thoracic cardiac
nerves originating from the lower thoracic ganglia (fourth
or fifth) was observed (Fukuyama, 1982; Kawashima, 2005).
The left lower thoracic cardiac nerves follow a simple course
along the aortic arch and thoracic aorta, comparable with
most other cardiac nerves, which generally run along the great
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FIGURE 1 | Anatomy of the sympathetic cardiac autonomic nervous system: asymmetry and regional differences. (A) Sympathetic cardiac autonomic nervous
system. Preganglionic cardiac sympathetic axons (red, solid lines) arise from neurons of the intermediolateral (IML) cell columns in the upper four or five thoracic
segments of the spinal cord. These neurons receive excitatory input from the rostral ventrolateral medulla (RVLM). The preganglionic fibers leave the spinal cord
through ventral (anterior) roots, enter the ventral (anterior) rami of spinal nerves and pass to the sympathetic chain through white rami communicantes to synapse in
the upper thoracic ganglia (Tg) or cervical ganglia; postganglionic fibers (red, dotted lines) from these ganglia form the sympathetic cardiac nerves. At the heart
parasympathetic and sympathetic nerves converge to form the cardiac plexus from which atrial and ventricular autonomic innervation is arranged. Sided and
regional differences in anatomy are indicated in the boxes. (B) Functional anatomy of cardiac sympathetic innervation by the right and left stellate ganglia. Sided and
regional differences in function are indicated in the boxes. The right stellate ganglion greatly increases heart rate, slows the atrioventricular conduction, influences the
right atrium more strongly than the left, shortens the QT interval, contributes to some extent to myocardial relaxation, and is the predominant source of sympathetic
innervation in the right ventricle and the anterior part of both ventricles. The left stellate ganglion increases heart rate to some extent, speeds up the atrioventricular
conduction, influences the left atrium more strongly than the right, lengthens the QT interval, contributes greatly to myocardial relaxation, and is the predominant
source of sympathetic innervation of the posterior part of the ventricles.
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arteries. In contrast, the right lower thoracic cardiac nerves
may descend obliquely along the intercostal vessels, turn and
ascend along the thoracic aorta, to finally reach the heart
through the right venous part of the cardiac hilum or by
connecting to the cardiac plexus. This complex, ‘roundabout’
course may be related to remodeling/regression of the right
aortic arch during embryonic development, whereas the left sided
arch persists (Gittenberger-de Groot et al., 2006; Kawashima,
2011).

CARDIAC AREAS OF SYMPATHETIC
INNERVATION BY THE LEFT AND RIGHT
STELLATE GANGLION: FUNCTIONAL
EVIDENCE (FIGURE 1B AND TABLE 1)

The stellate ganglia play important and differing roles in cardiac
autonomic function and have been studied extensively. The right
stellate ganglion is primarily responsible for increasing the heart
rate and slowing atrioventricular conduction, whereas the left
stellate ganglion has little effect on heart rate and increases
atrioventricular conduction (Figure 1B). This was concluded
from functional studies in humans. A right stellate ganglion
block leads to a marked decrease in heart rate, whereas left
stellate ganglion block leads to a more discrete decrease in heart
rate (Rogers et al., 1978; Yokota et al., 2013). Furthermore, it
was demonstrated that right stellate ganglion block leads to
faster atrioventricular conduction and left stellate ganglion block
leads to slower atrioventricular conduction (Cinca et al., 1985).
Interestingly, a dog study suggested that the left stellate ganglion
dominates over the right in terms of ventricular refractoriness:
left stellate ganglion block led to a net increase in refractoriness,
suggesting a decreased sensitivity to ventricular arrhythmias.
However, while right stellate ganglion block produced a similar
effect in absence of a functional left stellate ganglion, right stellate
ganglion block led to a net decrease in refractoriness in the
presence of a functional left stellate ganglion. This suggests an
overshoot in compensatory sympathetic activity from the left
stellate ganglion (Schwartz et al., 1977). Similarly, in humans,
left stellate ganglion block shortens the corrected QT interval,
whereas right stellate ganglion block lengthens it, suggesting a
potential factor in arrhythmogenesis (Egawa et al., 2001). In
line with this, left stellate ganglion block is increasingly used
to treat ventricular arrhythmias (Meng et al., 2017). Other
studies elaborate further on this topic (Lane and Schwartz, 1987;
Schwartz et al., 1992; Zhou et al., 2008).

A block of either stellate ganglion in humans, led to prolonged
atrial refractory time and a reduction in inducibility of atrial
fibrillation. Each stellate ganglion may predominantly innervate
the ipsilateral atrium, which, in turn, relays signals to the
contralateral atrium (Leftheriotis et al., 2016).

The right stellate ganglion and left stellate ganglion influence
both ventricles but unevenly. These regional differences were
firstly demonstrated in dogs: the right stellate ganglion primarily
influenced the anterior part of the LV and RV, whereas the
left stellate ganglion primarily influenced the posterior LV

TABLE 1 | Summary of functional characteristics of the right and left sided
ganglion stellatum.a

Right stellate ganglion Left stellate ganglion

Predominant innervation ipsilateral
atrium ++

Predominant innervation ipsilateral
atrium ++

Innervation contralateral atrium + Innervation contralateral atrium +

Predominant innervation of anterior part
both ventricles (dogs)

Predominant innervation of
posterior part both ventricles (dogs)

Echocardiographic radial and
circumferential strain in the anterior
regions of the LV ↑ (pigs)

Echocardiographic radial and
circumferential strain in the
inferior/posterior regions of the LV ↑
(pigs)

Predominant innervation of RV (dogs)

Myocardial relaxation
(lusitropy) + (dogs)

Myocardial relaxation (lusitropy) ++
(dogs)

Myocardial contractility + Myocardial contractility ++

Cardiac conduction system

Heart rate ↑↑ Heart rate ↑/=

AV conduction ↓ AV conduction ↑

QT interval ↓ QT interval ↑

Right stellate ganglion block Left stellate ganglion block

Heart rate ↓↓ Heart rate ↓

AV conduction ↑ AV conduction ↓

QTc interval ↑ QTc interval ↓

Atrial refractory time ↑ Atrial refractory time ↑

AF inducibility ↓ AF inducibility ↓

aData derived from human studies, unless otherwise indicated-for
references see text.

and RV (Yanowitz et al., 1966). Similar to human studies, in
this study QT-prolongation was observed after ablation of the
right stellate ganglion and after stimulation of the left stellate
ganglion (Yanowitz et al., 1966). A similar pattern was found in
pigs: stimulation of the right stellate ganglion led to increased
echocardiographic radial and circumferential strain in the
anterior regions, whereas stimulation of the left stellate ganglion
led to increased strain in the inferior/posterior regions (Zhou
et al., 2013). This pattern was confirmed by measuring activation-
recovery intervals in another pig study (Vaseghi et al., 2013).
Additionally, a study by Schlack and Thamer (1996) in dogs
demonstrated an improved lusitropic (myocardial relaxation)
effect by left stellate ganglion stimulation compared with an
impaired relaxation upon right stellate ganglion stimulation.
These authors also demonstrated a higher global contractility
increase with left stellate ganglion stimulation compared with
right stellate ganglion stimulation. In the RV, innervation of
the right stellate ganglion may predominate: in a study in
dogs, right stellate ganglion stimulation shortened the refractory
period more strongly in the RV than in the LV. Left stellate
ganglion stimulation shortened the refractory period of the LV
and the RV equally (Garcia-Calvo et al., 1992). Whether the same
patterns in the ventricles are present in humans, and whether
the distribution of innervation is influenced by the dominance
of the coronary system, is unknown. It is considered that these
differences in effects from the left and right stellate ganglia
may play a role in arrhythmias, especially when their activity is
unbalanced (Lane and Schwartz, 1987).
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PARASYMPATHETIC INNERVATION:
ANATOMICAL EVIDENCE OF ORIGINS
AND CONTRIBUTIONS FROM LEFT AND
RIGHT VAGAL CARDIAC BRANCHES
(FIGURE 2A)

Preganglionic cardiac parasympathetic fibers originate from
neurons located in the nucleus ambiguus and the dorsal motor
nucleus of the vagus nerve and reach the heart through
cardiac branches of this nerve (Standring and Gray, 2016). The
vagus nerves (tenth cranial nerve) originate bilaterally from
the medulla oblongata and give rise to a recurrent laryngeal
nerve that differs in origin (branching site) and course on the
two sides. Parasympathetic cardiac branches from these nerves
are defined according to their origin as follows (Figure 2A):
the superior cervical cardiac branch originates from the vagus
nerve proximal to the branching site of the recurrent laryngeal
nerve. A branch originating from any part of the recurrent
laryngeal nerve is called an inferior cervical cardiac branch,
and the cardiac branch originating from the vagus nerve
distal to the branching site of the recurrent laryngeal nerve is
called a thoracic cardiac branch (Kawashima, 2005; Federative
International Programme for Anatomical Terminology, 2019).
While all cardiac branches are consistently seen on the right side,
on the left side, the thoracic cardiac branch was absent in 45% of
cases (Kawashima, 2005). In contrast to the preganglionic cardiac
sympathetic fibers, which synapse on postganglionic neurons
within ganglia of the sympathetic trunk (i.e., remote from the
heart), preganglionic cardiac parasympathetic fibers synapse on
postganglionic neurons within ganglionated plexuses embedded
in the epicardial fat pads and the heart wall. To our knowledge, no
further information is available about variations and asymmetry
in the parasympathetic cardiac branches.

CARDIAC AREAS OF
PARASYMPATHETIC INNERVATION BY
THE LEFT AND RIGHT VAGUS NERVE:
FUNCTIONAL EVIDENCE (FIGURE 2B
AND TABLE 2)

The human sinoatrial node and atria are most likely
predominantly influenced by the right vagus nerve, the
atrioventricular node is predominantly influenced by the left
vagus nerve, and the ventricles are influenced at least by the left
vagus nerve but likely by both vagus nerves (Banzett et al., 1999;
Lewis et al., 2001; Muppidi et al., 2011; Figure 2B). Although
human studies are scarce, animal studies are in accordance with
this: in the isolated rabbit heart, stimulation of the right vagus
nerve had a stronger effect on heart rate, whereas the left vagus
nerve had a stronger effect on atrioventricular conduction (Ng
et al., 2001). This group also used the same model to explore this
in the context of so-called accentuated antagonism (generally,
vagal stimulation has a stronger effect when a background level of
sympathetic activity is present). During sympathetic stimulation,

TABLE 2 | Summary of functional characteristics of the right and left sided vagus
nerves.a

Right vagus nerve Left vagus nerve

Innervation atria ++? Innervation atria +?

Sino-atrial node AV node

Both ventricles Both ventricles

Influence on
endocardium > influence
epicardium (pig)

Influence on
endocardium > influence
epicardium (pig)

Influence on apex > influence on
base (pig)

Influence on apex > influence
on base (pig)

Cardiac conduction system

Heart rate ↓↓ (rabbit) Heart rate ↓

AV conduction ↓ AV conduction ↓↓

aData derived from human studies, unless otherwise indicated-for
references see text.

right and left vagal nerve stimulation may reduce the heart
rate differently: there was a trend toward a stronger effect of
the right vagus nerve, although this result was not statistically
significant (Brack et al., 2004). Animal research also reveals
possible regional differences: in pigs, left or right vagus nerve
stimulation had a stronger effect on the endocardium than on
the epicardium and also on the apex compared to the base. This
study also demonstrates that in pigs at least the LV is influenced
by both vagus nerves (Yamakawa et al., 2014).

CARDIAC AFFERENT NERVE FIBERS:
ASYMMETRY AND REGIONAL
DIFFERENCES, ANATOMICAL AND
FUNCTIONAL ASPECTS

Although visceral afferent fibers, in a strict sense, are not part
of the autonomic nervous system (Armour, 1999), given their
clinical relevance, regional and asymmetrical features of the
afferent (sensory) part of the cardiac nervous system are also
considered here. Cardiac afferent nerve fibers are an integral part
of the regulatory pathways the cANS is involved in, and transfer
sensory signals from the heart to the central nervous system,
where they may activate efferent neurons through feedback
loops. They convey cardiac nociceptive and reflexive information
(Armour, 1999; Kirby, 2007). Like cardiac efferent (autonomic)
nerves, these afferents demonstrate regional differences and
asymmetry. Studies conducted in humans are rare and most
knowledge regarding the organization and function of the cardiac
afferent system is derived and extrapolated from animal studies.

The neurites (dendrites) of cardiac afferent neurons are
located in the myocardium and their cell bodies lie in the dorsal
root ganglia of spinal nerves or the inferior ganglion of the vagus
nerve (nodose ganglion) (Anderson et al., 2000; Kirby, 2007;
Palma and Benarroch, 2014).

Cardiac spinal or “sympathetic” afferents [named as
such because their fibers accompany sympathetic efferent
(autonomic) fibers retrogradely in splanchnic nerves] convey
mainly nociceptive sensory information from the heart via the
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FIGURE 2 | Anatomy of the parasympathetic cardiac autonomic nervous system: asymmetry and regional differences. (A) Parasympathetic cardiac autonomic
nervous system. Preganglionic cardiac parasympathetic axons (blue, solid lines) arise from neurons in either the nucleus ambiguus or dorsal vagal nucleus; they run
in cardiac branches of the vagus nerve to synapse in cardiac plexuses and ganglia from where postganglionic fibers (blue, dotted lines) innervate the sinoatrial node
(SAN), atrioventricular node (AVN), coronary arteries, and ventricular myocytes. Sided and regional differences in anatomy are indicated in the boxes. (B) Functional
anatomy of the right and left vagal nerves. Sided and regional differences in function are indicated in the boxes. The right vagus nerve greatly slows heart rate, may
influence the atria more than the left vagus nerve, slows atrioventricular conduction to some extent, influences the epicardium more strongly than the endocardium
and influences the apex more strongly than the base. The left vagus nerve slows heart rate to some extent, may influence the atria less than the right vagus nerve,
greatly slows atrioventricular conduction, influences the epicardium more strongly than the endocardium and influences the apex more strongly than the base.
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splanchnic nerves, sympathetic trunk, spinal nerve and dorsal
root (dorsal root ganglia) to the posterior horn of the spinal grey
matter, where they synapse on second-order neurons of lamina I.
The nociceptive information is further conveyed via ascending
pain pathways to the thalamus and other brain regions involved
in cardiac pain perception (Palma and Benarroch, 2014). When
spinal cardiac afferents are involved in feedback loops via local
interneurons projecting to the intermediolateral cell columns of
the spinal cord, they can influence sympathetic efferent (motor)
activity directly (Armour, 1999; Anderson et al., 2000; Kirby,
2007; Palma and Benarroch, 2014).

Some sympathetic afferents (mainly C-fibers, which are
unmyelinated and are slow-conducting) produce substance P as
their neurotransmitter. Substance P mediates nociception and
also has efferent effects. Nerves containing substance P in the
human heart are especially found around coronary arteries and
other small blood vessels, and inside intrinsic cardiac ganglia
(Weihe et al., 1981; Rechardt et al., 1986; Laine et al., 2000;
Hoover et al., 2009). Substance P may be upregulated under
pathological conditions. In conditions of ischemia-reperfusion,
substance P can have a beneficial effect through increasing
coronary blood flow (which was demonstrated in dogs).
Conversely, in non-ischemic conditions such as myocarditis and
volume overload, substance P may contribute to inflammation,
apoptosis, and long-term reduction of LV-function (as was shown
in various rodent models) (Dehlin and Levick, 2014).

Cardiac vagal afferents, of which unmyelinated, slow-
conducting C-fibers constitute an important part, as was shown
in studies in amongst others dogs and rats (Ditting et al., 2005)
run centrally in the vagus nerves and convey mainly reflexive
(mechano- and chemosensory) information from the heart via
the nodose ganglion to the (caudal part of the) solitary nucleus
(nucleus tractus solitarii) (Figure 2A). They can activate feedback
loops through the thalamus and the parabrachial nucleus, and
nucleus ambiguus, which lead to increased parasympathetic or
decreased sympathetic outflow to the heart (Armour, 1999;
Kirby, 2007; Palma and Benarroch, 2014). Of interest, cardiac
afferent fibers have also been described to interact directly with
postganglionic sympathetic neurons in the stellate ganglia and
with parasympathetic postganglionic neurons or interneurons
in the intrinsic cardiac ganglia, forming part of intrathoracic
feedback loops, bypassing the central nervous system (Crick et al.,
2000; Kirby, 2007).

The distribution of cardiac afferent nerve fibers in human
can differ per cardiac region. The often observed bradycardia
specifically accompanying inferoposterior myocardial infarctions
may be a consequence of activation of vagal afferents on
the inferior wall of the LV which trigger parasympathetic
reflexes (Perez-Gomez et al., 1979; Flapan et al., 1993). The
same pattern was observed in an experimental study in dogs
(Thames et al., 1978). Interestingly, patients with an anterior
myocardial infarction also had worse baroreflex sensitivity and
heart rate variability at follow-up compared with patients with
inferior/posterior infarctions, which may also be due to this
distribution, although it must be noted that the left ventricular
ejection fraction was also lower in the anterior infarction group
(La Rovere et al., 1998).

Distribution of vagal afferents in the heart was studied in
guinea pigs by retrograde labeling of the nodose ganglia. Most
vagal afferents were concentrated in the posterior atrial wall
(mostly on the ipsilateral atrium of the labeled nodose ganglion),
the pulmonary arterial wall, and around the coronary arteries
(Quigg et al., 1988). From a physiological study in cats, it was
concluded that cardiac afferents (vagal or spinal not specified)
were located throughout the heart wall. In the ventricles, they
were present mostly in the endocardium. In the atria, they were
present equally endo- and epicardially (Malliani et al., 1973).

In conclusion, the anatomy and physiology of cardiac afferents
are still largely to be elucidated, especially in humans.

ASYMMETRY OF THE CARDIAC PLEXUS
AND CORONARY CARDIAC NERVES:
ANATOMICAL EVIDENCE (FIGURE 3)

Human left and right sympathetic and parasympathetic
cardiopulmonary nerves connect in the mediastinum, where
they form the cardiac plexus. A distinction is made between
the superficial (ventral) cardiac plexus, located in between the
pulmonary trunk and aortic arch, and the deep (dorsal) cardiac
plexus, located between the aorta and trachea (De Gama et al.,
2012; Figure 3). The superficial and deep cardiac plexuses are
not as discrete and confined as for example the cervical and
thoracic paravertebral ganglia, but rather describe the locations
of interconnecting nerve networks where the number of nerve
fibers gradually increases and nerve fibers tend to be more mixed
(including sympathetic, parasympathetic and visceral afferent
fibers). Plexus formation tends to start higher on the right side
(level of the brachiocephalic trunk) than on the left side (level of
the aortic arch) (Kawashima, 2011; Figure 3; Table 3). Possibly,
this can be attributed to regional differences during embryonic
development, as the initially symmetrical pharyngeal arch arterial
system, giving rise to part of the putative arterial vasculature, will
show a left-sided dominance, with disappearance of the right
sixth pharyngeal arch artery and disappearance/remodeling of
the right aortic arch artery. The right fourth pharyngeal arch
artery will form the proximal part of the right subclavian artery,
below which the right laryngeal recurrent nerve will eventually
course (Gittenberger-de Groot et al., 2006).

Among many smaller nerves, three large mixed nerves arise
from these plexuses that will innervate the atria and ventricles:
from the deep/dorsal cardiac plexus, the left coronary cardiac
nerve (which runs along the left anterior descending coronary
artery) and the left lateral cardiac nerve (which runs along the
circumflex coronary artery) arise. From the ventral plexus, the
right coronary cardiac nerve (which runs along the right coronary
artery) arises (Janes et al., 1986). Additional cardiopulmonary
nerves connect to these (coronary) cardiac nerves distal from
the plexuses. Surprisingly, the left coronary cardiac nerve is
composed mainly of contributions of right-sided cardiac nerves,
largely originating from the right stellate ganglion, which pass
through the deep (dorsal) cardiac plexus. The right coronary
cardiac nerve is composed mainly of contributions of left-sided
cardiac nerves, largely originating from the left stellate ganglion,
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FIGURE 3 | The left and right cardiac nerves and superficial and deep cardiac plexus. (A) Wax mold (Museo delle Cere Anatomiche “Luigi Cattaneo”, Bologna, Italy)
demonstrating sympathetic and parasympathetic (vagal) cardiac nerves and superficial and deep cardiac plexus. Photomicrograph courtesy of Dr. E.A.J.F. Lakke.
With permission of the Museo delle Cere Anatomiche “Luigi Cattaneo”, University Museum System, Alma Mater Studiorum – University of Bologna, Italy. (B)
Annotated drawing, details depiction of cardiac nerves and plexus depicted in the left panel. At the heart sympathetic and parasympathetic nerves converge to form
the superficial and deep cardiac plexus from which atrial and ventricular autonomic innervation is arranged. For further explanation see text.

which pass through the superficial (ventral) cardiac plexus (Janes
et al., 1986; Table 3).

INTRINSIC CARDIAC GANGLIA:
ANATOMICAL EVIDENCE OF REGIONAL
ORGANIZATION AND GRADIENT IN
(PARA)SYMPATHETIC DOMINANCE
(FIGURE 4)

Apart from nerves that conduct signals from the central nervous
system to the human heart (i.e., extrinsic cardiac nerves), an
intrinsic cardiac nervous system is also present. A network
of over 800 ganglia can be found on the posterior surfaces
of the atria, around the base of the aorta and pulmonary
artery, dorsal and ventral to the pulmonary veins, and on the
ventricular myocardium near the coronary arteries (Singh et al.,
1996; Armour et al., 1997; Pauza et al., 2000; Wake and Brack,
2016). These ganglia are usually embedded in epicardial adipose
tissue and are more or less organized into seven regions, called
ganglionated (sub)plexuses: the right dorsal atrial plexus, the
ventral right atrial plexus, the left dorsal plexus, the ventral

left atrial plexus, the middle dorsal plexus, the right coronary
plexus, and the left coronary plexus (Pauza et al., 2000; Wake
and Brack, 2016). Nerve fibers in these plexuses are sympathetic,
parasympathetic, or mixed. The dorsal and ventral right atrial
ganglionated subplexuses (supplying also the sinoatrial node)
are predominantly parasympathetic. The left and right coronary
epicardiac subplexuses (supplying mostly the ventricles) are
predominantly sympathetic (Petraitiene et al., 2014; Table 3).
There is a predominance of parasympathetic neurons in plexuses
on the atria and sympathetic neurons in plexuses on the ventricles
(Wake and Brack, 2016). A considerable part of the intrinsic
cardiac ganglion cells show co-expression of sympathetic and
parasympathetic markers, as was shown in rhesus monkeys as
well as humans (Weihe et al., 2005). This network has a function
in passing down vagal impulses further and also in integrating
sympathetic, parasympathetic, and sensory information in
complex cardiac responses (Armour et al., 1997; Hasan, 2013;
Wake and Brack, 2016).

Interestingly, in the experimental treatment of refractory
vagally mediated reflex syncope, ablation of both left- and
right atrial sites of parasympathetic innervation has shown
promising results. Even though an anatomical substrate for these
conditions may be difficult to locate, it appears that damaging
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TABLE 3 | Summary of asymmetrical and regional features of the extrinsic cardiac
plexus, coronary cardiac nerves, and intrinsic cardiac plexus (all human studies).

• Right-sided extrinsic cardiac plexus formation located more superiorly (level of
brachiocephalic trunk) than left-sided extrinsic cardiac plexus (level of aortic arch)
{Kawashima, 2011 #222}

• Right coronary cardiac nerve: composed largely from contributions of left stellate
ganglion {Janes et al., 1986, #35}

• Left coronary cardiac nerve: composed largely from contributions of right stellate
ganglion {Janes et al., 1986, #35}

• Dorsal and ventral right atrial intrinsic cardiac plexuses: mainly parasympathetic
{Petraitiene et al., 2014 #410}

• Left and right coronary epicardiac plexuses: mainly sympathetic
{Petraitiene et al., 2014, #410}

• Predominance of parasympathetic neurons in plexuses on the atria
{Wake and Brack, 2016, #167}

• Predominance of sympathetic neurons in plexuses on the ventricles
{Wake and Brack, 2016, #167}

parasympathetic control of the heart on either side may prevent
recurring episodes (Pachón et al., 2005; Sun et al., 2016).

ANATOMICAL EVIDENCE OF REGIONAL
DIFFERENCES IN CARDIAC
INNERVATION DENSITY: SYMPATHETIC
AND PARASYMPATHETIC

Generally, in humans, innervation density is higher in the atria
than in the ventricles, and a gradient in innervation density
(higher to lower) is present from the ventricular base to the
apex (Kawano et al., 2003). In the atria, most nerve endings are
parasympathetic, and in the ventricles, most nerve endings are
sympathetic (Kawano et al., 2003). The right atrium (RA) has a
higher density of sympathetic innervation than the left atrium
(LA) (Kawano et al., 2003). The RA and RV have a higher density
of parasympathetic innervation than the LA and LV (Kawano
et al., 2003; Figure 4).

Specifically in the human conduction system, there is an
innervation gradient ranging from the most dense innervation
in the sinoatrial node to less innervation in the atrioventricular
node, penetrating bundles, and bundle branches (Crick et al.,
1994; Chow et al., 2001). As a whole, the conduction system
is more densely innervated than the atrial and ventricular
myocardium (Crick et al., 1994; Chow et al., 2001). The normal
adult conduction system is innervated by both sympathetic
and parasympathetic nerve branches (Crick et al., 1994; Chow
et al., 2001). The sinoatrial node and atrioventricular node
predominantly show parasympathetic innervation, whereas the
penetrating bundle and the bundle branches predominantly show
sympathetic innervation (Crick et al., 1994; Chow et al., 2001;
Figures 4A,B).

Interestingly, the innervation of the human conduction
system changes considerably with age. In infants, more
sympathetic nerves are present in all regions of the conduction
system compared to parasympathetic nerves. During childhood
and adulthood, the number of parasympathetic nerves increases
to the extent that the levels of sympathetic and parasympathetic

FIGURE 4 | Innervation of the cardiac muscle, including the cardiac
conduction system. Red: sympathetic innervation, blue: parasympathetic
innervation. (A,B) Schematic overview of sympathetic (A) and
parasympathetic (B) innervation of the cardiac compartments and cardiac
conduction system. Innervation gradient ranging from the most to least dense
innervation: sinoatrial node > atrioventricular node > penetrating
bundles > bundle branches. The conduction system is more densely
innervated than surrounding myocardium. Sinoatrial node and atrioventricular
node: predominantly parasympathetic innervation, penetrating bundle and the
bundle branches: predominantly sympathetic (Crick et al., 1994; Chow et al.,
2001). (C) Global innervation densities in cardiac areas. Innervation density in
the atria > innervation density in the ventricles. Gradient in innervation density
(higher to lower) from base to the apex. Atria: most nerve endings
parasympathetic. Ventricles: most nerve endings sympathetic. Sympathetic
innervation density right atrium > left atrium. Right atrium and right ventricle:
higher density of parasympathetic innervation than left atrium and left ventricle
(Kawano et al., 2003). (D) Innervation of the pulmonary veins and ligament of
Marshall, posterior view of the left atrium. Sympathetic and parasympathetic
innervation density: highest above superior pulmonary veins and below inferior
pulmonary veins (Tan et al., 2006). The ligament of Marshall is densely
sympathetically and parasympathetically innervated (Han et al., 2010;
Rodríguez-Mañero et al., 2016). From superior to inferior, it shifts from
predominantly sympathetic to predominantly parasympathetic. AVN,
atrioventricular node; AVB, atrioventricular/His bundle; CB, common bundle;
LA, left atrium; LBB, left bundle branch; LIPV, left inferior pulmonary vein;
LSPV, left superior pulmonary vein; LV, left ventricle; SAN, sinoatrial node; RA,
right atrium; RBB, right bundle branch; RIPV, right inferior pulmonary vein;
RSPV, right superior pulmonary vein; RV, right ventricle.

nerves are equalized. In the elderly, there is a decline in both
types of nerves (Chow et al., 2001). These data implicate that the
autonomic innervation of the human cardiac conduction system
changes with age.
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In the adult human LA, the area around the pulmonary veins
is densely innervated (Figure 4D): many ganglionated plexuses
with both sympathetic and parasympathetic fibers are found in
this area. The right pulmonary veins are mostly innervated by
the dorsal right atrial subplexus and the middle dorsal subplexus,
whereas the left superior pulmonary vein is innervated by the
left dorsal subplexus and the left inferior pulmonary vein is
innervated by the left and middle dorsal subplexus (Vaitkevicius
et al., 2008, 2009; Wickramasinghe and Patel, 2013). Sympathetic
and parasympathetic innervation density are both especially high
in the superior aspects of the superior pulmonary veins and
the inferior aspects of the inferior pulmonary veins. Innervation
density was also higher epicardially than endocardially (Tan
et al., 2006). The pulmonary venous myocardium is infamous
for its potential for arrhythmogenesis (Haïssaguerre et al., 1998),
and autonomic innervation has been recognized as a potential
modulating factor (Chen et al., 2014). Of interest, the potential for
arrhythmogenicity appears to differ between different pulmonary
veins, with more foci found in the superior pulmonary veins as
compared to the inferior veins (Haïssaguerre et al., 1998; Chen
et al., 1999). Transient autonomic dysfunction and neural injury
has been described after catheter ablation of pulmonary vein for
atrial fibrillation (Hsieh et al., 1999; Scherschel et al., 2019). The
ligament of Marshall, a remnant of the left vena cava inferior
that regresses during embryonic development, is surrounded
by a dense network of both sympathetic and parasympathetic
fibers. From superior to inferior, in humans, the innervation of
the ligament of Marshall shifts from predominantly sympathetic
(nerve density) to predominantly parasympathetic (presence of
parasympathetic ganglia) (Makino et al., 2006; Han et al., 2010;
Rodríguez-Mañero et al., 2016; Figure 4D). The ligament of
Marshall has nerve connections with the LA which are implicated
in the genesis of atrial fibrillation (Han et al., 2010).

Animal studies reveal additional, potentially clinically relevant
regional differences: in pigs, the RV was more densely innervated
than the LV, whereas the left ventricular endocardium was
more densely innervated than the right ventricular endocardium
(Ulphani et al., 2010). In the RV outflow tract in dogs,
sympathetic axons are found in the subendocardium as well as in
the subepicardium, whereas in the remainder of the RV and the
LV, sympathetic axons are only found in the subepicardium (Ito
and Zipes, 1994), indicating a denser sympathetic innervation of
the RV outflow tract as compared to the remainder of the RV.
Whether this is also the case in humans is yet to be confirmed.

SIDEDNESS AND REGIONAL
DIFFERENCES IN CARDIAC
SYMPATHETIC RECEPTORS AND
RESPONSES: ANATOMICAL AND
FUNCTIONAL EVIDENCE

In preganglionic sympathetic nerve terminals, acetylcholine is
the primary neurotransmitter. In postganglionic sympathetic
nerve terminals, norepinephrine (NE) is the neurotransmitter
primarily involved. Postganglionic sympathetic nerve fibers

activate adrenergic receptors (the α1-, β1-, and β2-adrenergic
receptors, of which the β-receptors greatly outnumber the
α-receptors). β1-receptors, the predominant receptors in the
heart, outnumber the β2-receptors in the atria and even more
so in the ventricles. As the total β-receptor density is similar in
the myocardial walls of all four cardiac chambers (Steinfath et al.,
1992; Brodde et al., 2001), differences in the ratio β1 versus β2
receptors may be present between atria and ventricle or within
the different cardiac compartments. Generally, stimulation of
adrenergic receptors causes positive inotropy and an increase
in heart rate. Though mostly present in the vascular wall, there
are also α-adrenergic receptor in the ventricular myocardium,
accounting for approximately 15% of the cardiac adrenergic
receptors. Stimulation of the α1-myocardial receptors results in
a weak positive inotropic response (Bristow et al., 1988; Table 4).

Linked to differences in recruitability of the systemic and
pulmonary vasculature, the LV and the RV show differences in
responses to adrenergic stimulation. In athletes, it was shown
that during exercise, there is a greater relative increase of wall
stress in the RV compared with the LV (La Gerche et al., 2011).
In dogs receiving sympathetic stimulation, a stronger increase in
systolic pressure was seen in the RV compared with the LV. This is
likely mediated by β-receptors, as it was not affected by α-receptor
blockade (Abe et al., 1987). A more recent study in dogs showed
similar results: a stronger relative increase of contractility was
seen in the RV compared with the LV after β-stimulation,
which appeared to be related to interventricular differences
in phosphodiesterase metabolism underlying the response to
β-stimulation (Molina et al., 2014).

Adrenergic stress, for example treatment with inotropes,
can cause dynamic RV outflow tract obstruction in humans,
even without right ventricular hypertrophy (Denault et al.,
2006). A study in pigs shows that the RV outflow tract indeed
demonstrates an augmented response to adrenergic stimulation
compared to the inflow tract, which was suggested by the authors
as a possible mechanism to prevent excessive blood flow to the
pulmonary circulation (Heerdt and Pleimann, 1996). This may
be related to the additional presence of sympathetic axons in the
deep myocardium specifically in the RV outflow tract, as was
demonstrated in dogs (Ito and Zipes, 1994).

Furthermore, animal research shows that the RV and the LV
may differ in their responses to sympathetic stimulation. Ex vivo
stimulation of the α1-receptor with phenylephrine in ventricular
trabeculae in mice resulted in negative inotropy in the RV and in
positive inotropy in the LV (Wang et al., 2006).

Nerve growth factor (NGF), an important factor in nerve
(re)growth which likely acts on the p75 neurotrophin receptor
and tropomyosin-related receptor A (Li and Li, 2015), was
investigated in rats of different ages (Saygili et al., 2012). Across all
ages, nerve growth factor expression was higher in the ventricles
than in the atria, and higher in the LA than in the RA. In
the atria, nerve growth factor expression increased with age. In
the ventricles, nerve growth factor expression was highest in
neonatal rats. It decreased from neonatal to young age, to increase
again at old age. These results may be related with an increase
in sympathetic activation with age (Saygili et al., 2012). It is
unknown whether these patterns can be extrapolated to humans.
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TABLE 4 | Asymmetry and regional differences in the distribution and response of cardiac autonomic receptors and modulating factors.

Autonomic division Receptor or modulating factor Cardiac distribution Asymmetrical/regional features of action

Sympathetic Adrenergic β1-receptors > β2-receptors in all chambers
(human tissue)

Relative increase in inotropy after β-stimulation
RV > LV (dogs)

β-receptors > α-receptors in all chambers
(human tissue)

Adrenergic stress may specifically lead to RVOT
obstruction (dogs)

α1-receptor stimulation: negative inotropy in RV,
positive inotropy in LV (mice)

NGF NGF concentration ventricles > atria (rats)

NGF concentration LA > RA (rats)

Parasympathetic Muscarinic M2-receptor concentration atria > ventricles
(human tissue)

M2-receptor-specific tracer binding
LV > RV > atria (human radioactive tracer
imaging)

NOS Expression eNOS left ventricular
epicardium > RV > left ventricular endocardium
(ferrets)

Expression nNOS left ventricular
endocardium > left ventricular epicardium and
RV (ferrets)

eNOS, endothelial nitric oxide synthase; LA, left atrium; LV, left ventricle; NGF, nerve growth factor; nNOS, neuronal nitric oxide synthase; NOS, nitric oxide synthase; RA,
right atrium; RV, right ventricle.

Regional differences in nerve growth factor expression in the
human heart have not yet been investigated.

An important regulator of cardiac beta-adrenoreceptor
signaling is the opioid receptor system. Three subtypes of
endogenous opioids exist, all three of which have effects on the
heart through their specific receptors: the µ opioid receptor,
δ opioid receptor, and κ opioid receptor (Barron, 1999). The
cardiac opioid system may especially be important as part
of a negative feedback loop: conditions such as exercise and
hypertension lead to increased cardiac opioid content, which
depresses neurotransmitter release at adrenergic and/or vagal
nerve terminals. Distribution of these receptors appears to be
asymmetrical in rat studies: more δ opiate receptors are present
on the right side of the heart compared to the left, and more
receptors are furthermore present in the atria compared to the
ventricles (Krumins et al., 1985). Activity of endogenous opioids
(enkephalins), the ligands for these receptors, was generally
higher in the atria than in the ventricles in a study in guinea pigs
(Weihe et al., 1985).

The asymmetry and regional differences in the distribution
and response of cardiac sympathetic receptors and modulating
factors are summarized in Table 4.

ASYMMETRY AND REGIONAL
DIFFERENCES IN CARDIAC
PARASYMPATHETIC RECEPTORS AND
RESPONSES: ANATOMICAL EVIDENCE

Acetylcholine is the neurotransmitter employed in pre- and
postganglionic parasympathetic nerve terminals. Postganglionic
parasympathetic fibers mainly activate the muscarinic (M)2-
cholinergic receptor. Stimulation of the M2-cholinergic receptor
causes a negative inotropic effect and a decrease in heart rate

(Brodde et al., 2001). An in vitro study in diseased human hearts
showed a higher density of M2-receptors in the atria than in the
ventricles (Deighton et al., 1990; Table 4). However, a radioactive
tracer-imaging study in mainly healthy volunteers shows that
the human LV and septum show the highest concentrations
of the M2-receptor-specific tracer. Therefore, in physiological
conditions the LV and septum may contain most of the
physiologically active population of M2-receptors (Syrota et al.,
1985; Table 4). In humans, the M2-receptor density decreases
with age, as was shown by both functional evidence and in vitro
study of the human RA (Brodde et al., 1998).

Nitric oxide (NO) plays an important role in parasympathetic
regulation, as was demonstrated in animal models: under
physiological circumstances, NO promotes acetylcholine release
and reduces NE release from nerve terminals (Herring and
Paterson, 2001; Dedkova Elena et al., 2003). Two different
isoforms of nitric oxide synthase are primarily responsible for
this: neuronal nitric oxide synthase (nNOS) in parasympathetic
nerve terminals, and endothelial nitric oxide synthase (eNOS) in
cardiac cells (Balligand et al., 2009).

From a clinical point of view, NO is implicated in vasovagal
syncope: in young patients, this condition is mostly due to
reduced systemic vascular resistance, which can be corrected
by antagonizing NO (Stewart et al., 2017). In older patients,
vasovagal syncope is mostly due to reduced cardiac output.

The distribution of NOS isoforms may be asymmetrical: in
ferrets, eNOS expression is highest in the apical/midventricular
epicardium of the LV, moderately high in the right ventricular
free wall, and low in the left ventricular endocardium and the left
ventricular side of the septum. In the sinoatrial node and the RA,
eNOS is present in the majority of cells. The distribution of nNOS
follows a more or less inverted pattern: the expression is high in
the left ventricular endocardium and the left ventricular side of
the septum, and low in the left ventricular epicardium and the
RV (Brahmajothi and Campbell, 1999). The exact functional role
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and distribution of NOS isoforms in the human heart remains
to be elucidated.

The asymmetry and regional differences in the distribution
of cardiac parasympathetic receptors and modulating factors are
summarized in Table 4.

SUMMARY AND CLINICAL
IMPLICATIONS

In the current review, we show that the human peripheral cANS
shows considerable asymmetry, interindividual variations, and
regional differences in anatomical, functional and molecular
characteristics.

The right-sided lower thoracic cardiac nerves follow a
complex course to reach the heart which differs greatly from
the course of the left-sided lower thoracic cardiac nerves. The
presence of the left-sided thoracic cardiac branch is highly
variable, the localization of the cardiac plexus is higher on the
right side compared to the left, and different parts of the cardiac
plexus give rise to nerves innervating different parts of the heart.
This is important to consider when planning thoracic surgery to
avoid complications regarding autonomic function.

The left and right stellate ganglia and the left and right
vagus nerves innervate different areas of the heart or have
different effects on the same area. In particular, left stellate
ganglion block may be used to treat ventricular arrhythmias.
The RV outflow tract, pulmonary veins, and the ligament of
Marshall have specific innervation gradients. Distribution of
cardiac nerves and ganglia differs between regions, showing a
parasympathetic predominance in the atria and a sympathetic
predominance in the ventricles. The distribution of spinal and
vagal afferent nerve fibers may differ between cardiac regions.
The RV, the RV outflow tract, and the LV all respond differently to
sympathetic stimulation. These factors heavily influence disease
manifestation and efficacy of pharmaceutical treatment, and are
therefore important to keep in mind. In addition, the risk of
clinical procedures such as catheter ablation or stellate ganglion
blockade for arrhythmias, may be reduced and their efficacy may
be improved by taking asymmetry and regional differences of the
cANS into consideration.

Many studies in this field are animal studies, and the RV
is often neglected. Future research in human tissue or human
subjects focusing for example on specific innervation of the
RV outflow tract, distribution of cardiac afferents, regional

differences in nerve growth factor or nitric oxide synthase
expression, and differing effects of left- or right sided innervation
on both the LV and the RV, would be highly valuable to
comprehend the influence of cardiac innervation of disease
course and potentially adjust treatments for specific cardiac
diseases related to cardiac autonomic (dys)function.
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Background: Moyamoya disease is a rare cerebrovascular occlusive disease, which is

characterized by stenosis and gradual occlusion of the internal carotid arteries, causing

the progression of characteristic collateral vessels. To date, most studies investigating

moyamoya disease have focused on medical implications, and the potential implications

for neurocognitive and/or neuropsychiatric functioning were inconclusive.

Case Presentation: we present a case of a 26-year-old Chinese postpartum woman

who presented to the emergency department with a 19-h history of cognitive decline,

vomiting, and convulsions. Blood pressure, heart rate, and respiration rate were 200/120

mmHg, 115 beats/minute, and 30 breaths/minute, respectively, on arrival. The Glasgow

Coma Scale, modified RANKIN scale (mRS), and National Institute of Health stroke scale

(NIHSS) scores were 3, 5, and 18, respectively. Moyamoya disease was diagnosed

using cerebral angiography and digital subtraction angiography. The cognitive functions

of orientation, use of language, ability to calculate, and memory significantly improved

after 11 days of treatment (Glasgow Coma Scale: 15; mRS: 0; NIHSS: 0).

Conclusions: This patient was diagnosedwith reversible posterior leukoencephalopathy

syndrome related to moyamoya disease. This case highlights that atypical posterior

reversible encephalopathy syndrome can occur in patients with moyamoya disease, and

should be considered for the differential diagnosis of cerebral infarcts and hemorrhage

in a postpartum female.

Keywords: postpartum woman, reversible posterior leukoencephalopathy syndrome, cerebrovascular occlusive

disease, neurocognitive, differential diagnosis

INTRODUCTION

Moyamoya disease is characterized by stenosis or occlusion of the terminal portion of the internal
carotid arteries and the branches in the circle of Willis. The etiology of moyamoya disease
remains unclear; it can be observed idiopathically or secondary to other diseases. The diagnosis of
moyamoya disease based onmoyamoya vessels occurred bilaterally (1). Moreover, the angiographic
image of moyamoya disease resembles a puff of smoke rifting in the air; the word “moyamoya”
means “puff of smoke” in Japanese (2). A study reported that the prevalence of moyamoya disease
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was the highest in East Asia (0.35–0.94 per 100,000 of Japanese
and Koreans), and the peak ages for moyamoya disease incidence
were around 5 years-of-age and 40 years-of-age (2). In addition,
Guey et al. reported that moyamoya disease is twice as
prevalent in females as males (3). Nearly 10% of patients with
moyamoya disease present as having a familial occurrence (4).
Alterations in cognitive functioning and neurological symptoms
are commonly observed in emergency departments (5). While
some may have clear etiology, other less common etiologies
must be considered. Therefore, additional laboratory testing and
neuroimaging should be applied. This report reviews a rare case
of a postpartum patient with moyamoya disease, who presented
with altered cognitive function and neurological symptoms. This
case highlights the importance of the awareness of uncommon
presentations in postpartum patients leading to clinical suspicion
of moyamoya disease.

CASE REPORT

Written informed consent was obtained from the patient and
ethical approval was granted by the Institutional Review Board
of the First People’s Hospital of Changde City (2017SK51308). A
26-year-old postpartum woman was admitted to the emergency
department presenting with a 19-h history of cognitive
decline, vomiting, and convulsions. She had no history of
smoking, diabetes mellitus, hypertension, use of aspirin, or
use of any recreational drugs. Blood pressure, heart rate,
and respiration rate were 200/120 mmHg, 115 beats/minute,
and 30 breaths/minute, respectively. The pupils were 3mm
with slow response to light stimulus. A flexion posture was
observed in the left limb after tingling, while no movement was
detected in the right limb. An initial computed tomography
scan showed large infarcts and subarachnoid hemorrhage
in the left frontal, temporal, occipital, and basal ganglia

FIGURE 1 | Pre-treatment computed tomography scan at cranial (A) and chest (B). The pre-treatment computed tomography scan at cranial indicated obvious

cerebral tissue edema, ventricle compression, and subarachnoid hemorrhage. The pre-treatment computed tomography scan at chest found bilateral infection with

pleural effusion in lung.

areas of the brain (Figure 1). The Glasgow Coma Scale (6),
modified RANKIN scale (mRS) (7), and National Institute of
Health stroke scale (NIHSS) (8) scores were 3, 5, and 18,
respectively. Laboratory tests revealed total bilirubin, alanine
aminotransferase, and platelet count were 66.0 µmol/L, 286 U/L,
and 49 × 109/L, respectively. This indicated that hemolysis,
elevated liver enzymes, and low platelets syndrome (HELLP)
was occurring. The initial axial cerebral magnetic resonance
imaging showed an area of vasogenic edema within the cortex,
basal ganglia, and the subcortical white matter of the parieto-
occipital lobes (Figure 2). Cerebral angiography and digital
subtraction angiography were performed and moyamoya disease
was diagnosed based on results (Figure 3). Treatment strategies:
included urapidil (150mg), cefamandole nafate (1 g/8 h),
compound mannitol (125 ml/6 to 12 h), glucose and sodium
chloride injection (500ml), potassium chloride injection (15ml
qd), pantoprazole sodium (40mg qd), Xingnaojing injection
(10ml qd), levamlodipine benzenesulfonate (5mg qd), valsartan
(80mg qd), and carvedilol (12.5mg bid). After 11 days, the
Glasgow Coma Scale, mRS, and NIHSS scores were 15, 0, and 0,
respectively. The patient’s cognitive functions of orientation, use
of language, ability to calculate, and memory were significantly
improved. Moreover, cerebral magnetic resonance images were
normal after treatment (Figure 4). Hence, the cognitive and
neurological symptoms in a patient withmoyamoya disease led to
the additional diagnoses of posterior reversible encephalopathy
syndrome (PRES), and associated puerperal HELLP syndrome
and subarachnoid hemorrhage.

DISCUSSION

PRES was first described in 1996 and is characterized by acute
neurological symptoms, including headache, seizures, visual
disturbances, and other focal neurological deficits (9). The
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FIGURE 2 | Pre-treatment axial magnetic resonance imaging at T1WI (A), T2WI (B), Flair (C), DWI (D), and ADC (E) sequence. Pre-treatment axial magnetic

resonance imaging indicated there were long T1 and T2 signals, flair hypersignal, mild limited DWI, and ADC hypersignal in the left occipital lobe and basal ganglia.

severity and acuity of neurological symptoms vary, and PRES
generally occurs with rapid onset. PRES has been considered as
a dysregulated perfusion disorder, which could cause reversible
vasogenic edema. This report presented the case of a postpartum
woman with moyamoya disease in which HELLP syndrome and
PRES were also observed. Moyamoya is a relatively rare disorder
in clinical practice. The diagnosis of moyamoya disease is based
on cerebral angiography and digital subtraction angiography.
The characteristic angiography results for moyamoya disease was
the distal internal carotid arteries and proximal circle of Willis

vessels affected by bilateral stenosis, and caused the involvement
of prominent collateral vessels. Moreover, the severity of vascular
abnormality could staged for predicting further ischemic or
hemorrhage risk (10).

In our patient, the potential cause of PRES may have been
subarachnoid hemorrhage or eclampsia. The mechanisms for
the progression of PRES could be explained by the following:
the hyperperfusion and increased cerebral perfusion pressure
could cause the breakdown of the blood-brain barrier, which
causes the extravasation of plasma and macromolecules into the
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FIGURE 3 | Pre-treatment digital subtraction angiography imaging at anterior (A), posterior (B), and lateral (C) projections. Pre-treatment digital subtraction

angiography imaging indicated hyperplastic angiography at the end of the internal carotid artery, resembles a puff of smoke rifting in the air.

FIGURE 4 | Computed tomography (A) and magnetic resonance imaging (B,C) after treatments. Computed tomography suggested the edema was disappeared,

and the subarachnoid hemorrhage was absorbed after treatments. Magnetic resonance imaging found T2 hypersignal was disappeared, and the DWI signal without

hypersignal shadow.

interstitial space through tight junction proteins (11). Moreover,
the release of nitric oxide, thromboxane A2, or endothelin-1
from vascular endothelium could mediate cerebral vasospasm
and elevate blood pressure, which both play an important role
in cerebral autoregulation (12). Furthermore, hypertension is a
mutual response to hyperperfusion.

The etiologies of PRES should be mentioned. First, renal
injury is an independent risk factor for PRES, and can be

explained by the disruption of the renin-angiotensin-aldosterone
system (13). Second, individuals infected with COVID-19
could develop cerebrovascular autoregulation disorder, acute
renal failure, acute hypertension, hypoxia, inflammation, and
endothelial injury; a high prevalence of PRES has been found in
COVID-19 infected individuals (14). Third, preeclampsia and
eclampsia are significantly associated with PRES. The endothelial
dysfunction, elevated blood pressure, thrombocytopenia,
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and proteinuria are regarded as important features for
the progression of PRES in preeclampsia and eclampsia
(15, 16). Fourth, patients with PRES always have autoimmune
disorders, including systemic lupus erythematosus, thrombotic
thrombocytopenic purpura, Crohn’s disease, and scleroderma
(17). Finally, the use of immunosuppression and several other
medications are significantly associated with increased risk of
PRES (18–20).

The clinical presentation of postpartum women with
moyamoya disease varies. Maruyama et al. reported a 41-
year-old postpartum woman suffering with sudden onset of
dysarthria and left extremity weakness 6 days after delivery,
and found protein Z deficiency and a hypercoagulation state
which are both significantly associated with ischemic stroke in
patients with moyamoya disease (21). Kakogawa et al. reported
an antepartum intracranial hemorrhage caused by unilateral
moyamoya disease (22). Park et al. reported that severely reduced
regional cerebrovascular reserve and frequent transient ischemic
attacks at antepartum might present as neurologic deterioration
during pregnancy, delivery, and puerperium (23). Furthermore,
postpartum women with moyamoya disease could experience
seizures and subarachnoid hemorrhage (24). These results
suggested the most common presenting symptoms for patients
with moyamoya disease was ischemic attacks, and hemorrhagic
forms were also observed for adults (25). The current report
presents a postpartum woman with moyamoya disease, with
related HELLP syndrome and PRES. A potential explanation
could be that the baseline blood pressure in postpartum women
is higher, and this may have contributed to the observed cognitive
and neurological symptoms.

CONCLUSIONS

This report presents a rare case of atypical PRES due to
moyamoya disease in a patient with HELLP syndrome during
the postpartum period. Therefore, moyamoya disease should

be regarded as an underlying disease of PRES in postpartum
women. However, this study based on single case description,
and the association might due to chance. Clinicians should
be familiar with the potential complications of moyamoya
disease, particularly in pregnant women. The appropriate
treatments should be utilized to manage moyamoya disease,
and patients need to be closely monitored and referred to
appropriate specialists.
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The aim of this study was to determine the effect of heartbeat-evoked potentials (HEPs) 
on the performance of an event-related potential (ERP)-based classification of mental 
workload (MWL). We produced low- and high-MWLs using a mental arithmetic task and 
measured the ERP response of 14 participants. ERP trials were divided into three conditions 
based on the effect of HEPs on ERPs: ERPHEP, containing the heartbeat in a period of 
280–700 ms in ERP epochs after the target; ERPA-HEP, not including the heartbeat within 
the same period; and ERPT, all trials including ERPA-HEP and ERPHEP. We then compared 
MWL classification performance using the amplitude and latency of the P600 ERP among 
the three conditions. The ERPA-HEP condition achieved an accuracy of 100% using a radial 
basis function-support vector machine (with 10-fold cross-validation), showing an increase 
of 14.3 and 28.6% in accuracy compared to ERPT (85.7%) and ERPHEP (71.4%), respectively. 
The results suggest that evoked potentials caused by heartbeat overlapped or interfered 
with the ERPs and weakened the ERP response to stimuli. This study reveals the effect 
of the evoked potentials induced by heartbeats on the performance of the MWL 
classification based on ERPs.

Keywords: electroencephalography, heartbeat-evoked potentials, event-related potentials, mental workload, 
subjective mental effort questionnaire

INTRODUCTION

Event-related potentials (ERPs) provide a powerful method for interpreting the relationship 
between the human mind and the brain. ERPs measure brain responses which are a direct 
result of a specific input in the form of sensory, cognitive, memory, or motor events (Luck, 
2014). Because brain activity in response to a single event or stimulus is not usually visible 
in electroencephalogram (EEG) signals, the ERP technique is required to measure the response 
to a stimulus in many trials (Coles and Rugg, 1995; Boudewyn et  al., 2018). The brain activity 
of a single event or stimulus trial would be  averaged out, and the relevant or dominant 
potentials would remain (Coles and Rugg, 1995).

Electroencephalogram signals are often contaminated by various artifacts, such as eyeblinks, 
ocular movements, and muscular and cardiac activity, which are typically not of interest 
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(Uriguen and Garcia-Zapirain, 2015). These artifacts can affect 
EEG signals and interfere with relevant or dominant potentials 
in ERPs. Thus, many previous studies have sought to remove 
artifacts, such as muscular activity (Chen et  al., 2019; Zou 
et  al., 2020), cardiac activity (Hamaneh et  al., 2014; Dai et  al., 
2019), eyeblinks, and ocular movements (Dimigen, 2020; 
Egambaram et  al., 2020). The effect of noise on ERP analysis 
has been minimized thanks to the development of methods 
to remove noise in EEG signals. However, we  hypothesized 
that other factors, such as changes in mental state (i.e., stress, 
emotion, and cognitive load) and evoked potentials [i.e., 
heartbeat-evoked potential (HEP)], in addition to noise, could 
affect the ERP signals, leading to a decrease in performance 
(Zhang et  al., 2020; Zheng et  al., 2020). Some previous studies 
have sought to improve the classification performance by 
considering the changes in mental state (Ko et al., 2020; Zhang 
et al., 2020), but no study using HEP has been reported. Evoked 
potentials are difficult to remove or recover because, unlike 
noise, they do not cause a change in the dominant pattern 
of the EEG signal but are instead contained in the EEG signal 
itself (Schandry and Montoya, 1996; McCraty et  al., 2009).

Heartbeat-evoked potentials are characteristic changes in 
brain waves caused by evoked potentials that can occur due 
to changes in cardiac activity, such as heart rhythms and heart 
rate variability (Schandry and Montoya, 1996; McCraty et  al., 
2009; Park et  al., 2015). The vagus nerve transmits cardiac 
output information via the visceral-afferent pathway (medulla, 
amygdalae, hypothalamic and thalamic nuclei, and nucleus 
tractus solitarius) from the heart to the brain (Montoya et  al., 
1993; Janig, 1996; Nieuwenhuys et  al., 2007). HEPs reflect a 
synchronization in the communication between the brain and 
heart based on efferent and afferent pathways, leading to evoked 
potentials involving changes in alpha activation in EEG signals 
(McCraty et  al., 2009; Park et  al., 2015; Park and Whang, 
2018). HEP is divided into two components. The first HEP 
component (50–250 ms post-R-wave) is defined as the interval 
required for afferent information from the heart to reach the 
brain. An increase in afferent processing is indicated by the 
synchronization of the alpha wave. The second HEP component 
(250–600 ms post-R-wave) is defined as the time interval needed 
for blood pressure to reach the brain area from the heart. 
When the blood pressure wave synchronizes with brain activity, 
alpha synchronization occurs, which is associated with the 
higher cognitive centers’ processing of the sensory input (Wölk 
et  al., 1989; McCraty et  al., 2009; Park et  al., 2015).

As previously mentioned, HEP causes evoked potentials in 
EEG signals due to the synchronization between the brain 
and heart. HEP is similar to ERP in terms of how it causes 

evoked potentials in EEG signals based on a trigger point. 
We  believe that HEP can be  contained in the ERP when there 
is little difference in the trigger time between the heartbeat 
and the event. In ERP analyses, the detection of a significant 
ERP pattern may be  impeded by evoked potentials overlapping 
a heartbeat. Thus, this study sought to determine the effect 
of evoked potentials by HEPs on changes in significant patterns 
in ERP signals during a cognitive task, as well as the ERP-based 
classification performance of mental workload, by separating 
ERP trials that are affected by HEP from those that are not.

MATERIALS AND METHODS

Participants
Fourteen undergraduate students (seven male and seven female) 
aged between 22 and 29 years (mean 25.2 ± 3.4) participated 
in the experiment. Each subject participated voluntarily and 
was paid 100,000 KRW. All participants were right-handed 
and had no family or medical history of cardiovascular, 
autonomic, or central nervous system disorders. All participants 
were required to abstain from alcohol, cigarettes, and caffeine 
for 24 h prior to the experiment and to sleep normally. Informed 
consent was acquired from all participants who were notified 
of the restrictions and requirements. All experimental protocols 
were approved by the Sangmyung University Institutional 
Bioethics Review Board in Seoul, South Korea (BE2019-46).

Experimental Stimuli and Apparatus
ERP Task
A stimulator was designed to measure the ERP response to 
mental workload based on our previous studies (Mun et  al., 
2012; Park et al., 2014, 2015, 2019). The stimulator was located 
on the left and right sides of the screen, and participants were 
required to focus their attention on the instructed side of the 
screen according to an arrow (to ignore the left side and 
attend to the right one, or vice versa). The stimulator consisted 
of the presentation of 12 alphanumeric characters involving 
non-targets (“A” to “K”) and a target (“5”). The alphanumeric 
characters were randomly updated at the rate of 6 Hz. One 
trial consisted of five sequences involving 60 alphanumeric 
characters lasting 10 s, with an inter-trial interval of 2 s (total 
60 s). One block consisted of five trials, and the entire task 
consisted of 15 blocks. The target was presented with a probability 
of 5% within each trial, and the interval between targets lasted 
less than 1 s to avoid overlapping ERPs during analysis, as 
shown in Figure  1.

Mental Workload: Mental Arithmetic Task
The mental arithmetic task was designed to cause mental 
workload (MWL) based on previous studies (So et  al., 2017; 
Jost et  al., 2019) and was divided into two task levels: low- 
and high-MWL. The low-MWL task consisted of easy questions 
involving single-digit addition and subtraction (i.e., 3 + 2, 4–1, 
with numbers ranging from 1 to 9). The high-MWL task 
consisted of difficult questions involving mixed arithmetic 

Abbreviations: HEPs, heartbeat-evoked potentials; ERPs, event-related potentials; 
MWL, mental workload; ERPHEP, containing the heartbeat in ERP epochs; ERPA-

HEP, not containing the heartbeat in ERP epochs; ERPT, ERPA-HEP and ERPHEP 
together; RBF-SVM, radial basis function-support vector machine; EEG, 
electroencephalogram; SMEQ, subjective mental effort questionnaire; CAR, common 
average referencing; ICA, independent component analysis; F, frontal region; C, 
central region; P, parietal region; O, occipital region; AUC, area under curve; 
ROC, receiver operating characteristics; LPPs, late positive potentials; BCI, brain-
computer interface; SVEP, steady-state visually evoked potential.
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operations (i.e., 36 × 7–24, 43 + 72/9, number range 1–99). The 
mental arithmetic task questions were randomly presented 
within a defined range, and included a true answer result and 
two false confusion results. The two false results were 
automatically calculated by randomly adding or subtracting a 
number in the range of 1–5 from the correct answer. Participants 
were required to select the correct answer using the arrow 
and spacebar keys of the keyboard, as shown in Figure  1. 
ERP and mental arithmetic tasks were developed using 
LabVIEW2016 (National Instruments Inc., Austin, TX, 
United  States).

Experimental Procedure
Participants were required to report their MWL state as a 
subjective rating both before and after the experiment. The 
subjective mental effort questionnaire (SMEQ) (Sauro and 
Dumas, 2009), a questionnaire with a 0–150 scale for rating 
the MWL was used, as shown in Figure 2. Participants performed 
the pre-ERP task for 15 min. Over the course of this session, 
all participants were required to fixate on a red cross at the 
center of the screen, 60 cm from the display and press a spacebar 
key when presented with the target “5.” The performance and 
response times were measured for the target. Following the 
pre-ERP task, they performed the mental arithmetic task for 
15 min. All participants were asked to select the correct answer 
to the mental arithmetic question, from three options, using 
the arrow and spacebar keys of the keyboard. For each correct 

answer, the participant was awarded 10 points, whereas 10 
points were deducted for an incorrect answer. In order to 
increase the subjects’ motivation and engagement, those who 
achieved the top  15% score were paid 150% of the test fee. 
Participants were divided into low-MWL and high-MWL task 
groups. On the first day, they performed either the low-MWL 
or High-MWL task and on the next day, they performed the 
other MWL task at the same time (e.g., first day low-MWL 
task and second day high-MWL task; the order randomized 
across subjects). Participants then performed the post-ERP task, 
which was the same as the pre-ERP task. The experimental 
environment and procedure are illustrated in Figure  3.

Signal Processing and Data Acquisition
Electroencephalogram signals were recorded at a sampling rate 
of 2,048 Hz from 64 channels mounted on an EEG electrode 
cap (Active-two, Biosemi S.V., Amsterdam, Netherlands) based 
on the international 10–20 montage with separate reference 
and ground electrodes for each system (common mode sense, 
CMS and driven right leg, DRL, respectively). Impedance from 
all electrodes was kept below 5 kΩ (below 10 kΩ for the two 
eye channels). The measured EEG signals were down-sampled 
to 512 Hz and re-referenced using a common average referencing 
(CAR) procedure (Perrin et al., 1989). The CAR was calculated 
by subtracting the average potential over all the channels from 
each channel. This re-referencing maintains the activity from 
local sources while removing the global background activity 

FIGURE 1 | Experimental stimuli to measure ERP responses (left) and cause mental workload (right).
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(Lew et  al., 2012). To avoid contaminating meaningful ERP 
patterns, we minimized preprocessing by specifying a threshold 
for each trial. In the trials, where the amplitude exceeded 
±100 μV at any electrode, we  conducted an independent 
component analysis to remove oculomotor and muscle artifacts 
by visual inspection. Additionally, a few trials with anomalous 
patterns were excluded due to the difficulty of reconstruction 
(Rampone et  al., 2019; Katus et  al., 2020; Li et  al., 2020).

The ERP analysis procedure was as follows. (1) The EEG 
signals were divided into epochs of 1,000 ms based on the 
event (200 ms before target onset to 800 ms after target onset) 
and averaged. (2) Average ERPs were constructed from trials 
containing 1,000 ms epochs of raw data, of which the pre-stimulus 
period (first 200 ms) was used to correct the baseline averaged 
ERP epochs lasting 800 ms (Mitchell et  al., 2016). (3) Next, 
the P600 latency and amplitude were detected from the averaged 
ERP epochs. The P600 latency and amplitude were determined 
from its highest point and mean amplitude, respectively, within 
a time window between 530 and 750 ms following stimulus 
presentation (Causse et  al., 2016) at the F3, F4, C3, C4, P3, 
P4, O1, and O2 electrodes (Mun et  al., 2014; Park et  al., 2015, 
2019). Each electrode site corresponds to a brain region identified 
by a letter: frontal (F), central (C), parietal (P), and occipital 
(O). These brain areas are associated with the following functions: 

(1) the frontal area is associated with reasoning, motor skills, 
higher level cognition, and expressive language; (2) the central 
area is associated with motor and sensory information; (3) 
the parietal area is associated with processing of tactile sensations; 
and (4) the occipital area is associated with interpreting visual 
stimuli and information (Dimond and Beaumont, 1974). All 
signal processing and data analyses were performed using 
EEGlab, a MATLAB toolbox (2020b, Mathworks Inc., Natick, 
MA, United  States).

Participants were required to perform all the 375 trials for 
the ERP task. In order to assess the effect of the evoked 
potentials caused by heartbeat (i.e., the alpha activation of 
HEPs) on the latency and amplitude of the P600 component 
in ERPs, and the classification performance in distinguishing 
between low- and high-MWL states, the entire ERP epochs 
were categorized into two conditions based on the heartbeat 
within each ERP epoch: including the heartbeat within the 
ERP epoch (denoted ERPHEP) or not including the heartbeat 
within the ERP epoch (denoted ERPA-HEP, for anti-HEP). ERPHEP 
and ERPA-HEP accounted for 171.79 ± 10.31 and 203.21 ± 10.31 
trials, respectively, on average, for each subject. More specifically, 
ERPHEP was defined as containing the heartbeat during the 
period from 280 to 700 ms in the ERP epochs after the target 
was presented. This period was determined by considering the 

FIGURE 2 | Subjective mental effort questionnaire (SMEQ).

FIGURE 3 | Experimental environment (left) and procedure (right).
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interval in which the evoked potentials overlapped the heartbeat 
(50–250 ms after the heartbeat) and events related to P600 
(530–750 ms after target). ERPA-HEP was defined as not including 
the heartbeat within the same period. Finally, we  defined the 
ERPT condition as including all the ERPA-HEP and ERPHEP trials. 
We  divided the ERPA-HEP, ERPHEP, and ERPT trials from entire 
ERP epochs, and compared their classification performance in 
separating low- and high-MWL states and the pattern of latency 
and amplitude of the P600 component, as shown in Figure  4.

Statistical Analysis and Classification
This study followed a within-subject design with respect to 
low- and high-MWL. A paired t-test was used based on the 
results of the Shapiro–Wilk normality test. Differences between 
pre- and post-features were calculated to take into account 
the state before the task. The confidence level in the statistical 
tests was controlled by the number of individual hypotheses 
(i.e., α = 05∕n) based on the Bonferroni correction. Bonferroni 
correction was performed to assess statistical significance while 
correcting for multiple comparisons (Dunnett, 1955; Johnson 
et al., 2019). Thus, the statistically significant levels of performance 
and ERP measures were set to 0.025 (accuracy and response 
time, α = 0.05/2 = 0.025) and 0.0031 (ERP latency and amplitude 
at eight electrodes, α = 0.05/16 = 0.0031). The effect size based 
on Hedges’ g was calculated to assess not only the statistical 
significance, but also the practical significance (Hedges and 
Olkin, 2014). All effect sizes were corrected for small sample 
sizes according to Hedges’ g. We  also calculated the expected 
effect size for the paired t-test (Hedges’ g) using G*power 

software (Faul et  al., 2007). The expected effect size in this 
study was 0.781 (paired t-test).

In EEG research, the radial basis function kernel-based 
support vector machine (RBF-SVM) is considered one of the 
optimized classifiers (Alomari et al., 2013). We used RBF-SVM 
to conduct a binary classification for a total of 28 samples 
× number of features after feature selection and standardization. 
The optimized kernel scales for each condition were as follows: 
ERPT, 117.8; ERPHEP, 2.7; and ERPA-HEP, 21.5. We  conducted 
10-fold cross-validation and represented the performance of 
the classification using accuracy, sensitivity, specificity, and 
area under the curve (AUC) for the receiver operating 
characteristics curve. Statistical analysis and classification  
were performed using the Statistics and Machine Learning 
Toolbox in MATLAB (2020b, Mathworks Inc., Natick, MA, 
United  States).

RESULTS

Subjective Ratings: SMEQ
Figure 5 represents the comparison of the SMEQ scores between 
low- and high-MWL conditions. In the paired t-test, the SMEQ 
score of the high-MWL condition was significantly higher than 
that of the low-MWL condition [t(13) = −9.238, Hedges’ g = 3.796, 
95% CI 2.556–5.036, p < 0.001]. The mean (M) and standard 
deviation (SD) for each condition were as follows: low-MWL, 
M = 13.79 and SD = 6.37; high-MWL, M = 71.64 and SD = 20.59. 
Hedges’ g satisfied the expected effect size for the paired t-test 
in this study.

FIGURE 4 | Examples of signal processing compared across ERPA-HEP, ERPHEP, and ERPT.
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ERP Task Performance: Accuracy and 
Response Time
A paired t-test of target accuracy in the ERP task showed a 
significant difference between the low- (M = −1.27, SD = 3.29) 
and high-MWL (M = −10.13, SD = 8.38) conditions [t(13) = 3.762, 
Hedges’ g = −1.392, 95% CI –2.217 to −0.566, p < 0.01]. The 
response time of the high-MWL (M = 14.30, SD = 19.54) condition 
was significantly delayed compared to the low-MWL (M = 103.67, 
SD = 57.76) condition [t(13) = −4.643, Hedges’ g = 2.073, 95% 
CI 1.154 to −2.991, p < 0.001], as shown in Figure  5. Hedges’ 
g for the performance of the ERP task satisfied the expected 
effect size for the paired t-test in this study.

ERP Waveform: P600 Amplitude and 
Latency
P600 Amplitude
Figure  6 represents the results of the statistical analysis of the 
P600 amplitudes, comparing the low- and high-MWL conditions, 
for the ERPT, ERPA-HEP, and ERPHEP epochs. In the cases of 
ERPT and ERPHEP, no significant differences between low- and 
high-MWL conditions were found at any electrode site (F3, F4, 
C3, C4, P3, P4, O1, and O2) after Bonferroni correction (p > 0.0031). 
However, in the case of ERPA-HEP, a paired t-test revealed a 
significant difference between the P600 amplitudes of the low- 
and high-MWL conditions at F3 [t(13) = 5.505, Hedges’ g = −1.988, 
95% CI –2.893 to −1.082, p < 0.001], F4 [t(13) = 4.787, Hedges’ 
g = −1.265, 95% CI –2.076 to −0.453, p < 0.001], P4 [t(13) = 4.383, 
Hedges’ g = −1.559, 95% CI –2.281 to −0.616, p < 0.001), and 
O1 [t(13) = 3.818, Hedges’ g = −1.391, 95% CI –2.217 to −0.566, 
p < 0.0031]. No significant differences were found at the other 
electrode sites (C3, C4, P3, and O2). Detailed results are presented 
in Table  1. Hedges’ g for the P600 amplitude satisfied the 
expected effect size for the paired t-test.

P600 Latency
Figure 7 represents the results of the statistical analysis comparing 
the P600 latency between the low- and high-MWL conditions 

for the ERPT, ERPA-HEP, and ERPHEP epochs. In the case of 
ERPT, a paired t-test revealed a significant difference between 
low- and high-MWL conditions at the O1 site only [t(13) = −3.935, 
Hedges’ g = 1.462, 95% CI 0.628 to 2.296, p < 0.0031], while 
no significant differences were found at the other electrode 
sites. In the case of ERPHEP, no significant differences were 
observed between the P600 latencies of low- and high-MWL 
conditions at any electrode site after Bonferroni correction 
(p > 0.0031). For the ERPA-HEP, P600 latency was significantly 
prolonged in the high-MWL condition compared with the 
low-MWL condition at F3 [t(13) = −4.348, Hedges’ g = 1.823, 
95% CI 0.942 to 2.704, p < 0.001], F4 [t(13) = −3.833, Hedges’ 
g = 1.533, 95% CI 0.690 to 2.375, p < 0.001], P4 [t(13) = −4.283, 
Hedges’ g = 1.662, 95% CI 0.803 to 2.521, p < 0.001], O1 
[t(13) = −5.115, Hedges’ g = 1.714, 95% CI 0.848 to 2.581, 
p < 0.001], and O2 [t(13) = −5.526, Hedges’ g = 1.871, 95% CI 
0.983 to 2.760, p < 0.001] sites. No significant differences were 
found at the other electrode sites (C3, C4, and P3). Detailed 
results are presented in Table 2. Hedges’ g for the P600 latency 
satisfied the expected effect size for the paired t-test.

To visually confirm the pattern of ERP features between 
low- and high-MWL, we  produced scatterplots with amplitude 
and latency as the two axes for the ERPT, ERPHEP, and ERPA-HEP 
conditions. As shown in Figure  8, only the ERPA-HEP condition 
revealed a clear pattern distinguishing the two MWL states. 
A paired t-test of the heart rate showed no significant difference 
between the low-MWL (0.81 ± 0.05) and high-MWL (0.79 ± 0.05) 
conditions [t(13) = 1.479, p  = 0.163].

Classification and Correlation Results
Classification
We compared the classification performance of ERPT, ERPHEP, 
and ERPA-HEP in distinguishing between low- and high-MWL 
in order to assess the effect of the HEP on the predictive 
power of ERPs (10-fold cross-validation). The RBF-SVM was 
selected as the classification method since it is widely used 
in EEG-related studies. In the three conditions (ERPT, ERPHEP, 
and ERPA-HEP), for all ERP amplitude and latency, the following 
values of the performance metrics were achieved as: accuracy: 

A B C

FIGURE 5 | Comparison of accuracy (A), response time (B) for target in ERP task, and SMEQ score (C) between the low- and high-MWL conditions (paired t-test; 
**p < 0.0031 and ***p < 0.001).
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85.7,% 71.4, and 100%, respectively; sensitivity, 85.7, 64.3, and 
100%; specificity, 85.7, 78.6, and 100%; and AUC: 0.93, 0.76, 
and 1, as shown in Table  3 and Figure  9.

Correlation
We conducted a correlation analysis among ERP features and 
SMEQ scores and compared the correlation coefficients for 
the ERPT, ERPHEP, and ERPA-HEP conditions. Specifically, 
we  assessed the partial correlation between post-ERP features 
and post-SMEQ scores while controlling for two covariates 
(pre-ERP features and pre-SMEQ scores) to take into account 
the state before the experiment (Liu, 1988). In the ERPT, ERPHEP, 
and ERPA-HEP conditions, we  found significant correlations 
between SMEQ score and seven, four, and ten ERP features, 
respectively. The correlation coefficients in the ERPA-HEP condition 
(amplitude: 0.410 to 0.885; latency: −0.401 to −0.586) were 
higher than those of the ERPT (amplitude: 0.414 to 0.497; 
latency: −0.432 to −0.483) and ERPHEP (amplitude: 0.440; 

latency: −0.419 to −0.493) conditions. Detailed correlation 
results are presented in Table  4.

DISCUSSION AND CONCLUSION

This study sought to determine the effect of HEP on the 
amplitude and latency of the P600 component of ERPs and 
to compare the classification accuracy for the MWL task among 
the ERPT, ERPHEP, and ERPA-HEP conditions. SMEQ score and 
MWL performance (accuracy and response time for target) 
were significantly different between low- and high-MWL tasks. 
These results confirmed that a difference in the MWL state 
of participants resulted from low- and high-mental arithmetic 
tasks. The P600 ERP amplitude and latency were significantly 
lower and higher, respectively, in the high-MWL than in the 
low-MWL tasks. This result is consistent with that of previous 
studies (Baetens et  al., 2011; Mun et  al., 2012, 2017; Park 

A

B

C

FIGURE 6 | Comparison of the P600 amplitude in ERP between the low- and high-MWL conditions. (A) ERPT condition. (B) ERPHEP condition. (C) ERPA-HEP 
condition (paired t-test; *p < 0.05, **p < 0.0031, and ***p < 0.001).
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TABLE 1 | Comparison by paired t-test of the P600 amplitude between low- and high-MWL conditions.

Site Condition N Mean SD t p
Effect size

Hedges’ g 95% CI

  ERPT

  F3
Low-MWL 14 0.03 0.09

2.865
0.0133

(>0.05)
−1.046 −1.836 ~ −0.256

High-MWL 14 −0.05 0.06

  P4
Low-MWL 14 0.05 0.09

2.784
0.0155

(>0.05)
−1.149 −1.948 ~ −0.349

High-MWL 14 −0.03 0.04

  O1
Low-MWL 14 0.04 0.09

2.556
0.0239

(>0.05)
−1.043 −1.833 ~ −0.254

High-MWL 14 −0.03 0.03

  O2
Low-MWL 14 0.07 0.10

3.453
0.0043

(>0.05)
−1.444 −2.276 ~ −0.613

High-MWL 14 −0.04 0.04

  ERPHEP   O1
Low-MWL 14 0.07 0.10

2.658
0.0197

(>0.05)
−1.012 −1.799 ~ −0.225

High-MWL 14 −0.01 0.05

  ERPA-HEP

  F3
Low-MWL 14 0.06 0.05

5.505
0.0001

(>0.001)
−1.988 −2.893 ~ −1.082

High-MWL 14 −0.03 0.04

  F4
Low-MWL 14 0.04 0.03

4.787
0.0004

(>0.001)
−1.265 −2.076 ~ −0.453

High-MWL 14 −0.02 0.06

  P4
Low-MWL 14 0.04 0.05

4.383
0.0007

(>0.001)
−1.449 −2.281 ~ −0.616

High-MWL 14 −0.04 0.06

  O1
Low-MWL 14 0.07 0.10

3.818
0.0021

(>0.001)
−1.391 −2.217 ~ −0.566

High-MWL 14 −0.04 0.05

  O2
Low-MWL 14 0.07 0.08

3.298
0.0058

(>0.05)
−1.499 −2.337 ~ −0.661

High-MWL 14 −0.03 0.05

Results are not shown when the p value is greater than 0.05.
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et  al., 2015, 2019). Late positive potentials (LPPs), such as the 
P600 and P700 components reflect a high-level MWL required 
to process difficult tasks (Li et  al., 2008; Pastor et  al., 2008; 
Mun et  al., 2012, 2014). LPPs are seen as a delayed P300 
component and are related to high-level MWL (Friederici et al., 
1993; Mun et  al., 2012). Reduced LPP amplitudes reflect a 
decrease in cognitive and neural resources caused by MWL, 
impairing the attentional allocation mechanisms (Kato et  al., 
2009; Mun et  al., 2012, 2014).

The analysis revealed significant differences in the P600 
amplitude and latency among the ERPT, ERPHEP, and ERPA-HEP 
conditions. The number of features (i.e., P600 amplitude and 
latency in each brain region) with significant differences 
(p  < 0.0031) between low- and high-MWL was greater in the 
ERPA-HEP (10 significant features) than in the other conditions 
(ERPT, one significant feature; ERPHEP, no significant feature). 
The P600 amplitude and latency in the ERPA-HEP condition 
revealed a stronger correlation with SMEQ scores than the 

other two conditions. These results suggest that the pattern 
of P600 amplitude and latency in the ERPA-HEP condition, not 
affected by the heartbeat, revealed a clearer response to ERP 
stimuli, without interference from other evoked potentials, 
compared with other conditions that were affected by 
the heartbeat.

The vagus nervous system in the heart continuously 
communicates with the brain via efferent and afferent 
pathways. Neuronal connectivity causes an evoked potential 
(i.e., alpha rhythms) in brain waves, known as the HEP 
(Schandry and Montoya, 1996; McCraty et  al., 2009; Park 
et  al., 2015). Many previous studies have used the HEP 
phenomenon in various research fields, such as attention 
(Petzschner et  al., 2019), anxiety (Judah et  al., 2018; Pang 
et  al., 2019), mental workload (Park et  al., 2015), emotion 
(Couto et  al., 2015), sleep (Lechinger et  al., 2015), and 
medicine (Leopold and Schandry, 2001; Perogamvros et  al., 
2019; Flasbeck et  al., 2020).

A

B

C

FIGURE 7 | Comparison of the P600 latency in ERP between the low- and high-MWL conditions. (A) ERPT condition. (B) ERPHEP condition. (C) ERPA-HEP condition 
(paired t-test; *p < 0.05, **p < 0.0031, and ***p < 0.001).
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We divided the ERP trials into three conditions according to 
whether the heartbeat had an effect on the evoked potential on 
EEG oscillations. The condition related to the heartbeat (ERPHEP) 
resulted in a change in the P600 amplitude for the target due 
to the overlap with the evoked potentials induced by the heartbeat, 
which also led to variations in latency. The phenomenon whereby 
the evoked potentials caused by the heartbeat affect EEG oscillations 
has been reported in many previous studies (Wölk et  al., 1989; 

Schandry and Montoya, 1996; McCraty et  al., 2009; Park et  al., 
2015, 2019; Villena-Gonzalez et  al., 2017; Perogamvros et  al., 
2019). Our argument regarding the effect of cardiac activity on 
the P600  in ERP is supported by the high statistical significance 
and correlation coefficient we observed in the ERPA-HEP condition 
compared with the ERPHEP one.

This study also assessed the classification performance 
using P600 features between low- and high-MWL for the 

A B C

FIGURE 8 | Scatterplots of P600 amplitude (X axis) and latency (Y axis) between low- and high-MWL for the ERPT, ERPHEP, and ERPA-HEP conditions.
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three conditions (ERPT, ERPHEP, and ERPA-HEP), finding that 
the accuracy in the ERPA-HEP condition increased by 14.3 
and 28.6% compared to the ERPT and ERPHEP conditions, 
respectively. No previous studies have tried to detect the 
pure ERP components and improve the MWL classification 
performance based on ERP while considering the effect of 
the evoked potentials (i.e., HEP) caused by the cardiac 
activity (i.e., heartbeat). However, some studies have attempted 
to improve the accuracy of brain activity classification using 
approaches similar to that used in our studies. Brain 
oscillations can be  affected by various mental states, such 
as fatigue, stress, emotion, and mental workload. Changes 
in mental state can affect EEG oscillations and interfere 
with the targeting response. This leads to a decrease in 
classification performance (Lorenz et  al., 2014; Myrden and 

Chau, 2017; Zhang et  al., 2020; Zheng et  al., 2020). A 
previous study compared brain-computer interface (BCI) 
performance under low- and high-stress conditions and 
reported that the use of steady-state visually evoked 

TABLE 2 | Comparison by paired t-test of the P600 latency the low- and high-MWL conditions.

Site Condition N Mean SD t p
Effect Size

Hedges’ g 95% CI

ERPT

F3

Low-MWL 14 −44.00 72.29
−3.023

0.0098

(>0.05)
1.208 0.403 ~ 2.014

High-MWL 14 45.00 75.02

P4

Low-MWL 14 −20.29 39.21
−3.284

0.0059

(>0.05)
1.493 0.655 ~ 2.331

High-MWL 14 39.00 40.20

O1

Low-MWL 14 −8.57 18.89
−3.935

0.0017

(>0.0031)
1.462 0.628 ~ 2.296

High-MWL 14 45.43 48.71

O2

Low-MWL 14 −6.86 23.60
−3.067

0.0090

(>0.05)
0.750 −0.016 ~ 1.516

High-MWL 14 38.29 42.81

ERPHEP

F3

Low-MWL 14 −8.43 21.95
−2.425

0.0306

(>0.05)
1.098 0.303 ~ 1.893

High-MWL 14 39.57 57.79

P4

Low-MWL 14 −4.00 30.09
−3.500

0.0039

(>0.05)
0.903 0.125 ~ 1.680

High-MWL 14 28.43 40.93

O2

Low-MWL 14 −1.14 31.95
−2.423

0.0308

(>0.05)
0.830 0.058 ~ 1.602

High-MWL 14 35.00 52.62

ERPA-HEP

F3

Low-MWL 14 −24.43 35.54
−4.348

0.0008

(>0.001)
1.823 0.942 ~ 2.704

High-MWL 14 42.86 38.24

F4

Low-MWL 14 −13.86 26.57
−3.833

0.0021

(>0.001)
1.533 0.690 ~ 2.375

High-MWL 14 36.14 37.71

P4

Low-MWL 14 −11.86 33.92
−4.283

0.0009

(>0.001)
1.662 0.803 ~ 2.521

High-MWL 14 35.14 21.18

O1

Low-MWL 14 −7.71 14.42
−5.115

0.0002

(>0.001)
1.714 0.848 ~ 2.581

High-MWL 14 27.57 25.28

O2

Low-MWL 14 −3.14 19.25
−5.526

0.0001

(>0.001)
1.871 0.983 ~ 2.760

High-MWL 14 47.00 32.64

Results are not represented when the value of p is greater than 0.05.

TABLE 3 | Results of the classification by RBF-SVM (10-fold cross-validation) 
with ERPT, ERPHEP, and ERPA-HEP epochs (n = 24).

Condition
Accuracy 

(%)
Sensitivity 

(%)
Specificity 

(%)
AUC

RBF-SVM 
(10-fold 
cross-
validation)

ERPT 85.7 85.7 85.7 0.93
ERPHEP 71.4 64.3 78.6 0.76
ERPA-HEP 100 100 100 1

FIGURE 9 | Receiver operating characteristics curves for ERPT, ERPHEP, and 
ERPA-HEP according to the RBF-SVM classifier.
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potential-based BCI under stress leads to a decrease in 
accuracy and an increase in the required concentration and 
the resulting fatigue (Zhang et  al., 2020). Another study 
revealed an increase in BCI performance considering the 
mental focus and lost-in-thought states of participants (Ko 
et  al., 2020). In addition, many studies have sought to 
improve performance by considering various mental states 
(Myrden and Chau, 2017; Acı et  al., 2019; Zhang et  al., 
2019; Foong et  al., 2020), which is highly relevant to our 
research approach. Therefore, we  believe that the evoked 
potential caused by the heartbeat must be  considered to 
improve the detection of the evoked potential components 
in ERPs and that our approach can contribute to the 
measurement of accurate ERP responses and improve the 
performance in classifying MWL.

However, this study has several limitations. (1) Only the 
effects of the HEP on the P600 element of ERP were confirmed, 
and other components, such as P300, N400, and P200, were 
not considered. Since our approach selected trials suitable 
for each ERP element based on the heartbeat, other ERP 
components may behave similarly to the P600 component, 
although this needs to be confirmed through further research 
based on various task environments. (2) Our study sought 
to confirm a significant difference in MWL classification 
performance by ERP trials according to whether or not the 
HEP was affected. In future research, we  will conduct a 
paradigm study that controls the timing of stimuli in ERP 
tasks based on heartbeats, or a method of training by 
classifying ERP trials based on whether they are affected  
by HEP.

In conclusion, this study confirmed that the performance 
in the classification of MWL states in the ERPA-HEP condition 
was significantly superior to that of the ERPT and the ERPHEP 
conditions. We  interpret these results as showing that the 
pattern of ERPs in the ERPT and the ERPHEP conditions, 
which were affected by the heartbeat, resulted from the 
overlap of the HEP and the ERPs. On the other hand, the 

pattern of ERPs in the ERPA-HEP condition, which was not 
affected by the heartbeat, showed a clear or pure response 
to ERP stimuli without the effect of other evoked potentials. 
Therefore, in ERP studies, the effect of HEPs on ERP  
patterns (i.e., amplitude and latency in ERP components) 
needs to be  considered in order to obtain a clear and pure 
ERP response. This study used the P600 component to 
improve ERP-based MWL classification performance, but the 
same approach can be  used in the application of ERPs to 
various fields, such as brain-computer interface, emotion 
recognition, language processing, working memory, 
and neurotherapy.
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TABLE 4 | Partial correlation analysis between ERP features and SMEQ scores for each condition (ERPT, ERPHEP, and ERPA-HEP).

F3 F4 C3 C4 P3 P4 O1 O2

 P600 Latency in ERP

SMEQ score

ERPT
−0.473

(p > 0.05)

– – – – −0.432

(p > 0.05)

−0.483

(p > 0.05)

−0.440

(p > 0.05)

ERPHEP

−0.440

(p > 0.05)

– – – – −0.493

(p > 0.05)
–

−0.419

(p > 0.05)

ERPA-HEP

−0.401

(p > 0.05)

– – – – −0.474

(p > 0.05)

−0.496

(p > 0.05)

−0.586

(p > 0.01)

 P600 Amplitude in ERP

SMEQ score

ERPT

0.461

(p > 0.05)

– – – – 0.414

(p > 0.05)

– 0.497

(p > 0.01)

ERPHEP –
– – – – 0.440

(p > 0.05)

–
–

ERPA-HEP

0.885

(p > 0.001)

0.783

(p > 0.001)

– – 0.410

(p > 0.05)

0.612

(p > 0.001)

0.600

(p > 0.01)

0.632

(p > 0.001)

Results are not represented when the p value is greater than 0.05 (light gray, p < 0.05; dark gray, p < 0.01; and bold black, p < 0.001).
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Wrocław Medical University, Poland

*Correspondence:
Joseph Miller

Jmiller6@hfhs.org

†These authors share first authorship

Specialty section:
This article was submitted to

Autonomic Neuroscience,
a section of the journal
Frontiers in Physiology

Received: 31 March 2021
Accepted: 26 October 2021

Published: 18 November 2021

Citation:
Miller J, Chaudhry F, Tirgari S,

Calo S, Walker AP, Thompson R,
Nahab B, Lewandowski C and Levy P

(2021) Cardiac Stroke Volume Index
Is Associated With Early Neurological

Improvement in Acute Ischemic
Stroke Patients.

Front. Physiol. 12:689278.
doi: 10.3389/fphys.2021.689278

Cardiac Stroke Volume Index Is
Associated With Early Neurological
Improvement in Acute Ischemic
Stroke Patients
Joseph Miller1*†, Farhan Chaudhry2†, Sam Tirgari1, Sean Calo3, Ariel P. Walker2,
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Early neurological improvement as assessed with the NIH stroke scale (NIHSS) at
24 h has been associated with improved long-term functional outcomes following
acute ischemic stroke (AIS). Cardiac dysfunction is often present in AIS, but its
association with outcomes is incompletely defined. We performed a pilot study to
evaluate the association between non-invasively measured cardiac parameters and
24-h neurological improvement in prospectively enrolled patients with suspected
AIS who presented within 12 h of symptom-onset and had an initial systolic
blood pressure>140 mm Hg. Patients receiving thrombolytic therapy or mechanical
thrombectomy were excluded. Non-invasive pulse contour analysis was used to
measure mean arterial blood pressure (MAP), cardiac stroke volume index (cSVI),
cardiac output (CO) and cardiac index (CI). Transcranial Doppler recorded mean middle
cerebral artery flow velocity (MFV). We defined a decrease of 4 NIHSS points or
NIHSS ≤ 1 at 24-h as neurological improvement. Of 75 suspected, 38 had confirmed
AIS and did not receive reperfusion therapy. Of these, 7/38 (18.4%) had neurological
improvement over 24 h. MAP was greater in those without improvement (108, IQR 96–
123 mm Hg) vs. those with (89, IQR 73–104 mm Hg). cSVI, CO, and MFV were similar
between those without and with improvement: 37.4 (IQR 30.9–47.7) vs. 44.7 (IQR 42.3–
55.3) ml/m2; 5.2 (IQR 4.2–6.6) vs. 5.3 (IQR 4.7–6.7) mL/min; and 39.9 (IQR 32.1–45.7)
vs. 34.4 (IQR 27.1–49.2) cm/s, respectively. Multivariate analysis found MAP and cSVI as
predictors for improvement (OR 0.93, 95%CI 0.85–0.98 and 1.14, 95%CI 1.03–1.31).
In this pilot study, cSVI and MAP were associated with 24-h neurological improvement
in AIS.

Keywords: ischemic stroke (IS), cardiac function, heart brain interaction, autonomic dysfunction, stroke outcome
and recovery

Abbreviations: NIHSS,National Institute of Health Stroke Scale; AIS, acute ischemic stroke; ED, emergency department;
MAP, mean arterial pressure; CO, cardiac output; CI, cardiac index; cSVI, cardiac stroke volume index; TCD, transcranial
Doppler; MCA, middle cerebral artery; MFV, mean flow velocity; IV, intravenous; CAD/PVD, coronary artery or peripheral
vascular disease; HRV, heart rate variability; TIA, transient ischemic attack.
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INTRODUCTION

Acute ischemic stroke (AIS) is the leading cause of long-term
disability and results in worsening functional independence long
after initial stroke (Dhamoon et al., 2009; Virani et al., 2020).
Twenty-hour neurological improvement, as assessed by the
National Institute of Health Stroke Scale (NIHSS), is associated
with good long-term functional outcomes following acute stroke
(Takagi et al., 2014; Rangaraju et al., 2016; Wouters et al.,
2018). Rapid reperfusion strategies have been implemented to
rapidly restore blood flow to the penumbra resulting in improved
outcomes; however, many patients do not have access to these
strategies and/or do not qualify for reperfusion (Bhaskar et al.,
2018). Therefore, identification of modifiable factors associated
with 24-h neurological improvement in non-reperfused patients
could inform their management and prognosis.

AIS diminishes the cerebrovascular autoregulation, thus
penumbra blood flow becomes directly dependent on cardiac
function (Tranmer et al., 1992). Likewise, AIS can result
in sympathetic activation and impaired parasympathetic tone
resulting in stroke-induced heart injury, characterized by LV
dysfunction (Wrigley et al., 2017; Sposato et al., 2020). Therefore,
identifying pertinent aspects of cardiac function associated
with 24-h neurological improvement following AIS may have
prognostic and acute management implications. Given the acuity
associated with AIS management, measurements of cardiac
function need to be quick and non-invasive, especially if
they are performed on arrival in the emergency department
(ED). For this brief research report, we conducted a pilot
prospective observational study of AIS patients using a non-
invasive monitoring device to test the feasibility of rapidly
assessing various cardiac parameters in association with 24-h
neurological outcomes.

MATERIALS AND METHODS

Enrollment
We conducted this prospective, observational study of AIS
patients at a large, urban, ED, which is part of a comprehensive
stroke hospital, Henry Ford Hospital, from July 2014 through
September 2016. The study was approved by the hospital’s
IRB and registered at ClinicalTrials.gov (NCT02056821). We
enrolled patients 18–90 years old with suspected AIS presenting
within 12-h of symptom onset and with a systolic blood
pressure>140 mmHg. AIS was confirmed if symptoms lasted
more than 24-h or less than 24 h with ischemic lesion on
diffusion-weighted imaging. Exclusion criteria included baseline
modified Rankin Scale>3, pregnancy, intracranial hemorrhage
on computed tomography, treatment with thrombolytic or
mechanical thrombectomy, advanced directive for comfort
care/hospice, or requiring endotracheal intubation.

Data Collection
Trained investigators obtained consent and documented baseline
demographic and clinical characteristics including age, sex,
and past medical history. Localization of stroke was divided

into lacunar vs. non-lacunar stroke. Patient treatment with
intravenous (IV) fluids and IV antihypertensive were also
recorded. NIHSS was documented upon arrival by the stroke
neurology team and was then confirmed by an investigator
prior to enrollment.

Hemodynamic
Hemodynamic variables were measured with the clinically
validated (Nexfin device, Edwards Lifescience, Irvine, CA) (Broch
et al., 2012; Martina et al., 2012). This novel non-invasive
monitor uses pulse-contour analysis to determine multiple
hemodynamic parameters including mean arterial blood pressure
(MAP), cardiac stroke volume index (cSVI), cardiac output (CO),
and cardiac index (CI). Upon enrollment, a member of the
research team placed the device on a non-paretic upper extremity
to record beat-to-beat hemodynamic data for 4 h. A trained
technician also performed transcranial Doppler imaging (TCD)
on all patients looking for middle cerebral artery (MCA) mean
flow velocity (MFV) on the affected-side. We averaged all TCD
and hemodynamic values over 5-min periods.

Primary Outcome
NIHSS was calculated on arrival and after 24-h. Neurological
improvement was defined as a decrease of 4 or more points on the
NIHSS or a score equal to or less than one at 24-h (improvement)
(National Institute of Neurological Disorders and Stroke rt-Pa
Stroke Study Group, 1995).

Statistical Analysis
We reported continuous variables as median with interquartile
range (IQR) and binomial variables as counts with percentages
(%). Wilcoxon-Mann Whitney test and Fisher’s-exact test
was performed to compare continuous and categorical
variables, respectively, between improvement vs. no
improvement. We used a univariate logistic regression model
on all identified variables assessing association with 24-h
neurologic improvement. We then performed a multivariate
logistic regression model to determine which variables were
independently associated with 24-h neurologic improvement.
Variables were selected using a stepwise logistic regression
minimizing the Akaike-information-criterion. We used
McFadden pseudo-R2 to assess the model by quantifying
the proportion of the total variability on the outcome from
the variables (Louapre et al., 2020). Regression models used
100-iterations maximum to reach convergence. Results were
reported as odds ratios (ORs) with 95% confidence intervals (CI).
A 2-sided P-value < 0.05 was considered statistically significant.
Analysis was completed with R-version 3.6.3.

RESULTS

Patient Enrollment
Seventy five patients met enrollment criteria with suspected AIS,
but only 55 were confirmed stroke. We were unable to obtain
hemodynamic measurements on 7 patients due to inadequate
recording by the device, and 10 patients received thrombolytic
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therapy and were also removed, resulting in 38 patients for
further analysis.

Baseline Characteristics
7/38 (18.4%) patients showed signs of 24-h neurologic
improvement (Table 1). There was no significant difference
in age, sex, African American race, body mass index (BMI),
history of hypertension, coronary artery or peripheral vascular
disease (CAD/PVD), diabetes mellitus, transient ischemic
attack (TIA)/stroke, anticoagulation use or smoking were noted
between those with or without improvement.

Clinical Presentation and Management
Baseline NIHSS was 5 (4–8) and was numerically higher in
improved (7[5–11]) vs. unimproved patients (5[4–7]), but this
difference was not statistically significant (P = 0.746). Four
(57.1%) patients with neurological improvement vs. 12 (38.7%)
patients without neurological improvement had lacunar strokes
(p = 0.425). The rate of administration of IV-fluids and IV-
antihypertensives in the ED were similar between patients that
had or did not have neurological improvement.

Hemodynamic Characteristics
MAP was significantly greater in those who did not improve
compared to those that did improve. cSVI trended higher in those
that improved vs. those that did not. CO, CI, MFV, and HR were
similar between the no improvement vs. improvement group.
Only cSVI statistically correlated with 24-h NIHSS change from
baseline (Figure 1) demonstrating that a higher cSVI correlated
with a greater reduction in NIHSS from baseline (R = -0.33,
P = 0.041).

Logistic Regression Analysis
Only MAP and cSVI were statistically significant predictors
for 24-h neurological improvement on univariate analysis (OR
0.944; 95% CI 0.877–0.989, P = 0.0328, and OR 1.1; 95% CI
1.01–1.22, P = 0.0468, Table 1A and Figure 2A). Step-wise
logistic regression retained African American race, MAP and
cSVI as variables for multivariate regression. Lower MAP and
higher cSVI retained a statistically significant association with
24-h neurological improvement (OR 0.925; 95% CI 0.851–0.981,
P = 0.0248 and OR 1.14; 95% CI 1.03–1.31, P = 0.0228). However,
African American race did not reach statistical significance (OR

TABLE 1 | Patient demographic, clinical, and hemodynamic data with univariate and multivariate results.

(A) Univariate All (n = 38) No Improvement (n = 31) Improvement (n = 7) OR 95%CI P-value

Patient characteristics

Age in years (IQR) 66.5 (57–73) 67 (58–73.5) 63 (52–70.5) 0.979 0.916–1.05 0.524

Male sex (%) 17/38 (44.7) 14/31 (45.2) 3/7 (42.9) 0.911 0.157–4.81 0.911

African American (%) 28/38 (73.7) 22/31 (71.0) 6/7 (85.7) 0.407 0.0200–2.89 0.435

BMI, kg/m2 (IQR) 28.1 (23.9–31.0) 28.5 (23.4–33.4) 27.4 (26.6–29.3) 0.976 0.844–1.12 0.735

Past medical history

Hypertension (%) 32/38 (84.2) 26/31 (83.9) 6/7 (85.7) 1.15 0.146–24.2 0.904

CAD/PVD (%) 7/38 (18.4) 6/31 (19.4) 1/7 (14.3) 0.694 0.0333–5.26 0.756

Diabetes Mellitus (%) 16/38 (42.1) 13/31 (41.9) 3/7 (42.9) 1.04 0.179–5.51 0.964

Previous TIA/Stroke (%) 11/38 (28.9) 10/31 (32.2) 1/7 (14.3) 0.350 0.0170–2.45 0.36

On anticoagulation (%) 16/38 (42.1) 13/31 (41.9) 3/7 (42.9) 1.04 0.179–5.51 0.964

Smoker (%) 14/38 (36.8) 11/31 (35.5) 3/7 (42.9) 1.36 0.233–7.32 0.716

Clinical presentation

NIHSS (IQR) 5 (4.00–7.75) 5 (4–7) 7 (3.5–11) 1.05 0.846–1.25 0.637

Lacunar localization (%) 16/38 (42.1) 12/31 (38.7) 4/7 (57.1) 2.11 0.399–12.4 0.378

IV-fluids given (%) 24/38 (63.2) 20/31 (64.5) 4/7 (57.1) 0.733 0.137–4.29 0.716

IV-antihypertensives given (%) 6/38 (15.8) 5/31 (16.1) 1/7 (14.2) 0.867 0.0410–6.86 0.904

Hemodynamic characteristics

Heart rate, BPM (IQR) 77.5 (68–87.25) 78 (69.8–88.5) 62 (46.5–70.8) 0.970 0.918–1.02 0.219

Mean arterial blood pressure, mmHg (IQR) 105 (91.5–122.3) 108 (96.2–123) 89.1 (73.0–104) 0.944 0.887–0.989 0.0328*

Cardiac output, mL/min (IQR) 5.27 (4.29–6.67) 5.24 (4.19–6.62) 5.3 (4.7–6.73) 1.15 0.721–1.83 0.542

Cardiac stroke volume index, mL/m2 (IQR) 39.6 (31.5–48.4) 37.4 (30.9–47.7) 44.7 (42.3–55.3) 1.10 1.01–1.22 0.0468*

MCA mean flow velocity, cm/s (IQR) 38.4 (30.6–46.7) 39.9 (32.1–45.7) 34.4 (27.1–49.2) 0.983 0.909–1.05 0.617

Cardiac index L/min/m2 (IQR) 2.83 (2.36–3.26) 2.79 (2.34–3.25) 2.92 (2.88–3.27) 1.85 0.706–5.38 0.211

(B) Multivariate

African American 0.093 0.002–1.15 0.112

Stroke Volume Index 1.14 1.03–1.31 0.0228*

Mean arterial pressure 0.925 0.851–0.981 0.0248*

Table shows patient demographic, clinical, and hemodynamic data for each variable. Continuous variables expressed as median (Interquartile range, IQR). Categorical
variables expressed as count (percent,%). Table separated by (A) univariate and (B) multivariate logistic regression results expressed as odds ratio (OR) and 95% CI with
P-values. *P < 0.05. &P < 0.05 assessed by group comparisons.
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FIGURE 1 | Correlations between hemodynamic measurements with 24-h change in NIHSS score. Figure shows Spearman-Rank correlations between
hemodynamic parameters, (A) MAP, (B) CO, (C) MFV, (D) cSVI, and (E) CI with total 24-h NIHSS score change from baseline (dashed line). Line graphs are shown
with error shaded in and respective R- and P-values. ∗P < 0.05.

FIGURE 2 | Univariate and multivariate odds ratio (OR) forest plots. Shows the OR forest plot for each variable with confidence intervals for (A) univariate and (B)
multivariate models. ∗P < 0.05.

0.093; 95% CI 0.002–1.15, P = 0.112, Table 1B and Figure 2B).
Pseudo-R2 for African American race, MAP and cSVI were
0.0195, 0.168, 0.133, while cumulative pseudo-R2 was 0.396.

DISCUSSION

Independent Predictors Associated With
Neurologic Improvement
In this prospective pilot study, we showed preliminary evidence
for cSVI as an independent predictor for 24-h neurological
improvement following AIS, correlating well with a larger

reduction in NIHSS from baseline. Our findings add to the
growing evidence associating cardiac function with AIS outcomes
(Battaglini et al., 2020). AIS is associated with cerebrovascular
autoregulation irregularities leading to significant blood pressure
fluctuations, abnormal cerebral perfusion pressures, suboptimal
penumbral perfusion and thus poorer neurological recovery
(Reinhard et al., 2012). We found that MAP was an independent
predictor of worsening 24-h neurological function; however,
MAP along with CO and CI did not show a linear correlation
with 24-h NIHSS change from baseline. Our findings corroborate
with other studies, which have shown a lack of linear correlation
between MAP and cerebral perfusion or post-AIS outcomes
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(Leonardi-Bee et al., 2002; Fuhrer et al., 2017; Rasmussen
et al., 2020). Even though relatively lower BP (140–179 mmHg
systolic) is associated with better neurologic outcomes post-
stroke, the relationship between BP and has U shaped (Robinson
et al., 1997; Leonardi-Bee et al., 2002). Extremely low BP
(<120 mmHg systolic) post-stroke is rare, but at these ranges
are in fact associated with worse outcomes (Leonardi-Bee
et al., 2002). This is most likely caused by the failure of
cerebral blood vessels to autoregulate efficiently to radical
changes in BP. Cerebral perfusion pressure then becomes heavily
dependent on parameters more associated with cardiac function
(Tranmer et al., 1992).

Autonomic Instability in Acute Ischemic
Stroke and Cardiac Function
Autonomic imbalances, specifically reduced heart rate variability
(HRV) and poor baroreceptor sensitivity, result in worse
neurological function after AIS (Korpelainen et al., 1996;
Robinson et al., 2003; Colivicchi et al., 2004; Xiong et al.,
2018). Overall autonomic dysfunction assessed by Ewing battery,
independently predicted worse 3-month functional outcomes
in AIS patients (OR 3.26; 95% CI 1.14–9.34, P = 0.027)
(Xiong et al., 2018). AIS, especially of the insular cortex or
other cerebral structures that control heart function, results
in both systemic and local sympathetic catecholamine release
and also inflammation which can cause cardiac injury and
dysfunction (Sposato et al., 2020). This in turn could result
in worse cerebral perfusion to the penumbra leading to
poorer neurological recovery. Therefore, it has been theorized
that maintaining adequate cardiac function following AIS
could improve neurological function (Fuhrer et al., 2017).
Unfortunately, given the multifactorial effects on cardiac
function in the setting of AIS, it is unknown as to which
cardiac function parameter would be an adequate predictor for
neurological recovery following AIS. To further complicate the
issue, various hemodynamic variables do not respond to one
another as they would under normal physiological conditions
(Fuhrer et al., 2016).

Small preliminary studies did show a correlation between CO
and cerebral blood flow in cerebral ischemic areas, but its role on
neurological improvement has not been studied (Tranmer et al.,
1992; Fuhrer et al., 2017). In this pilot study, we failed to find a
strong association between CO or CI and neurological function,
and there was a minimal difference in CO and CI in AIS patients
that improved vs. those that did not improved. It is known that
CO variability greatly increases following unopposed sympathetic
activity during cholinergic blockade (Toska and Eriksen, 1993).
Consequently, utilizing an absolute CO value may not be the
most reliable indicator for cardiac function following autonomic
dysregulation in AIS, but increased CO variability may indicate
autonomic dysregulation and worse neurological prognosis. This
coincides with our findings as CO and CI had significantly wide
confidence intervals, possibly precluding their significance. CO
variability in the setting of AIS warrants further study.

One would expect then that since CO = stroke volume x
HR, decreased HRV would be compensated by an increase in

stroke volume variability to maintain a consistent CO. Contrarily,
though, in the setting of cholinergic blockade, cardiac stroke
volume variability remains the same and does not equilibrate
to the significant decrease in HRV (Akselrod et al., 1985; Toska
and Eriksen, 1993). This most likely explains why CO, and
therefore CI, variability increases following cholinergic blockade
as all the CO variability will now be derived from the stroke
volume variability (Elstad et al., 2011). Stroke volume variability
most likely is independent to HRV because cardiac contractility
is regulated by a different autonomic neural mechanism (Liu
et al., 2004). In cats, it was shown that there are distinct
cardiac ganglia found within the fat pad on the surface of the
left ventricle (Gatti et al., 1997). This ganglion will selectively
mediate any negative inotropic effect from vagal innervation
to the left ventricle, independent from vagal stimulation to the
sinoatrial node, which controls rate. Furthermore, there are
significantly more post-ganglionic sympathetic nerves at the
atria than the ventricles implicating less potential sympathetic
damage to the ventricles than sinoatrial node following AIS
autonomic dysregulation (Balint et al., 2019). Consequently,
multiple studies have shown that autonomic changes to HRV did
not correspond to changes in cardiac stroke volume variability
(Toska and Eriksen, 1993; Akselrod et al., 2000; Liu et al., 2004).
Thus, cardiac stroke volume variability is more likely influenced
by mechanical factors based on Frank-Sterling’s Law, possibly
making stroke volume a less variable cardiac parameter in the
setting of autonomic dysregulation.

Cardiac Stroke Volume Index Dynamics
Following Acute Ischemic Stroke
Our study did show a possible association between cSVI and 24-
h neurological function following AIS. Importantly, cSVI was
the only parameter which had a linear association with 24-h
NIHSS change from baseline. Cardiac stroke volume decreases
significantly in patients with autonomic dysregulation and is
a strong predictor for MFV in response to blood volume
changes (Timmers et al., 2002; Fu et al., 2010; Bronzwaer
et al., 2014). Furthermore, related literature shows that reduced
left ventricular ejection fraction (LVEF), which is directly
proportional to stroke volume, has been associated with worse
longer-term functional outcome, though not with short-term
outcomes, after adjusting for covariates (Mathias et al., 2013;
Milionis et al., 2013; Byun et al., 2014). These findings indicate
that inotropic status plays an important role in AIS functional
outcomes. Post-AIS CT perfusion studies have shown that
patients with reduced LVEF had larger hypoperfusion AIS
lesion volumes (Garcia-Esperon et al., 2020). Although the exact
pathophysiology behind this is unknown, one strong possibility is
that patients with reduced LVEF have less blood flow to collateral
circulation resulting in poorer perfusion to the penumbra (Hong
et al., 2019; Garcia-Esperon et al., 2020). Since the extent of
penumbra perfusion is a powerful predictor of post-AIS clinical
outcomes, it is expected then that LVEF/stroke volume status
would be a predictor for post-AIS neurological outcomes.

cSVI is equal to stroke volume divided by the body surface
area, which allows for a more standardized comparison of stroke
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volume between patients regardless of body size. Therefore, cSVI
maybe a more consistent and direct method to assess brain
perfusion in the presence of autonomic dysregulation. More
studies are required to investigate the mechanistic associations
between cSVI and AIS.

LIMITATIONS AND CONCLUSION

A significant limitation to our preliminary study was the small
sample size, in which the overall range of cardiac hemodynamic
parameters and stroke severity was small. The study aimed
to enroll patients as early as possible in their stroke care;
however, given the challenges of confirming the diagnosis of
stroke and requirements for informed consent, the final study
cohort was smaller than anticipated and incorporated mild
to moderate strokes. Furthermore, we did not assess long-
term clinical outcomes, which carry greater weight than 24-h
improvement. Nonetheless, 24-h improvement has been shown
to strongly predict long term functional outcomes in AIS, thus
24-h improvement still holds significant prognostic importance
(Takagi et al., 2014; Rangaraju et al., 2016). Additionally, we
did not include patients who were treated with tPA, which
is the mainstay treatment for AIS. However, more than 40%
of patients present outside the treatment window for tPA and
approximately 25% of tPA-eligible patients do not receive tPA due
to late presentation or other contraindications. Therefore, there
is still a significant clinical need to study AIS patients who do
not receive tPA (Messé et al., 2016). Finally, our hemodynamic
measurements only utilized non-invasive monitoring, without
echocardiographic or invasive confirmation; still, the Nexfin
device has shown in previous studies to provide reliable
measurements of various hemodynamic parameters and is both
quick to use and does not require extensive training before
use (Broch et al., 2012; Martina et al., 2012). Given that the
assessment and management of AIS must be quick and efficient,
measurements of any pertinent clinical values must also be quick
and efficient. Therefore, the Nexfin device has the potential to be
readily utilized in the rapid assessment of AIS.

In this preliminary study assessing various hemodynamic
parameters in AIS patients, we found cSVI and MAP to be
associated with 24-h neurological improvement. Of which, cSVI
was the only parameter which showed a linear association
with NIHSS improvement from baseline. Therefore, cSVI is a
unique parameter which warrants further study to determine its
prognostic value and possible therapeutic implications.
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The stellate ganglion (SG) of the autonomic nervous system plays important role in

cardiovascular diseases (CDs). Myocardial infarction (MI) is associated with sustained

increasing cardiac sympathetic nerve activity. Expressions and functions of proteins

in SG tissue after MI are remaining unclear. This study is to explore the expression

characteristics of proteins in SGs associated with MI. Japanese big-ear white rabbits

(n = 22) were randomly assigned to the control group and MI group. The MI model

was established by left anterior descending coronary artery ligation and confirmed

by serum myocardial enzymes increasing 2,3,5-triphenyltetrazolium (TTC) staining and

echocardiography. The expressions of proteins in rabbit SGs after MI were detected using

tandem mass tags (TMT) quantitative proteomic sequencing. There were 3,043 credible

proteins were predicted in rabbit SG tissues and 383 differentially expressed proteins

(DEPs) including 143 upregulated and 240 downregulated proteins. Gene ontology (GO)

and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed that the DEPs

involved in adrenergic signaling in cardiomyocytes, positive regulation of ERK1 and ERK2

cascade, and other biological processes. Three kinds of proteins directly correlated to

CDs were selected to be validated by the subsequent western blot experiment. This

study first identified the characterization of proteins in rabbit SG after MI, which laid a

solid foundation for revealing the mechanism of roles of SG on the MI process.

Keywords: stellate ganglion, myocardial infarction, TMT quantitative proteomic sequencing, rabbit, KEGG

analysis, GO analysis

INTRODUCTION

Myocardial infarction (MI) is a common cardiovascular disease (CD), which seriously endangers
the health of middle-aged and elderly people. The stellate ganglion (SG) in the autonomic nervous
system provides sympathetic outflow and plays an integrative role in regulating cardiovascular
function (Yu et al., 2017a). The SG has been implicated in the pathogenesis of various CDs.
Following MI, SG was involved in the process of catecholamine released and promoted cardiac
arrhythmogenesis (Richardt et al., 2006; Wu et al., 2012). Also, morphological, neurochemical,
and electrophysiological changes in the SG neurons were observed in the areas distant from the
infarct zone (Ajijola et al., 2015; Cheng et al., 2016), which may be important factors leading
to ventricular arrhythmia after MI. The results of clinical and animal experiments showed that
SG blockade can improve and treat CDs (Gu et al., 2012; Meng et al., 2017; Yu et al., 2017b),
but it had adverse complications (including Horner’s syndrome, hyperhidrosis, and paraesthesia)
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(Goel et al., 2019). Many proteins of SG participated in the
regulation of cardiac function. The targeted intervention of
these proteins can improve cardiac function after myocardial
ischemia or infarction. For example, previous studies have shown
that the characteristics of ion channels in sympathetic ganglion
neurons changed significantly after myocardial ischemia and
infarction (Cheng et al., 2016, 2018). Blocking the ion channel
of SG neurons can significantly attenuate ischemia-induced
ventricular arrhythmia by suppressing the SG activity (Yu et al.,
2017a). In addition, the neural chemorepellent Semaphorin
3a overexpression in the SG ameliorated the inducibility of
ventricular arrhythmias after MI through attenuation of neural
remodeling within the cardiac neuraxis (Yang et al., 2016). P2X7
inhibition can prevent the pathophysiologic processes mediated
by P2X7 receptors in the SG after myocardial ischemic injury
(Zou et al., 2016). So, it is necessary to find the key proteins in SGs
regulating cardiac function, to reduce sympathetic overactivation
after MI by target intervention of these proteins safely and
effectively. However, analyzing the proteins in ganglia after
MI comprehensively and systematically is absent. Discovering
differentially expressed proteins (DEPs) in SG after MI is an
urgent problem to be solved.

To find DEPs in SGs after MI, in this study, we established
the rabbit MI model to reveal the expression characterization of
proteins in MI rabbit SG tissues by tandem mass tags (TMT)
quantitative proteomic sequencing and screening out the key
proteins that are regulating the process of MI in SG tissues, which
will provide a reliable experimental basis for finding effective
intervention targets in SGs after MI.

MATERIALS AND METHODS

Experimental Animals and Protocol
All animal studies were approved by the Animal Ethical and
Welfare Committee of the Chinese Academy Medical Sciences
Institute of Radiation Medicine. Japanese big-ear white male
rabbits weighing 400–600 g were obtained from Tianjin Yuda
Experimental Animal Co. Ltd. (Tianjin, China). They were
randomly divided into the control group and MI group (each
group n = 11). MI injury was induced by ligating the left
anterior descending coronary artery (LADCA). First, rabbits
were anesthetized using 3% pentobarbital sodium (1 ml/kg)
intravenously via the marginal ear vein. A left thoracotomy
was performed. Then, the LAD was identified and it was
ligated and the thorax was closed. The rabbits in the control
group underwent an identical surgical procedure without
ligation. Four rabbits died during the experimental process.
Randomly selected rabbits were replenished for the experiment,
and the number of animals in each group was 11. After
24 h of surgery in two groups, blood samples were obtained.

Abbreviations: SG, stellate ganglion; MI, myocardial infarction; TMT, tandem
mass tags; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, gene
ontology; TTC, 2,3,5-triphenyltetrazolium chloride; LAD, left anterior descending
coronary artery; CK, creatine kinase; CK-MB, creatine kinase isoenzyme; LDH,
lactate dehydrogenase; PVDF, polyvinylidene fluoride; CALM, calmodulin; TPM1,
tropomyosin 1; TPM2, tropomyosin 2; SD, standard deviation; DEPs, differentially
expressed proteins; CD, cardiovascular disease.

After 7 d of surgery, the animals were sacrificed, hearts and
SG tissues were obtained for the following experiments. MI
was confirmed using 2,3,5-triphenyltetrazolium chloride (TTC)
staining, increasing the levels of the three serum myocardial
enzymes, and echocardiography.

Echocardiography
After MI surgery, rabbits in the two groups were anesthetized
using 3% pentobarbital sodium to measure transthoracic
echocardiography. Echocardiography parameters, including left
atrial diameter (LAD), left ventricular end-diastolic dimension
(LVDD), left ventricular end-systolic dimension (LVSD), and
left ventricular ejection fraction (LVEF), were obtained using
a specified small animal ultrasound system (VisualSonics Vevo
2100, USA).

Analyzing Myocardial Enzymes
Blood samples (1-2ml) were collected from the jugular veins of
rabbits in the control and MI groups. Sera were separated using
centrifugation and stored in the refrigerator at −20◦C. Serum
myocardial enzymes including creatine kinase isoenzyme (CK-
MB), creatine kinase (CK), and lactate dehydrogenase (LDH)
were analyzed following the instructions of the manufacturer
(Nanjing Jiancheng Bioengineering Institute, China).

TTC Staining
TTC staining was performed to assess the myocardial infarct
size. In brief, the animal was fixed on the table, and the
heart was taken out quickly. After washing the residual blood
from the heart with the phosphate buffer, the heart was
frozen in the refrigerator at −20◦C for 30min. Then the heart
was transected into 2–3mm thick sections. The sections were
incubated in 0.5% TTC solution (30min, 37◦C) and fixed with
10% formalin. Normal myocardium was stained in red color,
and the infarcted myocardium was stained in white color. Then
the stained myocardium was photographed, and the infarct size
was calculated.

TMT Quantitative Proteomic Sequencing
and Bioinformatics Analysis
In this study, we used the “mix the samples” method to
reduce the variation in a single group. In contrast, the SG
tissue of a single rabbit is small and cannot meet the weight
requirements for sequencing analysis; the SG tissues of two
rabbits need to be mixed. Therefore, SGs of two rabbits in the
control group were randomly mixed; six rabbits were divided
into con1, con2, and con3 (n = 3). It was the same as in
the MI group; six rabbits were divided into MI1, MI2, and
MI3 (n = 3). TMT quantitative proteomic sequencing and
subsequent bioinformatics analysis were performed using the
Shanghai Luming Biological Technology Co. Ltd. (Shanghai,
China). Briefly, the process of TMT quantitative proteomic
sequencing was as follows: Frozen samples were lysed with
300 µl lysis buffer supplemented with 1mM PMSF (Amresco,
USA). After sonication, the samples were centrifuged to remove
insoluble particles and precipitation. Protein concentration was
determined using the BCA Protein Assay Kit (ThermoScientific,
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USA). The amount of protein can be analyzed using the
SDS-PAGE electrophoresis method. The 100 µg proteins were
hydrolyzed into peptides using 2 µl sequencing-grade trypsin
(1 µg/µl). Digested peptides were labeled using a 41 µl TMT
reagent (ThermoFisher, USA) and incubated using 8 µl 5%
hydroxylamine (Sigma, USA) to terminate the reaction. The
High Performance Liquid Chromatography (RPLC) analysis was
performed on an 1100 HPLC System (Agilent, USA) using an
Agilent Zorbax Extend RP column (5µm, 150mm × 2.1mm).
Mass spectrometry analysis was performed using a Q Exactive
Mass Spectrometer (Thermo, USA). Samples were loaded and
separated using Acclaim RepMap 100 column [100µm × 2 cm,
RP-C18, Acclaim RepMap (Thermo Fisher, USA)] and then
separated using Acclaim RepMap RSLC column (15 cm× 75µm,
RP-C18, Thermo Fisher) on an EASY-nLC 1200 system (Thermo,
USA).

Western Blot
SG tissues were ground to extract total protein. The total protein
concentration was determined using the BCA Protein Assay Kit
(Cwbio, China). Equal amounts of proteins were subjected to
10% SDS-PAGE and transferred onto polyvinylidene fluoride
(PVDF)membranes (Millipore, Billerica,MA,USA).Membranes
were blocked using 5% skimmed milk and subsequently
incubated overnight at 4◦C with anti-calmodulin (CALM)
(Bioss Antibodies, China; 1:1,000), anti-tropomyosin 1 (TPM1)
(Boster, China; 1:1,000), anti-tropomyosin 2 (TPM2) (Bioss
Antibodies, China; 1:1,000), and anti-β-actin (TransGen Biotech,
China; 1:5,000). Then, the membranes were incubated using
secondary antibodies, including goat anti-Mouse IgG (H+L)
HRP (Promega Corporation, USA; 1:5,000), or goat anti-rabbit
IgG (H+L) HRP (Promega Corporation, USA; 1:5,000). Last,
protein signals were assessed and analyzed using the ECL western
blot detection system (Millipore, Billerica, MA, USA).

Statistical Analysis
Proteome Discoverer (version 2.2) was used to search
all of the Q Exactive raw data thoroughly against the
sample protein database. The database used was uniprot-
proteome_UP000001811-Oryctolagus cuniculus (Rabbit) (Strain
Thorbecke inbred) database. The search settings were selected
as follows: the sample type was TMT 6 plex (Peptide Labeled),
the cysteine alkylation was performed using iodoacetamide,
digestion was done using trypsin, and the instrument used was
Q Exactive. A global false discovery rate (FDR) was set to 0.01.

According to the search results of the protein database, the
original data were obtained. The credible proteins and DEPs were
selected, and the subsequent biological information function
analysis was carried out based on the DEPs. Several common
databases were used for functional annotation analysis of credible
proteins. Gene ontology (GO) analysis, Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis, and protein interaction
analysis were done in the DEPs. Correlation analysis, expression
pattern clustering map, and heat map were performed in the
control and MI group proteins.

Data were analyzed using Proteome Discoverer (Thermo
Scientific, USA), Origin 6.0 (OriginLab Inc., USA), SPSS 17.0

(SPSS, USA). All data were treated with a normal distribution test
and variance homogeneity test. The variables were expressed as
mean ± standard deviation (SD) and statistically analyzed using
a t-test. P < 0.05 were considered statistically significant.

RESULTS

Validation of the MI Model
The MI model was confirmed and assessed using TTC staining,
higher serum myocardial enzymes, and a decrease in cardiac
function. According to the experimental results of TTC staining,
there was no MI area in the control group; in contrast, the mean
infarct area in the MI group was (42 ± 5.7)% (n = 6, p <

0.05; Figure 1A). The levels of serum myocardial enzymes (CK-
MB, CK, and LDH) in the MI group were increased significantly
compared with those in the control group (n = 11, p <

0.05; Figure 1B). Compared with the control group, the cardiac
chamber dilation and left ventricle function decreased in the MI
group, which manifested in the increasing of the inner diameter
of the atrium and ventricle and the decreasing of left ventricle
ejection fraction (n= 11, p < 0.05; Figures 1C,D).

General Characteristics of Proteins
Obtained Using Sequencing
The distribution of peptide numbers corresponding to each
qualitative protein in the original off-line data is shown in
Figure 2A. The protein numbers corresponding to different
molecular weights are displayed in Figure 2B. In the qualitative
process, we compared each peptide segment with that in the
background database and obtained the coverage index of the
peptide relative to the complete protein sequence using the
database search software and made statistics according to the
coverage index, as shown in Figure 2C.

Differentially Expressed Proteins
After using the database to retrieve the original data, the search
results were screened for credible proteins according to the
unique peptide ≥1, and the proteins with expression values of
more than 50% in the samples were retained. The mean of the
samples in one group was filled in the proteins with missing
values <50%. Credible proteins were obtained through median
normalization and log2 logarithmic conversion. There were 3,043
credible proteins expressed in the SG tissues of rabbits. Based
on credible protein, two standards were selected to calculate
the difference between samples. Fold change (FC) was used to
evaluate the change in the expression level of a protein between
samples. The p-value was calculated using a t-test. The DEPs
between the control and MI groups were screened using fold
change ≥1.2 and p < 0.05. Compared with the control group,
there were 383 kinds of DEPs in MI rabbits, which included
143 upregulated and 240 downregulated proteins (shown in
Figure 3A). By using the Volcano map, we filtered out the DEPs
as shown in Figure 3B.

Unsupervised hierarchical clustering was based on the R
language. The cluster heatmap of the control and MI groups
is shown in Figure 3C. By using the Pearson algorithm, we
analyzed the correlation between the DEPs. The correlation
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FIGURE 1 | Validation of the MI model. (A) TTC staining of MI and the infract size (n = 6, p < 0.05); (B) CK-MB, CK, and LDH in serum in control and MI group (n =
11, p < 0.05); (C,D) the cardiac function in the MI group decreased (n = 11, p < 0.05). Each point represents mean ± SD, n is the number of animals, *p < 0.05

compared with the control group.

analysis diagram of the top 50 DEPs is shown in Figure 3D. The
closer the correlation coefficient to 1, the higher the similarity of
expression patterns between proteins.

GO and KEGG Analysis of the Differentially
Expressed Proteins
After obtaining the DEPs, the DEPs were enriched and analyzed
using GO/KEGG to describe their functions. In GO/KEGG
functional enrichment analysis method, all credible proteins
were considered for the background list and the differential

protein list was considered as the candidate list screened
from the background list. The hypergeometric distribution
test was used to calculate the p-value, and the p-value
was corrected using Benjamin-Hochberg multiple tests to
obtain FDR.

To gain a deeper understanding of these DEPs after MI, the
GO analysis was performed to analyze the function of these
DEPs. The proteins were categorized based on the characters
of “biological process,” “cellular component,” and “molecular
function.” The first 3 categories of the biological process were
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FIGURE 2 | General characteristics of proteins obtained by sequencing. (A) The distribution of peptide number corresponding to each qualitative protein; (B) the

number of proteins corresponding to different molecular weights; (C) the rate of peptide coverage (%). Red, the proportion of protein with peptide coverage of 0–10%;

yellow, the proportion of protein with peptide coverage of 10–20%; green, the proportion of protein with peptide coverage of 20–30%; blue, the proportion of protein

with peptide coverage of 30–40%; purple, the proportion of protein with peptide coverage of >40%. There were three samples in each group of the control and MI

groups (n = 3).

“positive regulation of ERK1 and ERK2 cascade,” “cellular
response to interferon-gamma,” and “protein polymerization,”
respectively. The first 3 categories of the cellular component
were “cytoplasm,” “cytosol,” and “endoplasmic reticulum
membrane,” respectively. The first 3 top categories of molecular
function were “calcium ion binding,” “identical protein binding,”
and “structural constituent of the ribosome” (Figure 4A).
The first 6 items with the number of DEPs excesses than 3
and <50 in each comparison group were selected, which are
sorted from large to small according to the –log10 p-value

corresponding to each item, and the GO enrichment analysis
chord representing the relationship between the selected GO
term and the corresponding differential protein list is shown
in Figure 4B. The KEGG analysis of these DEPs was also
carried out to systematically analyze the regulatory role of
these proteins. Top 20 KEGG enrichment proteins are shown
in Figure 4C, and their roles include “adrenergic signaling
in cardiomyocytes,” “aldosterone synthesis and secretion,”
“Alzheimer’s disease,” “aminoacyl-tRNA biosynthesis,” and
other processes. The distributions of differentially upregulated
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FIGURE 3 | Characteristics of DEPs. (A) Totally 383 DEPs in the MI group, including 143 upregulated and 240 downregulated proteins (the abscissa is the

comparison group, and the ordinate is the number of differential proteins); (B) volcano map filtering out the DEPs [the abscissa of the volcano map is log2(FC)]. The

farther its value is from point 0, the greater the difference is. It is upregulated on the right and downregulated on the left. The ordinate is –log10(p-value). The farther the

ordinate value from point 0, the greater is the difference. The blue dots indicate downregulated DEPs, red dots indicate upregulated DEPs, and black dots indicate

non-significant DEPs; (C) cluster heatmap of the 383 differentially expressed proteins (the violin graph in the upper part is a combination of a box plot and density

graph). The flatter the violin box, the more concentrated the data. The outline of the box reflected the probability distribution of the expression value. Different color

(Continued)
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FIGURE 3 | filled in represents different samples. The “+” in the middle of the violin graph indicates the median of the data; the vertical axis is the protein expression

level. Below the violin is the column annotations of the heat map, the samples in the same group correspond to the same color block annotation. The clustering heat

map below is clustered according to protein expression level. The red color indicates high expression protein, the blue color indicates low expression protein, and

each row indicates the expression level of each protein in each different group, and each column represented the expression of all differential proteins in each group.

(D) The correlation analysis diagram of the top 50 DEPs (red is a positive correlation, blue is a negative correlation. The darker color means the greater correlation).

There were three samples in each group of control and MI group (n = 3).

FIGURE 4 | Go and KEGG analysis of the DEPs. (A) GO annotation analysis of proteins with top 10 in “biological process,” “cellular component,” and “molecular

function” (the x-axis is the name of GO entry, the y-axis is the protein quantity and its percentage of the corresponding item); (B) go enrichment analysis chord

diagram (the protein is on the left: gene name, the red color indicated upregulation, the blue color indicated downregulation. The selected GO term is on the right); (C)

KEGG enrichment of top 20 (the x-axis is the enrichment score, and the y-axis is the pathway information of top 20. The larger the bubble means more differential

protein numbers. The color of bubbles changed from purple-blue-green to red. The smaller the p-value, the greater the significance); (D) the distribution of

upregulated and downregulated proteins at KEGG level 2 [the x-axis is the number and ratio (%) of differentially upregulated and downregulated proteins annotated to

each level 2 metabolic pathway. The y-axis is the name of the level 2 pathway, and the number on the right side of the column represents the number of DEPs

annotated to the level 2 pathway].

and downregulated proteins at KEGG Level 2 are shown
in Figure 4D.

Verification of the Proteins by Western Blot
Among the DEPs, we focused on the DEPs related to human CDs.
We screened 7 items in KEGG results by classification_level1
(“human disease”) and classification_level2 (“CDs”). Proteins in
these items were involved in the occurrence and development
of human CDs. We presented DEPs related to CDs of human

diseases. Three of the proteins (meeting the following conditions:
at least involved in two items, fold change >1.2 or fold
change <0.8, and score sequence HT of protein >50) were
selected for verification usingWestern blot experiment, including
tropomyosin 1 (TPM1), tropomyosin 2 (TPM2), and calmodulin
(CALM) in Table 1. Western blot results showed that three
proteins expressions were significantly increased in MI group
rabbits, which is consistent with the results of TMT quantitative
proteomic sequencing analysis (n= 5, p < 0.05; Figure 5).
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TABLE 1 | KEGG analysis related to CD of human diseases.

Id Classification_level1 Classification_level2 Term Protein p-value

ocu05415 Human Diseases CD Diabetic cardiomyopathy G1T359: NDUFS1, A0A5F9C1W2: ATP2A2,

G1U7G6: G1TVE5: CAMK2D, G1SDD6: AGT,

P05772: PRKCB, P10102: PRKCA, G1SD70:

AKT2, G1SQA8: ATP5F1B, G1SG11: COX4I1,

G1SXI9: O79431: MT-ATP8, G1TMH7:

G1TPV7: G1SN66: NDUFB6

0.00106

ocu05418 Human Diseases CD Fluid shear stress and

atherosclerosis

G1U9R0: G1SXQ0: GSTM3, G1SXP3:

G1SD70: AKT2, P62160: CALM

0.51084

ocu05410 Human Diseases CD Hypertrophic

cardiomyopathy

A0A5F9C1W2: ATP2A2, G1SDD6: AGT,

P58776: TPM2, A0A5F9CLU9: TPM1,

G1TW48: MYH7, G1TFQ4: MYL2

0.12617

ocu05412 Human Diseases CD Arrhythmogenic right

ventricular

cardiomyopathy

A0A5F9C1W2: ATP2A2, G1TPS9: CDH2 0.80004

ocu05414 Human Diseases CD Dilated cardiomyopathy A0A5F9C1W2: ATP2A2, G1SDD6: AGT,

P58776: TPM2, A0A5F9CLU9: TPM1,

G1TW48: MYH7, G1TFQ4: MYL2

0.37173

ocu05416 Human Diseases CD Viral myocarditis P41110: EIF4G1, G1TW48: MYH7, G1U0B4:

A0A5F9CVI4

0.61311

ocu05417 Human Diseases CD Lipid and atherosclerosis G1TVE5: CAMK2D, P10102: PRKCA,

G1TRZ8: PPP3CB, G1SD70: AKT2, P62160:

CALM, G1U0B4

0.57190

FIGURE 5 | Verification of the proteins using Western blot. Expression of TPM1, TPM2, and CALM in the control and MI groups (n = 5, p < 0.05). Each point

represents mean ± SD; n is the number of animals; *p < 0.05 compared with the control group.

Proteins Interaction Network
STRING database is a database for predicting functional
correlation between proteins. In the STRING database, we
analyzed the interaction relationship of DEPs following MI,
visualized the first 25 nodes in terms of node connectivity using
the python “networkx” package, and displayed them with protein
IDs and gene names (Figure 6). Proteins interaction network
analysis demonstrated that one protein interacted with another
or more other proteins directly or interacted with many proteins
indirectly. These results were used to construct a complex and
extensive protein regulatory network.

DISCUSSION

We presented the profiled proteins expression in rabbit SG
tissues using the TMT quantitative proteomic sequencing in this
study first. We identified the DEPs in MI rabbit SG tissues and
analyzed the DEPs using GO, KEGG, and proteins interaction
analysis. Three of the proteins (meeting the following conditions:
at least involved in two items, fold change >1.2 or fold change
<0.8, and score sequence HT of protein >50) were selected
for verification using Western blot experiment, including TPM1,
TPM2, and CALM.

Frontiers in Physiology | www.frontiersin.org 8 December 2021 | Volume 12 | Article 687424113

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Cheng et al. Proteomic Sequencing of Stellate Ganglions

FIGURE 6 | Proteins interaction network shows the interaction between DEPs

after MI (the circles in the figure represented differential proteins, the red color

represented upregulated protein, and the green color represented

downregulated protein. The size of the circle represented the degree of

connected correlation, and the larger the circle, the higher the connected

correlation).

The MI induced a series of changes including autonomic
nervous system remodeling in the heart (Richardson et al., 2015).
The SG in the autonomic nervous system played an integrative
role in regulating cardiovascular function (Yu et al., 2017b;
Boukens et al., 2020). Previous studies have shown that MI can
lead to neural remodeling in the SG, including remodeling in the
morphology, neurochemistry, electrophysiological remodeling,
and sympathetic hyperinnervation (Zhou et al., 2008; Ajijola
et al., 2015; Wang et al., 2015; Nakamura et al., 2016),
which contributed to MI-induced ventricular arrhythmias (Han
et al., 2012; Sheng et al., 2018). Interventions to reduce SG
activity can improve cardiac function and reduce ventricular
arrhythmogenicity (Gu et al., 2012; Meng et al., 2017; Xiong et al.,
2018; Zhou et al., 2019). However, the roles and mechanisms of
SG in MI have not been clarified.

Previous clinical and basic studies have shown that SG
blockade and denervation can reduce the expression of
sympathetic neurohormones and the release of noradrenaline
prevent the occurrence of cardiac remodeling, fibrosis, and
malignant arrhythmia (Gu et al., 2012; Zhang et al., 2019, 2020).
However, the side effects of SG blockade and resection limited
its clinical application (Goel et al., 2019). A new method of
SG denervation after CDs is promising. A variety of proteins
in SG plays regulatory roles in cardiac function. After finding
out the intervention of the proteins that played vital roles in
SG, we can purposefully change the effect of SG on cardiac
remodeling after CDs. Therefore, it is important to clarify the
proteins involved in the regulation of SG after MI by sequencing.

Studies have shown that cardiac nerve sprouting and sympathetic
hyperinnervation were more pronounced at 7 days after MI
(Zhou et al., 2004). We identified the DEPs in MI groups.
Compared with the control group, there were 383 kinds of DEPs
totally in the MI group, including 143 upregulated proteins and
240 downregulated proteins. In a further study, the regulating
function of the DEPs on cardiac function after MI will be studied.

The GO and KEGG analysis showed that the DEPs
were involved in the process of “adrenergic signaling in
cardiomyocytes, positive regulation of ERK1 and ERK2 cascade,”
and other biological processes. Screening results of the GO and
KEGG analysis showed the biological function related to the
heart in SGs after MI, including “diabetic cardiomyopathy, fluid
shear stress and atherosclerosis, hypertrophic cardiomyopathy,
arrhythmogenic right ventricular cardiomyopathy,” and so on.
Three of the proteins including TPM1, TPM2, and CALM
(meeting the conditions: at least involved in two items, fold
change >1.2 or fold change <0.8, and score sequence HT
of protein >50) were selected for verification using Western
blot experiment.

TPM is a thin filament-associated protein and is associated
with morphogenesis, cellular migration, and the regulation of
actin filaments (Zhang et al., 2018). TPM1 and TPM2 are
two gene subtypes of TPM. TPM1 is an essential sarcomeric
component that can stabilize the thin filament and facilitate the
interaction of actin with myosin (England et al., 2017). TPM1
plays a vital role in cardiogenesis and is closely related to a
variety of CDs including inherited cardiomyopathy and dilated
cardiomyopathy (Hershberger et al., 2010; Gupte et al., 2015;
Deacon et al., 2019). TPM2 is involved in muscle contraction, cell
movement, and other biological processes (Xiong et al., 2018). It
is also closely related to CDs (Marshall et al., 2012). Studies have
shown that TPM2 exhibited potential as a promising diagnostic
and therapeutic biomarker for atherosclerosis (Meng et al.,
2019). Moreover, TPM protein also played a role in the nervous
system (Gray et al., 2017). CALM is a ubiquitous intracellular
Ca2+ sensing protein that modifies the gating of numerous ion
channels (Chazin and Johnson, 2020). It also has notable roles
in cell proliferation, cyclic nucleotide metabolism, cellular Ca2+

metabolism, gene expression,muscle contraction, and proteolysis
(Sharma and Parameswaran, 2018). CALM activity is closely
related to MI, arrhythmia, and hyperthyroid CDs (Beghi et al.,
2020; Chazin and Johnson, 2020; Hou et al., 2020) and is involved
in the occurrence and development of neurological diseases
(O’Day, 2020). Both TPM and CALM proteins played important
roles in the cardiovascular system and nervous system at the same
time. Proteome sequencing also showed that the expression of
TPM1, TPM2, and CALM increased in SGs after MI, and the
score sequence HT was the highest among the DEPs related to
at least two human CDs.

CONCLUSION

We clarified the protein expression in rabbit SG tissue by the
TMT quantitative proteomic sequencing and compared the DEPs
in the MI group. This study laid a solid foundation for further
study on the mechanism of SG in regulating the heart after MI.
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LIMITATIONS

This study has some limitations. First, in this study, three proteins
related to CDs were selected for validation; however, there may
be more important proteins that may play an important role in
the development of MI, which should be confirmed in further
studies. Second, the SG tissue on the 7th day after MI was
used in sequence analysis instead of 1 month after MI when
heart remodeling may lead to chronic remodeling of the cardiac
nerve sprouting and sympathetic hyperinnervation. Third, the
number of samples should be increased in future studies. “Mix
the samples” method and the animal-to-animal variation reduced
the statistical power of the study.
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