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Editorial on the Research Topic
Cardiovascular neuromodulation: mechanisms and therapies
High cardiovascular disease (CVDs) prevalence is projected to impact a large population

across the world (1). Future therapeutic development efforts should take these estimates

into account and provide new treatment modalities.

Modern neuromodulation therapies are an emerging non-pharmacological approach for

the treatment of several disease conditions in basic research and clinical studies. The

principial basis is to reduce or enhance, selectively, the altered neural activity that

determined by the pathophysiological mechanisms, using neuro-medical devices (2). The

main attractive subject is the autonomic nervous system (ANS) which maintains the body

homeostasis, and the disruption of its integrity cornubites to the development and

progression of many diseases including those affecting cardiovascular system and the

immune components (3, 4).

The cardiac autonomic nervous system provides a closed-loop control of the heart and

vascular system through a rich highly organized neural network composed of the brainstem,

extracardiac sympathetic ganglia, vagus nerve and the intrinsic cardiac nerves system.

Dysregulation at any level could lead ANS imbalance and, also, could trigger the chronic

inflammatory process (5–7). Initially, dysregulation of the ANS may serve as a

compensatory mechanism to maintain blood pressure and cardiac output in response to a

cardiovascular insult, such as myocardial infarction and heart failure that associated with

exaggerated sympathetic overflow and reduction of parasympathetic tone. However, if this

dysregulation is not relieved by therapy, it becomes maladaptation and can lead to the

development of a wide range of cardiovascular and non-cardiovascular conditions over

time (8, 9). The beneficial effects of cardiac-brain-axis modulation were highlighted in

multiple pre-clinical and clinical studies. For example, these studies included: renal

denervation (RDN) to treat resistant hypertension, restore the baroreflex tone to treat

orthostatic hypotension (OT), cardiac sympathectomy to suppress arrhythmias and vagus

nerve stimulation (VNS) to reduce the progression of HF (Figure 1) (10–15).

In this issue the review by Ottaviani et al. has explored in detail the histological structure

and the physiological role of vagus nerve, as the main tool to provide cardiovascular

neuromodulation, and presented preclinical studies aimed at overcoming VNS limitations
01 frontiersin.org5
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FIGURE 1

Overview of the neurocardiac axis and invasive neuromodulation approaches [Adapted from Chen et al., (10)].
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through optimization of anatomical targets, development of novel

neural interface technologies, and design of efficient VNS closed-

loop protocols. The interesting findings that were documented in

the manuscript by Rodrigues et al. who measured blindly the

effects of acute and short-term transcranial direct current

stimulation (tDCS) sessions on blood pressure and autonomic

modulation in RHT subjects and showed a reduction in the

central blood pressure. The heart rate variability (HRV) as a

measure of ANS balance was reduced in association with post

MI arrhythmic events which increased the mortality in the study

that was conducted by Pizzo et al. There was also a U-shaped

association between HRVI and mortality in hemodialysis AF

patients as found in the data from Braunisch et al. The

sophisticated study by Neely et al. examined whether

macrophages could drive the sympathetic phenotype in

Spontaneously Hypertensive Rats (SHR), before animals develop

high pressure; their findings showed that macrophages can be

potent enhancers of sympathetic neuronal calcium responsiveness

and plays a role in peripheral sympathetic hyperactivity observed

in the initial stages of hypertension.

Cardiovascular neuromodulation is an emerging field with

ongoing research and clinical trials to investigate its safety and

efficacy in various cardiovascular conditions. It has the potential

to offer new treatment options for patients with cardiovascular
Frontiers in Cardiovascular Medicine 026
conditions that fail to respond to the traditional therapies.

However, further research is needed to fully understand its

mechanisms of action and long-term outcomes.
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Technical University of Munich, Munich, Germany, 7Nephrocare DIZ-München, Rindermarkt, Munich, Germany, 8 School of

Medicine, Klinik für Innere Medizin I, Klinikum Rechts der Isar, Technical University of Munich, Munich, Germany, 9National

Heart and Lung Institute, Imperial College London, London, United Kingdom, 10Department of Internal Medicine and
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Background: Atrial fibrillation (AF) is common in hemodialysis patients and contributes

to increased mortality. We aimed to examine heart rate variability triangular index (HRVI)

in hemodialysis patients with AF as it has recently been reported to predict mortality in

AF patients without kidney disease.

Methods: A total of 88 patients on hemodialysis with a medical history of AF or newly

diagnosed AF underwent 24-h electrocardiography recordings. The primary endpoint

of cardiovascular mortality was recorded during a median follow up of 3.0 years. Risk

prediction was assessed by Cox regression, both unadjusted and adjusted for the

Charlson Comorbidity Index and the Cardiovascular Mortality Risk Score.

Results: Median age was 76 years, median dialysis vintage was 27 months.

Altogether, 22 and 44 patients died due to cardiovascular and non-cardiovascular

causes. In 55% of patients AF was present during the recording. Kaplan-Meier plots

of HRVI quartiles suggested a non-linear association between HRVI, cardiovascular, and

all-cause mortality which was confirmed in non-linear Cox regression analysis. Adjusted

linear Cox regression revealed a hazard ratio of 6.2 (95% CI: 2.1–17.7, p = 0.001) and

2.2 (95%CI: 1.3–3.8, p= 0.002) for the outer quartiles (combined first and fourth quartile)

for cardiovascular and all-cause mortality, respectively. Patients in the first quartile were
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more likely to have sinus rhythm whereas patients in the fourth quartile were more likely

to have AF.

Conclusions: We found a U-shaped association between HRVI and mortality in

hemodialysis AF patients. The results might contribute to risk stratification independent

of known risk scores in hemodialysis AF patients.

Keywords: atrial fibrillation, heart rate variability triangular index, HRVi, cardiovascular mortality, hemodialysis,

risk prediction

INTRODUCTION

End-stage kidney disease patients on hemodialysis have a
markedly increased risk of cardiovascular morbidity and
mortality (1). In long term 6-month recordings with implantable
loop recorders, atrial fibrillation (AF) was detected in up to
41% of hemodialysis patients (2). Dialysis-specific factors such
as a higher ultrafiltration is associated with a higher incidence
of AF (3). The incidence and prevalence of AF are higher in
hemodialysis patients than in the general population (4, 5).
This is contributed by multiple factors including age, dialysis
vintage, left atrial dilatation, and high overall disease burden of
hemodialysis patients (4, 6). Among hemodialysis patients, those
suffering from AF have higher morbidity and mortality (7). AF
is therefore a common problem in hemodialysis patients and
contributes to the increased cardiovascular risk (7).

Rapid shifts of electrolytes, plasma volume and acidosis
changes impair electrophysiology and expose hemodialysis
patients to an increased risk of arrhythmogenic conditions (8).
Peri-dialytic fluid and electrolyte flux stimulates a sympathetic
reaction responsible for the increased prevalence of AF during
and immediately following hemodialysis (2).

Analysis of the cardiac autonomic nervous system by non-
invasive assessment of the heart rate variability (HRV) has
been restricted to patients without AF, thus, limiting risk
prediction in AF patients. In patients without kidney disease,
cardiac autonomic dysfunction was associated with a higher AF
incidence during 19 years of follow-up (9). The atria have a close
autonomic innervation and the AV node is susceptible to input
form the autonomic nervous system (10–13). Therefore, the
autonomic nervous system is likely also involved in AF. Overall,
data on risk prediction in hemodialysis patients with AF is scarce
and primarily focused on anticoagulation agents (14–16).

Recent data from the Swiss-AF study reported that in
AF patients without kidney disease, heart rate variability
triangular index (HRVI) predicted cardiovascular mortality
(17) and identified clinically silent strokes (18). HRVI is an
estimate of total variability of RR intervals and approximates
sympathovagal imbalance.

We thus hypothesized that an association of HRVI with
mortality might also be present in hemodialyzed AF patients.

MATERIALS AND METHODS

Study Design
The study investigated the “rISk strAtification in end-stage Renal
disease” (ISAR)-cohort, obtained in a multicenter, prospective

longitudinal observational cohort study (ClinicalTrials.gov;
identifier number: NCT01152892) (19). The study protocol,
conforming to the ethical guidelines of the Helsinki Declaration,
was approved by the Medical Ethics Committee of the Klinikum
Rechts der Isar of the Technical University Munich and of
the Bavarian State Board of Physicians and is compliant
with the STROBE guidelines. Patients were recruited from 17
hemodialysis centers in the greater Munich area between April
2010 and January 2014. All participants gave informed written
consent. Inclusion criteria were age ≥18 years and dialysis
vintage ≥90 days (19). Patients were excluded if pregnant
or if suffering from ongoing infection or malignancy with a
life expectancy ≤24 months (19). Out of the 519 patients
meeting inclusion criteria, 390 consented to undergo 24-h Holter
electrocardiogram (ECG) recording. Out of these patients, 25
were excluded due to paced rhythm while 6 other patients
had technically unsuitable ECG data. In 271 patients, AF was
absent both in the medical reports and in the 24-h ECGs. The
subsequent HRV analysis utilized the remaining 88 patients
(corresponding flow-chart shown in Figure 1).

Clinical Characteristics
Baseline demographic and clinical data were obtained from
dialysis protocols and medical records. Medical records were
screened for the diagnosis of AF and, where specified, coded
into persistent/permanent or paroxysmal. Blood chemistry
parameters were obtained prior to a midweek dialysis session.
Comorbidities were assessed using an adapted version of the
Charlson Comorbidity Index that has previously been validated
for mortality prediction in hemodialysis patients (20). The index
assigns numerical weights to comorbid conditions that range
between 0 and 21 (20). Further, to assess cardiovascular mortality
risk, theCardiovascularMortality Risk Scorewas calculated which
has previously been developed and validated for the prediction
of 2-year cardiovascular mortality in hemodialysis patients (21).
The cardiovascular mortality risk score ranges between −11 and
39 points (21). The stroke risk factors are summarized in the
CHA2DS2-VASc [Congestive heart failure, Hypertension, Age
≥75 years, Diabetes mellitus, Stroke, Vascular disease, Age 65–74
years, Sex category (female)] score (22).

Endpoints
Mortality was assessed using medical records, databases of
individual dialysis centers, or by contacting the attending
physician and/or the next of kin. Using this information, the
ISAR Endpoint Committee classified the underlying causes of
death (19). For the purposes of the present study, cardiovascular
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FIGURE 1 | Flow-chart of participants. AF, atrial fibrillation; CV, cardiovascular; ECG, electrocardiogram; HRV, heart rate variability.

and all-cause mortality was considered as the primary and
secondary endpoint, respectively.

Electrocardiography
In each patient, a 24-h 12-lead ECG recording was obtained
using the Lifecard CF digital Holter recorder (Delmar
Reynolds/Spacelabs Healthcare, Nuremberg, Germany). All
recordings started before a mid-week dialysis session. Reference
ECG annotations, RR-interval measurements, and artifact
elimination were performed using the software tools of the
equipment (Pathfinder, Delmar Reynolds/Spacelabs Healthcare,
Nuremberg, Germany; V9.027) (23). Afterwards, all RR-intervals
of normal heart beats were exported to Matlab R2020a (the
MathWorks, Inc., Natick, MA) and HRV parameters were
computed using the 24-h RR interval series according to
established standards (24). HRVI was calculated by dividing
the total number of normal-to-normal (NN) intervals (HRVI
numerator) by the number of NN-intervals in the modal
1/128-s bin (HRVI denominator) according to guidelines (24).
Additional HRV parameters included expressions of overall
long-term variability by the standard deviation of all NN
intervals (SDNN), the standard deviation of the averages of NN
intervals in all 5min segments (SDANN), and the ultra-low
frequency power range of ≤ 0.003Hz (ULF); and expressions of
short-term variability by the square root of the mean square of

differences between adjacent NN intervals (RMSSD). Initially,
AF episodes were detected and quantified in the 24-h recordings
by the AF algorithm integrated in the Pathfinder software.
Additionally, all 24-h ECGs were reviewed for the presence of
AF manually. Electrocardiographic diagnosis of AF was made
in agreement with the definition of the European Society of
Cardiology, i.e., irregularly irregular RR-intervals, absence of
distinct repeating P waves, and irregular atrial activations (22).
If AF was confirmed in the manual review the relative duration
of AF during the recording indicated by the pathfinder software
was recorded. Paroxysmal AF was defined as an AF burden
≤20% in the 24-h recording.

Statistical Analysis
Categorical data are presented as frequencies and percentages.
Continuous variables are expressed as mean ± standard
deviation (SD) for normally distributed variables and as
median and interquartile range (IQR) for variables with skewed
distribution. To test for group differences, χ

2 test was used for
categorical variables and independent samples t-test or Mann-
Whitney-U test for continuous variables, as appropriate.

In survival analysis, we first used Kaplan-Meier curves
comparing quartiles to reveal possible violations of proportional
hazard assumptions, thus identifying non-linear (non-
proportional) associations. Subsequently, we fitted univariate
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TABLE 1 | Baseline characteristics.

HRVI quartiles

Total (n = 88) Inner (n = 44) Outer (n = 44) P

Age (years) 75.7 (±8.5) 75.1 (±9.4) 76.4 (±7.5) 0.48

Sex (female) 25 (28.4%) 10 (22.7%) 15 (31.8%) 0.34

Body mass index (kg/m2 ) 25.6 (23.0–28.4) 25.4 (23.3–28.9) 25.8 (23.0–27.9) 0.91

Dialysis vintage (months) 27.0 (13.8–60.2) 27.0 (12.5–58.2) 27.5 (14.8–62.8) 0.61

Ultrafiltration rate (mL/h) 518.7 (±273.3) 511.1 (±275.4) 526.4 (±274.2) 0.79

Net ultrafiltration (L) 1.7 (±1.3) 1.8 (±1.2) 1.6 (±1.3) 0.56

Heart rate (bpm) 73.0 (±13.5) 76.9 (±13.0) 69.0 (±12.8) 0.005

Systolic blood pressure (mmHg) 130.5 (±25.5) 125.9 (±27.9) 135.1 (±22.4) 0.092

Diastolic blood pressure (mmHg) 67.9 (±15.3) 67.6 (±14.8) 68.2 (±15.9) 0.86

Kt/V 1.34 (±0.32) 1.36 (±0.28) 1.33 (±0.36) 0.62

Blood urea nitrogen (mg/dL) 58.5 (±17.4) 58.1 (±18.4) 59.0 (±16.5) 0.83

Phosphate (mmol/L) 1.68 (1.39–2.01) 1.69 (1.40–2.10) 1.60 (1.35–1.99) 0.43

Total calcium (mmol/L) 2.31 (±0.17) 2.29 (±0.17) 2.33 (±0.17) 0.26

Calcium x phosphate (mmol2/L2) 4.06 (±1.67) 4.24 (±2.03) 3.88 (±1.20) 0.31

Creatinine (mg/dL) 7.1 (±2.3) 7.3 (±2.3) 6.9 (±2.3) 0.43

High-sensitivity CRP (mg/dL) 0.58 (0.22–1.20) 0.57 (0.22–1.30) 0.59 (0.26–0.98) 0.92

Albumin (g/dL) 3.90 (3.70–4.20) 3.90 (3.70–4.11) 3.90 (3.67–4.20) 0.99

Parathyroid hormone (pg/mL) 226.5 (128.5–359.6) 246.0 (131.9–359.0) 197.0 (126.0–334.3) 0.61

Leukocytes (G/L) 7.01 (±2.04) 6.70 (±1.87) 7.32 (±2.18) 0.16

Total cholesterol (mg/dL) 173.6 (±47.6) 172.3 (±36.2) 174.9 (±57.0) 0.80

Charlson comorbidity index (0–21) 6.0 (4.0–8.0) 6.0 (4.0–8.0) 6.0 (4.0–8.0) 0.68

Cardiovascular mortality risk score (−11 to 39) 14.0 (10.0–17.0) 14.0 (9.0–18.0) 14.0 (11.0–16.0) 0.75

Diabetes mellitus 38 (43.2%) 19 (43.2%) 19 (43.2%) 1.00

History of myocardial infarction 25 (28.4%) 7 (15.9%) 18 (40.9%) 0.017

Left ventricular hypertrophy 30 (34.1%) 13 (29.5%) 17 (38.6%) 0.50

Left ventricular ejection fraction (%), n = 22 47 (±16) 45 (±17) 50 (±15) 0.48

Heart failure 25 (28.4%) 11 (25.0%) 14 (31.8%) 0.64

Peripheral artery disease 26 (29.5%) 15 (34.0%) 11 (25.0%) 0.48

Hypertension 84 (95.5%) 43 (97.8%) 41 (93.2%) 0.62

Coronary heart disease 39 (44.3%) 16 (36.4%) 23 (59.0%) 0.20

Cerebrovascular disease 17 (19.3%) 9 (20.5%) 8 (18.2%) 0.78

Smoking (ever) 14 (15.9%) 10 (22.7%) 4 (9.0%) 0.14

CHA2DS2-VASc score 3.5 (3.0–4.0) 3.0 (3.0–5.0) 4.0 (3.0–5.0) 0.28

Anticoagulation for hemodialysis 0.71

Heparin 73 (83.0%) 37 (84.0%) 36 (81.8%)

Low-molecular-weight heparin 12 (13.6%) 5 (11.4%) 7 (15.9%)

Argatroban 3 (3.4%) 2 (4.5%) 1 (2.3%)

ß-blocker 64 (72.7%) 31 (70.5%) 33 (75.0%) 0.81

Additional anticoagulation 0.49

None 54 (61.4%) 29 (65.9%) 25 (56.8%)

Vitamin K antagonists 30 (34.1%) 14 (31.8%) 16 (36.4%)

Low-molecular-weight heparin 4 (4.5%) 1 (2.3%) 3 (6.8%)

Antiplatelet therapy 0.74

None 37 (42.0%) 21 (47.7%) 16 (36.4%)

ASS 42 (47.7%) 19 (43.2%) 23 (52.3%)

ADP receptor blocker 4 (4.5%) 2 (4.5%) 2 (4.5%)

Dual antiplatelet therapy 5 (5.7%) 2 (4.5%) 3 (6.8%)

Amiodarone 4 (4.5%) 1 (2.3%) 3 (6.8%) 0.62

Antihypertensive medication 83 (94.3%) 41 (93.2%) 42 (95.5%) 1.0

Results are presented as mean (±SD) and median (interquartile range) for normally and non-normally distributed data, respectively; categorical data as total number (percentage).

P-values present the results of group-wise comparisons of patients within the inner and outer quartiles of heart rate variability triangular index (HRVI). CHA2DS2-VASc, Congestive heart

failure, Hypertension, Age ≥75 years, Diabetes mellitus, Stroke, Vascular disease, Age 65–74 years, Sex category (female).
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and adjusted Cox regression models using penalized spline
transformation with two degrees of freedom on HRVI (survival
and splines packages). Adjusted models accounted for the
Charlson Comorbidity Index and the Cardiovascular Mortality
Risk Score. To overcome interpretation limitations of non-
linear associations, values were dichotomized when in the
first and forth quartile (outer quartiles) or in the second and
third quartile (inner quartiles). Subsequently the dichotomized
parameters were analyzed with regular univariate, and adjusted
Cox regression models to estimate hazard ratios (HRs) for
respective groups. Median follow-up was assessed by reverse
Kaplan-Meier (25).

The predictive performance of the 24-h measurement
vs. 5min segments for HRVI and SDNN were compared
using Harrell’s C-index. For this purpose, 1000 adjusted Cox
regressions for cardiovascular mortality with randomly selected
5min intervals from the 24-h recordings were calculated. The
mean ± SD C-indices were then compared with the C-index
of the Cox regression model based on the 24-h measurement.
Descriptive comparison of significant p-values for linear Cox
regressions with 1000 randomly selected 5min intervals were
stratified for sinus rhythm and AF.

Kruskal-Wallis test was used to compare AF percentages
amongst HRVI quartiles. Post-hoc analysis was performed with
the Wilcoxon test and adjusted for multiple testing using the
Bonferroni method.

Multivariable binary logistic regression with AF as dependent
variable and the HRVI numerator and denominator as
independent variables was used to obtain odds ratios with
corresponding 95% confidence interval.

All tests were conducted two-sided and p < 0.05 were
considered significant. Statistical analysis was performed using
R version 4.0.2 (R Foundation for statistical Computing,
Vienna, Austria).

RESULTS

Patient Characteristics
The final study population included 88 patients (25 women)
with a median follow-up of 3.0 years (IQR 1.5–5.8) (Figure 1).
The median age was 76.4 years (70.6–80.6). The median dialysis
vintage was 27.0 months (13.8–60.2). ß-blockers were taken by 64
patients (72.7%). Amiodarone was prescribed to 4 patients (4.5%)
(Table 1). Sex differences are listed in Supplementary Table 1.
Female patients had a significant higher dialysis vintage, systolic
blood pressure, had significantly less frequently a history of
myocardial infarction and coronary heart disease and were
significantly less likely to smoke (Supplementary Table 1).
Table 2 shows HRV measurements. Median HRVI was 26.3,
quartiles of HRVI ranged from ≤18.245 (n = 22), 18.246–26.279
(n = 22), 26.280–34.307 (n = 22), and ≥34.08 (n = 22). Patients
in the external quartiles were not significantly different from
patients in the inner quartiles, except for heart rate which was
significantly higher in patients in the inner quartiles and a history
of myocardial infarction which was significantly more often
present in patients in the outer quartiles (Table 1).

TABLE 2 | Measures of heart rate variability.

Parameter Unit Value

HRVI 28.3 ±12.7

SDNN ms 102.0 (77.5–136.9)

SDANN ms 83.1 ± 28.0

RMSSD ms 33.5 (16.2–60.9)

ULF ms2 3970.1 (2460.4–6020.8)

Mean ± standard deviation or median and interquartile range, as appropriate. HRVI, HRV

triangular index: number of NN intervals over the number of NN-intervals in the modal bin;

SDNN, standard deviation of all NN intervals; SDANN, standard deviation of the averages

of NN intervals in all 5-min segments of 24 h recording; RMSSD, square root of the mean

square of differences between adjacent NN intervals; ULF, ultra-low frequency.

In 6 patients (2.2%) AF was newly diagnosed using the 24-h
ECG (Figure 1). At baseline, 42 (47.7%), 6 (6.8%), and 40 (45.5%)
patients presented with permanent AF, paroxysmal AF, and sinus
rhythm, respectively. The median percentage of AF burden in
the 24-h recordings was 99.7% (87.3–99.9), 3.0% (1.1–3.8), and
0% (0–0) in patients with permanent AF, paroxysmal AF, and
sinus rhythm, respectively. Of the 40 patients in sinus rhythm,
paroxysmal and permanent AF had been previously documented
in medical reports of 25 and 13 patients, respectively. In
two patients, the type of the previously documented AF was
not specified.

In comparison to the overall ISAR cohort, the patient
population of the current study was significantly older, sicker
and had higher cardiovascular mortality risk scores and shorter
dialysis vintage (Supplementary Table 2).

Anticoagulation
Overall, the median CHA2DS2-VASc score was 3.5 (3.0–4.0). A
CHA2DS2-VASc score of ≥2 was present in 87 patients (98.9%).
Anticoagulation for dialysis was prescribed in 73 (83.0%) with
heparin, in 12 (13.6%) with low-molecular-weight heparin, and
in 3 (3.4%) with argatroban. Additional anticoagulation was
prescribed in 34 patients (38.6%), with 30 (34.1%) patients
taking vitamin K antagonists and 4 (4.5%) taking low-molecular-
weight heparin. No novel oral anticoagulants were prescribed.
Antiplatelet therapy was present in 42 patients (47.7%) on
acetylsalicylic acid, 4 (4.5%) on adenosine diphosphate (ADP)
receptor inhibitors, and 5 (5.7%) on dual antiplatelet therapy.

Association of HRVI and Mortality
Altogether, 22 and 44 patients died due to cardiovascular
and non-cardiovascular causes, respectively. Details of
cardiovascular and non-cardiovascular mortality are presented
in Supplementary Table 3. One patient was censored due to
kidney transplantation and one patient was lost to follow-up.

Kaplan-Meier plots of HRVI quartiles suggested a non-
linear association between HRVI, cardiovascular, and all-cause
mortality (Figures 2A,B). Figures 2C,D depict the hazard ratios
relative to the median HRVI resulting from univariate non-
linear Cox regression analysis for cardiovascular and all-
cause mortality, respectively. Non-linear Cox regression analysis
revealed a non-linear behavior of HRVI in univariate and
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FIGURE 2 | Non-linear association of HRVI with mortality. Univariate association of HRVI with cardiovascular (A) and all-cause mortality (B) in Kaplan-Meier analyses.

Non-linear univariate Cox regression analysis using penalized smoothing splines for cardiovascular (C) and all-cause mortality (D). HRVI, heart rate variability triangular

index.

adjusted analysis for cardiovascular mortality (Table 3) and all-
cause mortality (Table 4). When categorizing HRVI into the
inner and outer quartiles a value within the outer quartiles
was associated with a 6.1- and 2.2-times increased risk for
cardiovascular mortality and all-cause mortality in adjusted
analysis, respectively. The 3-year cardiovascular mortality rate
was 6.8 and 29.5% for the inner and outer HRVI quartile group,
respectively, whilst the corresponding 6-year cardiovascular
mortality rates were 11.4 and 36.4%, respectively (Figure 3A).
For all-cause mortality the 3-year mortality rate was 38.6 and
61.4%, and the 6-year mortality rate was 65.9 and 81.8% for the
inner and outer HRVI quartile group, respectively (Figure 3B).
Figure 4 shows similar results when the cohort is stratified at

the border of the first HRVI quartile. Exploratory analysis of
HRVI numerator and denominator revealed heterogenous results
(Supplementary Figure 1 and Supplementary Table 4).

C-index comparison of adjusted non-linear Cox regressions
showed that the concordance of the Cox regression with the
24-h HRVI measurement was 7 and 5% higher than the mean
concordances of 1000 Cox regressions with randomly selected
5min HRVI segments for cardiovascular and all-cause mortality,
respectively (cardiovascular mortality: 0.73 vs. 0.68 ± 0.02;
all-cause mortality: 0.68 vs. 0.65 ± 0.01). Similarly, C-index
comparison for 24-h SDNN measurements vs. 5min segments
differed by 12% for cardiovascular mortality (0.73 vs. 0.65 ±

0.01). Furthermore, when stratifying patients into sinus rhythm
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TABLE 3 | Linear and non-linear associations of risk variables with cardiovascular mortality in unadjusted and adjusted Cox regression analysis.

Linear term Non-linear term

Unadjusted Adjusted Unadjusted Adjusted

Variable Unit HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

HRVI 1 – – – – NA 0.031 NA 0.032

HRVI (quartiles) 2 + 3 vs. 1 + 4 4.6 (1.7–12.6) 0.003 6.1 (2.1–17.7) 0.001 – – – –

Cardiovascular mortality risk score 1 point 1.1 (0.9–1.2) 0.09 1.2 (1.0–1.3) 0.032 – – 1.1 (0.9–1.2) 0.094

Charlson Comorbidity Index 1 point 1.1 (0.9–1.2) 0.29 1.1 (0.9–1.2) 0.54 – – 1.0 (0.9–1.2) 0.64

TABLE 4 | Linear and non-linear associations of risk variables with all-cause mortality in unadjusted and adjusted Cox regression analysis.

Linear term Non-linear term

Unadjusted Adjusted Unadjusted Adjusted

Variable Unit HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

HRVI 1 – – – – NA 0.004 NA 0.003

HRVI (quartiles) 2 + 3 vs. 1 + 4 1.8 (1.1–3.0) 0.018 2.2 (1.3–3.8) 0.002 – – – –

Cardiovascular mortality risk score 1 point 1.1 (1.0–1.2) 0.0004 1.1 (1.1–1.2) 0.0006 – – 1.1 (1.0–1.2) 0.0008

Charlson Comorbidity Index 1 point 1.1 (1.0–1.2) 0.02 1.1 (0.9–1.2) 0.11 – – 1.1 (0.09–1.2) 0.21

Adjusted model for Charlson Comorbidity Index and Cardiovascular Mortality Risk Score. CI, confidence interval; NA, not applicable due to non-linear fitting of the models on two

degrees of freedom on HRVI.

FIGURE 3 | Kaplan-Meier curves of the inner vs. outer quartiles of HRVI for (A) cardiovascular mortality and (B) all-cause mortality. Hazard ratio after adjustment for

the Charlson Comorbidity Index and the Cardiovascular Mortality Risk Score. CI, confidence interval; HR, hazard ratio; HRVI, heart rate variability triangular index.

and AF, patients in sinus rhythm were descriptively more likely
to have a significant p-value in the linear Cox regression model
than AF patients (Supplementary Figure 2).

The median percentage of AF burden during 24-h recordings
in the 48 patients with AF was 22.7% (6.6–45.5), 99.9% (85.8–
99.9), 98.8% (88.0–99.9), and 99.8% (88.0–99.9) in the quartiles
of HRVI (p = 0.008). Post-hoc analysis revealed significant

difference of percentages between the first and the second
(adjusted p= 0.03) and the first and the fourth quartile (adjusted
p = 0.003). Figure 5 displays stratifications of patients in AF or
sinus rhythm.Median follow up was 2.0 and 3.9 years for patients
with AF or sinus rhythm, respectively. The mean heart rate was
significantly higher in AF patients compared to patients in sinus
rhythm (76.6 ± 14.2 vs. 68.7 ± 11.2 bpm, p = 0.006). However,
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FIGURE 4 | Kaplan-Meier curves stratified at the border of the first HRVI quartile for (A) cardiovascular and (B) all-cause mortality. The 3-year cardiovascular mortality

rate was 31.8 and 13.6% if HRVI was ≤18.246 and >18.246, respectively. The 6-year cardiovascular mortality rate was 40.9 and 18.2% if HRVI was ≤18.246 and

>18.246, respectively. For all-cause mortality the 3-year mortality rate was 63.4 and 45.5%, and the 6-year mortality rate was 90.9 and 68.2% if HRVI was ≤18.246

and >18.246, respectively. Hazard ratios are adjusted for the Charlson Comorbidity Index and the Cardiovascular Mortality Risk Score and show a 3.4- and 2.2-times

increased risk of cardiovascular and all-cause mortality if HRVI was ≤ 18.246, respectively. CI, confidence interval; HR, hazard ratio; HRVI, heart rate variability

triangular index.

patients with AF had significantly lower ratios of normal to all
beats (39.8% [31.3–52.0] vs. 93.4% [85.3–96.5], p < 0.001). The
median ratio of normal beats was 84.5% (71.3–95.6), 90.1% (52.7–
96.4), 54.3% (45.1–92.4), and 32.7% (25.8–40.0) in the quartiles
of HRVI (p < 0.001). Post-hoc analysis revealed significant
differences of the fourth to the first, second or third quartile (each
adjusted p < 0.001). Addition of the presence of AF or sinus
rhythm or the normal beat ratio to the adjusted Cox regression
models did not change the results (Tables 5, 6). Furthermore,
only the HRVI numerator was associated with the presence of
AF (odds ratio per 1,000 normal-to-normal intervals: 0.92, 95%
confidence interval: 0.88–0.96, p < 0.001). Figure 6 displays the
HRVI numerator and denominator with stratification for AF or
sinus rhythm, cardiovascular and all-cause mortality.

Exploratory analysis of other HRV parameters that express
overall long-term (SDNN, SDANN, ULF) and short-term
(RMSSD) variability towards mortality revealed inconsistent
results (Table 7).

DISCUSSION

In this study, we found a U-shaped association of HRVI and
mortality in hemodialysis AF patients. Stratification into inner
and outer quartiles of HRVI was significantly associated with
cardiovascular and all-cause mortality with a hazard ratio of 6.1
and 2.2 in adjusted models.

The left part of the U-shaped curve corresponds to depressed
variability with impaired function of the autonomic nervous
system which was primarily present in patients in sinus rhythm

who had an AF history. According to the HRV Task Force,
HRVI<15 is severely depressed (24). In the Swiss-AF study,
dichotomizing the cohort at HRVI median of 14.3 led to
association with mortality. In the present study, the cut-off of the
first quartile was 18.2. When used to stratify patients below or
above 18.2, patients below this cut-off were similarly exposed to
increased mortality as when stratified by inner and outer HRVI
quartiles. Furthermore, in our dataset it seems that HRVI values
below the cohort median of 26.3, which comprises primarily
patients in sinus rhythm, have an almost linear relationship to
mortality. When randomly selecting 5min segments, patients
in sinus rhythm were more likely to have a significant p-value
in the linear Cox regression model. HRVI has not yet been
examined in hemodialyzed AF patients. In 120 hemodialysis
patients without AF, HRVI was associated to cardiac death with
a cohort median of 23.5 (26). Therefore, HRVI values might be
higher in hemodialysis patients compared to patients without
kidney disease.

The right part of the U-shaped curve could be explained
by a higher prevalence of AF and a lower ratio of normal
beats in the fourth HRVI quartile which is in line with a
higher odds ratio for AF in case of lower HRVI numerator.
Higher HRVI values correspond to a more diffuse pattern
of RR intervals. Importantly, adding the presence of AF or
the ratio of normal beats to the adjusted models did not
change the non-linear association between HRVI and mortality.
Linear relationships had been observed for patients without
kidney disease with and without AF (17, 27). Limited evidence
for a U-shaped behavior of HRV could be found and might
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FIGURE 5 | Scatter plots of HRVI and SDNN for all patients (A,B), patients in sinus rhythm (C,D), patients in permanent atrial fibrillation (E,F), and patients in

paroxysmal atrial fibrillation (G,H) displayed for cardiovascular mortality (left column), and for all-cause mortality (right column). HRVI, heart rate variability triangular

index; SDNN, standard deviation of all NN intervals.
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TABLE 5 | Sensitivity analysis of adjusted linear and non-linear Cox regression models additionally including the presence of atrial fibrillation (AF) or sinus rhythm (SR) for

(A) cardiovascular and (B) all-cause mortality.

Variable Unit Adjusted model

linear Non-linear

HR (95% CI) P HR (95% CI) P

(A) Cardiovascular mortality

HRVI 1 – – NA 0.027

HRVI (quartiles) 2 + 3 vs. 1 + 4 6.7 (2.2–19.9) 0.0007 – –

Cardiovascular mortality risk score 1 point 1.2 (1.0–1.3) 0.020 1.1 (0.9–1.2) 0.08

Charlson Comorbidity Index 1 point 1.0 (0.9–1.2) 0.61 1.0 (0.9–1.2) 0.70

AF or SR AF present 0.6 (0.3–1.5) 0.31 0.9 (0.3–2.3) 0.75

(B) All-cause mortality

HRVI 1 – – NA 0.0034

HRVI (quartiles) 2 + 3 vs. 1+4 2.1 (1.3–3.6) 0.005 – –

Cardiovascular mortality risk score 1 point 1.1 (1.0–1.2) 0.002 1.1 (1.0–1.2) 0.007

Charlson Comorbidity Index 1 point 1.1 (1.0–1.2) 0.09 1.1 (1.0–1.2) 0.09

AF or SR AF present 1.3 (0.8–2.1) 0.36 1.8 (1.0–3.2) 0.06

Adjusted model includes HRVI, the Charlson Comorbidity Index and Cardiovascular Mortality Risk Score, and atrial fibrillation vs. sinus rhythm. CI, confidence interval; HR, hazard ratio;

HRVI, heart rate variability triangular index; NA, not applicable due to non-linear fitting of the models on two degrees of freedom on HRVI.

TABLE 6 | Sensitivity analysis of adjusted linear and non-linear Cox regression models additionally including the ratio of normal beats for (A) cardiovascular and (B)

all-cause mortality.

Variable Unit Adjusted model

linear Non-linear

HR (95% CI) P HR (95% CI) P

(A) Cardiovascular mortality

HRVI 1 – – NA 0.037

HRVI (quartiles) 2 + 3 vs. 1 + 4 6.4 (2.1–19.3) 0.001 – –

Cardiovascular mortality risk score 1 point 1.2 (1.0–1.3) 0.030 1.1 (1.0–1.2) 0.15

Charlson Comorbidity Index 1 point 1.1 (0.9–1.2) 0.52 1.0 (0.9–1.2) 0.65

Ratio of normal beats 1% 1.4 (0.3–6.3) 0.70 0.4 (0.1–2.5) 0.35

(B) All-cause mortality

HRVI 1 – – NA 0.003

HRVI (quartiles) 2 + 3 vs. 1 + 4 2.1 (1.2–3.7) 0.007 – –

Cardiovascular mortality risk score 1 point 1.1 (1.0–1.2) 0.002 1.1 (1.0–1.2) 0.006

Charlson Comorbidity Index 1 point 1.1 (1.0–1.2) 0.12 1.1 (1.0–1.2) 0.21

Ratio of normal beats 1% 0.8 (0.3–2.0) 0.64 0.4 (0.1–1.0) 0.06

Adjusted model includes HRVI, the Charlson Comorbidity Index and Cardiovascular Mortality Risk Score, and ratio of normal to overall beats. CI, confidence interval; HR, hazard ratio;

HRVI, heart rate variability triangular index; NA, not applicable due to non-linear fitting of the models on two degrees of freedom on HRVI.

be physiologically plausible (28). Dividing the HRVI in its
numerator and denominator was not able to further explain the
U-shaped profile. However, we assume that the U-shape displays
rather irregular heart periods than an actual autonomic influence.
Still, it is unclear if autonomic nervous system modulations
influence the RR-interval irregularity in AF. Further studies have
to confirm the non-linear risk relationships in AF patients on
hemodialysis and to investigate whether disease-specific cut-offs
exist. Furthermore, it might be of interest to examine HRVI
in larger cohorts of only permanent AF patients. In general,

however, examination of non-linear relationships should be
considered when examining HRVI.

Patients in the Swiss-AF study were younger (73 vs. 76 years)
and kidney disease was not present (17). Also, the Swiss-AF study
recorded short-term ECGs of ≥5min whereas we recorded 24-h
ECGs. We found shorter recording periods to be less accurate
for risk prediction than 24-h recordings. Most probably due
to longer recording times in the present study, sinus rhythm
in the ECG was present in 46% of our patients whereas in
58% of patients in the Swiss-AF study which might furthermore
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FIGURE 6 | Scatter plots of HRVI numerator and denominator coded for atrial fibrillation or sinus rhythm (A), cardiovascular (B), and all-cause mortality (C). HRVI,

heart rate variability triangular index.

TABLE 7 | Linear and non-linear associations of risk variables with (A) cardiovascular mortality and (B) all-cause mortality in unadjusted and adjusted Cox regression

analysis.

Linear term Non-linear term

Unadjusted Adjusted Unadjusted Adjusted

Variable Unit HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

(A) Cardiovascular mortality

SDNN ms 0.9 (0.9–1.0) 0.92 0.9 (0.9–1.0) 0.62 NA 0.033 NA 0.032

SDANN ms 0.9 (0.9–1.0) 0.36 1.0 (0.9–1.0) 0.25 NA 0.16 NA 0.21

RMSSD ms 1.0 (0.9–1.0) 0.59 1.0 (0.9–1.0) 0.76 NA 0.26 NA 0.19

ULF ms2 0.9 (0.9–1.0) 0.18 1.0 (1.0–1.0) 0.19 NA 0.072 NA 0.12

(B) All-cause mortality

SDNN ms 1.0 (0.9–1.0) 0.32 1.0 (1.0–1.0) 0.93 NA 0.17 NA 0.18

SDANN ms 1.0 (1.0–1.0) 0.73 1.0 (1.0–1.0) 0.35 NA 0.031 NA 0.07

RMSSD ms 1.1 (1.0–1.0) 0.049 1.0 (1.0–1.0) 0.14 NA 0.43 NA 0.35

ULF ms2 1.0 (1.0–1.0) 0.18 1.0 (1.0–1.0) 0.15 NA 0.007 NA 0.037

Adjusted model includes the predictor, the Charlson Comorbidity Index, and Cardiovascular Mortality Risk Score. CI, confidence interval; HR, hazard ratio; NA, not applicable; SDNN,

standard deviation of all NN intervals; SDANN, standard deviation of the averages of NN intervals in all 5-min segments of 24 h recording; RMSSD, square root of the mean square of

differences between adjacent NN intervals; ULF, ultra-low frequency.

explain why we found a U-shaped association instead of a linear
association between HRVI and mortality.

Compared to other HRV parameters that express overall
variability only HRVI was able to predict both cardiovascular
and all-cause mortality. Interestingly, other parameters such as
SDNN and ULF also displayed a non-linear relationship to
mortality. HRVI might be more robust and reproducible as it is,
by design, less affected by artifacts and noise (29–31) and as it
does not require artifact-clear ECG recognition (32).

One third of the dialysis cohort had either a medical history
of AF or AF on the recorded ECG. This prevalence of AF in

our cohort is comparable to similar hemodialysis populations
(6). In 2% of patients, we made a new AF diagnosis. Although
this might seem to represent a low proportion, higher morbidity
and mortality in AF (6, 7) suggest that regular long-term
ECG recordings should be considered since AF might be
undetected in non-permanent recordings, e.g., by implantable
loop recorders (2).

Hemodialysis patients with AF are characterized by a
high morbidity and frailty (6, 7). Also, patients from our
cohort were much sicker and older compared to hemodialysis
patients without AF participating in the ISAR study. When

Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 November 2021 | Volume 8 | Article 75105218

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Braunisch et al. HRVI in HD Patients With Atrial Fibrillation

dividing the cohort into inner and outer quartiles of HRVI,
patients did not differ in comorbidities, age, and other factors.
Interestingly, the Charlson Comorbidity Index, considered to
have a strong predictive power of mortality in hemodialysis
patients, was not associated with mortality in our data. In clinical
practice, a detailed assessment of comorbidities generally allows
approximate clinical estimates of individual risk. Nevertheless,
this is unlikely sufficient in hemodialysis AF patients. Thus,
HRVI has added benefit in hemodialysis AF patients with
predicted risk independent of the Cardiovascular Mortality Risk
Score (21).

Analysis of HRVI might also be possible in patients with
a considerable AF burden in the recorded ECG. Furthermore,
it seems particularly useful in AF patients. Consistent with
other reports (33), we have not found an association of HRVI
and cardiovascular mortality in hemodialysis patients without
AF (34), even when considering non-linear associations (data
not shown).

Finally, given the high risk of mortality in AF hemodialysis
patients, establishing a clinical tool for identification of high-
risk among this group is important. Results from this and
previous trials might allow a general inclusion of AF patients
into analyses of the autonomic nervous system when focusing on
HRV parameters linked to the total variability (17, 18). Future
studies should also investigate morbidities and instances of
non-fatal hemorrhagic and thromboembolic strokes or bleeding
events. Possibly, HRVI might also help in stratifying patients for
oral anticoagulation which, in hemodialysis patients, is subject to
an ongoing debate.

LIMITATIONS

Limitations of the present study have to be considered. This is a
rather small cohort, though one of the largest prospective dialysis
cohorts where 24-h ECGs are available. The method of HRV
calculation which was originally only developed for analyses in
sinus rhythm ECGs was also used in AF patients. Therefore, it
has to be taken into account that lower percentages of normal
beats in AF and arrhythmic patterns that can make it difficult
to discriminate normal heart beats might limit the interpretation
of HRVI in AF patients. Sex differences are well-known in AF
(35). In our cohort, sex distribution was not balanced between
the groups and some sex differences were present. However,
the sex distribution of our cohort is typical for a hemodialysis
cohort. Furthermore, adding sex to the Cox regression models
did not change the results (data not shown). The high frailty
in our cohort limited the number of available ECGs. Due to a
low number of cardiovascular events, adjusted Cox regression
analysis was limited.

CONCLUSION

In conclusion, the study found a non-linear association of
HRVI to cardiovascular and all-cause mortality independent

of known strong risk factors in hemodialysis AF patients.
Stratification into inner and outer quartiles of HRVI identified
high-risk hemodialysis AF patients, who are known to be at
increased mortality risk compared to hemodialysis patients
without AF.
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Macrophages Can Drive Sympathetic
Excitability in the Early Stages of
Hypertension
Oliver C. Neely*, Ana I. Domingos and David J. Paterson*

Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford, United Kingdom

Hypertension is a major health burden worldwide with many cases resistant to current

treatments. Hyperactivity of the sympathetic nervous contributes to the etiology and

progression of the disease, where emerging evidence suggests that inflammation may

underpin the development of sympathetic dysautonomia. This study examined whether

macrophages could drive the sympathetic phenotype in Spontaneously Hypertensive

Rats (SHR) before animals develop high pressure. Stellate neurons from wild-type control

Wistar rats and SHRs were co-cultured with blood leukocytes from their own strain,

and also crossed cultured between strains. The calcium transient response to nicotinic

stimulation was recorded using Fura-2 calcium imaging, where SHR neurons had a

greater calcium transient compared with Wistar neurons. However, when co-cultured

with leukocytes, Wistar neurons began to phenocopy the SHR sympathetic hyperactivity,

while the SHR neurons themselves were unaltered. Resident leukocyte populations

of the SHR and Wistar stellate ganglia were then compared using flow cytometry,

where there was a shift in monocyte-macrophage subset proportions. While classical

monocyte-macrophages were predominant in the Wistar, there were relatively more of

the non-classical subset in the SHR, which have been implicated in pro-inflammatory

roles in a number of diseases. When bone marrow-derived macrophages (BMDMs)

were co-cultured with stellate neurons, they made Wistar neurons recapitulate the SHR

nicotinic stimulated calcium transient. Wistar BMDMs however, had no effect on SHR

neurons, even though SHRBMDMs increased SHR neuron responsiveness further above

their hyper-responsive state. Taken together, these findings show that macrophages

can be potent enhancers of sympathetic neuronal calcium responsiveness, and thus

could conceivably play a role in peripheral sympathetic hyperactivity observed in the

early stages of hypertension.

Keywords: hypertension, dysautonomia, macrophages, SHR, calcium imaging, flow cytometry, stellate neurons

INTRODUCTION

A key pathophysiological feature of essential hypertension involves sympathetic
hyperactivity (1–5) and impaired vagal parasympathetic tone (2). The sympathetic
component of this is by far the best studied and is observed in all stages of essential
hypertension (6–9), moreover it can precede hypertension itself (10–12). Persistent
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heightened sympathetic tone leads to a range of other
hypertensive co-morbidities, including cardiac hypertrophy (13,
14), arrhythmia (15), vascular dysfunction (16), insulin resistance
(17) and inflammation (18).

Inflammation has emerged as a key pathological feature of
essential hypertension (19). Crucially, a simple bone marrow
transplant from SHR to Wistar rats increases blood pressure,
while the converse decreases it (20), implying the SHR’s immune
system as a causative factor of the blood pressure phenotype.
Clinically, higher levels of C-reactive protein (a common marker
of systemic inflammation) (21–24) or IL-6 (an inflammatory
cytokine released along with CRP) (23, 24) strongly predict
future development of hypertension. This suggests that both
inflammation and sympathetic hyperexcitability are co-features
of a “pre-hypertensive” state, before any overt cardiovascular
disease is evident. Although it has not been established whether
inflammation itself is a key driver of the sympathetic phenotype.

There is evidence that the hypertensive inflammatory
phenotype may interact with the sympathetic nervous system,
in a similar way to that in which immune cells interact with
sympathetic neurons in adipose tissue in obesity (25), this being
a co-feature of hypertension in the metabolic syndrome. In
the central nervous system inflammation can raise sympathetic
outflow, which can experimentally induce hypertension in the
rat (26). Inhibition of microglial activation with minocycline
can stop this (26), and is associated with reduced sympathetic
tone, inflammation and blood pressure in the SHR (20). It
is also well established that sympathetic hyperactivity occurs
at the level of the peripheral ganglia themselves in the SHR,
which exhibit greater stimulation-evoked noradrenaline release
(27, 28), and show increased firing responsiveness to a given
electrical stimulus (29). In neuropathic pain (30) and post-
MI (31–33), inflammatory reactions induce states of local
peripheral neuronal activity, mediated by cytokines and other
neuronal growth factors. Interestingly, following sensory nerve
injury, macrophage-released IL-6 contributes to the sprouting
of sympathetic nerve fibers into the dorsal root ganglia (34),
suggesting this classic inflammatory mediator, which is positively
associated with blood pressure in humans (35), could produce
sympathetic hyperactivity.

We therefore tested the hypothesis that a pathological
immune system reaction within the sympathetic ganglia of pre-
hypertensive animals drives local neuronal hyperactivity. Here
we show that macrophages can enhance the intracellular calcium
responsiveness of sympathetic neurons in vitro, which may
underpin aspects of the increases in sympathetic hyperactivity
seen in the early stages of hypertension.

METHODS AND MATERIALS

Animals
Male Wistar and Spontaneously Hypertensive rats were
purchased from Envigo, UK and housed in the local Biomedical
Services Building prior to experimental use. Rats were used
mainly at the age of 3–4 weeks, as this is an age at which the
SHR exhibits dysautonomia, but this is not yet confounded by

any increase in arterial blood pressure (36, 37). These SHRs are
therefore termed “pre-hypertensive SHRs”.

To excise stellate ganglia for cell culture, rats were culled
using an approved UKHomeOffice Schedule 1method involving
overdose of pentobarbitone (under isoflurane anesthesia),
followed by exsanguination. In cases where a pure blood sample
was required for co-culture with stellate neurons, a needle was
inserted into the heart of terminally anesthetized rats, and∼1ml
of blood was withdrawn into a syringe containing ∼100 µL
EDTA solution (100mM). Finally, to prepare tissues for flow
cytometry, as tissue-resident leukocytes were to be examined, it
was necessary to flush out blood leukocytes from the circulation.
To achieve this, a small incision was made in the right atria of
terminally anesthetized animals, and then 50–100ml cold PBS
containing 10 U/ml heparin was injected into the ventricles.
Blood samples for flow cytometry were obtained by collecting
some of the blood flushed out by this method.

Cell Culture
Cleaned ganglia were cut into ∼6 pieces each before enzymatic
digestion in collagenase IV (1 mg/ml in L-15) for 25min,
followed by trypsin (2 mg/ml in Ca2+- and Mg2+-free Hank’s
Balanced Salt Solution; Merck or Thermofisher, both US) for
30min; both at 37◦C. Digested ganglia were then washed in
blocking medium (Neurobasal Plus medium with 10% heat-
inactivated fetal bovine serum and 1% penicillin/streptomycin;
all Thermofisher, US; penicillin/streptomycin also Merck, US)
at room temperature, twice for 5min each. Next, the ganglia
were mechanically triturated in complete neuronal medium
(Neurobasal Plus medium with 2% B-27 supplement, 1.5mM
Glutamax, 5 ng/ml 2.5S NGF and 0.5% penicillin/streptomycin;
all Thermofisher, US except NGF, Merck US) using two glass
Pasteur pipettes in series, the second, fire-polished to narrow
the opening. The resultant single-cell suspension was plated
onto poly-D-lysine (0.1 mg/ml; Merck, US) and laminin- (0.048
mg/ml; Thermofisher, US) coated 6mm glass coverslips in 4-well
culture plates. These were incubated at 37◦C under 5% CO2 for
∼48 h prior to experimentation.

For some experiments ganglia were co-cultured with blood-
derived leukocytes. These were prepared from blood samples
taken from 3 to 4 week oldWistar rats and SHRs by transthoracic
cardiac puncture, as detailed previously. Using this method 1–
2ml of fresh blood could be obtained per 3–4 week old animal.
1ml of each sample was added to 10ml of eBioscience red blood
cell lysis buffer (Thermofisher, US) as per the manufacturer’s
instructions, and incubated at room temperature for 10min on
a shaker. To arrest the reaction, 10ml of DMEM containing
10% FBS was added to each sample and the suspensions were
centrifuged at 400 rcf for 4min to obtain a pellet. Blood
cell suspensions were then either depleted of monocytes using
clodronate liposomes (Encapsula Nanosciences, US), according
to a protocol developed by Claassen et al. (38), or incubated
with PBS-containing liposomes as a control. The pellets were
resuspended in the ganglionic culture medium containing either
100 µl clodrosomes, or the same concentration of the control
liposomes, and incubated at 37◦C for 1–2 h. After this the
cells were pelleted and resuspended in fresh ganglionic culture
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medium and this suspension was used to culture the ganglionic
explants. The products of each original 1ml blood sample were
resuspended in 2ml of such medium; this being split across two
ganglia so that each ganglion received approximately the number
of leukocytes derived from 0.5ml of rat blood. SHR blood may
contain a higher concentration of leukocytes than that of Wistar
rats (39–41), so this difference would therefore be incorporated
in the culture conditions of ganglia treated with blood from each
respective strain.

The following protocol was adapted fromMuschter et al. (42).
Tibiae and femurae were extracted from 3 to 4 week old Wistar
rats, cleaned of soft tissue and stored in PBS at 4◦C for up to 24 h.
These were then sprayed with 70% ethanol and one at a time the
ends of each bone were cut off with a scalpel. A syringe and 25G
needle were used to flush out the bone marrow into a petri dish,
using∼6ml cold PBS. The combined effluent from all bones was
then passed through a 70µm filter and collected in a 50ml falcon
tube, before being centrifuged at 300 rpm for 5min. The cell
pellet was resuspended in complete BMDM media (Dulbecco’s
Modified Eagle’s Medium with 10% heat-inactivated fetal bovine
serum, 1% penicillin/streptomycin and 20 ng/ml recombinant rat
M-SCF), 4 ml/bone. The cells were plated in 10 cm petri dishes,
8ml per dish, and incubated at 37◦C/5% CO2. Four days later
half themedia was removed and replaced with fresh BMDM. Two
days after this, all media was removed and the plates washed with
PBS, before ∼4ml TrypLE (Thermofisher, US), or EDTA (2mM
in PBS; where cells were being processed for flow cytometry) was
added to each. After 3–4min once the cells had detached the
suspension was removed and combined with an equal volume of
α-MEM + 10% FBS media, and this was then centrifuged at 300
rpm for 5min. Cells were then plated onto the required format,
for example, 6mm glass coverslips, re-suspended and prepared
for flow cytometry.

Co-cultures of stellate neurons and blood leukocytes or
BMDMs were prepared on 6mm poly-D-lysine/laminin-coated
coverslips. For leukocyte co-culture, stellate neurons were
prepared in the same way as for their solitary culture, but in
half the normal volume of medium. Blood leukocytes, prepared
in the same way as described above for culture with whole
ganglia, with either clodronate or PBS-filled liposomes, were then
added to the neurons in an equal volume of neuronal culture
medium. To separate these cells from the liposomes, after the
incubation 10ml of Neurobasal plus containing 21.5% Optiprep
(Merck, US) was added to each ml of cell suspension, and the
mixture centrifuged at 400 g for 15min with no brake. The
liposomes floated to the top while the cells formed a pellet at the
bottom. These were resuspended in neuronal culture medium.
Each ml of blood provided leukocytes for three wells of four 6
mm coverslips.

In the case of BMDM co-culture, the neurons were once again
plated in half the normal volume of culture medium, and day
6 harvested BMDMs were added to this in the same volume
of media, but containing 40 ng/ml M-CSF, to produce a final
concentration of 20 ng/ml. These BMDMs had been previously
cultured in 10 cm dishes at a density of 2 bones per dish, and were
plated at an approximately equivalent density, adjusting for well
surface area.

All co-culture preparations were incubated at 37◦C, 5% CO2

for 48 h before imaging.

Calcium Imaging
Stellate neurons were plated onto 6mm laminin and poly-D-
Lysine coated glass coverslips. Prior to imaging, these were
incubated in culture medium containing 2µM Fura-2 AM, at
37◦C for 30min, before being washed with Tyrode’s solution
(containing, in mM: NaCl 135, KCl 4.5, HEPES 20, Glucose 11,
CaCl2 2,MgCl2 1) three times for 5min each. The coverslips were
then imaged in a 100 µL, gravity-fed perfusion chamber, in 37◦C
Tyrode’s solution at a flow rate of ∼3–4 ml/min. An inverted
Nikonmicroscope, with a 40× oil-immersion objective, was used
to obtain the images, which were captured by QICLICK digital
CCD camera, using Optofluor QICLICK software.

Neurons were identified by their large size and thick borders,
as compared to other cells present on the coverslips, and only
those which appeared healthy, showing no obvious signs of
damage or blebbing, were selected for imaging. Images were
captured every 2 s, during which the coverslips were excited
sequentially at wavelengths of 355 and 380 nm, and the emission
intensities at 510 nm recorded. Background 510 nm emissions
were subtracted from that of the cells for both excitation
wavelengths in each image, and the resultant values used to
calculate the 355/380 ratio. This was then normalized to a
baseline ratio for each cell, which was taken as the average of the
final 5 images prior to addition of the first treatment.

Flow Cytometry
All rat tissue samples were first prepared for subsequent
staining and flow cytometric analysis or sorting. In the case
of sympathetic ganglia, the cut ganglion pieces underwent
simultaneous enzymatic digestion in HBSS with hyaluronidase
(1,000 U/ml), collagenase II (1 mg/ml) and DNase I (5 U/ml)
for 30min at 37◦C. Subsequently these were centrifuged at
400 rcf for 4min, the supernatant was discarded, and then the
tissue was mechanically triturated in 1ml PBS using two glass
Pasteur pipettes in series, the second fire-polished to narrow
the opening.

Heparinised blood samples, obtained during cardiac
perfusion, were passed through a 70µm filter and centrifuged
at 400 rcf for 4min. Next these were resuspended in ∼10ml red
blood cell lysis buffer and left at room temperature for 10–15min,
before the reaction was stopped by addition of an equal volume
of FACS buffer, and the whole suspension was centrifuged again
at the same settings as before. The pellet was then resuspended
in PBS, spun down at 400 rcf for 4min once more, before a final
resuspension in fresh PBS. For experiments in which monocyte-
macrophages were to be isolated by FACS, blood samples were
instead obtained from rats by cardiac puncture under terminal
anesthesia, with EDTA used as the anti-coagulant.

Renal tissue was prepared for flow cytometry using a protocol
adapted from Rubio-Navarro et al. (43). Pairs of kidneys were
stripped of their capsules by hand, the hila were removed. The
remaining renal tissue was finely cut up using scissors and
then pushed through a 40µm filter using the plunger from a
10ml syringe, the resultant pulp being washed through with
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FIGURE 1 | Wistar (n = 29 neurons, 5 cultures, 2–4 rats per culture) and SHR

(n = 31 neurons, 6 cultures, 2–4 rats per culture) stellate neuron Ca2+

transients in response to pharmacological stimulation. (A) Mean trace (with

SEM) of stellate neuron [Ca2+]i during the experimental protocol involving

exposure to 100 µM nicotine, followed by 100 mM K+. (B) Peak stellate

neuron [Ca2+]i transient in response to nicotine (i) and K+ (ii). Peak response

data are presented as median with IQR; * signifies p < 0.05 for Wistar vs.

SHR, Mann-Whitney test.

15ml of FACS buffer. The filtered suspension was centrifuged
at 400 rcf for 4min and resuspended in ∼15ml red blood cell
lysis buffer, which was left at room temperature for 90 s, before
lysis was terminated by dilution with 15ml of FACS buffer.
The solution was centrifuged under the same settings as before,
resuspended in 10ml PBS, and 1ml of this was taken forward
for analysis.

The resultant single-cell suspensions were stained with 0.5 µL
eBioscienceTM Fixable Viability Dye eFluorTM 780 (Thermofisher,
US) for 30min at 4◦C, and then 1ml of FACS buffer was added,
and the suspension centrifuged at 400 rcf for 4min to wash off the
dye. The cells were next incubated for 10min in anti-rat CD32
(1:100 in FACS buffer) at 4◦C to prevent FcR-mediated antibody
binding, prior to incubation for 30min in appropriate panel of
fluorescently-tagged flow cytometry antibodies.

For flow cytometry, a BD LSRFortessaTM X-20 was used,
equipped with 5 lasers, and a total of 18 filter sets, each
corresponding to an emission wavelength on a specific laser.

FIGURE 2 | Peak [Ca2+]i transient responses of stellate neurons co-cultured

with blood leukocytes in response to 100 µM nicotine: (A) Wistar neurons

(with SHR leukocytes: n = 26 neurons, 3 cultures, 2–3 rats per culture; with

Wistar leukocytes: n = 26 neurons, 3 cultures, 2–3 rats per culture) and (B)

SHR neurons (with Wistar leukocytes: n = 27 neurons, 3 cultures, 2–3 rats per

culture; with SHR leukocytes: n = 24 neurons, 3 cultures, 2-3 rats per culture).

Data are presented as mean ± SEM; * signifies p < 0.05 between the

indicated groups; normal data were analyzed using Brown-Forsythe and

Welch’s ANOVAs with Dunnett’s T3 multiple comparisons test, while

non-normal data were analyses with a Kruskall-Wallis test followed by Dunn’s

multiple comparisons test.

Single color controls were prepared using compensation beads
according to the manufacturer’s instructions, and FMO controls
were also used for each antibody panel to aid gating. Data were
later processed using FlowJo 10 software.

Immunohisto-/Cyto-Chemistry
Clean stellates were immersed in cold 4% PFA (Alfa Aesar,
US) and stored at room temperature on a rotator for ∼1–
2 h; spleens were incubated in the same solution overnight.
For cryoprotection, the tissues were transferred to 15% sucrose
(Merck, US) in PBS solution for ∼6–12 h, or until the
tissue had sunk, and subsequently put into 30% sucrose
for the effect. The tissue was then embedded in OCT and
stored at −20◦C as required. 20µm sections were cut on
a cryostat, transferred to microscope slides, and returned to
−20◦C for further storage. In the case of cell culture staining,
neuron and macrophage co-cultures were plated directly
onto 35mm glass-bottomed dishes, before fixation for 15min
in 2% PFA.

For staining, microscope slides were thawed in room
temperature PBS and then the tissue circled with a PAP pen.
The sections or cell-containing dishes were then incubated in a
PBS-based blocking and permeabilisation solution (PBS with 3%
bovine serum albumin, 2% goat serum, 1% Triton X-100 and
0.1% NaN3), for 1 hr, before incubation in primary antibody
solution overnight at 4◦C in a humid box. The following day
the stained slides/dishes were washed three times each for 5min
in PBS and then incubated in secondary antibody and DAPI
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for 1 h at room temperature. Finally, the samples were washed
three times for 5min in PBS once again, prior to mounting
using ProLongTM Gold Antifade Mountant (Thermofisher, US).
Imaging was carried out on a confocal microscope within a
day of mounting, and the recorded images processed using
ImageJ software.

Statistical Analysis
All statistical analyses were performed using Graphpad
Prism 8 software. All data analyzed in this publication were
treated as continuous. Data normality was examined using
Anderson-Darling, D’Agostino and Pearson, Shapiro-Wilk and
Kolmogorov-Smirnov tests, and parametric or non-parametric
tests selected based on the outcome of these. For comparison
of two groups Welch’s t-tests (parametric) or Mann-Whitney
tests (non-parametric) were employed, with the two-step
set up method of Benjamini, Krieger and Yekutieli used to
produce q-values to account for multiple comparisons. Where
three of more groups were to be compared, Brown-Forsythe
and Welch’s ANOVAs (parametric) or Kruskall-Wallis tests
(non-parametric), with appropriate post-hoc tests for multiple
comparisons were used. Results were considered statistically
significant where p < 0.05.

RESULTS

Pre-hypertensive SHR Neurons Exhibit
Larger Ca2+ Transients in Response to
Nicotinic Stimulation or High
K+ Induced-Depolarization
It has been previously reported that pre-hypertensive SHR
stellate neurons show enhanced calcium transients ([Ca2+]i)
compared to Wistar neurons, when depolarized using high
[K+]o Tyrode’s solution (36). We first confirmed this while
also examining the relative responses of these neurons to a
more physiological stimulation with 100µM nicotine. In both
cases, the SHR neuron responsiveness was greater than that of
Wistar neurons (expressed as % ratio change from baseline):
nicotine: 194.5 ± 23.4 vs. 119.5 ± 11.87, p = 0.022; K+:
369.7 ± 20.74 vs. 246.1 ± 22.51, p = 0.00020 (Figure 1). Since
the nicotinic response mimicked physiological post-ganglionic
neuron synaptic activation, and also showed a difference between
Wistar and SHR, the [Ca2+]i response was taken forward as a
surrogate measure of stellate neuronal activity.

Whole Blood Leukocytes Increase Wistar,
but Not SHR Responsiveness to Nicotinic
Stimulation
Co-culturing Wistar stellate neurons with their own blood
leukocytes significantly increased their responsiveness to
nicotine. With SHR leukocytes there was a clear trend to this
effect (Figure 2), although not significant (p = 0.080). However,
the nicotinic response with SHR leukocytes did not differ
significantly from that with the Wistar leukocytes, where these
responses were much closer in magnitude than the baseline
and SHR leukocyte co-culture. By contrast, SHR neurons

FIGURE 3 | Numbers of different leukocyte populations found within the

stellate ganglia of 3-week old Wistar rats (n = 7 samples, 2–3 rats per sample)

and pre-SHRs (n = 7 samples, 2–3 rats per sample). (A) Numbers of

leukocytes. (B) Stratification of CD45+ cells into major leukocyte populations;

monocyte-macrophages shown in (C). (D) Classical and non-classical

monocytes-macrophages. (E) Ratio of classical/non-classical

monocyte-macrophages. In (A–D) the values are expressed as numbers per

1,000 single cells to allow comparison between samples which contained a

different total number of cells. In (E) the ratio is presented as log10 to allow

visualization of the size of the ratio in either direction. Data are expressed as

mean ± SEM. * signifies p < 0.05 WST vs. SHR; normal data were analyzed

using Welch’s t-tests and multiple comparisons accounted for using q values

determined by the two-stage set-up method of Benjamini, Krieger and

Yekutieli.

showed no differences when co-cultured with these leukocytes
(Figure 2).

The SHR Exhibits a Shift in the Proportions
of the Classical and Non-classical
Monocyte-Macrophage Subsets
Given that leukocytes can potentiate stellate neuron
responsiveness to nicotinic stimulation, we next examined
the immune cell environment of the stellate ganglia in
both strains of rat. Ganglia were separated into single cell
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FIGURE 4 | Monocyte-macrophages from the stellate ganglia of SHR n = 5 samples, 3 rats per sample, and age-matched Wistars (n = 4 samples, 3 rats per sample)

at 5–6 weeks (developing hypertension) and 12–18 weeks (established hypertension). (A) Flow cytometry plots of all samples; each color represents a separate

sample of ganglia from 2–3 rats. (B) Classical/non-classical monocyte-macrophage ratio from all 5-18 week old animals; Data are expressed as mean ± SEM.

*signifies p < 0.05 WST vs. SHR, Welch’s t-test.

suspensions, stained for markers of the main leukocyte
populations, and analyzed using flow cytometry. As the
ganglia were of different sizes, and those of the SHR tended
to be smaller in size than Wistar ganglia, cell counts were
normalized to the total number of single cells recorded

for each sample, and expressed as the number per 1,000
single cells.

There were significantly more leukocytes (defined at CD45+)
in the Wistar compared to SHR stellates (372 ± 16.1 vs. 285 ±

25.5 per 1,000 single cells; p = 0.014; q = 0.025; Figure 3A).

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 January 2022 | Volume 8 | Article 80790427

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Neely et al. Macrophages in Hypertensive Dysautonomia

Part of this increase in leukocytes was accounted for by increased
numbers of NK cells (10.3 ± 1.91 vs. 3.39 ± 0.329 per 1,000
single cells; p = 0.0037; q = 0.0097; Figure 3B) in the Wistar
strain, while the SHR had higher numbers of neutrophils
(3.90 ± 0.259 vs. 1.73 ± 0.253; p < 0.0001; q = 0.00033;
Figure 3B).

Despite no differences in the overall numbers of monocyte-
macrophages between the two strains (Figure 3C), there was a
striking difference in the proportions of the subtypes between
these two strains: the ratio of classical (His48high/CD43low) to
non-classical (CD43high/His48low−int) monocyte-macrophages
was significantly higher in the Wistar (13.8 ± 4.77 vs. 0.551 ±

0.148; p = 0.0082; Figure 3E). This appeared to made up of
both more classical (20.52 ± 7.54 vs. 1.81 ± 0.662; p = 0.029;
q = 0.039; Figure 3D), and fewer non-classical (1.60 ± 0.476
vs. 3.24 ± 0.556; p = 0.047; q = 0.0497; Figure 3D), monocyte-
macrophages in the Wistar compared to SHR. This finding was
also replicated in the stellate ganglia of older (5–6 week and 12–18
week old) animals (Figure 4).

The same flow cytometry panel was then employed on
two other SHR sympathetic ganglia to examine whether this
was an SNS-wide phenomenon: the coeliac ganglion (which
innervates the kidney, so is likely important to hypertensive
pathophysiology) and the superior cervical ganglion (innervating
the head, so likely has minimal impact on hypertension, except
possibly via bone-marrow effects (44).

In the SCG, the Wistar ganglia had a significantly higher
classical/non-classic monocyte-macrophage ratio (8.99 ± 2.46
vs. 0.359 ± 0.148; p = 0.0023; q = 0.0012), while in the
coeliac ganglion there was a clear trend in the same direction
(0.391 ± 0.145 vs. 0.112 ± 0.021), although not significant (p
= 0.12; q = 0.032; Figure 5). A similar monocyte-macrophage
subset ratio result was apparent in the whole blood compared
between strains (Wistar: 0.123 ± 0.0422 vs. SHR: 0.0337 ±

0.00600; p = 0.0323, q = 0.011; Figure 5), suggesting this
phenomenon is not specific to the SNS, but occurs systemically.
Finally, this was also the case in the kidneys (Wistar: 0.0742
± 0.107 vs. SHR: 0.0151 ± 0.0853; p = 0.0014; p = 0.0012;
Figure 5), typically referred to as the “final common node of
hypertensive pathophysiology” (Crowley and Coffman, 2014).
However, no differences in any of the other leukocyte populations
were detected in either the blood or kidneys. Bone marrow-
derivedmacrophages potentiate stellate neuron responsiveness to
nicotinic stimulation.

Immunohistochemistry was used to examine the spatial
localization of the stellate ganglion monocyte-macrophages
relative to the neurons. This revealed large numbers of
spindle-shaped CD68+ cells, scattered amongst the TH+

sympathetic neurons, of both the Wistar (Figure 6A) and
SHR (Figure 6B) stellates. Additionally, the appearance
of large nucleus-free cavities within the tissue suggested
that the ganglionic vasculature had been substantially
flushed of circulating cells. A no primary antibody negative
control (Figure 6C), and a splenic sample serving as a
positive control for CD68+ macrophages (Figure 6D) are
also shown.

FIGURE 5 | Classical/non-classical monocyte-macrophage ratios in the

coeliac/superior mesenteric ganglia (CG/SMG; Wistar: n = 7 samples, 2 rats

per sample; SHR: n = 7 samples, 2-4 rats per sample), superior cervical

ganglia (SCG; in both strains: n = 5 samples, 2 rats per sample), blood (Wistar

n = 4 samples, SHR n = 8 samples, 1 rat per sample) and kidneys (both

strains n = 5 samples, 1 rat per sample) of 3-week old Wistar rats and

pre-SHRs. Data are expressed as mean ± SEM. * signifies p < 0.05 WST vs.

SHR, Welch’s t-tests with q values determined by the two-stage set-up

method of Benjamini, Krieger and Yekutieli.

FIGURE 6 | Immunohistochemical images of sympathetic neurons (TH) and

macrophages (CD68) in 3-week old Wistar and pre-SHR rat tissue. (A) Wistar

stellate ganglion, (B) SHR stellate ganglion. These ganglia comprise a large

number of sympathetic neurons (green) with some small macrophages (red)

amongst them. The acellular spaces within the tissue likely reflect empty blood

vessels following cardiac perfusion. (C) Wistar stellate ganglion stained with

only DAPI and the secondary antibodies, serving as a negative control. There

appears to be some 488 nm auto-fluorescence, but the tissue clearly lacks the

cellular pattern of (A). (D) Wistar spleen stained as a positive control for

CD68+ macrophages; many punctate cells appear similarly to those of (A,B).

A large TH+ ribbon which penetrates the rest of the tissue is interestingly also

present, likely representing a sympathetic nerve fiber.
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FIGURE 7 | Immunocytochemical image of Wistar stellate neurons (TH+,

green), with BMDMs (CD68+, red).

Co-culture With Bone Marrow-Derived
Macrophages Enhances Wistar Stellate
Neuron Nicotinic Responsiveness, but SHR
Neurons Are Only Further Enhanced by
Co-culture With Their Own Strain of
Macrophages
As the most striking difference between the pre-hypertensive
SHR and Wistar rats was the altered monocyte-macrophage
subset ratio, we examined the effect of co-culturing stellate
neurons from these strains with macrophages (bone-marrow
derived) from either strain. We had previously attempted to
FAC-sort macrophages from SHR and WST stellate ganglia, but
unfortunately as there are such low numbers of these cells it is
impossible to extract enough for culture. For this reason, we used
bone marrow-derived macrophages (BMDMs), which arise from
the same bone marrow monocyte precursor thought to give rise
to the stellate monocyte-macrophages (45).

First, we confirmed successful co-culture of sympathetic
stellate neurons (TH+) with BMDMs (CD68+), using
immunocytochemistry, which revealed the presence of both cell
types in close proximity (Figure 7).

Upon BMDM co-culture, as with the blood leukocytes, the
Wistar stellate neurons showed increased nicotine responsiveness
in the presence of BMDMs from either strain, while the SHR
neurons only showed an increased response when cultured with
their own BMDMs, not those of Wistar rats (Figures 8A,B). As
the BMDM co-culture required addition of M-CSF to keep the

FIGURE 8 | Peak [Ca2+]i transient responses of stellate neurons co-cultured

with BMDMs in response to 100 µM nicotine: (A) Wistar neurons (with Wistar

BMDMs: n = 20 neurons, 2 cultures, 2 rats; with SHR BMDMs: n = 22

neurons, 1 culture, 2 rats; M-CSF control: n = 15 neurons, 2 cultures, 2–4 rats

per culture, anti-cytokine: n = 15, 2 cultures, 2 rats per culture) and (B) SHR

neurons (with Wistar BMDMs: n = 31 neurons, 3 cultures; with SHR BMDMs:

n = 17 neurons, 2 cultures). Data are presented as mean ± SEM; * signifies p

< 0.05 between the indicated groups; normal data were analyzed using

Brown-Forsythe and Welch’s ANOVAs with Dunnett’s T3 multiple comparisons

test, while non-normal data were analyses with a Kruskall-Wallis test followed

by Dunn’s multiple comparisons test.

BMDMs alive, control experiments were performed in which
Wistar neurons alone were cultured with the same concentration
of this factor. These neurons did not display a nicotinic response
differing significantly from baseline, and there was no significant
difference between this response and those from the BMDM
co-cultures (Figure 8A).

As the presence of BMDMs increased Wistar stellate
neuron responsiveness to nicotine, an attempt was made to
identify potential mediating factors. Macrophages contribute
to neuronal hyperactivity through release of pro-inflammatory
cytokines, therefore we tested the effect of combined blockade
of the classical triad of inflammatory cytokines: TNF-α, IL-
1β and IL-6. However, the nicotinic responsiveness of Wistar
stellate neurons co-cultured with Wistar BMDMs was still
enhanced in the presence of antibodies targeted against
TNF-α (100 ng/ml), IL-1β (140 ng/ml) and IL-6 (833 ng/ml)
(Figure 8A).

The results of all such co-culture experiments are summarized
in Table 1.

DISCUSSION

This study reports three novel findings: (1) The SHR sympathetic
ganglia, blood and kidneys display a reduced classical/non-
classical monocyte ratio, when compared to sympathetic
ganglia from age matched Wistar rats. (2) Co-culturing
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Wistar blood leukocytes with Wistar stellate neurons increases
their [Ca2+]i transient to nicotinic stimulation, making them
phenocopy those of the SHR, although SHR leukocytes did
not significantly affect pre-hypertensive SHR neurons. (3)
Co-culturing either Wistar or SHR bone marrow-derived
macrophages (BMDMs) with Wistar stellate neurons increases
their [Ca2+]i transient to nicotinic stimulation, but only SHR
(and not Wistar) BMDMs further enhances the responsiveness
of SHR neurons.

Monocyte-Macrophage Subset Shift: A
Feature of Hypertension?
The pre-SHR displays a lack of classical monocyte-macrophages
in its sympathetic ganglia, and a relative enrichment of
non-classical monocyte-macrophages. This lower classical/non-
classical monocyte ratio is observed in the blood and kidneys
of the pre-SHR. This was the most striking and consistently
observed difference between the SHR and Wistar strains.

What is the significance of this finding? Many other
inflammatory-related diseases feature a relative enrichment
of non-classical blood monocytes, including: systemic
lupus erythomatosis (46, 47), sepsis (46), obesity and
metabolic syndrome (48), and rheumatoid arthritis (49).
Furthermore, these cells seem to exhibit a pro-inflammatory
phenotype (46, 50–52), which has been implicated in
these disease states, suggesting the altered monocyte-
macrophage ratio might also be an immunological feature
of essential hypertension.

Role of Macrophages in Sympathetic
Neuron Hyperactivity?
Non-classical monocytes are major producers of inflammatory
cytokines (46, 50, 52) and possess a strong ability to activate
naïve T cells (51). In each of these cases the non-classical
monocytes were observed to be the most potent monocyte
subset. Zhu et al. (47) also showed CD16+ monocytes were
strong activators of B cells, although they grouped non-
classical and intermediate monocytes together, so a specific
non-classical effect cannot be determined. Furthermore,
looking at more specific disease contexts, CD16+ from
SLE patients display enhanced inflammatory attributes,

and in the murine serum-transfer rheumatoid arthritis
model, clodronate-depletion of monocytes and replacement
with non-classical monocytes enhances disease, while
replacement with classical ones delays it (53). By contrast,
pro-phagocytic, homeostatic roles for classical monocytes have
been observed (46, 54).

If the SHR stellate has lost a homeostatic cell type,
and gained a pathological one, this may interfere with
local neuronal functioning. Local inflammation promotes
states of local neuronal hyper-excitability in a number of
contexts, many involving the sympathetic nervous system
(20, 26, 30–33). Moreover, anti-TNFα treatment infliximab
causes an increase in circulating non-classical monocytes
in Crohn’s disease patients (55), along with an increase
in all CD16+ monocytes in rheumatoid arthritis patients
(56). The latter study showed a concomitant reduction in
circulating CCL2 causing them to hypothesize that this
increase in blood non-classical monocytes was due to reduced
recruitment to inflamed tissues. However, CCL2 is mainly a
chemoattractant for classical monocytes (57). The mechanism
would thus have to involve reduced classical monocyte
recruitment to the tissues and therefore reduced subsequent
differentiation into non-classical monocytes. Since blood classical
monocyte numbers increased in our study though, this
seems unlikely.

In the pre-hypertensive SHR stellate ganglia of this
study, there were higher relative numbers of neutrophils,
an important inflammatory cell type, which are known to
drive monocyte recruitment and polarization toward an
inflammatory phenotype (58). Moreover, SHR neutrophils
tend to produce higher levels of ROS (40, 59, 60), which
tend to enhance inflammation. This certainly suggests
some form of immunological reaction occurring in
this tissue.

Very interestingly though, whole blood leukocytes in co-
culture increaseWistar stellate neuron [Ca2+]i transients, but not
those from the SHR. Moreover, BMDMs of either strain increase
Wistar neuron responsiveness to stimulation, while only SHR
BMDMs increase that of SHR neurons. It seems unlikely (though
not impossible) that these macrophages or other leukocytes
interact physically with the neurons, at least to any substantial

TABLE 1 | Summary of stellate neuronal [Ca2+]i transient responsiveness to nicotinic stimulation in co-culture experiments.

Control Leukocytes BMDMs

WST SHR WST SHR WST with TNF-α,

IL-1β and IL-6

blockade

Stellate neuron strain WST Baseline + Baselinea + + +

SHR + + + + ++ Not tested

Wistar neurons in monoculture are taken as the baseline and all other permutations described relative to this.
aThe nicotinic responsiveness of Wistar stellate neurons co-cultured with SHR leukocytes did not quite statistically significantly differ from baseline (p = 0.080). For reasons discussed

in Chapter V, it seems possible that this result was a type II error and that SHR leukocytes should increase Wistar neuron [Ca2+ ]i transient responsiveness to stimulation. This is due to

the observations that: (1) the nicotinic response of Wistar stellate neurons co-cultured with SHR leukocytes did not differ significantly from that of those cultured with Wistar leukocytes,

which were themselves significantly different from baseline; (2) the responses of these two populations were much closer together in magnitude than that of the neurons cultured with

SHR leukocytes compared to baseline; and (3) SHR leukocytes significantly increased the responsiveness of Wistar neurons to high [K+ ]o depolarization.
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extent. We think it more probable that these immune cells release
a factor (or group of factors), which sensitizes the sympathetic
neurons. However, our multi-cytokine blockade experiment does
not support a role for TNF-α, IL-1β or IL-6. The observation
that SHR neurons are unaffected by whole blood leukocytes, may
imply they have already been exposed to a sensitizing stimulus.
Nevertheless, SHR BMDMs can still increase the activity of
SHR stellate neurons (while those from Wistar rats cannot),
suggesting a property specific to these SHR macrophages can
promote the excitability of already hyperactive neurons, where
their general leukocytes cannot. Taken together with the altered
monocyte-macrophage composition of the SHR stellate ganglion,
it is likely that macrophages play a role in SHR peripheral
sympathetic hyperactivity.
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The sympathetic nervous system plays a critical role in regulating many autonomic

functions, including cardiac rhythm. The postganglionic neurons in the sympathetic

chain ganglia are essential components that relay sympathetic signals to target tissues

and disruption of their activity leads to poor health outcomes. Despite this importance,

the neurocircuitry within sympathetic ganglia is poorly understood. Canonically,

postganglionic sympathetic neurons are thought to simply be activated by monosynaptic

inputs from preganglionic cholinergic neurons of the intermediolateral cell columns of the

spinal cord. Early electrophysiological studies of sympathetic ganglia where the peripheral

nerve trunks were electrically stimulated identified excitatory cholinergic synaptic events

in addition to retrograde action potentials, leading some to speculate that excitatory

collateral projections are present. However, this seemed unlikely since sympathetic

postganglionic neurons were known to synthesize and release norepinephrine and

expression of dual neurochemical phenotypes had not been well recognized. In vitro

studies clearly established the capacity of cultured sympathetic neurons to express

and release acetylcholine and norepinephrine throughout development and even in

pathophysiological conditions. Given this insight, we believe that the canonical view

of ganglionic transmission needs to be reevaluated and may provide a mechanistic

understanding of autonomic imbalance in disease. Further studies likely will require

genetic models manipulating neurochemical phenotypes within sympathetic ganglia to

resolve the function of cholinergic collateral projections between postganglionic neurons.

In this perspective article, we will discuss the evidence for collateral projections in

sympathetic ganglia, determine if current laboratory techniques could address these

questions, and discuss potential obstacles and caveats.

Keywords: sympathetic ganglia, neurocircuits, synaptic inputs, co-transmission, collaterals

INTRODUCTION

Technical advances have long driven new insights into the mechanistic basis of neurophysiology.
From the identification of the action potential in the nineteenth century (1) to the work of
Joseph Erlanger and Herbert Gasser who revolutionized neurophysiological research by developing
sensitive oscilloscopes that allowed for the visualization and analysis of nerve impulses previously
below the threshold of detection (2, 3). With these technological advancements, researchers set
out to decode the complex autonomic signals that regulate visceral functions, including cardiac
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activity (4–6). Several important hypotheses arose from this
work, but were untested due to experimental limitations that
existed at the time. These questions include whether or
not collateral projections are present between postganglionic
neurons in sympathetic ganglia and what neurotransmitters
may be involved in sympathetic signaling pathways. Since these
first studies, significant advancements in neurophysiological
equipment and scientific methods have allowed for substantial
progress in understanding the neurophysiology of peripheral
sympathetic activity (7–11), but the neurocircuitry within
sympathetic ganglia remains poorly understood. The purpose
of this article is to review the primary data that support
these untested hypotheses, determine if current technology and
experimental methods can be used to answer these important
questions, and discuss any potential obstacles that may arise.

Canonical Neurocircuitry of Cervical
Sympathetic Ganglia
Several well-written review articles are available that thoroughly
summarize our current understanding of the sympathetic
neurocircuitry that regulates visceral functions and cardiac
activity (12–16). To briefly summarize, sympathetic signals
originate in the hypothalamus and brainstem and travel to the
preganglionic neurons in the intermediolateral cell column of
the spinal cord. These preganglionic neurons send cholinergic
projections to postganglionic neurons in the cervical sympathetic
chain ganglia. These neurons in the sympathetic ganglia then
send noradrenergic projections through the postganglionic nerve
trunk to innervate the target tissue. This general organization
is conserved across species. However, there is significant
biological variability in the anatomy and physiology of the
cervical sympathetic ganglia which clouds our understanding of
peripheral sympathetic neurocircuits. The cervical sympathetic
chain includes the superior, middle, and inferior cervical
ganglia and exhibits significant anatomical variability between
species, between individuals, and even between the left and
right ganglia. In approximately 80% of humans, for example,
the inferior cervical ganglion is fused with the first thoracic
ganglion to form the cervicothoracic (commonly known as
stellate) ganglion. Additionally, the middle cervical ganglion
is completely absent in ∼20% of the population (17–20). In
considering the variability in the sympathetic nervous system
in humans and animal models as well as the murkiness
that surrounds the functional organization of the cervical
sympathetic ganglia, we will consider data from all cervical
sympathetic ganglia interchangeably as we discuss peripheral
sympathetic neurocircuitry.

Evidence for Collateral Projections in
Sympathetic Ganglia
In addition to the ambiguity surrounding the anatomy of
the sympathetic ganglia, the functional organization of the
sympathetic neurocircuitry within these ganglia remains poorly
defined. Current literature usually describes and illustrates the
neurocircuitry within cervical sympathetic ganglia as simple
monosynaptic connections from cholinergic preganglionic

neurons to the noradrenergic postganglionic neurons that
innervate visceral targets and the heart (21, 22). However,
Erulkar and Woodward (23) made intracellular recordings
of postganglionic sympathetic neurons from rabbit superior
cervical ganglia (SCG) in situ which suggest this neurocircuitry
may be more complicated. In these early experiments, they found
that stimulation of the external carotid nerve produced single,
short latency spikes followed by long-lasting hyperpolarizations
(presumably action potentials) in some neurons. In these
experiments, electrical stimulation of the postganglionic nerve
trunk evoked antidromic, or retrograde, action potentials that
traveled up the axon to the cell body in the SCG. Surprisingly,
the majority of neurons exhibited an early spike followed by a
long-lasting depolarization. This depolarization suggested that
stimulation of the postganglionic nerve trunk elicited excitatory
synaptic activity within the SCG. Erulkar and Woodward
proposed several hypotheses that would account for this
phenomenon, but state that the simplest explanation would be
that recurrent excitatory collateral fibers from postganglionic
axons project to neighboring cells within the SCG (Figure 1).
Upon stimulation of the preganglionic nerve trunk, Erulkar and
Woodward also observed that a significant proportion of SCG
neurons exhibited multi-spike responses which were uncovered
at increasing stimulation intensities. While they acknowledge
these results may be caused by different populations of
preganglionic fibers with different thresholds and conduction
velocities that converge onto the same cell, this explanation
seems highly unlikely. Instead, they note that the multi-spike
responses are consistent with the collateral hypothesis and that
the late-arriving impulses may have traveled through another
indirect pathway.

Excitatory synaptic events in postganglionic sympathetic
neurons following electrical stimulation of the postganglionic
nerve trunk have also been observed in the cat, rat and guinea
pig (24–26). In 1970, Perri et al. extended the observations by
Erulkar and Woodward by investigating the neurotransmitter
that may be involved in these synaptic events. Curare, a
nicotinic acetylcholine (ACh) receptor antagonist, applied to
the ganglionic preparation abolished these synaptic events,
indicating they were likely cholinergic in nature (25). If
these excitatory events originated from postganglionic collateral
projections, this would mean that these sympathetic neurons
express ACh and norepinephrine (NE). Although we now know
that postganglionic sympathetic neurons and other neurons
can express a dual neurochemical phenotype (27–31), at the
time this was thought to be unlikely. Thus, researchers sought
alternative explanations. These included the possibility that
errant preganglionic fibers may be running up the postganglionic
nerve trunk and forming excitatory synaptic connections with
postganglionic neurons (Figure 1) (25). A second possibility
raised was that sensory afferent neurons were the source of
synaptic excitation. Sympathetic ganglia have long been linked
to sensory afferents of the cardiac region of the thoracic viscera
(6) but on the bases of such anatomical findings broadly
dismissed as only passing through the ganglia on their way
to the spinal cord. Thus, sketches commonly depict that a
portion of these afferent paths include sympathetic ganglia
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FIGURE 1 | Schematic diagram illustrating the errant preganglionic fiber and collateral hypotheses. In the preganglionic hypothesis (left), mis-routed cholinergic (black)

preganglionic fibers travel back up the efferent nerves through which sympathetic axons travel to the target tissue. In the collateral hypothesis (right) postganglionic

sympathetic neurons send noradrenergic projections (red) to the target tissue and cholinergic projections (black) to other sympathetic neurons in the sympathetic

chain ganglia.

(e.g., cervical and stellate) (32). However, functional studies
related to cardiovascular regulation, for example, indicate that
activation of cardiac sensory afferents traveling via the stellate
ganglia act to increase blood pressure by augmenting sympathetic
motor neuron activity directed to the systemic vasculature and
such responses are abolished by severing ganglion connections
to the spinal cord (33). Dye tracing and electrical activity
recordings indicate that such afferent neurons arise from the
dorsal root ganglia and traverse peripheral sympathetic ganglia
to their visceral targets (34). Although it seemed unlikely at
the time, our current understanding of dual neurochemical
phenotypes in sympathetic neurons has persuaded us that
further studies are needed to investigate the potential presence
of cholinergic collateral projections between postganglionic
neurons in sympathetic ganglia.

Evidence for Dual Neurochemical
Phenotypes in Sympathetic Neurons
In 1935, Henry Dale put forth the “one neuron, one
neurotransmitter” hypothesis which was later termed as “Dale’s
Principle” (35, 36) and stated that one neuron was only
capable of releasing one neurotransmitter at any one time
[reviewed by: (37)]. By the mid-1970s, evidence disputing
Dale’s Principle began to emerge when Jan and colleagues
made intracellular recordings of sympathetic frog neurons and
observed slow synaptic potentials which were mediated by the

peptide, luteinizing hormone-releasing hormone, in addition to
the canonical cholinergic transmission (38, 39). Since these initial
studies, co-transmission of several neuromodulators, including
ATP and neuropeptide Y (NPY) (40–44), as well as the co-
transmission of fast primary neurotransmitters have been well
established throughout the central and peripheral nervous
system (45–47).

Some of the earliest evidence supporting co-expression
of primary neurotransmitters comes from cardiac myocyte—
sympathetic neuron co-cultures (48). In 1976, Furshpan
et al. used electrophysiological recordings of sympathetic SCG
principal neurons cultured with cardiac myocytes from newborn
rats and described a population of neurons that secreted
ACh and NE (48–51). This work sparked a series of studies
to determine if sympathetic neurons produced ACh in vivo
and to identify the differentiation factors that determine
the fates of sympathetic neurons (52). Several “cholinergic
differentiation factors” are now known to induce ACh expression
in noradrenergic sympathetic neurons including leukemia
inhibitor factor (LIF), ciliary neurotrophic factor (CNTF),
cardiotrophin-1 (CT-1), neurotrophin-3 (NT-3) and glial cell
line-derived neurotrophic factor (GDNF) (53–61). While the
cholinergic transdifferentiation of postganglionic sympathetic
neurons in vivowas first thought to be confined to developmental
periods, more recent studies have shown that inflammatory
cytokines can induce cholinergic transdifferentiation in cardiac
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disease (30, 62). Early studies have revealed key aspects
of the neurochemical phenotype of sympathetic neurons:
dual and malleable neurochemical capacity. These studies of
cultured neurons indicated that these postganglionic neurons
could form synapses between neurons and could display
adrenergic/cholinergic dual function (50). In culture, the
neurotrophin brain-derived neurotrophic factor (BDNF) rapidly
shifted sympathetic neuron release of norepinephrine to
ACh indicating the dual neurochemical phenotype of these
postganglionic neurons (31). Subsequent work also in cultured
neurons supported both segregation as well as plasticity of
functional release sites of NE and ACh (63). In light of this
evidence, it appears that the cholinergic hypothesis originally
proposed by Erulkar and Woodward in 1968 was dismissed
prematurely before fully testing the idea. Gaining a clear insight
into the neurocircuitry within sympathetic ganglia can provide
better understanding of the mechanisms underlying autonomic
imbalance in disease and may highlight novel therapeutic targets
for cardiac patients.

Challenges and Potential Caveats
The dual expression of ACh and NE in sympathetic neurons
provides support for the collateral hypothesis, but there are
still many questions that remain. When dual neurochemical
phenotypes were first described, these neurons were generally
classified into two mechanistic subtypes, co-release and co-
transmission (37, 64). Co-release describes the packaging of
multiple neurotransmitters into the same synaptic vesicle
so they there are released together and co-transmission
originally described different neurotransmitters packaged into
different vesicles within the same presynaptic terminal (37, 64).
Dale’s Principle was updated in 1986 to state that neurons
release the same group of neurotransmitters/peptides from
all presynaptic terminals (64, 65). However, the collateral
hypothesis challenges this view because the primary data
indicates that ACh is released from the collateral terminals.
The excitatory synaptic events that are observed following
stimulation of the postganglionic nerve trunk are completely
blocked by the application of nicotinic acetylcholine antagonists
(24, 25). In the collateral model, this could suggest the
biased expression of ACh and NE at different synapses within
the same neuron. Based on the updated version of Dale’s
hypothesis, we would expect that both ACh and NE would
be released from collateral synapses. As adrenergic receptors
are G-protein coupled receptors, synaptic release of NE cannot
be detected with the electrophysiological techniques used in
these previous studies (25). Future experiments could utilize
new biosensor technology to determine if NE is also released
from collateral projections (66–68). If NE is not released
from collateral projections, there are several mechanisms
that have been described in the CNS that could explain
biased release of different vesicular pools. These include
differing release probabilities and altered coupling to presynaptic
Ca2+ channels (69, 70), “kiss-and-run” release mechanisms,
and even neurotransmitter segregation to separate axons
(64, 71–74). Studies in cultured sympathetic neurons have
observed segregation of the vesicular NE and ACh transporters

(VMAT2 and VAChT, respectively) in distinct varicosities,
suggesting release of each transmitter is independent and
spatially segregated (63). Considering how target-derived factors
and cytokines can induce cholinergic transdifferentiation in
postganglionic sympathetic neurons, it is conceivable that factors
in the microenvironment are involved in determining different
neurochemical identities of synaptic terminals in the ganglia and
target tissues.

Putative afferent fibers could have an important physiological
role in allowing sensory feedback to regulate the activity of
postganglionic sympathetic neurons in the event that inputs
from the central nervous system are disrupted. This sensory
feedback loop would also allow for the fast adaptation of
sympathetic neuron activity to rapidly changing stimuli (24).
However, the synaptic events that are observed following
stimulation of the postganglionic nerve trunk are mediated
by acetylcholine and, therefore, unlikely to be mediated by
sensory fibers, which utilize glutamatergic signaling. The
physiological consequence of putative cholinergic collateral
projections is less obvious. Collateral projections between
postganglionic sympathetic neurons may also have a significant
physiological role in maintaining autonomic control of the
heart and other tissues. Excitatory collateral projections
between postganglionic sympathetic neurons would increase
the probability that these neurons fire synchronously and may
amplify preganglionic signals from the spinal cord. Given the
importance of neural timing for cardiopulmonary integration,
the synchronization of sympathetic inputs could potentially
play a critical role in maintaining appropriate cardiac activity.
Furthermore, disruption of this synchronization following
injury or disease could exacerbate autonomic imbalance.
Early studies hypothesized that single spikes in recordings
of cardiac sympathetic nerve activity represent synchronized
activity of multiple postganglionic neurons (75), but the
potential role of collateral synapses in this synchronization is
purely speculative.

It was not possible in the past to distinguish preganglionic
cholinergic transmission from putative post-ganglionic collateral
projections, but transgenic mouse models and genetic tools
provide the means to address this issue now. Targeted deletion
of ACh production (chat gene) or release (slc18A3 gene)
from neurons expressing tyrosine hydroxylase (th gene),
dopamine beta hydroxylase (dbh gene), or norepinephrine
transporter (slc6a2 gene) would remove cholinergic transmission
selectively from post-ganglionic neurons within the ganglion.
Likewise, targeting expression of channelrhodopsin-2 or
other stimulatory optogenetic tools to noradrenergic neurons
would allow selective stimulation of those cells, coupled
with recordings of resulting synaptic activity. Combining
these approaches with the use of genetically encoded calcium
sensors would allow testing the functional impact of putative
cholinergic collateral transmission in situ. Mouse lines to
facilitate these studies, which directly address the issue of
potential cholinergic collaterals, are available from public
repositories. If cholinergic collaterals are an important aspect
of transmission by post-ganglionic sympathetic neurons then
we would expect them to be present and detectable throughout
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the sympathetic chain, and lead to changes in transmission to
target tissues.

DISCUSSION

While some of the first studies investigating sympathetic
nerve impulses proposed that collateral projections may be
present in the sympathetic ganglia, this model was dismissed
because of our incomplete understanding of dual neurochemical
phenotypes. In hindsight, given our understanding of co-
transmission of ACh and NE in postganglionic sympathetic
neurons, it is clear that studies should be carried out to
clarify the neurocircuitry within the sympathetic ganglia.
The postganglionic neurons within sympathetic ganglia are
critical components of the neurocircuitry responsible for
relaying autonomic signals from the central nervous system
to several visceral targets, including the heart. The activity
of postganglionic sympathetic neurons is disrupted in many
pathologies and sympathetic hyperactivity elevates risk for
cardiac arrhythmias and sudden cardiac death and contributes
to the development of heart failure. A detailed understanding
sympathetic neurocircuitry is needed to understand how
peripheral sympathetic activity is disrupted in pathophysiological
conditions and to develop novel therapeutic strategies.
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Previously, we demonstrated that acute transcranial direct current stimulation (tDCS)

reduced blood pressure (BP) and improved autonomic modulation in hypertensives. We

hypothesized that acute and short-term tDCS intervention can promote similar benefits in

resistant hypertensive patients (RHT). We assessed the impact of one (acute intervention)

and ten (short-term intervention) tDCS or SHAM (20min, each) sessions on BP, pulse

interval (PI) and systolic blood pressure variabilities, humoral mechanisms associatedwith

BP regulation, and cytokines levels. True RHT subjects (n= 13) were randomly submitted

to one and ten SHAM and tDCS crossing sessions (1 week of “washout”). Hemodynamic

(Finometer®, Beatscope), office BP, and autonomic variables (accessed through spectral

analysis of the pulse-to-pulse BP signal, in the time and frequency domain – Fast

Fourrier Transform) were measured at baseline and after the short-term intervention. 24

h-ambulatory BP monitoring was measured after acute and short-term protocols. Acute

intervention: tDCS reduced BP, cardiac output, and increase high-frequency band of PI

(vagal modulation to the heart). Short-term protocol: tDCS did not change BP and cardiac

output parameters. In contrast, central systolic BP (−12%), augmentation index (−31%),

and pulse wave velocity (34%) were decreased by the short-term tDCS when compared

to SHAM. These positive results were accompanied by a reduction in the low-frequency

band (−37%) and an increase of the high-frequency band of PI (+62%) compared to

SHAM. These findings collectively indicate that short-term tDCS concomitantly improves

resting cardiac autonomic control and pulse wave behavior and reduces central BP in

RHT patients, https://ensaiosclinicos.gov.br/rg/RBR-8n7c9p.

Keywords: transcranial direct current stimulation (tDCS), resistant hypertension, blood pressure, autonomic

nervous system, biochemical analyses
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INTRODUCTION

Resistant hypertension (RHT) is a clinical condition defined as
above-goal elevated blood pressure in a patient, despite optimal
use of ≥3 antihypertensive classes of drugs (which includes a
diuretic agent), administered at maximally tolerated doses (1).
Patients with RHT are at higher risk for target organ damage,
morbidity, and mortality despite ongoing antihypertensive drug
therapy (2). Elevated sympathetic activation and impaired renin-
angiotensin-aldosterone components have been established in
the early stages of hypertension, suggesting that neurohormonal
dysregulation may play a pivotal role in its etiology (3), the
progression of hypertension, and subsequent end-organ damage,
such as raised arterial stiffness (4). However, despite standard
drug therapy, sympathetic nerve activity remains high in RHT
patients making the autonomic nervous system a primary target
in the treatment of RHT (5, 6). As such, newer interventional
strategies are needed to enhance the autonomic neural control
of the cardiovascular system and potentially improve the clinical
prognosis for RHT patients (7). Given the significant financial
costs associated with developing novel pharmaceutical drugs,
there is increasing interest in non-pharmacological alternatives.

Technological devices were developed to treat RHT by
inhibiting sympathetic activity, including activation of the
carotid baroreceptors using electrical stimuli (8) and selective
renal sympathetic denervation (9), providing relevant results
of blood pressure lowering (7–11). However, these device-
based approaches require an invasive surgical procedure, and
as such, this may limit its viability for RHT therapy. Given
these considerations, noninvasive brain electrical stimulation
has been tested, with beneficial cardiovascular outcomes for
healthy subjects and hypertension patients (12–14). Briefly,
transcranial direct current stimulation (tDCS) (13) is a non-
pharmacological and noninvasive intervention for treating or
preventing depressive episodes, epilepsy crisis, stroke motor
sequela, migraine, fibromyalgia, chronic pain control (12),
and other neuropsychiatric disorders (15, 16). Low-intensity
tDCS in humans appears to be safe. Of note, no serious
adverse events have been reported in more than 18,000 sessions
administered to healthy subjects or neurological and psychiatric
patients (16). Two other favorable characteristics are the
relatively low cost and the straightforward operation of the
equipment. Although the current literature indicates a potential
role of tDCS on blood pressure control via an increase of
vagal modulation (17–20), to our knowledge, no studies have
specifically examined the effects of tDCS on autonomic and
cardiovascular responses as the primary outcome in patients
with RHT.

Since those studies using functional magnetic resonance
imaging to assess the connection of the M1 area and
autonomic nervous system were not found, it is already
known that cortical motor areas, including M1, project
directly to the reticular formation regions and the spinal
cord (21–23), and motor network on the adrenal medulla
is mediated by corticospinal and corticobulbo-spinal
pathways. Classical physiologic studies demonstrated that
stimulation of M1, primary somatic sensory cortex (S1), and

dorsal premotor areas evoked changes in blood pressure
(24, 25).

We have previously demonstrated that an acute session of
tDCS in M1 area tDCS promoted positive adjustments on
cardiac autonomic control and reduced 24-hs blood pressure
values of non-RHT patients (14). Here, we hypothesized that
an acute session of tDCS could also reduce sympathetic
modulation, increase vagal modulation, and decrease blood
pressure in RHT patients. Furthermore, we believed that
ten consecutive sessions of tDCS could exert a positive
summation effect on this regulatory mechanism and blood
pressure values.

Given this background, the purpose of the present clinical trial
was to rigorously assess the effects of one (i.e., acute) and ten
(i.e., short-term) tDCS sessions on the blood pressure levels and
neurohumoral mechanisms in RHT subjects. Considering that
vagal activation seems to suppress pro-inflammatory cytokines
production (26–28), we also measured inflammatory cytokines
(interleukin-10 and TNF-α) and circulating hormones (cortisol
and noradrenaline).

MATERIALS AND METHODS

Patients
Thirteen resistant hypertensive volunteers from the Outpatient
Hypertension Clinic of the University of Campinas (UNICAMP,
Campinas, Brazil) were screened for this study. This protocol
was approved by the Ethical in Research Committee of
the School of Medical Sciences, University of Campinas
(Campinas, Brazil) and performed following the Declaration of
Helsinki. All participants signed a written consent form before
being included in the study (approval no.2.681.083/CAAE:
86618317.0.0000.5404). This study was registered at the
Brazilian Registry of Clinical Trials (ReBEC) under Register
Number: RBR-8n7c9p.stem.

Patients were included after at least a 6-month screening
protocol for diagnosing RHT and check the adherence
to pharmacological and non-pharmacological therapy. Two
ambulatory blood pressure monitoring (ABPM) were performed
to exclude white-coat hypertension, and pill counts assessed lack
of adherence. Patients with an adherence rate below 80% of the
prescribedmedication were excluded from our sample.We tested
patients for: renal artery stenosis, pheochromocytoma, primary
hyperaldosteronism (aldosterone renin ratio – ARR > 20 ng/dL
per ng/mL per hour), Cushing syndrome (by assessing cortisol
and adrenocorticotropic hormone levels), and obstructive sleep
apnea (classified as “high risk” according to Berlin questionnaire),
to exclude secondary causes of hypertension. Thus, after patients
were screened for possible causes of pseudo-RH, they were
defined as those using ≥3 antihypertensive agents of different
classes, including a diuretic (5).

Other exclusion criteria were: clinically evident coronary
artery or cerebrovascular diseases, significant impaired
renal or liver function, myocardial infarction or peripheral
vascular disease, use of pacemakers or other implanted
electronic devices, and depression (≥17 points on Hamilton’s
scale) (29).
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FIGURE 1 | Experimental design. BMI, body mass index; ABPM, ambulatory blood pressure measurement.
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TABLE 1 | Characteristics of patients enrolled in acute and short-term protocols.

Resistant Hypertensive Subjects (n = 13)

Clinical data

Age (yrs) 68 ± 7

Women, n (%) 7 (63)

Diabetes mellitus, n (%) 4 (36)

BMI (Kg/m2) 29.3 ± 9.4

Free fat mass (kg) 56 (45–73)

Fat mass (kg) 27 ± 9

Office SBP (mmHg) 148 ± 14

Office DBP (mmHg) 87 ± 13

Heart rate (bpm) 77 ± 12

Antihypertensive drugs

N. of Classes 4 ± 1

Diuretics, n (%) 13 (100)

Espironolactone, n (%) 3 (27)

Beta-blockers, n (%) 6 (54)

ACEi and ARBs, n (%) 12 (92)

CCBs, n (%) 8 (72)

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; ACEi,

angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor blockers; CCBs,

calcium channel blockers.

Study Design
This study had a double-blind, randomized crossover with a
placebo (SHAM) design. Participants were involved in the study
for two protocols, as showed in Figure 1.

Protocol-1: Acute Intervention
The participants were interviewed for their demographic
characteristics and medication use on the first visit, assessed
for body weight, height, and office blood pressure. On
the second visit, applanation tonometry was performed to
assess noninvasive central hemodynamic variables (SphygmoCor
CPV system, AtCor Medical, USA). After this procedure,
subjects were assessed to 20min of photoplethysmography
with beat-to-beat signal (Finometer R©, Finapres Medical System
BV, Netherlands) to evaluate hemodynamic and autonomic
variables. Then, subjects participated in the first randomized
stage of the protocol. An investigator not involved in the
assessment, intervention, or statistical analysis conducted the
randomization (1:1) of subjects and programmed the device
for the tDCS or SHAM sessions. After device programming
by this investigator, another researcher started the session,
blinded to the type of intervention that the device was
programmed. tDCS (Model DC-Stimulator Plus; NeuroConn
GmbH, Germany) was performed with anodal excitation, 0.06
mA/cm2, in the primary motor cortex, M1 region, for 20min.
Placebo (SHAM) sessions were constituted by the electrode
positions and stimulation parameters identical to that used for
anodal stimulus. The excitation stopped after a ramp-up and
ramp-down period of the 30s each to provide an equivalent scalp
sensation. Hemodynamic and autonomic measurements were
conducted during the 20min of SHAM and tDCS stimulation.

(photoplethysmography). After the acute intervention, for
20min, beat-to-beat photoplethysmography continued being
assessed. Then, central hemodynamic variables were evaluated,
and 24 h-ambulatory blood pressure measurements (ABPM)
were started. After 1 week of “washout,” subjects were submitted
to the same procedures, crossing the type of intervention (SHAM
or tDCS).

Protocol-2: Short-Term Intervention
After 1 week of Protocol 1, the same subjects were enrolled in
thirteenth visits over 3 weeks. The participants were interviewed
for their medication use on the first visit, assessed for body
weight, height, and office blood pressure. After 12 h of fasting, on
the second visit, blood samples were collected (8:00–9:00 h a.m.)
to analyze biochemical markers. After a standardized breakfast,
subjects were assessed for 20min of photoplethysmography with
a beat-to-beat signal to evaluate hemodynamic and autonomic
variables. Then, applanation tonometry was performed to
assess noninvasive central hemodynamic variables and pulse
wave analysis.

On the third visit, subjects participated in the first randomized
stage of the protocol. An investigator not involved in the
assessment, treatment, or statistical analysis conducted the
randomization (1:1) of subjects and programmed the device
for the tDCS or SHAM sessions. After device programming by
this investigator, another researcher started the session, blinded
to the type of intervention that the device was programmed.
tDCS and SHAM sessions were similar to the acute protocol
and occurred between 8:00–12:00 h a.m. after patients took their
usual antihypertensive medication. Such protocols were applied
for 10 days.

Thereby, patients received tDCS or Sham interventions on
consecutive days from the third to the twelfth visit. On the
thirteenth visit (24 h after the last tDCS session), patients
were reassessed by biochemical markers, office blood pressure,
hemodynamic and autonomic variables, as well as central
blood pressure and pulse wave analyses. Immediately after
the recording, 24 h-ABPM was carried out. After 1 week of
“washout,” participants initiated the same experimental sequence
performed with the crossing of subjects, i.e., those selected for
Sham stimulation in the previous stage, tDCS was performed,
and vice-versa.

Procedures
Office BP Measurements
Office BP was measured using a certified digital
sphygmomanometer (HEM-907 XL OMRON Healthcare
Inc., Bannockburn, IL, USA) by a trained health professional,
according to the European Society Hypertension (ESH) 2018
guidelines (30).

Biochemical Analyses
Blood samples were collected by venipuncture in heparinized
vacutainers after 12 hs fasting and immediately centrifuged at
4,000 rpm for 5min to separate plasma. The TNF-α, IL-10,
noradrenaline, and cortisol concentrations were determined in
peripheral blood by the enzyme-linked immunosorbent assay
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TABLE 2 | Acute intervention: hemodynamic assessments of resistant hypertensive patients at baseline, during, and after tDCS or SHAM conditions.

Baseline During After P Intragroup P vs. Sham - After

Hemodynamic variables

SBP (mmHg) SHAM 130 ± 17 128 ± 13 132 ± 18 0.5471 0.0152

TDCS 138 ± 14 121 ± 12 116 ± 10†* 0.0023

DBP (mmHg) SHAM 84 ± 8 87 ± 9 87 ± 6 0.6012 0.0012

TDCS 87 ± 13 77 ± 14* 67 ± 11†* 0.0010

MBP (mmHg) SHAM 99 ± 8 101 ± 8 101 ± 8 0.6471 <0.0001

TDCS 104 ± 10 91 ± 10† 83 ± 8†#* 0.0002

HR (bpm) SHAM 65 ± 10 65 ± 11 65 ± 11 0.7023 0.7587

TDCS 66 ± 12 66 ± 10 67 ± 11 0.6987

CO (L/min) SHAM 6 ± 2 6 ± 2 6 ± 1 0.8795 0.0002

TDCS 7 ± 2 5 ± 1†* 5 ± 1†* 0.0001

PVR (dyn.s/cm5) SHAM 4,536 ± 2,128 5,220 ± 2,204 5,187 ± 2,692 0.5907 0.0005

TDCS 5,362 ± 1,854 3,320 ± 1,749 2,006 ± 1,226†* 0.0002

Autonomic variables

PI Variance (ms2) SHAM 576 ± 124 627 ± 49 623 ± 48 0.7457 0.0042

TDCS 625 ± 64 961 ± 65 1600 ± 62†* 0.0025

RMSSD (ms) SHAM 32 ± 16 29 ± 13 31 ± 14 0.6981 0.0033

TDCS 29 ± 7 37 ± 10† 48 ± 9†* 0.0022

LF-PI (n.u.) SHAM 71 ± 10 71 ± 10 73 ± 9 0.5782 0.0001

TDCS 67 ± 13 62 ± 17 26 ± 10†* 0.0001

HF-PI (n.u.) SHAM 29 ± 10 28 ± 10 27 ± 9 0.6201 0.0045

TDCS 32 ± 10 47 ± 16 73 ± 9*† 0.0052

LF/HF SHAM 2.87 ± 1.47 2.96 ± 1.46 3.19 ± 1.68 0.5211 0.0002

TDCS 2.60 ± 1.71 1.45 ± 1.04†* 0.45 ± 0.21#†* 0.0004

SBP Variance (mmHg2) SHAM 72.3 ± 12 72.6 ± 11 73.9 ± 9 0.6830 <0.0001

TDCS 69.1 ± 9 55.2 ± 7* 46.1 ± 6†* 0.0001

LF-SBP (mmHg2) SHAM 15 ± 4.8 13 ± 3.9 13. ± 4.4 0.4877 0.0004

TDCS 14 ± 4.7 9 ± 4.4†* 6.5 ± 3.6†* 0.0002

Data are expressed as mean ± standard deviation. Repeated measures ANOVA with Bonferroni post-hoc. SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean

arterial pressure; HR, heart rate; CO, cardiac output; SDNN, average of the standard deviations of the normal pulse intervals every 5min; VAR-PI, pulse interval variance; RMSSD, the

root of the mean of the square of the differences between adjacent normal pulse intervals; LF-PI, low-frequency band of the pulse interval; HF-PI, the high-frequency band of the pulse

interval. *P < 0.05 vs. SHAM at after moment; †P < 0.05 vs. Baseline in the same condition; #P < 0.05 vs. During in the same condition.

(ELISA) technique using high detection sensitivity kits (R&D
System, a biotech brand, Quantikine ELISA, Inc., Minneapolis,
USA) with ranges between 15.6–1,000 pg/mL for TNF-α, and
7.8–500 pg/ml for IL-10. Intra- and inter-assay variations (%)
were 4.2–5.2 and 4.6–7.4 for TNF-α, and 1.7–5.0 and 5.9–7.5
for IL-10. Noradrenaline ranges between 0.313 and 20 ng/mL,
and cortisol ranged from 8.5 to 23.8 µg/dL. Intra- and inter-
assay variations (%) were 5.5–8.4 for noradrenaline and 7.2–10.9
for cortisol.

Hemodynamic and Autonomic Indexes
With patients in a sitting position, after 15min of rest, continuous
beat-to-beat blood pressure waves were obtained by a digital
photoplethysmography device (Finometer R©, Finapress Medical
System BV, Netherlands) for 20min. A software program
(BeatScope) used BP curves and patient data (age, sex, body
mass, and stature) to calculate systolic and diastolic BP (SBP
and DBP), heart rate (HR), cardiac output (CO), and peripheral
vascular resistance (PVR). The waveforms were simultaneously

recorded on another computer equipped to acquire and convert
the biological signals AT/MCA-CODAS (DATAC Instruments
Inc., Akron, Ohio, USA). The sampling frequency of signals was
1,000 Hz.

The stored data from photoplethysmography underwent a
routine analysis (spectral analysis) to provide pulse interval (PI)
and systolic blood pressure (SBP) variability. Although the PI
variability assessment may be considered may be less accurate
than measuring heart rate variability by electrocardiogram, some
studies have demonstrated the agreement between heart rate
variability and PI variability (31, 32).

Beat-to-beat BP was analyzed using a specialized algorithm
for spectral data analysis (CardioSeries Software, version 2.4,
Ribeirão Preto, SP, Brazil), which automatically detects SBP and
DBP waves. Pulse interval (PI) was calculated as the difference
between the cycle’s start and endpoints (t1-t0). The spectral
power density of the SBP and the PI range were computed using
the Fast Fourier Transform and the Welch method. To set the
window length was established in 5 min.
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TABLE 3 | Acute intervention: 24-hs-ambulatory blood pressure measurements

(ABPM) in resistant hypertensive patients after SHAM or tDCS conditions.

SHAM TDCS P

24h

SBP (mmHg) 137 ± 9 122 ± 10* 0.0039

DBP (mmHg) 90 ± 6 64 ± 8* 0.0041

MBP (mmHg) 96 ± 7 82 ± 9* 0.0002

PP (mmHg) 57 ± 7 54 ± 6* 0.0215

Daytime

SBP (mmHg) 138 ± 7 127 ± 7 0.8182

DBP (mmHg) 91 ± 7 69 ± 6 0.1661

MBP (mmHg) 97 ± 8 89 ± 7 0.3955

PP (mmHg) 57 ± 7 53 ± 5* 0.0146

Nighttime

SBP (mmHg) 135 ± 15 118 ± 13* 0.0046

DBP (mmHg) 77 ± 8 62 ± 8* 0.0017

MBP (mmHg) 92 ± 10 80 ± 9* 0.0023

PP (mmHg) 58 ± 10 54 ± 9* 0.0036

Data are expressed as mean ± standard deviation. 2-tailed paired t-test. SBP, systolic

blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; PP, pulse

pressure. *P < 0.05 vs. SHAM.

In the time domain, we analyzed: SDNN [standard deviation
of normal-to-normal (NN) PI] and PI Variance (total variance
of PI); RMSSD (the square root of the mean of the sum of
the squares of differences between adjacent NN intervals, which
represents cardiac vagal modulation of PI) and SBP Variance
(variance of systolic blood pressure in short-time). The spectral
bands evaluated for humans were defined as very-low-frequency
(VLF: 0.007–0.04Hz), low-frequency (LF: 0.04–0.15Hz), high-
frequency (HF: 0.15–0.4Hz), and total power. The normalized
values (nu) for the LF and HF bands were then calculated using
the predefined formulae: LF (n.u.) = LF/(total power spectral
density – VLF) × 100 or HF (n.u.) = HF/(total power spectral
density – VLF)× 100. The ratio for the absolute values for the LF
band of PI and HF band of PI (LF/HF) was also calculated as a
representative of autonomic balance.

The HF component of PI variability has been related to the
efferent vagal modulation. However, the interpretation of the
LF component of PI is more controversial since that includes
the influences of sympathetic and parasympathetic modulation
(33). Also, there is evidence that the LF component of SBP
variability is influenced by sympathetic modulation of vascular
tone and myogenic vascular function (34). Furthermore, the
assessment of blood pressure variability in very short-term (beat-
to-beat) reflects the influences of central and reflex autonomic
modulation, elastic properties of arteries, humoral and emotional
factors (35).

Central Blood Pressure and Pulse Wave Assessment
Applanation tonometry was performed to assess noninvasive
central hemodynamic variables and pulse wave velocity (PWV)
using the SphygmoCor system (AtCor Medical, Sydney,
Australia). Consecutive measurements of the carotid and

femoral artery pulse waves were electrocardiogram gated. The
distance between the two sites was measured on the body surface
to determine aortic PWV in meters/second (m/s). The total
distance between the carotid and femoral arteries was used for
measurement. The average measurements throughout 8 s (9–10
cardiac cycles) were calculated after excluding extreme values
(values above or below four standard deviations).

After 20 sequential waveforms were acquired and averaged, a
validated generalized mathematical transfer function was used to
synthesize the corresponding central aortic pressure wave (36).

The Augmentation Index (AIx), defined by the ratio between
the pressure exerted by the reflected wave and the ejection wave,
was evaluated (37). This index is expressed as a percentage of
the Central Pulse Pressure [AIx = BP/central pulse pressure
(cPP) × 100%]. Since AIx is influenced by heart rate, an index
normalized for 75 bpm was used too. The patients were required
to abstain from smoking and consuming alcohol or coffee 24-h
before the procedure.

Transcranial Direct Current Stimulation (tDCS)
The primary motor cortex region (M1) was chosen as the target
for tDCS and was stimulated by a constant current stimulator
(Model DC-Stimulator Plus; NeuroConn GmbH, Germany).
With a 5.0 × 7.0 cm electrode (35 cm2 area) housed in saline-
soaked sponges, an anodal stimulation in the M1 region was
positioned in the C3 area (using the International 10–20 EEG
system) the cathode was placed in the supraorbital region. A
current density of 0.06 mA/cm2 and an intensity of 2.0mA
were applied on the scalp during 20min per active session.
For placebo SHAM, the electrode positions and stimulation
parameters were the same as those used for anodal stimulation.
The stimulation stopped after a ramp-up and ramp-down period
of the 30 s each to provide an equivalent scalp sensation. Thus,
for SHAM stimulation, the device switched off automatically after
the 30 s of stimulation. The device display remained, indicating
the stimulation time, regardless of whether the active or SHAM
current was provided. Previous work demonstrated that this
type of blinding is effective at low stimulation intensities (38).
In the first session (SHAM and tDCS), we encouraged patients
to describe stimulation sensation. Afterward, we asked if the
perceived sensation was similar to the previous session (14).

Ambulatory Blood Pressure Measurement (ABPM)
ABPM was carried out with an automatic oscillometer device
(Spacelabs 90207, Spacelabs Inc), and only records with more
than 85% of total measures were analyzed. Those patients who
had more than 25% of incomplete measurements should retake
the exam. However, no patient had to be re-examined. The device
was then set to obtain four blood pressure readings per hour
(one every 15min). The parameters measured were average 24-
h, daytime and nighttime of systolic BP, diastolic BP, mean BP,
and pulse pressure.

Statistical Analyses
Analyses were performed using the GraphPad Prism 6.0 software.
The normality of data and homogeneity of variance were assessed
using the Shapiro-Wilk and Levene tests, respectively. Mauchly’s
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TABLE 4 | Short-term intervention (10 sessions): hemodynamic variables at baseline and final of the tDCS or SHAM conditions.

SHAM TDCS P Intragroup P vs. Sham - Final

SBP (mmHg) Baseline 133.4 ± 7.8 139.6 ± 15.5 0.3211 0.4357

Final 134.8 ± 12.3 137.2 ± 8.2 0.2341

DBP (mmHg) Baseline 68.6 ± 13.3 73.1 ± 11.5 0.6540 0.4532

Final 79.2 ± 13.6 78.2 ± 8.5 0.7421

MBP (mmHg) Baseline 92.4 ± 15.0 95.7 ± 16.1 0.4410 0.2653

Final 102.8 ± 12.1 101.2 ± 9.2 0.5023

PP (mmHg) Baseline 58.4 ± 4.2 66.6 ± 9.9 0.1240 0.5648

Final 55.6 ± 8.32 58.2 ± 13.2 0.2988

HR (bpm) Baseline 64.4 ± 6.9 58.1 ± 8.2 0.0878 0.3455

Final 71.2 ± 13.1 69.1 ± 4.9 0.6674

CO (L/min) Baseline 6.3 ± 3.1 6.6 ± 2.8 0.7455 0.4892

Final 6.4 ± 2.6 5.5 ± 3.7 0.5212

PVR (dyn.s/cm5) Baseline 11,989.2 ± 5,763.6 11,698.2 ± 4,835.7 0.7742 0.5982

Final 12,397.3 ± 6,874.2 10,458.4 ± 5,231.8 0.0755

Data are expressed as mean ± standard deviation. Repeated measures ANOVA with Bonferroni post-test. SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean

blood pressure; PP, pulse pressure; HR, heart rate; CO, cardiac output; PVR, peripheral vascular resistance.

test was used to evaluate the sphericity assumption and, whenever
sphericity was violated, Greenhouse-Geiser epsilon correction
was used. We estimated sample size was using G∗Power software
to ANOVA (version 3.1.9.2.), based on the magnitude of the
mean differences in systolic blood pressure levels among tDCS
or SHAM sessions (13). The sample size was estimated to be
10 participants per group, considering an ES set at 0.45 (13),
a power of 80%, and a level of significance at 5%. G∗Power
calculations are based on a nondirectional χ2-test situation.
ABPM was analyzed with a 2-tailed paired t-test. Hemodynamic,
autonomic, and biochemical parameters were analyzed by
repeated-measures two-way ANOVA, followed by Bonferroni
post-test. The significance level was set at p ≤ 0.05. Data are
expressed as mean ± standard deviation. Pearson’s correlation
was used to analyze the associations between variables at final
moment (short-term protocol) of SHAM and tDCS conditions.
Considering that the LF band of PI represents, at least partly, the
influence of sympathetic modulation, this parameter was chosen
as an independent variable for associations with cortisol levels
and central blood pressure. As vagal activation has been related to
a reduction in the inflammatory profile (26–28), we chose the HF
band of PI as the independent variable and tested its association
with IL-10 levels. Finally, knowing that inflammatory profile can
directly influence vascular morphology and modify pulse wave
behavior, IL-10 levels were chosen as an independent variable
in the association with AIx. The variance inflation factor (VIF)
was used to check the co-linearity. The reported relationships
remained while controlling for other predictor variables.

RESULTS

The sample consisted of 13 RHT subjects (68 ± 7 years old;
7 women). Table 1 shows the characteristics of the subjects
enrolled in the present study. All subjects tolerated tDCS
well, and most patients reported scalp tingling sensations that

decreased in intensity over time in all SHAM and tDCS sessions.
None of them reported any side effects upon request.

Protocol 1. tDCS Acutely Reduces Blood
Pressure, Possibly Meditated by Positive
Changes in Autonomic Modulation
Since the hemodynamic effects of tDCS in resistant hypertensive
patients are not known, we tested its acute effects on blood
pressure and associated variables. To begin to uncover it, we
assessed the pulse moment-by-moment (plethysmography) at
Baseline, During, and After tDCS or SHAM session, as observed
in Table 2. tDCS lead to a reduction in the systolic, diastolic and
mean blood pressure, as well as in cardiac output, and peripheral
vascular resistance after stimulation as compared with Baseline,
and SHAM at after moment.

Next, we focused on autonomic modulation and investigated
whether this regulatory mechanism can explain the observed
effects of tDCS on blood pressure (Table 2). As expected, the
SHAM protocol did not cause changes in cardiac and peripheral
autonomic variables. It was possible to observe that tDCS
increased the variance of pulse interval (PI Variance); the root
of the mean of the square of the differences between adjacent
normal RR intervals (RMSSD); the high-frequency band of pulse
interval (HF-PI) if compared with the baseline evaluations and
SHAM at after moment. Low-frequency band of pulse interval
(LF-PI); LF/HF ratio; the variance of systolic blood pressure (SBP
Variance), and low-frequency band of systolic blood pressure
(LF-SBP) were reduced after tDCS stimulation compared with
the baseline evaluation and SHAM at after moment.

To determine whether tDCS can extend its effects beyond
20min post-stimulation, we evaluated 24-h blood pressure
through ambulatory blood pressure monitoring (ABPM). At
24-h measurement, SBP, DBP, mean BP (MBP), and pulse
pressure (PP) were reduced by tDCS. During the daytime,
tDCS did not change these variables, except for PP values,
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TABLE 5 | Short-term intervention (10 sessions): 24-hs-ambulatory blood pressure measurements (ABPM) in resistant hypertensive patients at baseline and after 10

sessions of SHAM or tDCS.

SHAM TDCS P Intragroup P vs. Sham - Final

24 h

SBP (mmHg) Baseline 145 ± 10 141 ± 10 0.3441 0.1095

Final 147 ± 11 148 ± 10 0.4214

DBP (mmHg) Baseline 90 ± 10 87 ± 9 0.2987 0.3139

Final 92 ± 9 89 ± 8 0.1240

MBP (mmHg) Baseline 97 ± 9 96 ± 10 0.5474 0.3439

Final 94 ± 8 95 ± 9 0.6102

PP (mmHg) Baseline 57 ± 5 53 ± 6 0.0781 0.0712

Final 55 ± 7 51 ± 5 0.0702

Daytime

SBP (mmHg) Baseline 138 ± 10 139 ± 10 0.7441 0.4889

Final 139 ± 10 138 ± 11 0.7101

DBP (mmHg) Baseline 91 ± 10 90 ± 12 0.8704 0.3141

Final 92 ± 13 89 ± 8 0.3223

MBP (mmHg) Baseline 97 ± 10 98 ± 11 0.3321 0.1911

Final 96 ± 12 96 ± 10 0.8955

PP (mmHg) Baseline 58 ± 5.06 56 ± 7 0.2214 0.0389

Final 55 ± 9 49 ± 6†* 0.0425

Nighttime

SBP (mmHg) Baseline 132 ± 12 129.50 ± 10.41 0.3322 0.3544

Final 130 ± 15 127 ± 10 0.2141

DBP (mmHg) Baseline 75 ± 10 74 ± 10 0.5574 0.6570

Final 77 ± 11 74 ± 13 0.1232

MBP (mmHg) Baseline 92 ± 9 91 ± 14 0.5512 0.4985

Final 93 ± 12 93 ± 11 0.7422

PP (mmHg) Baseline 55 ± 7 52 ± 5 0.1244 0.2559

Final 54 ± 6 53 ± 4 0.1011

Data are expressed as mean ± standard deviation. Repeated measures ANOVA with Bonferroni post-test. SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean

blood pressure; PP, pulse pressure. †P < 0.05 vs. Baseline in the same condition; *P < 0.05 vs. SHAM at Final moment.

which were reduced after tDCS. In the nighttime, tDCS reduced
SBP, DBP, MBP, and PP (Table 3). These results indicate that
acute tDCS presents positive effects on office blood pressure,
possibly mediated by improved autonomic modulation, reducing
cardiac and peripheral sympathetic modulation, and increasing
parasympathetic regulation to the heart. The hemodynamic
effects of tDCS were extended during 24-h, as evaluated
by ABPM.

Protocol 2. Short-Term (10 Sessions) tDCS
Intervention Does Not Change Peripheral
Blood Pressure, Despite Improving Central
Blood Pressure and Autonomic Modulation
Knowing that acutely tDCS promotes blood pressure reduction
and improved autonomic modulation, we tested whether short-
term stimulation can promote similar benefits in these patients.
To test this hypothesis, we submitted the resistant hypertensive
patients to ten sessions of tDCS and SHAM stimulation
(randomized, double-blinded crossover design, with the crossing
occurring after 1 week of each intervention).

Despite the results observed in the acute protocol, ten sessions
of tDCS did not change systolic, diastolic, mean blood pressures,
pulse pressure, heart rate, cardiac output, and peripheral vascular
resistance as compared with SHAM at the end of intervention
(Table 4).

Regarding 24 h-ambulatory blood pressure measurements,
after short-term tDCS intervention, we did not observe changes
in 24 h, daytime, and nighttime of systolic, diastolic, and mean
blood pressure. Pulse pressure values were reduced at daytime
after tDCS when compared with baseline and SHAM at final
moment (Table 5).

To determine whether 10 sessions of tDCS affects central
blood pressure and pulse wave behavior, we used the applanation
tonometry method. tDCS reduced central systolic blood pressure
[P = 0.0225] (Figure 2A), did not change central diastolic
blood pressure (Figure 2B), and reduced mean blood pressure
[P = 0.0320] (Figure 2C) at the final moment in relation to
SHAM. Pulse wave amplification indexes (AIx%, Figure 2D)

[P = 0.0421]), AIx@HR75% [P < 0.0001] (Figure 2E), and
the pulse wave velocity (PWV, Figure 2F) [P = 0.0093]
showed a reduction in their values at the final moment
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FIGURE 2 | Short-term intervention (10 sessions): Applanation tonometry method to determine whether short-term tDCS (10 sessions) could affect the central blood

pressure and pulse waves behavior. (A) Central SBP [P = 0.0225 vs. SHAM; Interaction – P = 0.0016]; (B) Central diastolic blood pressure [p = 0.2655 vs. SHAM;

Interaction – P = 0.0106]; (C) Central mean blood pressure [P = 0.0320 vs. SHAM; Interaction – P = 0.0002]; (D) Augmentation Index (AIx) expressed in % [P =

0.0421 vs. SHAM; Interaction – P = 0.0002]; (E) AIx normalized for a heart rate of 75 bpm [P = 0.0010 vs. SHAM; Interaction – P < 0.0001]; (F) PWV – pulse wave

velocity [P = 0.0093 vs. SHAM; Interaction – P < 0.0001]. Repeated-measures two-way ANOVA, followed by Bonferroni post-test. *Difference vs. SHAM at final

moment; †P < 0.05 vs. tDCS baseline in the same condition.
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FIGURE 3 | Short-term intervention (10 sessions): tDCS or SHAM effects on pulse interval and systolic blood pressure variability. Repeated measures ANOVA with

Bonferroni post-test. (A) PI Variance - pulse interval variance [P = 0.0006 vs. SHAM; Interaction – P = 0.0002]; (B) RMSSD - square root of the mean of the square of

the differences between adjacent standard RR intervals [P = 0.0421 vs. SHAM; Interaction – P = 0.0033]; (C) LF-PI - low-frequency band of the pulse interval

expressed in n.u. [P = 0.0002 vs. SHAM; Interaction – P = 0.0003]; (D) HF-PI - a high-frequency band of the pulse interval expressed in n.u. [P < 0.0001 vs. SHAM;

Interaction – P < 0.0001]; (E) LF/HF ratio - autonomic balance [P < 0.0001 vs. SHAM; Interaction – P < 0.0001]; (F) SBP Variance - variance of systolic blood

pressure [P = 0.0018 vs. SHAM; Interaction – P < 0.0001]; (G) LF-SBP - low-frequency band of systolic blood pressure [P = 0.0012 vs. SHAM; Interaction – P <

0.0001]. *Difference vs. SHAM at the final moment; †P < 0.05 vs. tDCS baseline.

in tDCS condition vs. SHAM. Also, tDCS improved these
parameters as related to baseline evaluations, as seen to AIx%
[P = 0.0421], AIx@HR75% [P = 0.0010], and PWV [P
= 0.0093].

Given the blood pressure is regulated by the autonomic
nervous system, we also investigated whether ten sessions

of tDCS can improve cardiac and peripheral autonomic
modulation. As can be seen in Figure 3, tDCS increased PI
Variance [Figure 3A; P = 0.0006], RMSSD [Figure 3B; P =

0.0421], reduced LF-PI (n.u.) [Figure 3C; P = 0.0002], increased
HF-PI (n.u.) [Figure 3D; P < 0.0001], as well as decreased LF-
HF-ratio [Figure 3E; P < 0.0001], SBP Variance [Figure 3F; P =
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FIGURE 4 | Short-term intervention (10 sessions): Humoral mechanisms associated with BP regulation {(A) cortisol [P = 0.0056 vs. SHAM; Interaction – P = 0.0072];

(B) noradrenaline [P = 0.0004 vs. SHAM; Interaction – P < 0.0001]; (C) acetylcholinesterase [P < 0.0001 vs. SHAM; Interaction – P < 0.0001]} and inflammatory

cytokines {(D) TNF-α [P=0.5774 vs. SHAM; Interaction – P=0.8195], and (E) IL-10 [P = 0.0053 vs. SHAM; Interaction – P = 0.0062]}. #Difference vs. SHAM

baseline; †P < 0.05 vs. tDCS baseline; *Difference vs. SHAM at final moment.
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FIGURE 5 | Short-term intervention (10 sessions): Linear regression analysis was carried out and, if the slope of the regression line is significantly larger than 0 with

P < 0.05, the linear regression (solid line) and its 95% confidence interval (dotted lines) are plotted as well. (A) LF-PI and Central SBP [r = 0.5315; P =0.0063]; (B)

LF-PI and Cortisol levels [r = 0.7058; P < 0.0001]; (C) HF-PI and IL-10 levels [r = 0.5344; P = 0.0049]; (D) IL-10 and AIx (@HR75%) [r = −0.6522; P = 0.0003].

0.0018], and LF-SBP [Figure 3G; P = 0.0012] vs. SHAM at the
end of experiments.

Next, we focused on biochemical markers associated with
blood pressure regulation, as well as inflammatory cytokines.
tDCS condition reduced cortisol levels [vs. SHAM: P = 0.0056;
vs. Baseline: P=0.0033] (Figure 4A); prevented an increase in
noradrenaline [vs. SHAM: P = 0.0004], as observed in SHAM
condition [vs. Baseline SHAM: P = 0.0089] (Figure 4B); and
acetylcholinesterase measurement was reduced vs. SHAM at final
moment [P < 0.0001] (Figure 4C). TNF-α values (Figure 4D)
[P = 0.5774] were no changed by tDCS; however, IL-10 levels
(Figure 4E) were increased when compared to SHAM [P <

0.0001] at the final, and as compared with baseline evaluation
[P = 0.0053].

Additionally, we observed positive correlations between: i)
LF-PI (ms2) band and central SBP [r = 0.5315; P = 0.0063]
(Figure 5A), ii) LF-PI (ms2) band and cortisol levels [r= 0.7058;
P < 0.0001] (Figure 5B), and iii) HF-PI (ms2) band and IL-10
[r= 0.5344; P= 0.0049] (Figure 5C). Finally, we found a negative
correlation between IL-10 levels and AIx (@HR75%, Figure 5D)
[r=−0.6522; P = 0.0003].

DISCUSSION

In the past two decades, experimental and clinical studies of
the physiological mechanisms accounting for blood pressure
lowering with baroreflex activation (8) and renal denervation in
RHT patients (9–11) have grown.We postulated that other forms

Frontiers in Cardiovascular Medicine | www.frontiersin.org 12 March 2022 | Volume 9 | Article 85342752

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Rodrigues et al. tDCS Effects in Resistant Hypertensives

of non-pharmacologic autonomic modulation, such as tDCS,
should be tested for RHT. Herein, we used acute (i.e., one session)
and short-term (i.e., ten uninterrupted sessions) tDCS on the
primary motor cortex region (M1) to demonstrate these effects
since we previously demonstrated that an acute session of tDCS
reduced blood pressure and improved cardiovascular autonomic
balance in non-resistant hypertensive patients (14).

The present study provides evidence that brain stimulation
using tDCS acutely (one session) reduced blood pressure, cardiac
output, peripheral vascular resistance, and LF/HF ratio. In
addition, short-term tDCS (10 sessions) was not able to reduce
blood pressure values. Nevertheless, this short-term intervention
reduces LF/HF ratio, central blood pressure, and arterial stiffness
in patients with RHT. Another salient finding is that short-
term tDCS reduced cortisol and noradrenaline (baseline vs.
final) levels, and increases IL-10 plasma concentration. Lastly,
we found significant associations between reducing the LF band
of pulse interval and improving central systolic blood pressure
and cortisol and between increased vagal modulation and higher
IL-10 levels.

RHT is considered a disease of complex management,
leading researchers to consider alternative treatment approaches
(1, 5), and renal denervation has been extensively studied in
rigorous design and follow-up (39–43). These studies included
patients with early combined systolic/diastolic hypertension
and a high probability of response, excluding volunteers
with end-stage renal disease, severe hypertension, or isolated
systolic hypertension. On the other hand, baroreceptor
activation was only tested in experimental procedures or small
clinical trials (8). In addition to these invasive interventions
aimed at inhibiting the sympathetic activity and improving
baroreflex control, our group previously demonstrated that
one session of tDCS reduces 24-h ABPM and office BP in
patients with controlled hypertension (14), possibly triggered
by the reduction of sympathetic modulation. The precise
mechanisms underlying the main findings of the present
study are not fully understood, but some relevant points
should be considered. The central circuitry associated with
tDCS cardiovascular and autonomic effects might involve
activating the insular cortex and its projections to autonomic
brainstem nuclei (44). Notably, a few studies indicated that
electrical stimulation applied over the insular cortex could
affect autonomic cardiovascular control (45, 46). More
specifically, Montenegro et al. (47) showed that tDCS at
the left temporal lobe appears to target autonomic control
areas, leading to improvements in heart rate variability indexes
in healthy subjects. Although the underlying mechanisms are
unclear, it is evident that the present results are of significant
clinical importance.

In the present study, we demonstrated that tDCS intervention
acutely reduces 24 h-ABPM and hemodynamic parameters in
RHT. The improvement in cardiovascular autonomic balance
triggered by tDCS may have reduced cardiac contractility,
reducing stroke volume and cardiac output. However, studies
investigating the effects of tDCS on cardiac function are needed.

Short-term (10 sessions) stimulation was not able to reduce
blood pressure values in these patients. Several hypotheses

can be speculated with regards to the lack of effect in blood
pressure after 10 sessions of tDCS, including: tolerability (the
development of adaptations at the molecular level similar to the
use of drugs and other substances) (48); the sequence of tDCS
sessions (there was no consensus about the quantity or interval
time between sessions); as well as the use of certain substances
such as caffeine, which could have affected the perpetuation
of responses (49). On the other hand, central systolic blood
pressure, pulse wave velocity, and augmentation index were
reduced by short-term tDCS intervention. Increased large-artery
stiffness is considered an independent predictor of cardiovascular
events and mortality (50). The reduction of pulse wave
velocity and improvement of the augmentation index observed
in the present study may potentially reflect the prevention
of cardiovascular events in RHT. Many studies support the
idea that the sympathetic nervous system can modulate
arterial stiffness in both healthy and hypertensive subjects,
independent of prevailing hemodynamics and vasomotor
tone (51, 52).

To further investigate whether tDCS reverses the autonomic
imbalance in RHT patients, pulse interval variability and systolic
blood pressure variability were assessed. In addition to being
associated with vascular remodeling, sympathetic overdrive
contributes to arterial hypertension and cardiovascular risk
(50). We demonstrated that acute and ten sessions of tDCS
increase vagal modulation (represented by RMSSD and HF band
indexes) and reduced LF band of pulse interval and systolic
blood pressure. These positive changes resulted in reduced
autonomic balance (reducing LF/HF ratio) and systolic blood
pressure variability. In addition, plasmatic noradrenaline levels
were reduced at final evaluation (after ten sessions of tDCS) as
compared with baseline. Added to the central circuitry possibly
involved in the autonomic control of blood pressure, it is possible
that the electrical stimulation in the M1 area directly reduced the
release of noradrenaline by the adrenal medulla. This may be a
plausible explanation, given that experiments with non-human
primates, using trans-neuronal transport of rabies virus, showed
that the control of the adrenal medulla is embedded in cortical
areas involved in controlling movement (including M1 area),
cognition, and affect. Thereby, corticospinal and corticobulbar-
spinal pathways may mediate the influence of the motor network
on the adrenal medulla (53, 54). On the other hand, SHAM
patients displayed increased plasma levels of noradrenaline. We
believe that tDCS prevented such an increase.

Studies have strengthened the hypothesis of a direct
relationship between the autonomic nervous system and immune
responses in recent years. Evidence indicates that cholinergic
systems influence inflammatory responses, controlling the release
of TNF-α, IL1β, IL-6, and IL-10. Thus, vagal activation appears
to suppress inflammation by acetylcholine binding α7-nicotine
receptor (26–28). In hypertensive individuals, the long-term
elevation of inflammatory protein levels is associated with an
accelerated increase of pulse wave velocity, and this accelerated
increase is associated with accelerated longitudinal elevation of
blood pressure (55). Here, we demonstrate that short-term tDCS
intervention increases vagal modulation (HF band), which is
associated with increased levels of IL-10. Altogether, we propose
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that alterations in the autonomic nervous system by tDCS
improve pulse wave behavior and contribute to the increase of
the anti-inflammatory cytokine IL-10, which, in turn, reduces
the production of pro-inflammatory factors, mitigating cardiac
and vascular remodeling occurring during RHT. Finally, tDCS
reduces cortisol levels in RHT patients. This finding is significant
since glucocorticoids may increase the action of angiotensin
II, leading to high sympathetic nerve activity, the release of
vasopressin, and attenuating the baroreceptor reflex (56).

We recognize some limitations in this study. A small
sample size (n = 13) was evaluated in the present study.
Although we assessed pharmacological treatment during
experiments via pill count, no toxicological evaluation of the
adherence was performed. Regarding cardiovascular autonomic
studies, the spectral analysis was performed through the pulse
interval signals collected by photoplethysmography, being
less accurate than the evaluation by the electrocardiogram.
Additionally, microneurography’s non-use as an additional tool
to assess sympathetic nerve activity, and neurotransmitters
evaluation involved in the regulation of vascular tone
are significant limitations of our study, restricting
the conclusions.

CONCLUSION

We conclude that acute tDCS can reduce blood pressure in RHT,
possibly mediated by autonomic modulation positive changes.
After short-term tDCS, resting blood pressure values were
not affected. However, autonomic modulation was substantially
improved by ten sessions of tDCS. Such changes may have
contributed to beneficial alterations in pulse wave behavior
and IL-10 concentration. As far as we searched, no previous
investigations measured the effects of acute and short-term
tDCS sessions on blood pressure and autonomic modulation in
RHT subjects as the primary outcome. More extensive clinical
trials, biotechnology advances, miniaturizing devices, software
developments, and wireless systems may make the technique
valuable and easy to use for cardiovascular disorders with
autonomic unbalance such as RHT.
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Background: Activation of the renin-angiotensin-aldosterone system (RAAS) plays a

critical role in the development of hypertension. Published evidence on a putative

“memory effect” of AngII on the vascular components is however scarce.

Aim: To evaluate the long-term effects of transient exposure to AngII on the mouse heart

and the arterial tissue.

Methods: Blood pressure, cardiovascular tissue damage and remodeling, and systemic

oxidative stress were evaluated in C57/B6/J mice at the end of a 2-week AngII infusion

(AngII); 2 and 3 weeks after the interruption of a 2-week AngII treatment (AngII+2W

and AngII +3W; so-called “memory” conditions) and control littermate (CTRL). RNAseq

profiling of aortic tissues was used to identify potential key regulated genes accounting

for legacy effects on the vascular phenotype. RNAseq results were validated by

RT-qPCR and immunohistochemistry in a reproduction cohort of mice. Key findings were

reproduced in a homotypic cell culture model.

Results: The 2 weeks AngII infusion induced cardiac hypertrophy and aortic damage

that persisted beyond AngII interruption and despite blood pressure normalization, with a

sustained vascular expression of ICAM1, infiltration by CD45+ cells, and cell proliferation

associated with systemic oxidative stress. RNAseq profiling in aortic tissue identified

robust Acta2 downregulation at transcript and protein levels (α-smooth muscle actin)

that was maintained beyond interruption of AngII treatment. Among regulators of Acta2

expression, the transcription factor Myocardin (Myocd), exhibited a similar expression

pattern. The sustained downregulation of Acta2 and Myocd was associated with an

increase in H3K27me3 in nuclei of aortic sections from mice in the “memory” conditions.

A sustained downregulation of ACTA2 and MYOCD was reproduced in the cultured

human aortic vascular smooth muscle cells upon transient exposure to Ang II.
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Conclusion: A transient exposure to Ang II produces prolonged vascular remodeling

with robust ACTA2 downregulation, associated with epigenetic imprinting supporting a

“memory” effect despite stimulus withdrawal.

Keywords: angiotensin II, aortic tissue, VSMC, memory, ACTA2, smooth muscle actin (SMA)

INTRODUCTION

Hypertension is a well recognized cardiovascular risk factor,
causing up to 7.6 million deaths per year worldwide (13.5%
of total deaths) (1). Usually, it develops as a slow and gradual
increase in blood pressure, with occasional acute hypertensive
peaks. This silent disease can remain unrecognized until
potentially fatal complications occur, such as hypertrophic
cardiomyopathy, strokes, or ischemic heart disease.

Hypertension is conventionally associated with a
neurohormonal activation from the sympathetic nervous
and the renin-angiotensin-aldosterone systems (RAAS) (2, 3).
The RAAS is involved in numerous physiological functions,
including vasoconstriction, fluid volume regulation, cardiac
remodeling, cell growth, and vascular wall integrity. Angiotensin
II (AngII), as the main product and effector of the RAAS, is
a potent regulator of blood pressure (4, 5). As such, it is also
a key player in hypertension development, mainly through
activation of the type 1 AngII receptors (AT1R), that triggers
structural remodeling and inflammation in the heart and
vascular tissue (6). In particular, cellular processes underlying
vascular injury include, among others, impaired endothelial
function and a phenotypic switch of vascular smooth muscle
cells (VSMCs), characterized by a reduced expression of
myofibrillar proteins and contractility, evolving toward a more
proliferative and synthetic state, with increased production, e.g.,
of proteoglycans (7–9).

Usually, activation of the RAAS accompanies the development
of other cardiovascular risk factors than hypertension, such as
diabetes ormetabolic syndrome, including hypercholesterolemia.
The resulting cardiovascular pathologies evolve with sustained
deleterious effects despite the removal of the pathogenic stimulus
(e.g., hyperglycemia), a phenomenon that has been coined
“metabolic memory” (10). In the previous models of diabetes,
temporary exposure to hyperglycemia leads to an epigenetic
imprinting in endothelial cells, with sustained mitochondrial
oxidative stress despite glycemic normalization (11, 12). Similar
epigenetic mechanisms might explain the enduring increase
in cardiovascular risk, despite glycemic control in the clinical
studies, named as legacy effect (13, 14). The specific participation
of the RAAS, particularly of AngII, in these enduring effects
is less clear. Intriguingly, other clinical trials suggest that
treatement with a RAAS inhibitor, e.g., sartans that inhibit
AngII binding to the AT1R, could prevent organ damage and
reduce cardiovascular events through protective effects beyond
blood pressure lowering in hypertensive patients (15). Published
evidence on a putative “memory effect” of AngII is scarce.
One previous study observed a sustained vascular injury with
persistent activation of multiple signaling pathways (JNK1/2,
STAT3, and NF-κB) and increase in the reactive oxygen species

(ROS) production up to 1 week after withdrawal of an initial
AngII infusion in mice; the data suggested a link with persistent
NADPH oxidase activation. However, the upstream mechanism
for this sustained oxidative stress was not established (16, 17).

Surprisingly, while transcriptomic profiles of AngII-treated
organs/tissues are available in the kidneys (18), heart (19),
or abdominal aortic aneurysm in ApoE-/- mice (20), the
AngII treatment protocol varies widely between studies, and
transcriptomic data on the arterial tissue of WT mice were rarely
reported (21–23), with no attempt to analyze any legacy effect.

In this study, we developed an AngII “memory” model in
which we examined long-term effects of temporary exposure
to AngII on heart and arterial tissue, including cardiovascular
remodeling and VSMC phenotypic switch. Longitudinal
transcriptomic profiling of aortic tissues after AngII withdrawal
identified uniquely regulated genes potentially involved in legacy
effects on the vascular phenotype.

MATERIALS AND METHODS

Animal Experimental Protocol
11-week male C57B6/J mice were implanted with osmotic
minipumps delivering of 2.8 mg/kg/d of AngII (Sigma, A9525)
for 2 weeks. To confirm the effect of the pharmacological
treatment, blood pressure signals from aortic arch before (CTRL);
under AngII up to 2 weeks (AngII); and 2 and 3 weeks after
the interruption of AngII (AngII+2W; AngII+3w, respectively)
were recorded in selected, conscious, and unrestrained animals,
with surgically implanted miniaturized telemetry devices (DSI,
USA) as described previously (24). Mice were sacrificed after
anesthesia at the same time points and age-matched littermate
served as control (Figure 1A). All the investigations conformed
to the Guide for the Care and Use of Laboratory Animals (NIH
Publications no. 8023, revised 2011) and were approved by the
Institutional Animal Care and Research Advisory Committee of
the Université Catholique de Louvain.

Histomorphometric Analysis of Hearts
Morphometric and histologic measurements were obtained from
hearts arrested in diastole in KCl solution, washed, subsequently
fixed with 4% formaldehyde and paraffin embedded. To assess
cardiac myocyte transverse area, tissue was costained with
wheat germ agglutinin (WGA; for plasma membrane staining,
rhodamine-conjugated) and isolectin B4 (GS-IB4; for endothelial
staining, biotin-conjugated and revealed with fluorescein-
conjugated streptavidin). Cell area from 150 to 200 cells per slide
was determined using AxioVision software 4.8.2.0.
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FIGURE 1 | Experimental procedure and cardiac hypertrophy. Experimental procedure: (A) C57Bl6 mice were implanted with osmotic minipump delivering 2.8mg/kg/d

of AngII during 2 weeks. One group was sacrificed at the end of the treatment (AngII), 2 others were sacrificed, respectively, 2 weeks (AngII+2W) and 3 weeks

(AngII+3W) after the end of the minipump, and were considered as “memory groups”. Control mice (CTRL) were littermate age-matched mice sacrificed at each time

point (2 weeks of AngII, 2 weeks of AngII + 2 weeks, 2 weeks of AngII +3 weeks). (B) Systolic and (C) Diastolic blood pressure measured with implanted telemetry

devices. n = 19; *p < 0.05, one-way ANOVA for repeated measures, mixed-effect analysis followed by Tukey’s multiple comparison test. (D–G) Cardiac Hypertrophy:

(D) Total heart/tibial length ratio (TH/TL); (E) Left ventricular weight/tibial length ratio (LVW/TL); and (F) Left ventricular weight/body weight ratio (LVW/BW). n = 93

(initial + replication cohorts); * p < 0.05, one-way ANOVA followed by Holm-Sidak’s multiple comparisons test. (G) Quantification of myocyte size area by

isolectin/WGA staining and representative pictures (white bar scale = 20µm). n = 59; *p < 0.05, one-way ANOVA followed by Dunett’s multiple comparisons test.

Immunostaining on Carotid Arteries and
Aortas
Vessels (carotid arteries and aortas in totality) were carefully
dissected, washed in cold PBS, and divided in several pieces
for further experiments. One piece was subsequently fixed
with 4% formaldehyde and paraffin embedded. To assess
endothelial activation, carotid sections were stained with ICAM-
1 primary antibody (R&D #AF796, 1/1000). On the aortic tissue,

to evaluate inflammatory cells infiltration and proliferation,
sections were stained with anti-CD45 primary antibody (BD
Biosciences #55053P, 1/50) or rabbit anti-Ki67 primary antibody

(CST #12202, 1/200), respectively. Smooth muscle actin and
H3K27me3 stainings were performed using anti-αSMA primary

antibody (CST #19245, 1/400) and anti-tri-methyl-histone H3
antibody (CST #9733, 1/200). Primary antibodies were revealed
with EnVision-HRP systems (Agilent) and DAB (Agilent).
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Finally, nuclei were counterstained with H&E (Agilent). Slides
were digitized with a slide scanner (SCN400 Leica) and blindly
analyzed with QuPath software (University of Edinburgh) (25).

RNA-seq on Aortic Tissue
One-third of aorta was immediately frozen in liquid nitrogen
in dry Eppendorf. Because of low yield of RNA extracted in
preliminary experiments, and to ensure sufficient amount and
quality of RNA for sequencing, tissues from two animals were
pooled in 1ml of tri-reagent (TR118, MRC) for subsequent
homogenization with the use of a Precellys Evolution
homogenizer (Bertin Instrument, France). Total RNA was
extracted with the PureLinkTM RNAMicro Scale Kit (Invitrogen)
according to the manufacturer’s instructions, including a
DNase step. In total, RNA from 8 samples, corresponding to
16 mice, were quantified by Qubit RNA BR assay kit (Thermo
Fisher Scientific, Q10211) on a Qubit 4 Fluorometer (Thermo
Fisher Scientific). RNA integrity was evaluated on the Agilent
2100 Bioanalyzer using the RNA 6000 nanokit (Agilent, 5067-
1511). All the samples had RNA integrity number values
between 6.8 and 7.7.

Libraries were prepared starting from 150 ng of total RNA
using the KAPA RNA HyperPrep Kit with RiboErase (HMR)
(KAPA Biosystems, KK8560) following the manufacturer’s
recommendations (KR1351—version 1.16). Libraries were
equimolarly pooled and sequenced on a single lane on an
Illumina NovaSeq 6000 platform. All the libraries were paired
end (2 × 100 bp reads) sequenced and a minimum of 35 million
paired end reads were generated per sample.

All the sequencing data were analyzed using the Automated
Reproducible MOdular workflow for preprocessing and
differential analysis of RNA-seq data (ARMOR) pipeline v.1.2.0
(26). In this pipeline, reads underwent a quality check using
FastQC v0.11.7 (27). Quantification and quality control results
were summarized in a MultiQC report (28) before being
mapped using Salmon (29) to the transcriptome index which
was built using all Ensembl cDNA sequences obtained in the
Mus_musculus.GRCm38.cdna.all.fa (release 101) file (30). Then,
the estimated transcript abundances from Salmon were imported
into R using the tximeta (1.7.14) package (31, 32) and analyzed
for differential gene expression with edgeR (3.31.4) package, in
which p-value was adjusted using Benjamini-Hochberg method
(33). Accordingly, each experimental group (AngII, AngII+2W,
and AngII+3W) was compared against the control group
(CTRL), thereby producing 3 lists of differentially expressed
genes. Differential gene expression results from edgeR were used
to conduct Over-Representation Analysis (ORA) and Gene Set
Enrichment Analysis (GSEA) with the WebGestaltR (v.0.4.3)
package (34). These analyses were conducted on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Reactome
database. RNA-seq full data are available in the NCBI Gene
Expression Omnibus (GEO) database under the study accession
code GSE175588.

RT-qPCR on Aortas in a Replication Cohort
Total RNA was extracted from one-third of the total aorta
in a replication cohort of mice, with the same protocol and

extraction procedure, i.e., freeze drying, further homogenization
in Trizol with Precellys Evolution homogenizer, and extraction
with PureLinkTM RNA Micro Scale Kit. Extracted RNA was
reverse-transcribed and analyzed by quantitative polymerase
chain reaction (qPCR) with GAPDH as housekeeping gene. The
primer sequences used for qPCR are presented in Table I in
Supplemental Material.

Human Aortic Vascular Smooth Muscle
Cells (HVSMCs) Culture and in-vitro AngII
Memory Model
Human aortic vascular smooth muscle cells (HAVSMC) were
purchased at ScienCell Research Laboratories. Cells were
grown in full Smooth Muscle Cell medium (ScienCell #1101),
in T75 flask coated with polylysine (2 µg/cm2); medium
was renewed every 24 h as cells reached 80% confluence.
After serum starvation (0.1% FBS for 18 h) cells were treated
with AngII 1µM for 72 h (AngII), or 48 h and then 24 h in
control, serum-deprived medium (MemAngII); and compared
with the cells maintained 72 h in control, serum-deprived
medium (CTRL). Cells between passages 4 and 8 were used
for experiments. Total RNA was extracted with Maxwell Kit
(Promega, #AS1340). Extracted RNA was reverse-transcribed
and analyzed by quantitative polymerase chain reaction (qPCR)
with GAPDH as housekeeping gene. The primer sequences used
for qPCR are presented in Table I in Supplemental Material.
For protein extraction, cells were scrapped in RIPA buffer
containing proteinases and phosphates inhibitors. Denatured
proteins (in Laemmli buffer) were separated by SDS-PAGE
and transferred on PVDF membrane. Membranes were then
blocked 1 h in 5% non-fat dry milk in TBS-Tween and incubated
overnight at 4◦C in 1%milk Tween-TBS with primary antibodies.
Antibodies were αSMA (CST #19245, 1/10000) and HSP90 (BD
Biosciences #610419, 1/2500). Membranes were visualized by
enhanced chemiluminescence on CL-Xposure film (Thermo
Fisher Scientific).

Statistics
Statistical tests were performed using GraphPadPrism
(GraphPad Software Incorporation, San Diego, California,
USA). Results are reported as mean and standard error of the
mean. Statistical analysis was performed using parametric or
non-parametric tests where appropriate after verifying normality
of values distribution. P < 0.05 is considered as significant with ∗

meaning P < 0.05.

RESULTS

The experimental design is illustrated in Figure 1A. Blood
pressure was recorded longitudinally in each mouse by telemetry
at four time points: at baseline (CTRL); at the end of the 2-
week treatment with Ang II (AngII); and 2 and 3 weeks after
the end of the Ang II infusion (AngII+2W and AngII+3W,
respectively); the last two composing the “memory” groups. As
expected, we observed an increase in systolic and diastolic blood
pressure during AngII infusion (Figures 1B,C). Importantly,
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blood pressure values reverted to normal levels after the end
of the 2-week treatment, confirming treatment interruption and
transient exposure to Ang II, as planned. We next evaluated
specific parameters of cardiovascular remodeling classically
affected by AngII and their eventual persistence at longer
time points.

Cardiac Hypertrophy
As expected (4, 35), we observed a significant increase in
total heart/tibial length (TH/TL), left ventricular weight/tibial
length (LVW/TL), and left ventricular weight/body weight
(LVW/BW) ratios in the AngII group (Figures 1D–F). This
hypertrophic phenotype was sustained in time with ratios

FIGURE 2 | Memory effect on vascular endothelial activation, cell proliferation, and inflammation. (A) Quantification of endothelial staining for ICAM-1 in paraffin

embedded sections of carotid arteries, expressed in arbitrary units of staining intensity, n = 26. (B) Quantification of staining for CD45 in paraffin embedded sections

of aortas, expressed as % of stained cell. (C) Quantification of staining for Ki67 in paraffin-embedded sections of aortas, expressed as % of stained cells. *p < 0.05;

n = 39 (B,C); One-way ANOVA followed by Dunett’s multiple comparisons test. Arrows indicate specific staining for CD45 and Ki67, scale bar = 100µm.
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significantly increased in the AngII+2W and AngII+3W groups
(Figures 1D–F). This was reflected by concordant increases in
cardiac myocyte transverse area in the AngII group (Figure 1G),
which remained significantly elevated in the AngII+2W and
AngII+3W groups.

Vascular Remodeling
Similar analyses were performed on the vascular phenotype.
Histological analysis of carotid sections in the AngII group
revealed an increased endothelial expression of ICAM-1,
reflective of endothelial activation. ICAM-1 expression remained
elevated in the AngII+2W and AngII+3W group (Figure 2A).
Consistently, CD45 labeling was increased in the aortic tissue
of the AngII group, reflective of inflammation that was also
sustained in time in the AngII+2W and AngII+3W groups
(Figure 2B). In line with the known proliferative effect of AngII
in vascular tissue (36, 37), Ki67 labeling of aortic tissue was
increased in the AngII group and, again, maintained in the
AngII+3W group (Figure 2C).

Oxidative Stress
AngII stimulates tissue nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases in cardiac and vascular cells
to produce superoxide anions and, upon dismutation with
extracellular SOD, the secondary oxidizing product H2O2

(38). Accordingly, plasma hydroperoxides were elevated
in the AngII group, and also in the AngII+2W group
(Supplementary Figure 1), reflecting persistent systemic
oxidant stress at least up to 2 weeks after Ang II removal in
our model.

Comparative Transcriptomic Profiling of
AngII vs. AngII “Memory” Conditions
To gain further mechanistic insight into the sustained effect of
AngII on this vascular phenotype, we used an unbiased approach
through whole aortic tissue RNA-sequencing. We first assessed
the differential expression of genes and underlying signaling
pathways in the AngII group compared with control, untreated
mice. Next, we performed a similar comparison between the

FIGURE 3 | Transcriptomic profiling of aortic tissue from AngII memory model. Volcano plot representing the analysis of differential expression of genes in (A) AngII vs.

CTRL; (B) AngII+2W vs. CTRL and (C) AngII+3W vs. CTRL data sets. Black points mark the genes with significantly (FDR < 0.05) increased or decreased expression

compared to CTRL. The x-axis shows log2fold-changes in expression and the y-axis the –log10(p-value). (D) Gene set enrichment analysis (GSEA) from compiled

KEGG pathways. Venn diagram showing the number of gene sets differentially modulated in each condition, and the overlap for 10 of them (FDR value < 0.1) (E)

Enrichment score diagram illustrating the expression pattern of 2 of the 10 commonly regulated pathways (e.g., present in AngII and in AngII+3w, and modulated in

the same direction) “vascular smooth muscle contraction” and “longevity regulating pathway”. (F) Enrichment score diagram illustrating the expression pattern of 2

transiently modulated pathways by Angiotensin II infusion: “Renin angiotensin System” and “NF KappaB signaling pathway”.
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AngII+2W and AngII+3W groups (i.e., “memory” conditions)
vs. control, untreated mice. We also compared the resulting list
of genes and pathways to identify transcripts similarly modulated
inAngII and “memory” groups, assuming that these sustained up
and/or downregulated transcripts may be related to the observed
“memory” phenotype.

Volcano plots in Figures 3A–C represent differential
expression of gene data sets comparing each condition to CTRL,
considering FDR < 0.05 as a cutoff. As shown in Figures 3A,C,
we found 808 genes significantly differentially expressed in AngII
and 13 genes in AngII+3W memory condition. Unlike the AngII
condition (Figure 3A) in which 55% of genes were upregulated,
we found a vast majority of significantly underexpressed genes
in AngII+3W memory condition (Figure 3C). As no significant
differentially expressed gene was found with this FDR cutoff in
the AngII+2W group (Figure 3B), we focused on the AngII+3W
memory group compared with AngII for further analysis.

Gene set enrichment analysis of the 2 data sets is
summarized in Figures 3D–F. A total of 62 KEGG pathways
were significantly differentially modulated in AngII group,
and 23 in AngII+3W group, using FDR < 0.1 as a cut-
off. The Venn diagram in Figure 3D shows that 10 of
them were commonly modulated pathways between the 2
groups. Among these 10 pathways, we next searched for those
modulated in the same direction, e.g., up- or downregulated.
Four of the 10 commonly modulated pathways were similarly
downregulated, and identified as “dilated cardiomyopathy”
(mmu05414); “hypertrophic cardiomyopathy” (mmu05410);
“longevity regulating pathway” (mmu04213) and, notably,
“vascular smooth muscle contraction” (mmu04270) (Figure 3E;
Supplementary Figure 2). Conversely, other pathways known
to be regulated by AngII, such as, “Renin angiotensin system”
(mmu044614), “NF-KappaB signaling” (mmmu04064) and
“cGMP signaling” (mmu04022) were, as expected, up (for the
first two) or downregulated (for the latter) in the AngII group,
but returned to normal level of enrichment in the AngII+3W
“memory” group (Figure 3F; Supplementary Figure 2).

We next compared the gene lists to identify transcripts
commonly regulated in bothAngII andAngII+3W conditions. A
total of 13 genes were commonly differentially expressed in both
conditions, i.e., 13 genes similarly and significantly modulated
both in the “memory” group vs. control, untreated mice and
in the AngII group vs. control, untreated mice. Figure 4A

represents a heat map with these 13 common transcripts,
illustrating changes in the expression level in each condition
(AngII and AngII+3W) compared with control, untreated
condition (see also Supplementary Figure 3).

Among these, our attention was drawn to Acta2. Acta2
is a gene coding for alpha-smooth muscle actin (αSMA),
a protein of the cytoskeleton mainly expressed in smooth
muscle cells that is involved in vascular contractility and blood
pressure homeostasis. Mutations in this gene cause a variety
of vascular diseases, such as thoracic dilated aortic disease,
coronary artery disease, stroke, and Moyamoya disease (39), and
also multisytemic smooth muscle dysfunction syndrome (40).
Downregulation of αSMA expression induced by AngII has also
been described in vascular SMC in vitro (41, 42).

To better delineate the putative role of Acta2 in the context
of our pathway enrichment analysis, we drew a virtual protein–
protein interaction network using the Cytoscape software (fed
from the String database). We only included the list of genes that
were differentially expressed in AngII+3W memory condition
(compared with CTRL), with enlarged FDR cut-off of < 0.1
for a more comprehensive picture (Figure 4C). Note that this
interactome did not consider the direction of modulation (e.g.,
if a transcript was either up or downregulated, to the extent
that protein abundance is modulated similarly). Interestingly,
we observed that Acta2 was located at a central hub of this
protein–protein interaction network.

Based on the earlier observations, we focused on Acta2 as a
potential driver of our phenotype.

Sustained Downregulation of Acta2 in a
Replication Cohort: Putative Role of
Myocardin and Histone Methylation
We confirmed our RNAseq data in a replication cohort of
identically treated mice, in which we found a downregulation
of Acta2 mRNA expression by RT-qPCR in AngII, and both
AngII+ 2W and AngII+3W groups, compared with CTRL
(Figure 4B); among the 13 genes identified in the RNAseq data,
downregulation of Myl9, Kcnc4, and Lancl3 mRNA expression
were also confirmed (Figure 4B). αSMA protein levels were also
evaluated through quantitative immunostaining on aortic tissue.
We confirmed a significant decrease in αSMA protein expression
in the AngII group, which was significantly maintained in
both “memory” conditions, AngII+2W and AngII+3W group
(Figure 5A). Remarkably, the cytoskeleton in smooth muscle
cells of the arterial media in these two groups was profoundly
altered, with important structural defects and disorganization
(see representative pictures in Figure 5).

Among factors controling αSMA expression are transcription
factors Myocardin (Myocd) and Serum Response Factor
(SRF). Altogether they form a complex which binds CArG
(CCA/T(rich)GG) sequence motif upstream Acta2 (and other
contractile genes), SRF serving as doking platform for Myocd
activity, leading to active contractile transcription machinery. In
our RNAseq data, we observed that Myocd and SRF transcripts
were significantly downregulated under AngII (−2,07 log2FC,
FDR = 0,02), with the same trend in the memory condition
for Myocd (−1,42 log2FC, FDR= 0,13). We decided to evaluate
Myocd expression by RT qPCR in our replication group of mice.
We observed that this transcription factor was robustly repressed
under AngII infusion and that this repression was sustained
in time despite the end of the pharmacological stimulation
(Figure 5B).

To gain further understanding of the sustained
downregulation of Acta2 and Myocd, we examined putative
epigenetic regulatory mechanisms. Indeed, our pathway analysis
using ORA or GSEA, identified significant enrichement of several
epigenetic pathways under AngII such as “HDAC’s deacetylase
histone” (R-MMU-3214815), “HATs acetylate histone” (R-
MMU-3214847), and also “PRC2 methylates histone and
DNA”(R-MMU-21230) (see Table I in Supplemental Material,
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FIGURE 4 | Common downregulation of specific genes in aortic tissue from AngII and “memory model” and corresponding interactome mapping. (A) HeatMap

representing expression level (Z-score) of the 13 identified commonly modulated transcripts in AngII+3W and AngII vs. CTRL conditions. (B) RT qPCR on a replication

group of mice confirming RNA seq expression data on selected genes: Lancl3, Kcnc4, Myl9, and Acta2, n = 25; *p < 0,05, one way ANOVA followed by

Holm’s-Sidak comparison test. (C) Protein–protein interaction network corresponding to differentially expressed genes in aorta in the “memory” condition (AngII+3w)

vs. CTRL. To build a comprehensive picture, genes with FDR up to < 0,1 were included. Based on Cytoscape String Network database.

Reactome T1 ORA, Reactome T1 GSEA). Interstingly, PRC2 is
a protein complex that keeps transcriptionally silent genes in a
repressed state by trimethylating histone H3 on lysine 27. We
then evaluated the status of this epigenetic mark in our model,
using immunostaining on aortic sections. Notably, this revealed
a significant increase in H3K27me3, only in the 2 memory
conditions, AngII+2W and AngII+3W (Figure 5C).

In vitro AngII Memory Model in Human
Aortic Vascular Smooth Muscle Cells
To verify these observations in a homotypic cell system of human
origin, we developed an in vitro model of AngII memory on
cultured human aortic VSMCs. Cells were exposed to continuous
AngII at 1µM for 72 h (AngII); or to the same serum-deprived
control medium for 72 h (CTRL), or 48 h of AngII, followed by

24 h of control medium (MemAngII). First, we observed the same
downregulation of ACTA2 under AngII stimulation, as depicted
by mRNA expression and protein levels (Figures 6A,C). Notably,
this downregulation was also maintained in the “memory”
condition. This was paralleled with a downregulation of mRNA
expression of the transcription factorMYOCD, upon continuous
AngII, as well as in the “memory” condition (Figure 6B).

DISCUSSION

The main findings of this study can be summarized as follows: (i)
an initial 2-week exposure to AngII induces profound changes
in cardiac and vascular remodeling, including endothelial
activation, vascular inflammation and oxidant stress, all of
which are maintained up to 3 weeks after AngII withdrawal;
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FIGURE 5 | Coordinated regulation of Alpha-Smooth Muscle Actin, its transcription factor Myocd and histone trimethylation in aortic tissue from the Ang II “memory”

model. (A) Sustained down regulation of αSMA protein in aortic tissue from a replication cohort by immunostaining (white bar = 100µm). n = 33; * = p < 0.05, one

way ANOVA followed by Dunett’s multiple comparison test. (B) Myocd mRNA expression by RTqPCR in mouse aortas from a replication cohort, n = 26; *p < 0.05,

one way ANOVA followed by Holm’s-Sidak comparison test. (C) H3K27me3 staining and quantification in paraffin-embedded sections of aortas, expressed as % of

positive nuclei (black bar = 50µm), n = 39; *p < 0.05, one way ANOVA followed by Dunett’s multiple comparison test.

notably, this phenotype is sustained despite early normalization
of blood pressure after AngII withdrawal, a proxy to a “legacy”
or “memory” effect in this mouse model; (ii) comparison of the
transcriptomic profiles at the end of the 2-week Ang II treatment
(AngII group) or 3 weeks after Ang II withdrawal (AngII+3
weeks group) identified 13 commonly regulated transcripts
(1 up and 12 down), and a set of 4 commonly modulated
pathways by GSEA, some of which point to altered structural
or contractile properties of the arterial wall. Conversely, many
other transcripts classically associated with AngII effects and
(mostly) upregulated in the AngII group, are not persistently
regulated in the AngII+3 weeks group; this highlights the

above 13 genes, corresponding to the sustained downregulated
transcripts, as potential targets for a “memory” effect; (iii)
among these, Acta2 is a likely candidate, as first confirmed in
a replication cohort, including at the protein level, but also
from our observation of striking downregulation of Myocardin
(Myocd), its transcriptional coregulator and from changes in
histone methylation, as corresponding epigenetic repressive
marks, in aortas of both the memory groups, AngII+2W and
AngII+3W groups.

Ours is one of the few studies examining the effect of AngII
on the full transcriptomic profile of mouse aortic or arterial
tissues in “wild-type” (C57Bl6/J) mice. In a microarray study
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FIGURE 6 | Downregulation of ACTA2 and MYOCD in a homotypic cell culture model of human vascular smooth muscle cells reproducing the AngII “memory” effect

in vitro. (A) ACTA2 mRNA expression (by RT qPCR) in HAVSMC exposed continuously (AngII) or transiently (MemAngII) to AngII compared with the control cells

maintained in serum-deprived control media. (B) MYOCD mRNA expression in the same in vitro model (C) aSMA protein level in the same model, N = 5 independent

experiments, *p < 0.05 one way ANOVA followed by Sidak’s multiple comparisons test.

on ApoE-/- mice-treated with AngII, Rush et al. identified
genes overexpressed in mice that did not develop aneurysms
under pharmacological Ang II stimulation, i.e., protective against
abdominal aortic aneurysms (20). Consistent with their results,
a majority of those transcripts were significantly downregulated
in our AngII group of mice, such as Sost, Dstn, or Hspaa1a (see
Supplementary Data). Our profiles are also in line with results by
Spin et al. identifying genes decreased in prematurely ruptured
anevrysm in AngII-treated ApoE-/- mice (e.g., Bmp6, Ltbp1,
Rock1) (43). Another transcriptomic analysis of 3 differential
arterial beds of C57Bl6 mice treated with AngII identified
Sphk1 as commonly modulated transcript in the 3 types of
tissue. This transcript is also upregulated under AngII in our
RNAseq data, albeit not significant with an FDR cutoff of 0.05.
Other transcripts such as Thy1 or Htatip2, described to be
overexpressed in thoracic aorta, are similarly regulated in our

AngII group. Notably, as we did, the same study identified
a downregulation of Gucy1b3 transcripts (corresponding to
the beta subunit of soluble guanylyl cyclase) in thoracic and
abdominal aortic tissue, expected to be associated with a reduced
vascular relaxation (21). Finally, in a recent study in C57Bl6
mice treated for a longer time with lower dose of AngII, Lv
et al. identified 773 genes differentially expressed in aortas of
hypertensive mice (22). As in this study, under AngII, mostly
were upregulated genes (22). Among identified transcripts, we
confirmed the overexpression of IGF1 in our RNAseq data in
AngII-infused mice.

Even fewer studies have attempted to develop an AngII
“memory” model (16, 17, 44) and in none of them was a
transcriptomic profiling performed. In concordance with the
only 2 studies in mice found in the literature, we observed
sustained macroscopic and microscopic cardiac hypertrophy
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(16); ICAM-1 endothelial expression, inflammation in the
vascular wall (e.g., CD45-positive cell infiltration), and oxidative
stress (17) that persisted after AngII withdrawal. A major
difference in the aforementionned study compared with ours
is that blood pressure remained elevated 1 week after the
end of AngII infusion, the only “remote” time-point examined
(17). This could simply be explained by the different AngII
dosage and timing for the “memory” condition (1 week vs.
2 weeks after the end of AngII infusion). Although the
distinction between differential delays for phenotype reversal
(e.g., slower for tissue remodeling, more rapid for blood
pressure) vs. “memory” effect could be argued, the present
model shows the persistence of remote effects (up to 3
weeks) despite clear evidence of termination of the initial
stimulus (normalization of blood pressure). At the very least,
and contrary to the previous study, it excludes that the
long-lasting effects on remodeling result from sustained high
blood pressure.

Another strengh of this study is the use of an unbiased
approach to understand our phenotype through transcriptomic
profiling. While differential transcript regulation did not reach
the more stringent significance level in the AngII+2W group
probably because of insufficient statistical power, the genes
differentially expressed in the AngII+3W group at FDR < 0.05
were similary regulated in AngII+2W (Supplementary Data),
suggesting a continuum in their regulation.

AngII, among other factors, promotes a switch in vascular
smooth muscle cells from a contractile to “secretrory” phenotype
(45). Through AT1R, AngII stimulation produces changes in
the contractile machinery, constisting in decreased expression of
contractiles markers such as αSMA (ACTA2), SM22a (TAGLN),
and SMMHC (MYH11) (9, 46). As others (41, 47), in parallel
with vascular remodeling, we observed significant changes in
contractile markers expression in aortas under AngII infusion,
with downregulation of “vascular smooth muscle contraction”
pathway, and ACTA2 expression, but also TAGLN and MYH11
(see raw data). In addition, this phenotypic switch was
maintained in time despite the end of AngII stimulation, for
the “vascular smooth muscle contraction pathway”, and also for
αSMA expression, both at mRNA and protein levels (Figures 4B,
5A). Among factors controling VSMC phenotypic plasticity are
transcription factors Myocardin (Myocd) and Serum Response
Factor (SRF). Altogether they form a complex which binds
CArG (CCA/T(rich)GG) sequence motif upstream contractile
genes, with SRF serving as doking platform for Myocd activity,
leading to active contractile transcriptionmachinery. Conversely,
Krupple-like Factor 4 (KLF4) and ETS domain containign
protein-1 (ELK1) binding to G/C repressor element, inhibit
Myocd/SRF complex, leading to decressed expression of SMC
differentiation markers (46). In our RNAseq data, we observed
thatMyocd and SRF transcripts were significantly downregulated
under AngII (- 2,07 log2FC, FDR = 0,02), with the same
trend in the AngII+3W memory condition for (-1,42 log2FC,
FDR = 0,13). This was not the case for KLF4 and ELK1
(see raw data). We confirmed this downregulation of Myocd
transcripts by RT-qPCR, including in the 2 memory conditions
(AngII+2W and AngII+3W group) (Figure 5B). Interestingly,

we could reproduce same results in HAVSMC in culture, in
which we observed a sustained down expression of ACTA2
and protein αSMA induced by AngII, associated with reduced
expression of transcription factor Myocd; and despite removal
of the pharmacologic stimulus. This makes MYOCD a likely
candidate for upstream, sustained downregulation of ACTA2
expression in AngII “memory” context.

Epigenetic regulation may also account for the sustained
alteration of the vascular phenotype in the “memory” groups
in vivo. Indeed, Histones H3 and H4 associated with CArG-
containing regulatory elements of SM-MHCs (MYH11), SM22a
(TAGLN), and αSMA (ACTA2) have been shown to be
acetylated (a characteristic of chromatin accessibility) in
contractile SMCs, facilitating SRF binding to the CArG box (48).
Increased histone acetyltransferase (HAT) activity stimulates
SM22a expression whereas increased histone deacetylases
(HDACs) prevent SM22a expression (49). Consistently, our
pathway analysis using ORA or GSEA, identified significant
enrichement of several epigenetic pathways under AngII (such
as “HDACs deacetylase histone” (R-MMU-3214815), “HATs
acetylate histone” (R-MMU-3214847).

Other modalities of epigenetic regulation may also be at play.
H3 histone dimethylation in lysine 4 (H3K4me2) is a marker of
differentiated SMCs and is maintained even if SMCs undergo
phenotypic modulation (50). DNA demethylation by TET2
increases DNA accessibility to transcription factors resulting
in increased SMC differentiation marker expression (51). Of
interest, the ACTA2 promoter was shown to be hypermethylated
(a usual mark of repressed expression) in genome-wide
methylation studies in human atherosclerotic aortas (52, 53). As
we observed sustained downregulation of Acta2 transcripts in
our “memory” condition, an AngII-induced methylation leading
to repressive imprinting and phenotypic switch might well be
involved. Again, our RNAseq pathway analysis suggests the
involvement of epigenetic regulators involved in methylation,
such as “PRC2 methylates histone and DNA”(R-MMU-21230)
(see Supplementary Data, Reactome T1 ORA, Reactome T1
GSEA). In particular, PCR2 complex catalyzes trimethylation of
histone H3 on lysine 27 (H3K27me3), a histone mark necessary
for maintaining transcriptional repression during multicellular
development. Cell type-specific patterns of H3K27me3 are
crucial for preserving cell identity (54). Consistent with this
analysis, we observed a significant increase in H3K27me3
epigenetic mark in the aortic tissue and, intriguingly, only in
both memory conditions (Figure 5C). However, the signaling
elements involved in this response to AngII remain to be studied
in more details.

CONCLUSION

Altogether, our observations support a “memory” effect
sustained beyond AngII-induced hypertension and leading
to downregulation of specific gene expression, such as Acta2,
and vascular injury. Future characterization of the underlying
AngII-dependent signaling might unveil new targets for its
therapeutic modulation and reversal of this adverse legacy effect.
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The autonomic nervous system exerts a fine beat-to-beat regulation of cardiovascular
functions and is consequently involved in the onset and progression of many
cardiovascular diseases (CVDs). Selective neuromodulation of the brain-heart axis with
advanced neurotechnologies is an emerging approach to corroborate CVDs treatment
when classical pharmacological agents show limited effectiveness. The vagus nerve
is a major component of the cardiac neuroaxis, and vagus nerve stimulation (VNS)
is a promising application to restore autonomic function under various pathological
conditions. VNS has led to encouraging results in animal models of CVDs, but
its translation to clinical practice has not been equally successful, calling for more
investigation to optimize this technique. Herein we reviewed the state of the art of
VNS for CVDs and discuss avenues for therapeutic optimization. Firstly, we provided a
succinct description of cardiac vagal innervation anatomy and physiology and principles
of VNS. Then, we examined the main clinical applications of VNS in CVDs and the
related open challenges. Finally, we presented preclinical studies that aim at overcoming
VNS limitations through optimization of anatomical targets, development of novel neural
interface technologies, and design of efficient VNS closed-loop protocols.

Keywords: autonomic nervous system, vagus nerve stimulation, cardiovascular diseases, neural decoding,
closed-loop

INTRODUCTION

Cardiovascular diseases (CVDs) still represent a major disease burden worldwide, despite
advances in pharmacological treatments (1). Therefore, new therapeutical strategies are currently
being investigated as an alternative to classical schemes. Among those, the solutions offered
by Bioelectronic Medicine (BM) (2–5)—a new, highly interdisciplinary field incorporating
neuroscience, engineering, and molecular medicine (4, 6)—are emerging as appealing candidates.
The development of BM was inspired by the growing comprehension of the autonomic nervous
system (ANS), which plays a key role in the control of whole-body homeostasis. Dysfunctions
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of the ANS are consequently implicated in the development
and progression of many diseases, including those affecting
the cardiovascular system (4, 7–13). BM utilizes this body of
knowledge as a reference for the design of implantable devices (5)
that modulate signals of the peripheral nervous system to visceral
organs for therapeutic purposes (14–16).

The neural control of cardiovascular functions involves
multiple interactions among central and peripheral components
of the so-called “cardiac neuraxis” (17), which comprises
the intrinsic cardiac nervous system, vagus nerves (VNs),
intrathoracic sympathetic ganglia, spinal cord, brain stem, and
multiple central regions up to the insular cortex. Acting together,
these hierarchically organized functional units coordinate and
regulate cardiac activity to preserve an adequate match between
cardiac output and blood flow demand (18). Autonomic
dysregulation at various levels of the cardiac neuroaxis, from
central nuclei to peripheral effectors, is now recognized
as a fundamental contributor to the progression of CVDs
(1, 19). For instance, altered neural signals, such as the
pathological activation of cardiac afferent neurons by acute
myocardial ischemia and reperfusion, induce maladaptive
responses such as sympathetic overdrive and parasympathetic
withdrawal (autonomic imbalance) that in turn contribute to
the development of systemic cardiovascular alterations (1, 19,
20). Therefore, the selective modulation of the cardiac neuraxis
to achieve targeted control of cardiovascular functions has been
proposed as a potentially impactful application of BM (21, 22).
Peripheral nerves and ganglia of the ANS are attractive targets
for BM for their favorable location for surgical interventions
compared with deep and anatomically less characterized ANS
centers of the CNS like the periaqueductal gray matter of the
midbrain or hypothalamic nuclei (11, 23). In this perspective, the
most widely studied intervention is represented by the electrical
stimulation of the VN (VNS) (24, 25).

The VN (or X cranial nerve) is a paired asymmetric and
the most extensively distributed nerve in the body, as well
as a major component of the cardiac neuraxis (26). Sensory
signaling through the VN plays a critical role in maintaining
homeostasis of feeding, digestion, respiration, and cardiovascular
functions (27). For this reason, VN neuromodulation is being
tested as a potential therapeutical strategy for many pathological
conditions, including CVDs (28). However, despite promising
results achieved in preclinical studies (29), VNS is accompanied
by side effects and still needs to be optimized for better
exploitation of its full potential in the clinical setting. Herein we
will review the state of the art of VNS for CVDs and discuss
the current perspectives of VNS optimization. First, we will
summarize the anatomy and physiology of the cardiac vagal
system; then, we will describe the principles of VNS for CVDs
and its main clinical applications, with related open challenges.
Finally, we will review preclinical studies aimed at overcoming
VNS limitations through optimization of anatomical targets,
development of novel neural interface technologies, and design
of efficient VNS closed-loop protocols. In the latter case, we will
particularly focus on neural decoding strategies that aim at the
identification of timely- and spatially selective feedback signals to
drive VNS for CVDs properly (8, 30–32).

ANATOMY AND PHYSIOLOGY OF
VAGUS NERVE IN THE
CARDIOVASCULAR SYSTEM

Gross Anatomy
The VN originates bilaterally in the medulla as multiple filaments
that extend toward the jugular foramen and then converge
to form a single trunk. Within or just caudal to the jugular
foramen are located the superior (jugular) and inferior (nodose)
ganglia of the VN (Figure 1A) (26). At its emergence from the
nodose ganglion, the VN can be anatomically divided into three
segments along the rostro-caudal direction: cervical, thoracic and
abdominal (26). The cervical VN generates multiple branches,
including the superior cardiac and aortic branches (Figure 1A)
(26, 33–36). Leaving the carotid sheath at the neck base, the
VN enters the thorax, and it is referred to as the thoracic
VN. Vagal cardiac branches include the superior and inferior
cervical cardiac branches and the inferior or thoracic cardiac
branch that originates from the thoracic VN (Figures 1A,B)
(26, 37). The aortic branch or depressor nerve from the left
VN contains afferent fibers innervating the aortic arch, while
the one from the right VN innervates the bifurcation of the
right brachio-cephalic trunk (35, 38). Within the mediastinum,
the thoracic VN provides thoracic cardiac branches that are
mainly observed between the aortic arch and the pulmonary
arterial trunk and innervate the heart along the coronary arteries
(37). Together with cardiac nerves from the sympathetic trunk,
they contribute to form the cardiac plexus, which is usually
divided into a superficial and a deep portion (Figure 1B). From
a functional perspective, the right-sided nerves innervate mostly
the sinoatrial node, while the left-sided nerves innervate mostly
the atrioventricular node (36).

Microscopic Anatomy
Similar to other peripheral nerves, vagal fibers are grouped into
a variable number of fascicles (39) with high variability among
different species and even within the same species (40, 41).
Several studies in human cadavers found the mean fascicles
number of the cervical VN to oscillate between 5 and 10 (33, 40,
42, 43). The cervical VN in mice, rats, canines and non-human
primates displays a less complex fascicular organization than in
humans, typically consisting of 1–2 fascicles (43, 44). The porcine
VN displays more fascicles than the human, containing 46 ± 10
and 43 ± 8 bundles at cervical and abdominal level, respectively
(43, 44). In the somatic nervous system, all fascicles seem to
conform a somatotopic organization (45, 46) and whether this
occurs also in the ANS needs still to be assessed even if it is highly
possible in complex nerves such as the VN (47). In fact, Settell
et al. described a distinct bimodal organization of fascicles in
the pig cervical VN. Specifically, they observed pseudounipolar
cells aggregated in a large “fascicle” in nodose ganglion cross-
sections and found a distinct group of fascicles arising from
that large “fascicle” in caudal cross-sections of the cervical VN
(Figure 2). This distinct organization of fascicles disappeared
beyond the recurrent laryngeal nerve branching point; thus, they
were identified as fascicles pertaining to the recurrent laryngeal
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FIGURE 1 | (A) Schematic representation of the origin of the vagus nerve from the medulla, its ganglia and its major branches at the cervical and thoracic levels.
(B) Thoracic vagus nerves with cervical and thoracic cardiac branches to the deep and superficial cardiac plexi and recurrent laryngeal nerves. (C) Schematic
representation of the central autonomic network with internuclei connections. An autonomic vagovagal loop comprises visceral inputs to the nucleus tractus solitarii
(NTS) which then sends outputs to the dorsal motor nucleus (DMNV), rostral ventrolateral medullary (RVLM), and intermediate lateral medulla (ILM) to adapt
autonomic balance to physiological demands. The cross-talk between the NTS and brain regions (hypothalamus, amygdala, cingulate cortex, insula, prefrontal
cortex) engaged in neuroendocrine, affective, and cognitive regulation of behavior modulates this autonomic forebrain loop. AP, area postrema; NA, nucleus
accumbens.
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nerve, separately from those coming from other visceral organs
(Figure 2) (44). The precise distribution of fibers from the other
visceral organs, especially fibers from peripheral cardiovascular
targets, remains a matter of study, along with the definition of
VN anatomical-functional models to guide the design of future
VNS devices and protocols (48).

The VN is a mixed nerve with fibers carrying sensory, motor,
and visceral information. It entails mostly afferent nerve fibers
(80–90%) with fewer efferent fibers (10–20%) in the majority
of mammalian species (26, 49). VN fibers are classified as “A-
fibers,” “B-fibers” and “C-fibers” in accordance with the classical
Erlanger/Gasser classification (50). Among the afferents, C-fibers
are thin unmyelinated, Aδ-fibers are thin myelinated and Aβ-
fibers are thicker myelinated. Among the efferents, Aα-fibers are
the thickest myelinated axons of α-motoneurons that innervate
pharyngeal and laryngeal muscles, while B-fibers are tiny,
myelinated and carry parasympathetic inputs to visceral organs
(51, 52). The diameters of the unmyelinated and myelinated
fibers of the VN are in the range of 0.25–1.0 µm and 1–4 µm,
respectively, in most animal species (53). Nearly all the large

(above 10 µm) and 40–50% of the small (below 4µm) myelinated
fibers are efferent (49).

Preganglionic parasympathetic fibers originate from the dorsal
motor nucleus of the vagus in the brain stem, branch out of the
VN main trunk to join several autonomic plexuses and synapse
at cell bodies of postganglionic neurons, generally located in the
wall of the target organ. Afferent fibers consist of the T-shaped
axons of pseudounipolar sensory neurons, with their neuronal
soma residing in the nodose and jugular ganglia (52–54). In
the brainstem, central processes of jugular ganglion neurons
project to the trigeminal nucleus through the spinal trigeminal
tract (26), while the primary relay of vagal visceral inputs from
nodose ganglion neurons is the nucleus tractus solitarii in the
medulla (55, 56). The nucleus tractus solitarii has direct and
indirect connections with a wide range of neural structures,
thus endowing the VN with the control of a broad array of
processes (Figure 1C) (55, 57, 58). An autonomic vagovagal
loop encompasses visceral inputs to secondary neurons in the
nucleus tractus solitarii, which then contact efferent neurons
of the dorsal motor nucleus and sympathetic neurons of the

FIGURE 2 | A bimodal arrangement, or vagotopy, can be observed in histological sections collected at various levels along the pig vagus nerve. Section 1 comprises
the nodose ganglion and the superior laryngeal branch and show pseudo-unipolar cells grouped in a huge “fascicle” from which arises a smaller group of fascicles in
sections 2, 3, and 4. Caudally to the recurrent laryngeal nerve (section 5), the bimodal architecture is no longer visible. ESL, external superior laryngeal nerve; ISL,
internal superior laryngeal nerve, VN, vagus nerve. Adapted from Settell et al. (44).
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rostral ventrolateral medulla to adapt the autonomic balance to
physiological demands (Figure 1C) (3).

Vagal Baroreceptors and
Chemoreceptors
Vagal sensory neurons densely innervate great thoracic vessels
and they include Piezo2 + /TTN3 + mechanosensory fibers,
functioning as baroreceptors, and chemosensory fibers that
detect arterial blood gas changes in the aortic bodies (Figure 3)
(59). Afferent fibers from the left nodose ganglion innervate the
apex of the aortic arch, while afferents from the right nodose
ganglion innervate the right subclavian artery, near its branching
from the innominate artery. These fibers run within the aortic
depressor nerves forming fascicles that include both high-
threshold mechanosensory and chemosensory afferents (59). The
majority of vagal baroreceptors are myelinated fibers that convey
information on stretch magnitude, pulse frequency and mean
arterial pressure (59, 60) and, together with the carotid sinus
innervated by the glossopharyngeal nerve, they represent the
afferent arm of the arterial baroreflex (61–63).

Vagal Cardiac Receptors
The VN provides both sensory and parasympathetic innervation
to the heart via cardiac branches. Nodose neurons terminate
with chemoreceptors and/or low-threshold mechanoreceptors
in cardiac atria, ventricles, and major veins (Figure 3). Under
normal circumstances, cardiac receptors are necessary for fine-
tuning of the cardiovascular system. In CVDs like heart

failure (HF), sensory endings undergo pathological activation
that causes autonomic imbalance, with sympathetic excitation
prevailing over vagal excitation (21, 22, 64).

There are at least two different types of atrial receptors
belonging to the VN system of several mammalian species:
type B receptors, that fire in response to increased volume
(stretch receptors), and type A, that respond to atrial
contraction. Both receptor endings correspond to slightly
myelinated/unmyelinated fibers located mainly in the
endocardium at the pulmonary veins-atrium and caval-atrium
junctions and, to a lesser extent, in the free wall and appendage
of both atria (65). They function as slowly adapting stretch
receptors with low-frequency firing (66). Other vagal afferent
fibers from the atria are unmyelinated C-fibers with a diffuse
distribution and activity patterns similar to those described for
type A or type B receptors (64).

Two types of sensory vagal endings have been described
in both cardiac ventricles: myocardial and epicardial
receptors (Figure 3). Myelinated myocardial receptors are
mechanosensitive fibers working as tension/pressure-sensitive
receptors and fire at the onset of left ventricular contraction
(59, 64). On the other hand, unmyelinated myocardial receptors
include 5-HT3R + C-fibers, predominantly functioning
as mechanoreceptors (Figure 3) (64, 67), and C-fibers
predominantly functioning as chemoreceptors which transduce
the pain sensation that characterizes angina pectoris (21). Finally,
vagal afferent fibers innervating the parietal pericardium are
finely myelinated and sensitive to pericardium distension (64).

FIGURE 3 | Schematic representation of thoracic cardiovascular afferent fibers running in the vagus nerve. Insets: top, baroreceptors Piezo2 + and
TTN3 + terminals; down, unmyelinated 5-HT3R + myocardial receptors.
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Vagal Cardiac Efferent Fibers
The VN provides parasympathetic innervation to the heart
via preganglionic cardioinhibitory neurons mainly located in
the nucleus accumbens and to a lesser extent in the caudal
dorsal motor nucleus of the vagus (21). Neurons of the
nucleus accumbens possess thin myelinated axons with a
diameter comprised in the B-fibers range (conduction velocity
range 3–15 m/s) (68, 69) and exert strong respiratory- and
cardio-modulatory and chronotropic effects. Efferent fibers
from the nucleus accumbens of the right VN synapse with
postganglionic cholinergic neurons that innervate the sino-atrial
node, while fibers of the left VN project to postganglionic
cholinergic neurons that innervate the atrioventricular node
(21, 63). In contrast, neurons of the dorsal motor nucleus
have unmyelinated axons, show little or no respiratory and
cardiac modulation, exert smaller effects on HR and possibly
stronger dromotropic and inotropic effects, as they project to
postganglionic neurons innervating the left ventricle (70, 71).
Cardiac neural control is realized via tonic interaction between
sympathetic and parasympathetic limbs of the ANS, particularly
in the mammalian heart, where many terminal fibers lie close to
each other and exert reciprocal inhibitory effects at the synaptic
level (21, 22, 72).

VAGUS NERVE STIMULATION FOR
CARDIOVASCULAR DISEASES

Vagus nerve stimulation was first developed for the treatment of
drug-resistant epilepsy and depression, obtaining FDA approval
in 1994 (73–77) and 2005 (24, 78–81), respectively. Based

on prior animal experiments, the first clinical studies defined
the therapeutic range of VNS, the algorithm for stimulation
titration up to the threshold of patient tolerance, and the
safety and tolerability profile (73, 82). With the discovery
of the inflammatory reflex in the early 2000s (83) and the
evidence that VNS could attenuate inflammation normalizing
the expression of proinflammatory cytokines (such as TNF-
α and IL-6), VNS studies increased exponentially (28). At
present, research labs worldwide are studying the effects of
VNS in a multitude of conditions, spanning from neurological
to inflammatory disorders, both in animal models and in
patients (84).

The VN can be stimulated in different ways and at different
levels. The classical VNS consists in an invasive procedure that
is performed as a day case procedure under general anesthesia.
The FDA-approved VNS device comprises a spiral anchor and
two bipolar helical electrodes with a platinum ribbon functioning
as an anode and a cathode. They wrap approximately 270◦

around the left cervical VN, below the origin of the superior
and inferior cervical cardiac branches, and are connected via a
cable tunneled subcutaneously to a pulse generator that is most
commonly positioned in a infra-clavicular pocket (24, 85–90).
Despite the fact that VNS is a minimally invasive treatment,
surgery remains inherently risky and comes with a number of
possible side effects (91, 92). Therefore, alternative non-surgical
methods have been developed, such as cervical non-invasive or
transcutaneous VNS directed to the auricular branch of the VN
(Figure 4) (91, 93–95). In the current standard practice, VNS
parameters are set individually and tuned periodically for each
patient. An “adequate” stimulation is generally set between a
minimum level of perception by the patient to a maximum level

FIGURE 4 | 3D plot of percent change in heart rate against right VNS intensity and frequency, with representation of the neural fulcrum in the yellow-shaded region.
Operational points used in the NECTAR-HF, INOVATE-HF, and the ANTHEM-HF studies. Adapted from Ardell et al. (17).
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of intolerability due to side effects, both of which are subjective
and variable (96).

Vagus Nerve Stimulation Mechanisms on
the Cardiovascular System and
Cardiovascular Diseases
Vagus nerve stimulation impacts cardiovascular control at
multiple levels (97) via activation of afferent and efferent
pathways and, depending on the frequency, pulse-width, and
current intensity, of diverse fibers populations (43, 98).

In general, VNS of efferent cardiac fibers causes a reduction in
heart rate (negative chronotropic effect on the sinoatrial node), in
atrioventricular conduction (negative dromotropic effect on the
atrioventricular node), and in ventricular contractility (negative
inotropic effect on ventricular myocardium) (28, 99), with
right VNS having mostly chronotropic effects while left VNS
mostly dromotropic effects (100). VNS modulates left ventricular
function increasing both action potential duration and the
effective refractory period, either of which decreases intracellular
calcium and ventricular contractility and wall motion (28,
89, 101). Activation of descending efferent projections can
also mitigate sympathoexcitation via neural interactions within
the intrinsic cardiac nervous system, modulate cardio-cardiac
reflexes, and impart cardioprotection via direct effects on
cardiomyocytes (1).

Vagus nerve stimulation of afferent fibers can impact
central reflexes, including those that involve sympathetic
and parasympathetic efferent outflows to the heart (1). For
instance, VNS of vagal baroreceptors reflexively activates
vagal cardioinhibitory efferent fibers to reduce heart rate and
concurrently inhibits sympathetic efferent activity and down-
regulates the renin-angiotensin-aldosterone system (28, 102).

Vagus nerve stimulation effects demonstrated beneficial effects
in different animal models of CVDs. First of all, VNS has
shown antiarrhythmic effects in several conditions, probably
via multifactorial mechanisms that include a decrease in heart
rate, the release of nitric oxide, anti-inflammatory effects, and
antagonism of the sympathetic nervous system (28, 103). It
was shown that VNS increases the threshold for ventricular
arrhythmias via reduction in ventricular excitability and
repolarization heterogeneity (effect on ventricular conduction
system) (28, 99). In animal models of atrial fibrillation, VNS
exhibited antifibrillatory effects by shortening atrial fibrillation
duration and prolonging the atrial fibrillation cycle length
(19, 28). Moreover, a VNS delivered below the threshold of
bradycardia induction can effectively suppress atrial fibrillation
in anesthetized dogs (89). VNS effects on the sympathetic
nervous system contribute to the prevention of arrhythmias
also during cardiopulmonary resuscitation (28). VNS-induced
decrease in cardiac motion reduces cardiac metabolic demands
during the vulnerable period of ventricular fibrillation, making
VNS a potential intervention to improve the efficacy of
defibrillation (101).

Vagus nerve stimulation was also shown to decrease infarct
size and to halt post-myocardial infarction phenomena such
as the remodeling of both the myocytes and the intrinsic

cardiac neuronal system. These cardioprotective mechanisms
include anti-inflammatory effects, prevention of Connexin 40
and Connexin 43 loss, antioxidative effects, and antiapoptotic
effects such as decrease in cytochrome c release and in the
proapoptotic Bcl-2-associated X protein levels (28, 89, 103–106).
When applied during myocardial reperfusion, VNS was shown
to improve ventricular function and reduce arrhythmic episodes
via antagonization of the cardiac sympathetic outflow, reduction
of reactive oxygen species and of ventricular excitability (28,
103–106). VNS improves left ventricular ejection fraction post-
myocardial infarction restoring subcellular levels of calcium-
binding proteins (such as SERCA2a, NCX1, and PLB) and can
reestablish baroreceptor reflex to the pre-infarction baseline (28).

Vagus nerve stimulation can slow the progression of
myocardial remodeling and atrial and ventricular dysfunction in
animal models of chronic HF with reduced ejection fraction (28).
VNS beneficial effects in HF can be attributed to improvements in
left ventricular mechanics, attenuation of the sympathetic drive,
down-regulation of the renin-angiotensin-aldosterone system,
reduction of proinflammatory cytokines, normalization of the
nitric oxide pathway, increase in myocardial expression of
gap junction proteins and capillary density and tempering of
myocardial interstitial fibrosis (1, 28, 104, 106–113). Optogenetic
stimulation of cardioinhibitory neurons in the dorsal motor
nucleus of the vagus can reduce myocardial expression of
G-protein-coupled receptor kinase 2 (GRK2) and b-arrestin 2,
which both contribute to the progressive decline of myocardial
contractile function in HF (104).

Vagus nerve stimulation can ameliorate poststroke recovery
via enhancement of motor cortex plasticity during rehabilitation,
likely favoring the release of acetylcholine, norepinephrine,
GABA, and brain-derived neurotrophic factor (28). VNS can also
attenuate cerebral edema after brain injury by reducing cerebral
blood flow, glutamate excitotoxicity, and inflammation (28).

Finally, VNS in hypertensive rats showed a significant
blood pressure reduction, with static stimulation clinically more
effective than pulsatile stimulation (28).

Vagus Nerve Stimulation in the Clinical
Scenario
To date, despite the vast assortment of CVDs investigated
in the pre-clinical scenario, VNS clinical applications in the
cardiovascular field have been mostly focused on HF. This
syndrome provides a strong rationale for ANS modulation, as
its genesis and progression are heavily influenced by autonomic
imbalance (21, 22, 114, 115). Preclinical studies have shown that
VNS can exert very positive effects on the progression of HF, but
clinical trials failed to achieve the same results. Complete clinical
trials of VNS for HF with reduced ejection fraction include
two randomized controlled trials, i.e., the INOVATE-HF (116)
and the NECTAR-HF (117), and two open-label studies, i.e., the
ANTHEM-HF (118) and the study by De Ferrari et al. (119).
In the study by De Ferrari et al. (119) and in the INOVATE-
HF, VNS was delivered using the CardioFit system that senses
heart rate (via an intracardiac electrode) and delivers asymmetric
stimulation at a variable delay (70–325 ms) from the R-wave

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 April 2022 | Volume 9 | Article 86695776

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-866957 April 2, 2022 Time: 15:13 # 8

Ottaviani et al. Closed-Loop Vagus Nerve Stimulation

(85, 87, 119, 120). The stimulation lead is an asymmetric bipolar
multi-contact cuff electrode specifically designed for cathodic
induction of action potentials while simultaneously applying
asymmetrical anodal blocks, thereby reducing the activation of
A-fibers while preferentially activating efferent B-fibers (85, 87,
105). In the NECTAR-HF (117) and the ANTHEM-HF (118)
trials the investigators utilized the Boston Scientific VNS device
that activates VN fibers bidirectionally with no synchronization
with the cardiac cycle (118). All trials recruited similar NYHA
class II-III patients with reduced left ventricular ejection fraction
and receiving optimal medical therapy (121). These trials did not
raise safety issues but showed variable efficacy (116, 118, 121,
122). As highlighted by a recent meta-analysis, these trials showed
significant improvement in the functional NYHA class, quality of
life, 6-min walking test, and NT-proBNP levels, but VNS did not
have any impact on mortality (123). The subjective measures that
improved in all trials should be cautiously taken as subjects were
not totally blind to the therapeutic procedures, notwithstanding
the sham-controlled design (116, 118, 124). Only the two
uncontrolled studies (ANTHEM-HF and the study by De Ferrari
et al.) showed a positive effect of VNS on cardiac remodeling
(118, 119), despite the success of preclinical experiments (118,
120). These trials employed diverse stimulation parameters, and
subsequent analyses showed that the ANTHEM-HF study was the
only one to achieve the therapeutic stimulation corresponding
to the “neural fulcrum” (17). The neural fulcrum is defined
as the combination of VNS parameters such as frequency–
amplitude–pulse width that results in no heart rate response
(Figure 4), and it corresponds to a dynamic equilibrium where
VNS activates cardiac neural circuits while keeping reflex control
of cardiovascular functions. In fact, VNS normally modifies
cardiac neural circuits pushing them in one direction that
tends to be physiologically counterbalanced by cardiovascular
reflexes (17). For instance, low intensity/high frequency (20 Hz
or more) stimulation preferentially activates afferent fibers
causing tachycardia that leads to secondary activation of both
central pathways and vagovagal, vagosympathetic, or vagoadrenal
reflexes. On the other hand, higher intensity/lower frequency
(10–15 Hz) stimulation activates parasympathetic neurons
resulting in bradycardia and mitigation of sympatho-excitation
via neural interactions within the intrinsic cardiac nervous
system (1). Finally, low intensity/very low frequencies (1–2 Hz)
stimulation determines little to no cardiomotor effects, as the
afferent-driven decreases in central parasympathetic outflow
are equivalently counteracted by direct activation of cardiac
parasympathetic neurons (125).

ANTHEM-HF utilized the principle of neural fulcrum by
determining the autonomic engagement via an automatic beat-
to-beat pattern analysis throughout the initial phase of VNS
titration (122). In the NECTAR-HF trial, the high frequency
stimulation provoked patients intolerance and impeded titration
to a therapeutic dose; in the INOVATE-HF study, not all
patients received adequate stimulation levels (116, 121, 122,
126–128). On the basis of the results of ANTHEM-HF, a large,
randomized, controlled trial of right VNS with the use of the
same system is now underway (ANTHEM-HFrEF PIVOTAL
trial, NCT03425422) (18), along with a novel study in patients

suffering from HF with preserved and mid-range ejection
fraction (127).

Unresolved Issues in Clinical Vagus
Nerve Stimulation for Cardiovascular
Diseases
The exploitation of VNS full potential and its transformation into
a simple and cost-effective therapy for a wide range of conditions
requires the completion of some major steps. A general problem
is the still limited knowledge of VN function, with an ensuing
lack of understanding of the mechanisms responsible for already
established VNS treatments of diseases such as drug-resistant
epilepsy (121, 126, 129). Consequently, optimum stimulation
parameters tailored for patient-specific clinical characteristics
and precise timing remain a matter of debate (74, 75, 79, 128,
129). VNS is normally up-titrated through a series of follow-
up visits until a therapeutic dosage is attained without adverse
effects and up to the tolerance threshold of the patients (73, 94).
Given subjectivity of patients’ tolerance and the uniqueness of the
electrode-nerve interface, no standard therapeutic dose exist, the
effectiveness of parameters adjustment during titration remains
dubious, and the response prediction uncertain (92, 121, 122,
129, 130).

Another related problem is the definition of the target
population using adequate “predictors” to discriminate between
responders and non-responders. These predictors could be
markers of autonomic imbalance represented by physiological
parameters such as heart rate variability or innovative markers
such as those derived from neural decoding of specific ANS
circuits (78, 118, 129, 131).

While technology advances at a quick pace, neuromodulation’s
ultimate potential can be realized when the relationship between
nerve activity and physiological function is thoroughly known
(4, 6), thus allowing translation of biological information
into appropriate engineering specifications (16, 132). The
knowledge gap of vagal physiology, functional anatomy and
neuromodulation mechanisms inevitably also affects the
selectivity of neural interfaces and of neuromodulation protocols
(133). First of all, most VNS systems lack functional selectivity,
that is stimulation of distinct functional classes of fibers, and
are far from mimicking patterns of action potential occurring
in healthy nerve fibers (32, 133). Secondly, most VNS systems
lack spatial selectivity, that is selective modulation of fibers in
the specific anatomical territory innervated by a given fascicle
(32). Electrodes commonly used for VNS are not selective
enough to achieve targeted neuromodulation in a complex
fasciculate nerve like the VN (133). The direct consequences
are the failure to achieve therapeutical effects and the onset
of side effects that include hoarseness, throat pain, voice
alteration, difficulty swallowing, coughing, abdominal and chest
pain, nausea, dyspnea, and bradycardia (36, 85–88, 90). The
inadvertent stimulation of somatic nerve branches such as the
superior and recurrent laryngeal nerve has been addressed
as one of the main causes of VNS side effects (36). Selective
stimulation of vagal cardiac B and C fibers can be challenging
given that their thresholds are 2–100 times greater than A fibers,
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as those branching to the laryngeal nerves (89). To achieve
such selectiveness, several authors tried the combination of
different stimulation parameters or to modify the pulse shape
using different techniques such as the anodal block, slowly
rising pulses or depolarizing pre-pulses (89). Other strategies
are the modification of electrode design to allow preferential
activation of efferent fibers (such as in the case of the CardioFit
system) or the development of multicontact electrodes that
exploit the topographical architecture of human nerves to target
organ-specific fascicles (36, 88–90). This last approach would
provide better spatial resolution and consequently improve
the selectivity both for recordings and stimulation (36, 89).
Therefore, new neural interfaces with higher electrode counts
and spatial selectivity should be implemented (8, 30), along with
advanced signal processing techniques and the use of hybrid
models (134, 135) with extensive validation in experimental
animals (136). With such technologies, the development of
closed-loop VNS based on the combination of selective nerve
stimulation and biosensing technologies could be one of the best
solutions to overcome the aforementioned limitations emerged
during VNS clinical trials (7, 133).

Closed-Loop Strategies for Vagus Nerve
Stimulation
The current VNS systems provide stimulation in an open-
loop fashion, meaning that parameters are pre-set and are
not automatically adjusted according to the patient’s clinical
characteristics (137). Closed-loop stimulation strategies offer the
advantage of providing treatment only in response to detection
of altered biomarkers of disease, thus tuning the stimulation
according to the patient’s condition (138, 139). This approach
potentially improves the efficacy of open-loop interventions
and decreases the associated side effects (140). Closed-loop
devices should continuously monitor internal biological variables
to adjust therapy to individual conditions (7), thus allowing
not only automatic but also adaptive neurostimulation that
could maintain its efficacy over time and overcome the
intrinsic plasticity of biological systems (8, 11, 141). In fact,
plasticity and memory are crucial characteristics of the cardiac
neuraxis, which undergoes profound alterations in chronic
CVDs, causing the disruption of homeostatic cardiovascular
functional responses (19).

Closed-loop VNS relies heavily on the precise selection and
processing of physiological inputs (32, 142). To date, in the
clinical scenario, only macro-biosignals like heart rate have been
employed as input data for control loops. This concept is well
illustrated in the work by Tosato et al. who achieved heart rate
regulation with a closed-loop control system that continuously
measured the RR interval, recalculated the difference between
the measured and the target value and fed it back to the
stimulator accordingly (100). Multiple other indirect and non-
invasive measures can be used as indexes of cardiac VN activity
(115), for instance heart rate variability, baroreflex sensitivity or
respiratory sinus arrhythmia (21, 115). However, such clinical
vagal indexes should be used with caution as they represent
gross markers of the final net effect of parasympathetic and

sympathetic action on the heart (72). On the other hand, local
control loops can be obtained by recording feedback bio-signals
from the same spot where the stimulus is delivered (142). This
approach optimizes the spatial and temporal distribution of the
local stimuli (142) but requires high-fidelity feedback signals
that are not clinically obtainable due to current technological
limitations (142, 143). A good example is represented by the lack
of instruments to properly follow and locally evaluate in real-
time the myriad of metabolic signals or the fluctuating levels
of inflammatory stimuli. Nevertheless, all this information is
collected by the peripheral sensors of the ANS and converted
into electrical signals (neural encoding), a sort of “neural
footprints” of physiological processes that can be recorded and
decoded (Figure 5) (8, 30). Deciphering the neural language
through decoding techniques would be essential to understand
the underlying mechanisms of many diseases and to develop
new methods and technologies that better engage with neural
circuities (141). In the case of VNS, the copresence of afferent
and efferent fibers in the VN offers the opportunity to build a
feedback loop on the same anatomical site, that is to record from
and then to stimulate the VN (Figure 5) (144, 145). Vagal sensory
neurons are equipped with a vast arsenal of receptors to sense and
respond to a huge variety of stimuli (27). Consequently, neural
signals traveling through the VN represent a peerless source
of information, and this helps the implementation of neural
decoding strategies that usually benefit from an adequate number
of signals (30, 32). Moreover, vagal neural signals offer the
advantage of high temporal and spatial resolution (146), helping
in the identification and classification of patterns difficult to see
using other biosignals (8, 30) and potentially allowing devices to
diagnose various conditions before symptoms presentation (32).
New neural interfaces with higher electrode densities and spatial
selectivity, such as intraneural electrodes, (147) and advanced
signal processing techniques (8) will be necessary to take full
advantage of the information traveling along with the VN. In
the next section, we present the main preclinical studies that
aim at the development of VNS closed-loop approaches based on
different neural recording and decoding strategies for CVDs.

Decoding Techniques for Physiological Fiber Firing
Neural interfaces used for stimulation can also be used to
record neural signals and monitor ANS activity in real-time
(13). While innovative neural interfaces with multiple contacts
are designed to improve the quality and information content of
neural recordings (148–151), comparable efforts are being made
to develop advanced signal processing and data analysis methods
(152, 153). Several studies recently focused on the extrapolation
of neural markers from spontaneous or physiologically enhanced
VN activity, employing various decoding techniques. One
technique is the coherent electroneurogram averaging that aims
at the isolation of the neural activity of interest from the random
noise by taking the average of N snippets from a recorded
signal in correspondence to an external or an internal trigger,
for instance a biological change (154). Using multicontact cuff
electrodes, Plachta et al. employed the ECG rising edge as a
trigger to remove stochastic noise, isolate baroreceptors activity
from VN recordings and perform selective VNS reducing blood
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FIGURE 5 | Schematic representation of the principles of closed-loop neuromodulation using neural recordings and decoding strategies. The heart is densely
innervated by vagal afferent fibers, which detect chemical and mechanical stimuli, convert them into electrical signals (action potential) and send them to the CNS via
their peripheral and central axons. Using neural interfaces placed on the vagus nerve, it is possible to record and decode these electrical signals and identify the
underlying physiological processes and set the spatiotemporal characteristics of stimulation. CNS, central nervous system.

pressure without producing side effects in rats (145). Sevcencu
et al. recorded signals from the porcine left VN to extract
intraneural and extraneural profiles resembling the temporal
evolution of blood pressure during baseline activity. In particular,
systolic peaks and dicrotic waves characterizing blood pressure
were reflected by the neural counterpart (144, 155). Rozman
and Ribarič employed 33-electrode spiral cuff to record from
the left VN of a dog during stimulation of cardiovascular or

respiratory stimulations and identified the channel that was best
correlated with heart activity using the spectrum estimation
technique (156).

Another common approach to extract physiological
information from VN electrical activity consists of decoding
fiber spike patterns using spikes sorting techniques (157–162).
Typically, raw neural signals are band-passed from 200 Hz
to a maximum of 10 kHz, robustly denoised, spikes are then
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detected using thresholding methods and clustered using feature
waveforms (46, 163). In general, there is not a universally
adopted low-frequency cutoff as it usually depends on the quality
and the nature of the signals. For instance, 200 Hz low-frequency
cutoff was used in the context of intrafascicular sciatic nerve
recordings (164), 1 kHz for intraneural recordings from the
pig VN (136), 700 Hz (165) and 300 Hz (166) in the case of
microneurographic recordings from the peroneal nerve and
from the human VN, respectively. In the murine VN, spike
sorting techniques within decoding frameworks have been
employed to decode the activity of different fiber types enhanced
by inflammatory stimuli such as particular cytokines (153) or
metabolic ones like hypoglycemia/hyperglycemia (167). Spike
sorting techniques are potentially usable in human patients as
we recently obtained single-fiber recordings from the human
cervical VN identifying tonically active neurons that discharged
synchronously with the respiratory and cardiac cycles (166).
Spike-like signals, as they reflect the activity of individual
fibers, are preferable to cumulative signals to obtain maximal
functional selectivity (162). Real-time implementations of
complex spike sorting algorithms onto low-power off-the-shelf
digital signal processors are currently available, as in the case
of neuroprosthetic applications where the power consumption
enabled more than 24 h processing at the maximum load (162).
In the case of closed-loop VNS protocols, this would allow
longer operational time scales, such as Holter-like monitoring at
a neural level, i.e., a “Neural Holter” with biomarkers extracted
directly from neural activity. As pointed out in Raspopovic
et al. (136), signals recorded with intraneural electrodes can
be classified as a hybrid category between cumulative and
single-unit signals. This characteristic allows the development
of more robust recording schemes and processing algorithms
via a combination of decoding strategies developed on both
cumulative and single-unit signals (136).

The identification of neural signals elicited by specific
physiological stimuli could be extremely useful to distinguish
among VN fibers coming from different cardiovascular sites
and carrying information on multiple functional parameters that
can vary over short time windows, such as cardiac output and
blood pressure. Such distinction could be further appreciated
using neural multielectrode devices with high spatial selectivity
to better interface the potential topographical architecture of the
VN (44, 46). However, cuff electrodes can only sense compound
nerve action potentials and multi-unit activity and they do
not allow access to single-fiber action potentials contrary to
intraneural electrodes (89, 168). Intraneural electrodes offer the
advantage of higher signal-to-noise ratio and higher spatial
specificity compared to epineural electrodes and could allow
more effective closed-loop decoding methods to be used (8,
139, 169). Intraneural electrodes such as the Longitudinal
Intra-Fascicular Electrode (LIFE) or the Transversal Intra-
Fascicular Multi-channel Electrodes (TIME) have provided
rich and valuable sensory feedback in human amputees and
detailed information from decoding hand movements in somatic
nerves (139, 157, 159, 170). The LIFE is a flexible electrode
consisting of 25–50 µm diameter Pt or Pt-Ir wires insulated with
Teflon or metalized Kevlar fibers insulated with medical-grade

silicone. The wire is surgically inserted into the nerve along
the fascicle and then pinched out of the nerve again. The
recording sites are areas of 0.5–1.5 mm long which are
left uninsulated (149). A more recent version of LIFEs is
the thin-filmLIFEs (tfLIFE), based on a thin highly flexible
micropatterned polyimide substrate filament that can host eight
contact sites (46, 149). The TIME consists of a thin, strip-
like polyimide substrate with platinum electrode sites. The
substrate is folded to align several electrodes and the folded
substrate is threaded transversely through the nerve between
the fascicles (149). The original design contained 10 sites
with interelectrode spacing of 230 µm (148). The TIME was
developed to achieve good contact with nerve fibers, selectively
addresses several fascicles in a nerve with a single implant,
and minimizes the mechanical mismatch between the implanted
material and nerve tissue (168). The TIME has shown higher
selectivity at low stimulation intensities than the single LIFE
and multipolar cuffs (46, 148, 149). Our group combined the
use of multichannel intrafascicular electrodes, machine learning
principles and hybrid models (136) to study high frequency
(>1,500 Hz) VN activity of anesthetized pigs during artificially
produced alterations of physiological parameters, simulating
increases in respiratory rate, tidal volume and arterial blood
pressure (Figure 6A) (152). Using a new decoding algorithm
that combines wavelet decomposition, dimensionality reduction,
and ensemble learning classifiers, we could associate VN signals
to specific functional changes (Figure 6B). Our approach was
a machine learning-driven approach to find informative feature
vectors for reliable decoding of cardio-respiratory alterations
regardless of their precise nature, and future analysis will
serve to get more interpretable features related to units and
aggregate activities. Different from epineural electrodes that
can only provide a global picture of neural signal trafficking
(147, 171), we employed intraneural electrodes to enhance
selectivity (147, 169) and to map a possible spatial functional
organization of VN fascicles. Thus, we employed a hybrid
modeling framework based on histological analysis combined
with electrode discrimination ability properties measured via a
novel quantitative measure called Discriminative Field Potential
(DFP) and we obtained distinct spatial configurations of
discriminative patterns generated by fascicles during the various
functional challenges (Figure 6C) (152). This is extremely
important for the development not only of timely, but also
spatially selective stimulation protocols in a complex nerve
with multiple fascicles like the human or porcine VN (152).
In this perspective, the precise knowledge of cardiovascular
fibers arrangement within the cervical vagal trunk would be
crucial to establish effective VNS protocols for the treatment
of CVDs. Anatomical models and non-invasive tests should
be developed and used to better anticipate which site for
neuromodulation would give the best outcomes and to overcome
the anatomical variability that limits clinical VNS applications
(116, 120, 129).

The biocompatibility and longevity of intraneural electrodes
was demonstrated in animal models and preliminarily confirmed
in human experiments with long-term stimulation for sensory
feedback and chronic neural recordings (139, 172). However, the
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FIGURE 6 | Schematic representation of the experimental setup and decoding algorithm from Vallone et al. (152). (A) Recording apparatus, electrode implantation
and summary of the in vivo protocol and functional challenges comparisons. (B) Decoding algorithm. Feature extraction was performed on 1 s portions of raw
intraneural signals (dark blue traces) by applying principal component analysis on wavelet details relative to two different scales (1,500 Hz < f < 3,000 Hz and
3,000 Hz < f < 6,000 Hz). Neural signals recorded with intraneural electrodes were a combination of single-unit and compound action potentials. Decoding
performed with ensemble learning based on classification trees combined with random undersampling and boosting procedure was applied on feature vectors.
Decoding performance was assessed by means of confusion matrices and accuracy level. (C) Schematic description of two intraneural electrodes implantation in
the VN of one pig and hybrid model simulations of fascicles activation at baseline and in response to functional challenges. The two intraneural electrodes are
represented on a VN histological section (central panels). DFP patterns of activity during baseline and each functional challenge (left panels). DFP, discriminative field
potentials. Adapted from Vallone et al. (152) with permission.

experience in chronic implantations in humans indicates that
there is frequently a reduction in the number of functioning
electrode active sites, an in- crease in the stimulation threshold,
and a decrease of the signal-to-noise ratio along time. To further
improve the usability of the neural electrodes, considerable
efforts are being devoted in the engineering field for increasing
robustness and flexibility at the same time of miniaturizing the
electrodes and in the biological field to increase biocompatibility
of the substrates and to modulate the foreign body reaction (46).
On the computational side, since the drift in the amplitudes of
signals and changes in the signal-to-noise ratio greatly hampers
chronic neural recordings and decoding, new algorithms for
drift compensation have been developed (173). In the case
of the VN, carbon nanotube yarn electrodes have been used

to make the first direct chronic measurements of vagal tone
in freely moving rats (174). Thanks to their small size, high
flexibility, and low impedance, carbon nanotube yarn electrodes
have provided stable, high-signal-to-noise chronic recordings in
rats VN with high-quality signals continuing up to 4 months after
implantation (174).

Decoding Fiber Activity in Electrically Stimulated
Nerves
Recording and decoding the spontaneous activity of vagal fibers
would be useful to determine the precise timing for VNS delivery,
but may prove limited for the definition of precise dosing (133).
In this regard, recording and decoding fiber activity during VNS
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may represent a complementary method to better define the
relationship between stimulation and physiological effects.

The standard VNS dosing method does not rely on
any measurement of fiber activation, since the commercial

implants lack the capability to record from nerves during
stimulation. Consequently, factors like electrode interface and
nerve sensitivity are not controlled and VNS effects in a patient
are neither uniquely determined over time nor comparable with

FIGURE 7 | Schematic representation and explanation of the electrically evoked compound action potential (eCAP). (A) Example of a VNS device that electrically
stimulate the vagus nerve at one site while recording evoked activity at another site. Inset: vagal fascicle containing different fiber types distinguished by myelination
degree and fiber caliber. (B) Example of a complete vagus nerve eCAP obtained with supra-threshold stimulation of all vagal fibers subtypes. Each peak of the eCAP
corresponds to different fiber subtypes as indicated by the different color codes.

FIGURE 8 | Intercorrelations between neural decoding, technology, algorithms, physiological mechanisms, and the development of a closed-loop neuromodulation
system.
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other patients (133). The ability to distinguish between stimulated
fibers could aid in correlating neural activity to external variables,
thus increasing the ability to achieve targeted stimulation (175),
with decreased variability in therapeutic responses and increased
response rate (96).

In studies that employ extraneural interfaces, nerve activity
is frequently analyzed in terms of evoked compound activity
by electrical stimulation (eCAP) (176). The diverse conduction
velocities of various fiber types, which ultimately depends on fiber
caliber and degree of myelination, determine typical patterns and
shapes with distinctive latencies and peaks in the eCAP (177), as
shown in Figure 7. A sophisticated analysis of VN eCAPs would
help in the assessment of the relationship between stimulus dose,
neural recruitment and physiological effects (178).

Tahry et al. obtained, for the first time, VN eCAPs recordings
after implanting the Advanced Nerve Stimulator version 300
(ADNS-300, Neurotech SA, Louvain-La-Neuve, Belgium) in the
human VN (179). In preclinical studies, VNS-eCAP were used
to optimize stimulation parameters and electrode design during
VNS in dogs (176), pigs (180), and rodents (96), showing a strong
correlation with the physiological effects of stimulation. For
instance, vagal B-type fiber eCAP amplitude was correlated with
changes in heart activity (176), indicating that parasympathetic
B-fibers are the best predictors of cardiac activity during VNS (96,
177). Ordelman et al. found an indirect component in pig vagal
eCAPs during VNS protocols, and they showed that it correlated
with the state of the cardiovascular system (181).

CONCLUSION

In conclusion, the VN represents a key component of the
cardiac neuraxis and VNS has shown a great potential for
the treatment of a wide range of CVDs in the preclinical
setting. Results in experimental animals may not be immediately
translated into clinical applications, yet they are paving the
way for fine-tuning and customized VNS applications. VNS
represents a cheaper alternative/complementary solution to

pharmacological remedies that lack of efficacy and present
significant side effects and astronomical costs (4, 7, 182, 183).
Closed-loop VNS would guide earlier, more accurate diagnosis
and enable more effective, less costly prevention and intervention
compared to pharmacological treatments (183). Moreover, access
to personalized bioelectronic data would facilitate greater patient
understanding of their conditions and greater engagement with
their treatments, higher levels of health literacy, and greater
communication and trust between patients and physicians
(183). A plethora of promising research is advancing to
overcome VNS limitations and develop closed-loop modalities.
Advanced neural decoding strategies represent a major candidate.
However, automatic closed-loop modalities will require not only
advancements in biotechnologies but also improvements in
the basic understanding of fundamental biological mechanisms
(16). Progress in neural interface technology, big-data analysis
methods, and signal processing techniques will accelerate
biological breakthroughs that, in turn, will inform additional
advancements in technology and methodology, creating a
synergistic loop that ensues cross-disciplinary collaboration
(Figure 8) (8).
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180. Rozman J, Pečlin P, Ribarič S, Godec M, Burja J. An improved method of
crafting a multi-electrode spiral cuff for the selective stimulation of peripheral
nerves. Sci Rep. (2018) 8:915. doi: 10.1038/s41598-018-19318-w

181. Ordelman SCMA, Kornet L, Cornelussen R, Buschman HPJ, Veltink PH. An
indirect component in the evoked compound action potential of the vagal
nerve. J Neural Eng. (2010) 7:066001. doi: 10.1088/1741-2560/7/6/066001

182. Stieglitz T. Of man and mice: translational research in neurotechnology.
Neuron. (2020) 105:12–5. doi: 10.1016/j.neuron.2019.11.030

183. Asirvatham S, Londoner K, Aravamudan M, Deering T, Heidbuchel H, Kapa
S, et al. Building a bioelectronic medicine movement 2019: insights from
leaders in industry, academia, and research. Bioelectron Med. (2020) 6:1–11.
doi: 10.1186/s42234-020-0037-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ottaviani, Vallone, Micera and Recchia. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 19 April 2022 | Volume 9 | Article 86695788

https://doi.org/10.1186/1743-0003-7-17
https://doi.org/10.1186/1743-0003-7-17
https://doi.org/10.1016/j.biomaterials.2017.01.014
https://doi.org/10.1016/j.biomaterials.2017.01.014
https://doi.org/10.1016/j.jneumeth.2020.108683
https://doi.org/10.3390/bios12020114
https://doi.org/10.3389/fnins.2019.00880
https://doi.org/10.3389/fnins.2019.00880
https://doi.org/10.14814/phy2.12689
https://doi.org/10.1016/j.brs.2020.09.002
https://doi.org/10.2217/bem-2017-0005
https://doi.org/10.1016/j.eplepsyres.2010.10.007
https://doi.org/10.1038/s41598-018-19318-w
https://doi.org/10.1088/1741-2560/7/6/066001
https://doi.org/10.1016/j.neuron.2019.11.030
https://doi.org/10.1186/s42234-020-0037-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-843144 April 26, 2022 Time: 12:23 # 1

ORIGINAL RESEARCH
published: 02 May 2022

doi: 10.3389/fcvm.2022.843144

Edited by:
Marco Mongillo,

University of Padua, Italy

Reviewed by:
Tania Zaglia,

University of Padova, Italy
Baopeng Tang,

First Affiliated Hospital of Xinjiang
Medical University, China

*Correspondence:
Marcello Rota

marcello_rota@nymc.edu

Specialty section:
This article was submitted to

Hypertension,
a section of the journal

Frontiers in Cardiovascular Medicine

Received: 24 December 2021
Accepted: 04 April 2022
Published: 02 May 2022

Citation:
Pizzo E, Berrettoni S, Kaul R,

Cervantes DO, Di Stefano V, Jain S,
Jacobson JT and Rota M (2022)

Heart Rate Variability Reveals Altered
Autonomic Regulation in Response

to Myocardial Infarction
in Experimental Animals.

Front. Cardiovasc. Med. 9:843144.
doi: 10.3389/fcvm.2022.843144

Heart Rate Variability Reveals Altered
Autonomic Regulation in Response
to Myocardial Infarction in
Experimental Animals
Emanuele Pizzo1, Silvia Berrettoni1, Ridhima Kaul1, Daniel O. Cervantes1,
Valeria Di Stefano1, Sudhir Jain2, Jason T. Jacobson1,3 and Marcello Rota1*

1 Department of Physiology, New York Medical College, Valhalla, NY, United States, 2 Department of Pathology, Microbiology
and Immunology, New York Medical College, Valhalla, NY, United States, 3 Department of Cardiology, Westchester Medical
Center, Valhalla, NY, United States

The analysis of beating rate provides information on the modulatory action of the
autonomic nervous system on the heart, which mediates adjustments of cardiac
function to meet hemodynamic requirements. In patients with myocardial infarction,
alterations of heart rate variability (HRV) have been correlated to the occurrence of
arrhythmic events and all-cause mortality. In the current study, we tested whether
experimental rodent models of myocardial infarction recapitulate dynamics of heart
rate variability observed in humans, and constitute valid platforms for understanding
mechanisms linking autonomic function to the development and manifestation of
cardiovascular conditions. For this purpose, HRV was evaluated in two engineered
mouse lines using electrocardiograms collected in the conscious, restrained state, using
a tunnel device. Measurements were obtained in naïve mice and animals at 3–∼28 days
following myocardial infarction, induced by permanent coronary artery ligation. Two
mouse lines with inbred and hybrid genetic background and, respectively, homozygous
(Homo) and heterozygous (Het) for the MerCreMer transgene, were employed. In the
naïve state, Het female and male mice presented prolonged RR interval duration (∼9%)
and a ∼4-fold increased short- and long-term RR interval variability, with respect
to sex-matched Homo mice. These differences were abrogated by pharmacological
interventions inhibiting the sympathetic and parasympathetic axes. At 3–∼14 days after
myocardial infarction, RR interval duration increased in Homo mice, but was not affected
in Het animals. In contrast, Homo mice had minor modifications in HRV parameters,
whereas substantial (> 50%) reduction of short- and long-term RR interval variation
occurred in Het mice. Interestingly, ex vivo studies in isolated organs documented
that intrinsic RR interval duration increased in infarcted vs. non-infarcted Homo and
Het hearts, whereas RR interval variation was not affected. In conclusion, our study
documents that, as observed in humans, myocardial infarction in rodents is associated
with alterations in heart rhythm dynamics consistent with sympathoexcitation and
parasympathetic withdrawal. Moreover, we report that mouse strain is an important
variable when evaluating autonomic function via the analysis of HRV.

Keywords: heart rate variability (HRV), myocardial infarction, autonomic regulation of heart, mouse,
electrocardiogram
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INTRODUCTION

The autonomic nervous system modulates beating rate
and modality of myocardial excitation, contraction, and
relaxation allowing adjustments of cardiac performance to meet
hemodynamic requirements under various conditions. Cardiac
autonomic regulation occurs via feedback loop mechanisms
involving, on the one hand, afferent sensory information
transmitted from mechanoreceptors and chemoreceptors of
heart and vasculature to intrathoracic ganglia and central
nervous system. On the other hand, efferent cardiomotor neural
impulses originating in the nervous system return to the heart
via sympathetic and parasympathetic nerves, influencing heart
rate, electrical conduction, and myocardial function (1, 2).

Sympathetic and parasympathetic stimulation, respectively,
increases and decreases heart rate by modulating sinoatrial
node discharge (3, 4). Norepinephrine, released by sympathetic
nerves, binds β-adrenergic receptors activating adenylyl cyclase
and cyclic AMP production, which induces faster diastolic
depolarization and rapid firing rate. In contrast, acetylcholine,
released by parasympathetic nerves, opens G-protein regulated
K+ channels and binds muscarinic receptors that inhibit
adenylyl cyclase, with the overall effect of reducing firing rate
of the sinoatrial node. Although β-adrenergic and muscarinic
receptors share common downstream transduction molecules,
the pattern of beating rate adjustment following stimulation
of the two signaling axes occurs with different kinetics.
Specifically, parasympathetic activation has instantaneous
and brief consequences on heart rate, whereas sympathetic
stimulation has longer latency effects (5–9). Thus, based on
the modalities of action of the two branches of the autonomic
system on sinoatrial node discharge, the analysis of heart
rate dynamics provides information on the influence of
sympathetic and parasympathetic tone on the heart (5, 6,
9, 10).

Myocardial infarction and other cardiac pathologies
interfering with pump function largely affect autonomic
regulation. Acutely, sympathoexcitation and parasympathetic
tone withdrawal allow for the preservation of cardiac output,
but this initial response is often associated with chronic changes
in the autonomic nervous system, involving abnormal cardiac
afferent activity, excessive neuronal interactive excitability,
and altered neuronal hierarchy (1, 2). The ensuing autonomic
dysfunction together with neurohumoral activation, secondary to
circulatory changes (11), are important factors in the progression
of the diseased condition and enhanced vulnerability of the heart
to arrhythmias (1, 12).

Heart rate variability (HRV) has been studied in patients
suffering from myocardial infarction and indices of heart
rate dynamics have been correlated to recurrent coronary
events, cardiac arrhythmias, sudden cardiac death, and all-
cause mortality (13, 14). Clinical investigations not only have
strengthened the prognostic value of specific parameters of
heart rate variability for patients with ischemic damage or other
cardiovascular complications, but have also substantiated the
prominent role of cardiac autonomic regulation in the initiation
and progression of pathological conditions (2).

In the current study, we have attempted to clarify whether
experimental animal models of cardiac disease recapitulate
features of heart rate dynamics observed in humans, constituting
valid platforms for the understanding of mechanisms linking
heart rate variability and the development and manifestation of
diseased conditions. Specifically, we have evaluated the acute and
long terms consequences of myocardial infarction on heart rate
dynamics in two mouse lines, using electrocardiograms (ECGs)
collected in the conscious, restrained state, using a tunnel device
(Emka Technologies). This analysis has been complemented with
ex vivo studies in isolated organs to assess intrinsic beating rate
of normal and infarcted hearts. Importantly, this investigation
was conducted in mouse lines typically employed as control
animals for studies allowing for conditional and inducible gene
manipulations in the heart, as done previously by our group
(15). These refined genetically engineered models represent
remarkable tools for the elucidation of signaling pathways
that underlie normal and diseased states, and have gained
widespread use and recognition (16, 17). Our findings indicate
that myocardial infarction reduces long- and short-term heart
rate variability, which is consistent with enhanced sympathetic
and reduced parasympathetic tone. Moreover, we found that,
experimentally, mouse strain is an important variable when
assessing heart rate variability in normal and pathological status.

MATERIALS AND METHODS

All data, materials, and methods of this study are available from
the corresponding author upon reasonable request.

Experimental Animals
Mice were maintained in accordance with the Guide for Care
and Use of Laboratory Animals; animal experiments were
approved by the local institutional animal care committees
(IACUC) of New York Medical College. When needed, isoflurane
(1–1.5%, inhalation) was employed as a methodology of
anesthesia. Euthanasia was attained under anesthesia by bilateral
thoracotomy and removal of the heart.

For this investigation, data collected from single transgenic
mice homozygous or heterozygous for the alpha-MHC-
MerCreMer (αMHC-MCM) transgene were used. In these
animals, the mouse cardiac-specific alpha-myosin heavy
chain promoter (αMHC) directs expression of a tamoxifen-
inducible Cre recombinase (MerCreMer), allowing for the
temporally regulated modulation of loxP-flanked targeted genes
in cardiomyocytes of bi-transgenic mice (17). Mice homozygous
or heterozygous for the αMHC-MCM transgene and presenting
LoxP-flanked sequences have been widely employed for inducible
and conditional gene targeting. Currently, according to the Web
of Science database, there are >400 published research articles
citing the original investigation reporting the development of the
αMHC-MCM mouse line (17). Therefore, based on the relevance
of this engineered mouse line, we employed homozygous and
heterozygous αMHC-MCM animals, which are typically used as
control mice in studies with conditional and temporal regulation
of the expressions of genes of interest.
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For this purpose, B6.FVB (129)-A1cfTg (Myh6−cre/Esr1∗)1J mk/J
mice (αMHC-MCM, Jackson Labs, Stock No. 005657) (15, 17),
backcrossed onto C57BL/6J inbred mice by the vendor to obtain
a congenic strain, were utilized for breeding. Homozygous
αMHC-MerCreMer mice (Homo) were obtained by inbreed
crossing. In contrast, heterozygous αMHC-MerCreMer mice
(Het) were generated by selecting the F1 hybrid progeny of
mice originated from the crossing of αMHC-MCM homozygous
animals with hemizygous ZEG-NICD mice (Jackson Labs, Stock
No. 6850), originally derived on 129/Sv strain (15, 18). The
F1 hybrid progeny consisted of single transgenic heterozygous
αMHC-MCM mice and double transgenic heterozygous αMHC-
MCM and ZEG-NICD mice born with normal Mendelian ratio
of ∼1:1. From the progeny of the latter breeding scheme,
only heterozygous αMHC-MCM mice and lacking ZEG-NICD
transgene were used for this study. Therefore, no genes other than
the αMHC-MCM were deleted or overexpressed in mice studied
in this investigation. Moreover, C57Bl/6 mice and non-carrier
mice used as control for the ZEG-NICD strain (wild-type) were
introduced to provide information on the influence of genetic
background on parameters studies in this investigation. C57Bl/6
mice were obtained from Charles River.

Cre recombinase expression in homozygous and heterozygous
αMHC-MerCreMer mice was induced by administration of
tamoxifen (Sigma-Aldrich) dissolved in 10% ethanol and 90%
peanut oil (Sigma-Aldrich) for 4 days (30 mg/Kg of body
weight/day, i.p.) over a period of 4–8 days (15, 19). The
dose of tamoxifen was optimized to minimize off-target and
confounding effects of drug administration and Cre recombinase
expression in the heart, including the development of transient
cardiomyopathy and DNA-damage response (19, 20). Mice were
enrolled in the study at 3 or more weeks after induction of gene
expression. Animals in the naïve state were studied before and
after tamoxifen administration and Cre recombinase expression.

Unless otherwise specified, collected data were disaggregated
by sex. Electrocardiographic analysis was performed in mice
with age ranging from 2.4 to 6.6 months. For tests addressing
the influence of the autonomic nervous system on heart rate
dynamics of ex vivo perfused hearts, organs were obtained from
homozygous αMHC-MerCreMer male and female mice at 4.3–
8.5 months of age.

Myocardial Infarction
Myocardial infarction was performed under sterile conditions
via thoracotomy and coronary artery ligation (21, 22). Under
isoflurane anesthesia (∼1.5%), the animal was intubated and
ventilated continuously during the surgical procedure. A local
anesthetic (lidocaine, ∼4 mg/kg) was injected subcutaneously
in the incision site before and after the surgical procedure. The
thorax was opened via the third intercostal space, the atrial
appendage elevated. The left coronary artery was located, and
suture (6–0 Silk DR12 Black 18" Braid, Henry Schein) was
inserted around the vessel near the origin and the artery occluded.
The chest was closed with suture and pneumothorax reduced by
negative pressure. Skin incision was closed using a 9 mm wound
clip (Fine Science Tool). To reduce postoperative pain following

the procedure, buprenorphine hydrochloride (Buprenex), 0.5–
1 mg/kg body weight, was injected i.p. every 12 h for a period
of 48 h after surgery.

Electrocardiographic Recording in the
Conscious State
To record electrocardiograms (ECGs) in conscious animals an
ECG-tunnel device (Emka Technologies) was employed (23–
25). Animals were placed in a tunnel and ECGs recorded for
a period of 10 min. Electrical signals were amplified with a 12
Lead ECG Amplifier (DSI, Ponemah), digitized using a 160 kHz
A/D converter (DI-1120 HS, Dataq) and recorded with WinDaq
software (Dataq). The bipolar lead I, II, and III and the unipolar
lead aVL were collected. Electrical signals were evaluated offline
with LabChart 8 for the analysis of heart rate variability and
occurrence of rhythm disturbances (24).

In vivo Cardiac Function
Echocardiography was performed in conscious mice, with
singlehanded manual restraint method, using an Acuson Sequoia
c512 equipped with a 13 MHz (15L8) linear transducer (26–
29). By this approach, m-mode images in the parasternal short
axis view of the left ventricle (LV) were employed to evaluate
chamber diameter and wall thickness in diastole and systole, for
computation of LV volume, mass, and ejection fraction (EF) by
the Teichholz formula (26–29).

Drugs
Effects of pharmacological compounds on heart rate and heart
rate variability (HRV) were tested by comparing 10 min ECG
recordings obtained before and after drug administration. In
between acquisitions, mice were returned to their cages.

To interfere with autonomic nervous system, mice were
administered with the combination of atropine (0.5 mg/kg body
weight, i.p.) plus propranolol (1 mg/kg body weight, i.p.) for
combined block of sympathetic and parasympathetic branches
of the autonomic nervous system (combined autonomic block)
(24, 28). Drugs were dissolved in USP saline solution. Effects
of combined autonomic block were evaluated ∼10 min after
drug(s) administration.

Ex vivo Properties of the Mouse Heart
With the animal under deep anesthesia (isoflurane) and following
administration of heparin (∼200 unit, i.p.), bilateral thoracotomy
was performed, the ascending aorta was cannulated with PE50
tubing connected to a 23G 3/4 needle, and the heart was excised.
Subsequently, hearts were perfused in a Langendorff apparatus
(Radnoti). Perfusion was accomplished at a constant pressure
of ∼80 mmHg with pre-warmed Krebs–Henseleit buffer (KHB;
Sigma-Aldrich) containing, in mmol/L: 118 NaCl, 4.7 KCl, 11
glucose, 1.2 MgSO4, 1.2 KH2PO4, 1.8 CaCl2, and 25 NaHCO3,
gassed with 95% O2 and 5% CO2 (pH 7.4) at 37◦C (27–31). The
temperature was maintained by immersing the heart in a water-
heated glassware reservoir (Radnoti), containing preheated KHB.

To assess electrical activity of perfused hearts in sinus rhythm,
two-lead mini ECG electrodes (Harvard Apparatus) were placed
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on the right atrium and apex of the left ventricle, respectively, to
obtain pseudo-ECG (28–30) for 5–10 min. Electrical signals were
amplified (6,600 Amplifier, Gould Instruments), digitized using
a 160 kHz A/D converter (DI-1120 HS, Dataq) and recorded
with WinDaq software (Dataq). Approximately 5 continuous
minutes of ECGs collected in sinus rhythm were employed to
assess heart rate dynamics of perfused hearts. At the completion
of the procedure, the four chambers of the heart were dissected.
A transverse section of the left ventricle was fixed in neutral
buffered, 10% formalin solution (Sigma-Aldrich) for histological
analysis. Electrophysiological data were analyzed offline with
LabChart 8 software.

To assess the influence of intrinsic cardiac ganglia and neural
terminations on heart rate dynamics of the excised, isolated heart,
ECGs were obtained from organs perfused in the Langendorff
system with KHB alone or in combination with 100 nM atropine
or 1 µM propranolol. Concentration of these compounds was
based on previous studies utilizing isolated or innervated (32)
Langendorff perfused rodent hearts (33, 34).

Settings for Data Analysis
Analysis of heart rate and heart rate variability (HRV) was
conducted on electrocardiographic recordings using LabChart 8
(ADinstruments) and the HRV module, as reported previously
(24). Lead I was used to obtain HRV parameters and other
leads were employed as alternative source of analysis and/or for
validation of obtained results. The entire 10 min of recording
was analyzed. Company presets of LabChart HRV module for
the mouse were adopted, with minor modifications of parameters
for beat classification to include valid RR intervals detected
by the QRS complex. Ectopic beats were excluded from the
computation. A report, providing parameters of HRV, was
generated by the software and values exported to Microsoft Excel
for quantification.

Parameters Employed to Describe Heart
Rate Dynamics
The RR interval duration was quantified by the average of RR
intervals (average RR) obtained during the 10 min of acquisition.
Heart rate variability (HRV) was quantified by using time-
domain and frequency domain variables, together with non-
linear parameters obtained from the Poincaré plots (5, 6, 24,
35, 36). Specifically, time-domain variables included standard
deviation of RR intervals (SDRR), coefficient of variation of RR
intervals (CVRR, obtained by dividing SDRR by the average RR
interval), square root of the mean of the squared differences
between adjacent RR intervals (RMSSD, an index of short-
term variability). Frequency-domain variables included total
power (ms2), corresponding to energy in the entire power
spectrum analyzed (0–5 Hz). The spectrum of oscillations
of RR interval duration was separated in very low-frequency
power (VLF, between 0 and 0.15 Hz), low-frequency power
(LF, between 0.15 and 1.5 Hz), and high-frequency power
(HF, between 1.5 and 5 Hz). Data for VLF, LF, and HF were
computed as percentage of the total power (%). Moreover,
low-frequency/high-frequency ratio (LF/HF, ms2/ms2) was

computed. High-frequency components of RR interval variations
are attributed to respiratory-mediated modulation of heart
rate by the parasympathetic system, whereas low-frequency
components are attributed to baroreflex-mediated modulation
of heart rate (5, 24, 37). Very low-frequency components
of RR interval variation are attributed to the modulatory
action of the renin-angiotensin system, thermoregulation, and
partly, parasympathetic activity (24, 37). It is generally accepted
that low-frequency components are influenced by both the
sympathetic and parasympathetic system (5) and LF/HF ratio
is an index of sympathovagal balance, estimating the ratio of
sympathetic to vagus nerve tone (5, 6). However, caution has
to be exercised when considering LF/HF ratio as indicator of
sympathovagal balance based on the fact that low-frequency
components of RR interval variability are affected by sympathetic,
parasympathetic, and other unidentified factors (10, 24). Non-
linear parameters were obtained from the Poincaré plot, a
graphical representation of RR interval (RRn) plotted against the
next one (RRn+1) (38, 39). Standard deviation of instantaneous
beat-to-beat interval variability (SD1) and standard deviation
of continuous long-term RR interval variability (SD2) were
obtained by an ellipse-fitting technique of plotted data. The
SD1 index correlates with the short-term variability of RR
interval variation and is mainly influenced by parasympathetic
modulation whereas SD2 is a measure of long-term variability
and reflects sympathetic activation (24, 39). The SD1/SD2 ratio
is an index of autonomic balance and it inversely correlates with
the LF/HF ratio (37).

Histological Analysis and Assessment of
Myocardial Infarct Size
Macroscopic images of formalin-fixed transverse sections of the
left ventricle (LV) at the mid-ventricular level were obtained
with a stereo microscope (SW-3T13X, Amscope) equipped with
a digital camera (MU1003, Amscope). Images were employed
to evaluate infarct size using the midline length approach
(40). Briefly, using ImageJ software and collected images,
a line was manually drawn at the center of the surviving
myocardium between the epicardial and endocardial surfaces
and at the level of the thin transmural scar tissue. The
two lines related to surviving myocardium and scar tissue
formed a circumference. Infarct size expressed in percentage
was derived by dividing the length of midline at the level of
the scar tissue by the total length of the circumference, and
multiplying by 100.

For a subgroup of hearts, transverse sections of the LV
at the mid-ventricular level were embedded in paraffin and
sliced to obtain thin sections (∼4 mm thickness) (21, 28).
For detection of fibrotic tissue, slides were trichrome-stained
(Masson’s Trichrome Stain Kit, Mastertech, StatLab) following
manufacturer’s instruction (28, 41). Images were acquired using a
stereo microscope (SW-3T13X, Amscope) equipped with a digital
color camera (MU1003, Amscope). Images were employed to
evaluate scar size using the area approach (40). Briefly, using
collected images, areas of the fibrotic tissue and total area of
LV section were traced manually using ImageJ software. Fibrotic
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tissue size was expressed as percentage of the sum of fibrotic areas
by the total LV area or the section.

Statistical Analysis
Data are presented in the text as fold- or percentage- change
based on ratio of median values. Graphically, data are presented
as scattered plots with indication of median and interquartile
ranges, unless otherwise specified. Statistical analysis was
performed using GraphPad Prism 9. Data were initially tested
for normality (Shapiro-Wilk) and equal variance for assignment
to parametric or non-parametric analysis. Parametric tests
included Student’s t-test or analysis of variance followed by
Bonferroni test for non-paired comparison between two or
among multiple groups, respectively. For paired statistical
analysis, paired t-test was employed. When normality or equal
variance were not met, analysis was performed using Mann–
Whitney Rank sum test or Kruskal–Wallis one-way analysis
of variance on ranks followed by Dunn’s method, for non-
paired comparison between two or among multiple groups,
respectively. Wilcoxon signed rank test was employed for paired
comparisons (15, 24, 27–29, 31, 41). Fisher’s exact test and
survival curve comparison with Gehan-Breslow-Wilcoxon and
Log-rank (Mantel-Cox) tests were performed using GraphPad
Prism software. P < 0.05 was considered significant. Graphs were
prepared using GraphPad Prism.

RESULTS

Heart Rate Dynamics in Naïve Mice
Heart rate variability was evaluated in naïve mice obtained from
a transgenic line routinely employed in studies for temporal
regulation of the expression of genes of interest in the heart.
Specifically, single transgenic mice homozygous or heterozygous
for a genetic construct allowing for expression of a tamoxifen-
inducible Cre recombinase (MerCreMer, MCM) under the alpha-
myosin heavy chain promoter (αMHC) were employed (αMHC-
MCM) (15, 17). Animals were single transgenic and negative
for loxP-flanked sequences. Thus, no genes other than Cre
recombinase had purposely altered expression.

Homozygous αMHC-MCM+/+ mice (Homo) were derived
by inbreed crossing of animals developed and maintained
in a C57Bl/6 background. In contrast, heterozygous αMHC-
MCM± mice (Het) were selected from the single transgenic F1
hybrid progeny of Homo mice crossed with hemizygous ZEG-
NICD animals, derived on the 129/Sv strain (15, 18). Double
heterozygous mice derived from the latter breeding scheme were
not included in the study. Thus Homo and Het mice employed
in this investigation differed for the number of MerCreMer
alleles and for the hybrid genetic background introduced with the
ZEG-NICD strain in Het hybrid mice.

Parameters of heart rate variability were obtained from
electrocardiographic recordings in conscious, restrained Homo
and Het mice maintained in a tunnel device over a period of
10 min (25). With respect to sex-matched Homo animals, female
Het mice presented prolonged average RR interval duration
(+7%) (Figures 1A,B) and enhanced RR interval variation,

quantified by standard deviation of RR intervals (SDRR, 4.3-fold
increase), the coefficient of variance of RR intervals (CVRR, 4-
fold increase), and the square root of the mean of the squared
differences between adjacent RR intervals (RMSSD, 2.6-fold
increase), which reflects short-term variability (Figure 1C).

By frequency-domain analysis, total power and very low-,
low-, and high-frequency components of RR interval variations
were larger in Het female mice with respect to sex-matched
Homo animals (Figure 1D). However, the relative distribution
of the three frequency components and the LF/HF ratio, which
is generally accepted as an index of sympathovagal balance (5, 6),
were similar in the two groups of mice (Figures 1E,F).

By Poincaré plots and non-linear analysis, beat-to-beat (SD1)
and long-term (SD2) RR interval variability were, respectively,
2.6- and 4.4-fold larger in Het female mice with respect to
sex-matched Homo animals, whereas SD1/SD2 ratio, generally
accepted an index of autonomic balance (37), was reduced
(Figures 1G,H).

Differences in parameters of RR interval duration and
heart rate variability observed between Homo and Het
female mice were also detected in cohorts of male animals
(Supplementary Figure 1).

Because Homo and Het animals had different genetic
background, a group of C57Bl/6 mice and wild-type (non-
carrier, WT) mice derived on the 129/Sv strain (18) were
studied. With respect to C57Bl/6, female WT mice had
prolonged RR interval duration and enhanced RR interval
variation, as quantified by SDRR (7.2-fold increase), CVRR (5.3-
fold increase), and RMSSD (13-fold increase) (Supplementary
Figures 2A,B). Similarly, total power and very low-, low-,
and high-frequency components of RR interval variations were
larger in female WT mice, with respect to sex-matched C57Bl/6
animals (Supplementary Figure 2C). However, the relative
distribution of the three frequency components and the LF/HF
ratio, were comparable between the animals with different genetic
background (Supplementary Figures 2D,E). By Poincaré plots
and non-linear analysis, SD1 and SD2 were, respectively, 13- and
6.7-fold larger in female WT mice with respect to sex-matched
C57Bl/6 animals (Supplementary Figure 2F). Similar results
were obtained in male mice (Supplementary Figure 3).

Subsequently, to evaluate the influence of genetic background
on heart rate dynamics of Homo and Het mice, parameters of
heart rate variability for C57Bl/6, Homo (C57Bl/6 background),
Het (hybrid C57Bl/6 and 129/Sv background) and WT (129/Sv
background) mice were compared. For this analysis data for
male and female animals were combined. Overall, for time-
domain, frequency domain, and non-linear parameters, C57Bl/6
and Homo mice behaved similarly, but differed from Het
and WT animals. In contrast, Het and WT animals had a
comparable behavior in the settings of the multiple comparison
test (Supplementary Figure 4). Similar results were obtained
when data was disaggregated by sex (data not shown).

Therefore, inbred homozygous mice for the MerCreMer
transgene present reduced RR interval duration and attenuated
short- and long-term heart rate variability with respect to
hybrid heterozygous animals. Similar trends were observed
between C57Bl/6 and WT mice, suggesting that mouse
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FIGURE 1 | Heart rate dynamics in naïve female Homo and Het mice. (A) ECGs recorded in Homo and Het female mice. Traces for the three leads and RR interval
duration are reported. (B) Quantitative data for average RR interval duration. (C) Data for time-domain parameters of HRV. SDRR, standard deviation of RR intervals;
CVRR, coefficient of variation of RR intervals; RMSSD, square root of the mean of the squared differences between adjacent RR. (D) Data for frequency-domain
parameters of HRV. (E) Data for frequency bands normalized by total power. (F) Data for LF/HF ratio. (G) Poincaré plots obtained from ECGs recorded from female
Homo and Het mice reported in A. RRn and RRn+1 axes span from 75 to 110 ms. (H) Data for non-linear indices. Quantitative data were obtained from naïve Homo
(n = 17) and Het (n = 10) female mice. Data are shown as scattered plots with median and interquartile ranges. ns, not significant, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001
using unpaired t-test or Mann-Whitney test.

genetic background represents a variable when considering
heart rate dynamics.

Autonomic Regulation and Heart Rate
Dynamics in Naïve Mice
To establish the contribution of autonomic nervous tone
and circulating catecholamines to differences of heart
rate dynamics in homozygous and heterozygous animals
studied here, heart rate variability (HRV) was evaluated in
the presence of blockers of muscarinic and beta-adrenergic
receptors, to inhibit the effects of sympathetic/parasympathetic
branches of the autonomic nervous system and circulating
factors. Specifically, electrocardiographic recordings were
obtained in naïve mice before (baseline, Base) and after
combined autonomic block (CAB), which was achieved by

administration of atropine, a muscarinic receptor antagonist,
and propranolol, a beta-adrenergic receptor blocker (24, 28).
CAB prolonged average RR interval duration (+10%, +12%)
and reduced RMSSD (−43%, −51%) in both Homo and
Het female mice, but attenuated SDRR only in Het mice
(−36%) (Figure 2A). Additionally, in Het mice, CAB reduced
low- (−92%) and high-frequency (−89%) oscillations of RR
interval duration (Figure 2B), whereas only low-frequency
components were reduced in Homo mice (−77%). For non-
linear parameters, CAB affected SD1/SD2 ratio by reducing
SD1 in both groups of mice, but SD2 only in Het mice
(Figure 2C). Importantly, CAB abrogated differences of
RR interval duration, time-domain parameters, and non-
linear SD1 and SD2 observed between Homo and Het
mice with intact autonomic nervous function. Moreover,
CAB was equally effective in abrogating differences in heart
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FIGURE 2 | Inhibition of the autonomic nervous system and heart rate dynamics in naïve Homo and Het mice. (A) Quantitative data for RR interval duration and
time-domain parameters of HRV for Homo and Het mice before (baseline, Base) and after combined autonomic block with atropine and propranolol (CAB). (B) Data
for frequency-domain parameters of HRV. (C) Data for non-linear indices. Quantitative data were obtained from naïve Homo (n = 7) and Het (n = 5) female mice. Data
are shown as scattered plots with median and interquartile ranges. ns, not significant, ∗P < 0.05, ∗∗P < 0.01 using paired t-test or Wilcoxon signed rank test for
comparisons within each genotype and unpaired t-test or Mann-Whitney test for comparisons across genotypes.

rate variability observed between C57Bl/6 and WT mice
(Supplementary Figure 5).

Thus, inhibition of sympathovagal tone response renders
HRV parameters comparable in homozygous and heterozygous
mice, as well as in C57Bl/6 and WT animals, suggesting
that differences in heart rate dynamics in mice with different
genetic background are secondary, at least in part, to altered
autonomic nervous inputs.

Sex and Cre Recombinase Expression
and Heart Rate Dynamics in Naïve Mice
Studies in humans and experimental models have documented
that sex is an important biological variable in the physiology
of the heart, in normal and diseased conditions (42–45).

Thus, to define whether sex affects heart rate dynamics in
the cohort of Homo and Het mice, RR interval parameters
obtained from male and female naïve animals were compared.
No significant differences were observed between the two sexes
for each genotype, with respect to RR interval duration, time-
and frequency-domain parameters, and non-linear variables
(Supplementary Figures 6, 7).

Moreover, based on the genetic construct of the
experimental model employed here, heart rate dynamics
in Homo and Het mice was compared in cohorts of naïve
mice non-treated or treated with tamoxifen, to induce
Cre recombinase expression. When considering male and
female animals together, differences observed between Homo
and Het non-treated mice for RR interval duration and
parameters of HRV were maintained following tamoxifen
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FIGURE 3 | Heart rate dynamics in mice following myocardial infarction in Homo and Het mice. (A) ECGs obtained from a Homo mouse before (Naïve) and at 3 days
after myocardial infarction (MI). (B) Quantitative data for average RR interval duration and time-domain parameters of HRV in Homo naïve male and female mice
(n = 53) and Homo male and female mice at 3 (n = 19), 7–9 (∼7, n = 18), 13–15 (∼14, n = 16), and 28 (∼28, n = 8) days after MI. (C,D) Quantitative data for average
RR interval duration, time-domain parameters (C) and frequency-domain indices (D) of HRV in Het naïve male and female mice (n = 24) and Het male and female
mice at 3 (n = 17), 7–8 (∼7, n = 12), 13–15 (∼14, n = 13), and 29–33 (∼28, n = 12) days after MI. Data are shown as scattered plots with median and interquartile
ranges. ns, not significant, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 using unpaired t-test or Mann-Whitney test.
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FIGURE 4 | Intrinsic beating rate dynamics in normal and infarcted Homo and Het hearts. Quantitative data for average RR interval duration and time-domain
parameters of HRV in naïve and infarcted hearts from Homo (n = 20, n = 9) and Het (n = 14, n = 13) male and female mice. Data are shown as scattered plots with
median and interquartile ranges. ns, not significant, *P < 0.05, **P < 0.01, using unpaired t-test or Mann-Whitney test.

(Tmxf) treatment (Supplementary Figure 8). Additionally,
following tamoxifen administration, male and female mice
for each genotype had comparable parameters of HRV
(data not shown).

To establish whether differences in heart rate dynamics
observed in Homo and Het mice were coupled with alterations of
cardiac performance, echocardiography was conducted. Sex- and
age-matched Homo and Het mice had comparable left ventricular
(LV) end-diastolic volume, ejection fraction, and cardiac output
(Supplementary Figures 9A,B). LV mass was larger in male Het
mice with respect to their female counterparts and with respect
to male Homo animals. However, normalization of LV mass
by chamber volume or body weight abrogated these differences
(Supplementary Figure 9C).

Therefore, for each genotype, heart rate dynamics are
comparable between male and female mice. Moreover, Homo and
Het mice maintain different behavior of HRV in the absence and
presence of Cre recombinase expression.

Myocardial Infarction and Heart Rate
Dynamics in Mice
To establish the consequences of myocardial infarction (MI) on
heart rate and its variability, permanent coronary artery ligation
(21) was performed in Homo and Het mice. Electrocardiograms
were then collected at regular time intervals up to ∼1 month
after induction of the ischemic insult. Male and female mice were
used in combination.

With respect to the naïve state, ECG waveforms were
substantially affected in mice following myocardial infarction
(Figure 3A). Specifically, QRS complex, for the various collected
leads, presented abnormal orientation in infarcted animals,
a feature consistent with lack of electrical activation of the
damaged myocardium. By echocardiography at 2 and 4 weeks
after coronary artery ligation, all infarcted animals presented
akinetic anterior LV free wall (Supplementary Figure 10A),
low ejection fraction, and dilated LV chamber. Importantly,
Homo and Het infarcted animals had comparable LV ejection
fraction, cardiac output, and LV mass. However, with respect
to Homo mice, LV end-diastolic volume was increased, and the
posterior wall thickness-to-chamber radius ratio was reduced in

Het mice (Supplementary Figure 10B). Infarct size, evaluated by
measuring the fraction of the thin, scarred tissue with respect
to the entire myocardial transverse sections of the LV at the
mid-ventricular level, was ∼39% in Homo and ∼44% in Het
mice (Supplementary Figure 11A). For a subgroup of animals,
sections were processed histologically and trichrome-stained for
the identification of fibrotic tissue (Supplementary Figure 11B).
The fibrotic tissue constituted ∼33 and 28% of the total area
of the LV section for Homo and Het hearts (Supplementary
Figure 11C).

By electrocardiographic analysis, low heart rate was transiently
observed at ∼24 h after the surgical procedure, when animals
were under buprenorphine treatment. Specifically, at 1 day after
MI, RR interval duration increased by 16% in Homo and 19% in
Het mice, with respect to naïve animals of the same genotype.
This behavior, which is consistent with the reported drop in
heart rate secondary to buprenorphine treatment in mice at
postoperative day 1 (46), precluded the consideration of this time
point for evaluation of heart rate variability.

In Homo mice, with respect to naïve animals of the same
genotype, RR interval duration was prolonged at 3 days (+2%),
∼7 days (+6%), and ∼14 days after MI (+3%). In contrast, long-
and short-term RR interval variation, quantified by SDRR and
RMSSD, respectively, were not affected at after MI (Figure 3B).
The relative contribution of low-frequency components of RR
interval variation was reduced at 3 days after MI, whereas at
∼7 days, contribution of very low-frequency was attenuated and
high-frequency was increased (Supplementary Figure 12). No
changes were observed for non-linear parameters. When data
for Homo infarcted mice were disaggregated by sex, overall
comparable results were seen (data not shown).

In Het mice, with respect to naïve animals of the same
genotype, RR interval duration was not altered from 3 to
∼28 days after MI. In contrast, both SDRR and RMSSD were
decreased with respect to naïve mice by ∼58–78% at time
points comprised between 3 and ∼28 days after MI (Figure 3C).
Additionally, the relative contribution of very low-frequency
components of RR interval variation was reduced at ∼14 and
∼28 days after MI with respect to naïve animals, whereas
high-frequency components were increased, with consequent
attenuation of LF/HF ratio (Figure 3D). The non-linear
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parameter SD1 and SD2 followed the pattern of reduction
observed for time-domain indices (Supplementary Figure 13).
When data for Het infarcted mice were disaggregated by sex,
overall similar results were detected (data not shown).

Differences in RR interval duration, short- and long-term RR
variability, and total power of RR interval variation between
Homo and Het mice observed in the naïve state (see Figure 1
and Supplementary Figures 1, 8) were abrogated at 3–∼28 days
after induction of MI. In contrast, the relative contribution of
high-frequency band of RR interval variation and of LF/HF ratio,
that were comparable between naïve Homo and naïve Het mice,
became different for the two groups of mice at∼14–28 days after
MI (Supplementary Figure 14).

Therefore, myocardial infarction in Het, but not in Homo
mice, attenuates long- and short-term RR interval variation,
affects the relative contribution of very low- and high-frequency
components of RR interval oscillations, and alters sympathovagal
inputs in the settings of measurements in the conscious,
restrained state.

Myocardial Infarction and Intrinsic Heart
Rate Dynamics of the Mouse Heart
To better define putative mechanisms underlying differences of
heart rate dynamics observed in vivo in Homo and Het mice in
the naïve state and with chronic myocardial infarction, hearts
obtained from naïve animals and animals at ∼1 month after MI
were studied using a Langendorff system. Male and female mice
were used in combination.

Ex vivo, isolated hearts from Homo and Het naïve animals
had comparable intrinsic RR interval duration, SDRR and
RMSSD (Figure 4). For both Homo and Het groups, intrinsic
RR interval duration was increased in infarcted hearts (+15
and +13%, respectively) in comparison to corresponding non-
infarcted organs. However, RR interval variation, assessed by
SDRR and RMSSD, was not affected.

In the attempt to establish the contribution of intrinsic
cardiac ganglia (33, 47) on RR interval properties of explanted,
perfused hearts, organs were studied in the absence or presence
of muscarinic or beta-adrenergic receptor inhibitors. Duration
of RR interval, SDRR, and RMSSD were comparable for
heart perfused without receptor blockers, with atropine, or
with propranolol (Supplementary Figure 15). These results
suggest that intrinsic cardiac ganglia have limited influence
on the firing rate of the sinoatrial node, under experimental
conditions employed here.

Therefore, in the absence of higher centers of autonomic
nervous system modulation and extrinsic factors, intrinsic heart
rate dynamics is comparable in Homo and Het intact organs.
Chronic infarct increases RR interval duration in hearts from
Homo and Het mice, suggesting that the diseased condition
affects mechanisms of pacemaker discharge.

Myocardial Infarction and Occurrence of
Adverse Events
To establish whether the peculiar behavior of heart rate dynamics
in Homo and Het mice was associated with the propensity

of animals to develop adverse events following MI, occurrence
of premature ventricular complexes (PVCs) and ventricular
tachycardia (VT) were evaluated from electrocardiographic
recordings. Moreover, post-MI survival was computed for
the two groups of animals. Male and female mice were
used in combination.

Ventricular ectopic events were not detected in naïve
mice (data not shown), but isolated or recurrent PVCs (>10
PVCs/10 min) together with VT were observed following
myocardial infarction. Specifically, at 1 day after MI, recurrent
PVCs were observed in 48% of Homo and 19% of Het mice,
but occurrence of ectopic event progressively disappeared at
later time points (Figures 5A,B). Also, VT was only detected
at 1 day after MI in 17% of Homo and 11% of Het mice. For
both Homo and Het mice at 1 day after MI, HRV parameters
were overall comparable in mice without or with recurrent PVCs
(Supplementary Figure 16).

Importantly, survival after MI was significantly reduced in Het
mice with respect to Homo animals (Figure 5C). Parameter of
HRV evaluated at 1 and 3 days after MI for each genotype did not
discriminate between animals that survived or did not-survive
(data not shown).

Thus, Homo and het mice have a different propensity to
develop ectopic events and to survive in the early phase following
myocardial infarction.

DISCUSSION

Results of the current study document that myocardial infarction
in rodents affects heart rate dynamics and influences intrinsic
sinoatrial node discharge. Interestingly, the use of two mouse
lines has allowed us to identify, under our experimental
conditions, strain-related differences of heart rate variability
in the naïve state, which appear to be secondary, at least
in part, to altered tone of sympathetic and parasympathetic
inputs. These dissimilarities in autonomic function partly
hinder the manifestation of autonomic imbalance induced by
myocardial damage.

Studies conducted in male and female naive animals revealed
that, for mouse lines studied here, sex has minor effects on heart
rate dynamics, indicating that sympathovagal balance in male
and female mice is comparable when evaluated in the conscious,
restrained state, using the tunnel device. Moreover, RR interval
duration and heart rate variability were comparable between
mice homozygous for the αMHC-MerCreMer transgene (Homo)
and syngeneic C57Bl/6 mice, suggesting that the transgene does
not interfere with heart rate dynamics. Additionally, we found
that mice with homozygous or heterozygous expression of Cre
recombinase have heart rate variability comparable to animals
of the same genotype before induction of gene expression.
Overall, these findings suggest that the αMHC-MerCreMer
transgene and Cre recombinase expression, in the homozygous
and heterozygous state, do not affect heart rate dynamics.

Inbred Homo mice, used in this study, were developed and
maintained in a C57Bl/6 background (15, 17), whereas Het
hybrid mice were obtained by crossing Homo animals with mice
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FIGURE 5 | Myocardial infarction and occurrence of ectopic events in Homo and Het mice. (A) ECGs recorded in a Homo female mouse at 1 day after MI. Traces for
the three leads and RR interval duration are reported. Arrows indicate PVCs. (B) Quantitative data for occurrence of recurrent PVCs (> 10 PVCs/10 min) at 1, 3, ∼7,
∼14, and ∼28 days after MI in Homo (n = 23, 19, 18, 16, 9, respectively) and Het (n = 27, 20, 13, 13, 13, respectively) male and female mice. ∗P < 0.05 vs. Homo,
using Fisher’s exact test. (C) Survival curves for Homo (n = 23; 14 males, 9 females) and Het (n = 27; 10 males, 17 females) mice following MI. ∗∗P < 0.01, using
Gehan–Breslow–Wilcoxon and log-rank (Mantel–Cox) tests. In the cohort of Het mice, survival for male and female animals following MI was 40 and 53%,
respectively.

originally derived in the 129/Sv strain (18). We found that, with
respect to Homo animals, both male and female Het naïve mice
have increased RR interval duration and enhanced heart rate
variability, as assessed by time-domain, frequency-domain, and
non-linear parameter of RR interval variation. Importantly, these
differences were abrogated following combined autonomic block,
strengthening the role of sympathovagal inputs in modulating
heart rate dynamics in mouse of the two lines. Moreover,
ex vivo tests revealed that RR interval duration and time-domain
parameters of variability are comparable in Homo and Het
hearts deprived from the influence of higher centers of the
autonomic nervous system. Thus, these findings suggest that the
two groups of mice have different autonomic behavior under
experimental conditions employed here. Specifically, Het mice,
with respect to Homo, appear to have lower sympathetic and/or
increased parasympathetic input. Importantly, differences for
heart rate variability between C57Bl/6 mice and non-carrier,

wild-type mice, derived on the 129/Sv strain, are consistent with
alterations observed between Homo and Het mice. These results
point to mouse strain as an important variable in modulating
heart rate dynamics.

It is recognized that differences exist between C57Bl/6 and
129/Sv strains in relation to behavioral traits and autonomic
response to stress and anxiety (48, 49). It has been reported that
129/Sv have attenuated increase in heart rate in response to a
mild-intensity stressor, with respect to C57Bl/6 mice (49). These
findings are consistent with observed differences in RR interval
duration and RR interval variability between naïve C57Bl/6
and WT mice, as well as Homo and Het mice, under forced
immobilization during ECG collection, a condition that induces
physical and emotional stress (24, 50, 51). Thus, differences
of HRV observed between Homo and Het mice appear to be
secondary to autonomic modulation pertaining to the strain of
these animals, a factor that may be relevant when assessing,
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experimentally, sympathovagal tone in response to stressors or
pathological conditions.

Clinical studies have documented that various cardiac
pathologies, including myocardial infarction, are coupled with
perturbations of autonomic regulation that manifest with
reduced HRV (2, 13). It has been reported that, in patients
with MI, reduced short-term heart rate variability and declined
very low- and low-frequency spectral components of RR interval
variation correlate with poor prognosis and increased risk of
all-cause mortality (13, 52–54). Moreover, very low-frequency
components are associated with fatal or near fatal arrhythmic
events in individuals with MI and depressed left ventricular
function (55). Interestingly, with respect to patients at 2 weeks
after acute myocardial infarction, spectral components of HRV
were found to be partly restored in individuals at 6 and
12 months after the acute event, suggesting a progressive
recovery of vagal tone and a normalization of sympathovagal
interaction (56). Thus, in patients with myocardial infarction,
the analysis of heart rate dynamics predicts future outcomes and
provides information on the level of progression/recovery from
the diseased state.

Experiments performed here have allowed us to establish
alterations of heart rhythm dynamics occurring in mice following
myocardial infarction, and to evaluate the validity of this rodent
model in recapitulating features of autonomic regulation in
humans with ischemic disease. In Homo mice, characterized
by high beating rate and low RR interval variability in the
naïve state, which is consistent with high sympathetic input,
no major changes in HRV parameters were induced after MI,
except for the prolongation of RR interval duration observed at
3–∼14 days after coronary ligation. Prolonged RR intervals were
also found in explanted infarcted hearts, with respect to non-
infarcted organ. Together, these data suggest that the high level of
sympathetic activation observed in homo naïve animals may have
blunted sympathoexcitation secondary to the ischemic damage,
preventing increases in heart rate and revealing the intrinsic
prolongation of RR interval duration of the infarcted heart. In
contrast, in Het mice, myocardial infarction was associated with
reduced long and short-term RR interval variation, consistent
with sympathoexcitation and parasympathetic tone withdrawal.
The lack of changes in RR interval duration following MI in Het
mice may have resulted from the combination of sympathetic
activation and reduced parasympathetic input counteracting the
prolongation of the intrinsic RR interval, which was observed
in isolated infarcted organs. Importantly, Het mice following
MI had reduced short-term RR variability and attenuation of
very low-frequency and, in part, low-frequency oscillations,
reiterating alterations observed in human with ischemic disease.

Interestingly, HRV parameters were comparable in Homo
and Het mice following myocardial infarction, suggesting that
common autonomic adaptations occurred in the two mouse
lines in response to the ischemic damage. However, at ∼14 and
∼28 days after MI, Het mice had increased relative contribution
of high-frequency components of RR interval variation and
decreased LF/HF ratio, with respect to Homo infarcted animals.
These differences may partly reflect adjustments of autonomic
control in response to the evolution of the diseased condition

for the two mouse lines. In this regard, although cardiac function
was equally depressed in the two groups at 2 and 4 weeks after
MI, Het mice had higher degree of LV dilation and reduced wall
thickness/chamber radius ratio with respect to Homo animals,
which are consistent with maladaptive remodeling.

Time-domain, frequency-domain, and non-linear analyses
provide complementary and corroborating information on
properties of heart rate and putative regulatory mechanisms
active under various conditions. In Het mice, following
myocardial infarction, both long- and short-term RR interval
variation, quantified by SDRR and RMSSD, were reduced.
Non-linear analysis led to similar findings, as indicated by
the reduced SD1 and SD2. While both sympathetic and
parasympathetic inputs affect long-term variability, short-term
RR interval variation is mainly under vagal influence (37),
suggesting that alterations of the two inputs of the autonomic
nervous system occurred after MI. Frequency-domain analysis
not only provided indication that heart rate properties were
altered after infarction, but also revealed that the relative
contribution of very low-frequency bands (RR interval variations
occurring at frequencies <0.15 Hz) were reduced whereas
contribution of high-frequency bands (RR interval variations
occurring at frequencies 1.5–5 Hz) increased. As previously
discussed (see “Materials and Methods” section), very low-
frequency components of RR interval variation are attributed
to the modulatory action of the renin-angiotensin system,
thermoregulation, and, partly, parasympathetic activity, whereas
high-frequency components of RR interval variations are
attributed to respiratory-mediated modulation of heart rate by
the parasympathetic system (5, 24, 37). Overall, the time course
analysis of heart rate variability and combination of time- and
frequency-domain parameters appear to reflect the complex
adaptations associated with the acute and chronic phases of
myocardial infarction (57).

Studies addressing the effects of myocardial infarction on HRV
in rodents are limited. Previous investigations using FVB (36)
and C57Bl/6 (58) mice suggested that autonomic nervous system
function, measured by indices of HRV from ECGs recorded
by telemetry, was not altered during ischemia or infarction.
Interestingly, conscious heart rate is higher in FVB and C57Bl/6
mice with respect to 129/Sv animals (59), and this factor favors
the possibility that enhanced sympathetic input in FVB and
C57Bl/6 mice may have masked sympathoexcitation following
the ischemic damage, as document for the Homo mouse line
studied here. Similarly, no changes were detected in HRV
parameters in Sprague-Dawley rats at 28 and 56 days after
coronary artery ligation, with respect to non-infarcted animals
(60). However, at 3 and 28 days after MI, baroreflex sensitivity
was found to be transiently reduced, as determined by decreased
reflex bradycardia (60). Moreover, in a separate study using
Wistar rats, standard deviation of beat-to-beat interval duration,
low-frequency components, and LF/HF ratio were found to be
reduced at ∼3 months after MI (61). Thus, while clinical studies
document an association between myocardial infarction and
reduced HRV (2, 13), this relationship appears to be less apparent
in small experimental animals. Our results tend to suggest
that sympathetic predominance and low vagal tone in naïve
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rodents may represent key factors hindering the manifestations
of sympathoexcitation and sympathetic withdrawal on HRV, in
the settings of MI.

Homo and Het infarcted mice used in our investigation
presented different propensity to develop ectopic ventricular
events, mainly detected at 1 day after the surgical procedure. This
time point, however, coincided with the treatment of animals
with analgesia, which exerts negative chronotropic effects on
the heart (46) and imposes caution on data interpretation.
Although animals with ectopic events tended to have longer
RR interval duration with respect to mice without PVCs, no
major differences were observed for parameters of HRV. Thus, as
previously reported for rodent models of aging (24), for mice with
myocardial ischemic damage there is no clear correlation between
heart rate variability and occurrence of ectopic ventricular events.

Post-MI survival was found to be higher in Homo mice
with respect to Het, a behavior that appears to be consistent
with reported strain-related differences in ventricular rupture,
which in mice occurs within the first week after myocardial
infarction (45, 62). Specifically, previous studies documented that
occurrence of myocardial laceration is higher in 129/Sv mice
with respect to C57Bl/6 animals (45, 62). Although we have
not evaluated whether acute heart failure or myocardial rupture
affected survival of animals studied here, our findings align with
the notion that our Het hybrid mice, derived from crossing
129/Sv background, are more vulnerable to myocardial laceration
and subsequent death.

In the current investigation, we did not directly address
factors possibly involved in the alterations of heart rate dynamics
observed in mice following myocardial infarction. In this regard,
remodeling of intrathoracic ganglia and/or intrinsic cardiac
nervous system, including ganglia located in the right atrium (63–
66), may have affected sympathetic and parasympathetic inputs at
the level of the sinoatrial node of mice studied here. Moreover,
in addition to variations of locally released neurotransmitters
(67–69), circulating catecholamines, which are increased after
myocardial infarction (70–72), may have contributed to the
reduction of heart rate variability observed in Het mice following
coronary artery ligation. Thus, the observed effects are likely
multifactorial in origin.

CONCLUSION

In conclusion, our study document that myocardial infarction in
rodents is associated with alterations in heart rhythm dynamics
consistent with sympathoexcitation and parasympathetic
withdrawal. Moreover, we found that mouse strain is an

important variable when evaluating autonomic function via HRV,
a factor that may interfere with the assessment of the consequence
of cardiac pathologies on autonomic regulation.
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Hyperthermia as a trigger for
Takotsubo syndrome in a rat
model

Matthew H. Tranter1,2*†, Bjorn Redfors3†, Peter T. Wright1,4,

Liam S. Couch1, Alexander R. Lyon1, Elmir Omerovic3‡ and

Sian E. Harding1‡

1Faculty of Medicine, Imperial College London, Hammersmith Campus, National Heart and Lung

Institute (NHLI), London, United Kingdom, 2Oriel College, University of Oxford, Oxford,

United Kingdom, 3Department of Molecular and Clinical Medicine/Cardiology, Sahlgrenska

Academy, University of Gothenburg, Gothenburg, Sweden, 4School of Life and Health Sciences,

University of Roehampton, London, United Kingdom

Takotsubo syndrome is a well-characterized cause of acute yet reversible

heart failure associated with periods of intense emotional stress, often

mimicking on presentation an acute coronary syndrome. Animal models of

Takotsubo syndrome have been developed, either through the application of

a stressor, or administration of exogenous catecholamine. We found that in

a model of isoproterenol-induced Takotsubo syndrome in anesthetized rats

hyperthermia (40–41◦C)would occur after the administration of isoproterenol.

Maintenance of this hyperthermia would result in an apical hypocontractility

typical of the syndrome, whereas prevention of hyperthermia with active

cooling tomaintain a euthermic core body temperature prevented (but did not

subsequently reverse) apical hypocontractility. In vitro experimentation with

isolated cardiomyocytes showed no e�ect of hyperthermia on either baseline

contractility or contractility change after beta-adrenoceptor stimulation.

We suggest that the rise in body temperature that is characteristic

of catecholamine storm may be a component in the development of

Takotsubo syndrome.

KEYWORDS

Takotsubo, stress, hyperthermia, catecholamine, isoprenaline

Introduction

Takotsubo syndrome (TTS), previously known as Takotsubo cardiomyopathy or

stress cardiomyopathy, is an acute and reversible heart failure that typically occurs

after a period of intense emotional or physical stress; symptoms include chest pain and

dyspnea and, as a result, can mimic an acute coronary syndrome (1). However, no culprit

macrovascular pathology can be found on coronary angiography and a diagnosis of

TTS is made due to the observation of the characteristic hypocontractile apex coupled

to a hypercontractile base, although variants on this pattern have been observed, e.g.,

midventricular or basal hypocontractility and also right ventricular involvement (2, 3).

A number of models have been developed to study TTS, including rat in vivo

and cellular models (4–6), and human induced pluripotent stem cells from Takotsubo

syndrome patients (7), as well as healthy controls (8). These have produced insights
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on the various phases of Takotsubo syndrome, from the very

acute response which includes adrenaline surge, lipotoxicity,

nitric oxide generation [and a potential increase in nitrosative

stress (9)] and endothelial damage, to the long-term effects

through maintained inflammatory damage (10). Many models

consist of the exogenous administration of catecholamines,

such as the recently described induction of TTS-like contractile

dysfunction using intraperitoneal (IP) 50mg.kg−1 isoproterenol

(5). We attempted to reproduce this model in our laboratory as

the time course of dysfunction is similar to the human disease

course, and with a prolonged period of apical hypokinesia there

would be scope to test therapies during the establishment of

TTS-like contractility rather than having to administer them

before (4). However, the dysfunction observed in (5) could not

be recreated in our laboratory.

It was noticed during initial experiments that body

temperature tended to rise after isoprenaline administration.

A rise in body temperature is known to be produced by high

catecholamine levels (once known as “emotional fever”) (11),

as is a suite of immunoinflammatory changes (12). In our

experiments, the rise in body temperature was controlled by

adjusting the external heating support for the anesthetized

animal, which remained euthermic throughout. After discussion

with the Omerovic group at the University of Gothenberg (the

authors of the original IP isoprenaline study) a study was carried

out to determine whether allowing this temperature rise in

a controlled manner would also allow the apical dysfunction

characteristic of TTS to occur. We found that hyperthermia

was an essential component in the induction of TTS in this

rat model, yet the removal of the hyperthermia after the

initial induction phase did not change outcome. This may

have relevance to the circumstances leading to the clinical

presentation of Takotusbo syndrome.

Methods

All studies complied with Animals (Scientific Procedures)

Act (1986), European Directive 2010/63/EU and with the 8th

edition of the Guide for the Care and Use of Laboratory Animals

published by the US National Institutes of Health. Animals were

housed in groups of four and experiences a 12 h light/dark cycle.

All rats weremale and of the SpragueDawley strain and obtained

from Charles River Laboratories (UK). All animals were killed at

the end of the procedure by an approved Schedule 1 method.

Induction of experimental Takotsubo
syndrome model

Rats were anesthetized using IP ketamine-midazolam

(50 and 5mg.kg−1, respectively) with 25/2.5mg.kg−1

administered PRN to maintain a sufficient plane of anesthesia

for consistent echocardiographic measurement. 50mg.kg−1

(-)-isoproterenol was administered IP and rats were monitored

by two-dimensional parasternal long axis echocardiography

(Visualsonics Vevo 770), with M-mode echocardiography used

to assess regional cardiac function, compared to a baseline

reading taken before catecholamine administration. A lead

II ECG was taken using subdermal electrodes connected

via a BioAmp to a PowerLab data acquisition system

(AD Instruments).

Body temperature manipulation

Before catecholamine administration, body temperature

was maintained between 37 and 38◦C using a homeothermic

temperature monitor, rectal temperature probe, and heating

blanket (Harvard Apparatus). Heating was maintained at a

similar level after the administration of isoprenaline, with a

new set-point of 41◦C used. Cooling, if required at either

60 or 90min post-isoproterenol administration (Figure 1),

was achieved through the removal of external heat sources

and the application of ice packs to the abdomen until

the rectal temperature was back in the euthermic zone,

after which external heating was reapplied as required

to maintain euthermia. For experiments shown in the

Supplementary Figures, male rats were randomized to either of

two groups and subsequently received 50 mg/kg isoprenaline

intraperitoneally. Body temperature was maintained at 37.5 ±

0.5◦C (normothermia) for the duration of the experiments in

the first group whereas in the second group body temperature

was first allowed to rise spontaneously and, starting at 15min

post isoprenaline, was maintained at 41± 0.5◦C (hyperthermia)

for the remainder of the experiment. Extent of akinesia was

traced in the long axis and expressed as percentage of total LV

endocardial length.

Rat cardiomyocyte isolation and in vitro

contractility studies

Cardiomyocytes were isolated from adult male rats as

previously described using a two-enzyme technique (13) and

studied using a video edge detection and tracking system

(IonOptix) as previously described (4). Cardiomyocytes were

paced at 0.5Hz throughout all studies and contraction was

determined as shortening relative to the diastolic length.

For studies assessing changes in baseline (i.e., without

catecholamines present), cells were perfused with Krebs-

Henseleit (KH) solution (1mM Ca2+) at 37◦C for 10min,

after which the temperature either remained constant or was

elevated to 41◦C. Contractility was measured at 10 and 20min

post-temperature change and changes are expressed relative

to contractility at the end of the 10min baseline period. For
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FIGURE 1

Experimental schematic of hyperthermic experiments with and without cooling to 150min post-isoprenaline administration.

isoproterenol hyperthermia studies, cells were perfused with KH

at either 37 or 41◦C for 10min, at the end of which a baseline

recording was taken. 10−6 M isoproterenol was then perfused

and contractility measurements taken at 10 and 20min post-

isoproterenol, and expressed as a relative change in contractility

compared to the end of the 10 min baseline.

Statistical analysis

All in vivo contractility and temperature data was analyzed

using two-way repeated measures ANOVA calculations with

either Tukey’s (for whole experiment analysis) or Dunnett’s

(individual time-point analysis) post-hoc tests for comparison

to baseline or apex vs. base. One-way ANOVA with Sidak’s

post-hoc test was used to compare time-points with baseline

for body temperature changes, and for cellular contractility

studies. Statistical significance was defined as P < 0.05 and data

was tested for normality using a Komogorov–Smirnov test. All

statistical analyses were carried out using GraphPad Prism 6

and data is presented at Mean ± SEM unless otherwise stated.

Intra-experimental mortality was not observed in any study and

therefore not presented graphically.

Results

50mg.kg–1 isoproterenol at euthermic
temperatures does not cause a
recapitulation of the Takotsubo-like
contractility pattern

Rats were injected with 50mg.kg−1 IP while under

constant ketamine-midazolam anesthesia and serial M-mode

measurements of apical and basal segment contractility were

taken. Over the 100min period following isoproterenol

administration, no overall apical hypocontractility was seen, but

rather a mild and sustained positive inotropy in both segments

(Figure 2A). However, no information on right ventricular

function was gathered. A mild yet significant increase in body
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FIGURE 2

High-dose isoproterenol (50mg.kg−1) under euthermic

conditions does not result in TTS-like contractility. (A)

50mg.kg−1 isoprenaline under ketamine-midazolam anesthesia

resulted in a significant positive inotropic response in both apical

and basal myocardial segments, although not for all time-points

in the apex. No significant di�erence was seen between apical

and basal contractility (n = 8). *P < 0.05, **P < 0.01, ***P <

0.001 vs. baseline (apex); ###
P < 0.001 vs. baseline (base)

two-way repeated measures ANOVA. (B) Rectal temperature

increases after isoproterenol, although this is attenuated by

removing heating from the animal. *P < 0.05, **P < 0.01, ***P <

0.001 relative to time 0, one-way ANOVA (n = 8 animals).

temperature was seen (Figure 2B), which was attenuated by

removing all heating and applying cooling as needed.

TTS-like contractility can be
recapitulated with a 50mg.kg–1

isoproterenol dose when the
hyperthermic response can manifest

As shown in Figure 2, 50mg.kg−1 isoproterenol, when

administered under ketamine-midazolam anesthesia, causes a

hyperthermia response that was, in initial studies, attenuated to

maintain a euthermic temperature. In a second set of studies,

animals were allowed to reach 41◦C and maintained at that

temperature throughout the 90min of serial echocardiographic

recording post-isoproterenol. This resulted in a negative

inotropy in the apex at the 80 and 90min timepoints compared

to baseline, and a significant difference in inotropic change

between apex and base at the 80 and 90min timepoints

FIGURE 3

High-dose isoproterenol (50mg.kg−1) administration under

hyperthermic conditions (∼41◦C) results in

apical-hypocontractility. (A) 50mg.kg−1 isoprenaline under

ketamine-midazolam anesthesia resulted a significant positive

inotropic response was seen in the basal myocardial segment

for the first 60min, whereas the apical myocardial segment

showed a significant negative inotropic response at 80 and

90min post-isoprenaline. **P < 0.01 apex vs. baseline; $P <

0.05 apex vs. base; #P < 0.05, ##P < 0.01, ###P < 0.001,
####

P < 0.0001 base vs. baseline, two-way repeated

measures ANOVA (n = 6). (B) Sustained heating of the animal

maintains a significant elevated body temperature

post-isoproterenol. *P < 0.05, **P < 0.01, ***P < 0.001 relative

to baseline temperature, one-way ANOVA (n = 6 animals).

(Figure 3). Heart rates for these animals can be found in the

Supplementary Data.

Cooling animals back to euthermia after
the initial induction phase does not
reverse or attenuate the apical
dysfunction caused by high dose
isoproterenol

As hyperthermia was essential to the induction of apical

dysfunction, we hypothesized that restoration of a euthermic

body temperature would either attenuate or reverse the

dysfunction. In a separate set of studies shown in Figure 4,

rats were randomized prior to study either to be cooled at 60
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FIGURE 4

Rapid cooling of animals after the induction of apical

dysfunction did not reverse or attenuate the hypocontractility.

(A) Rapid changes in body temperature could be achieved

through the application of cooling. (B) No e�ect of cooling was

observed on apical dysfunction on rats cooled at 60min (from

orange dotted line) or 90min (from green dotted line); n = 6

animals per group. Repeated measures ANOVA.

or 90min post-isoproterenol, or be maintained at 41◦C; all

animals were studied to 150min post-isoproterenol regardless

of group. Through the application of cooling packs we were

able to rapidly reduce the body temperature back into the

euthermic range (Figure 4A). We found no significant change

in apical hypocontractility in either cooled group compared to

the maintained group; apical hypocontractility was sustained in

all three groups (Figure 4B).

In vitro hyperthermia had no e�ect on
baseline contractility or beta
adrenoceptor responsiveness

Isolated rat left ventricular cardiomyocytes were perfused

with Krebs-Henseleit (KH) solution at 37◦C for 10min, after

which a measurement of cellular shortening was taken and

perfusion temperature increased to either 41◦C or maintained

at 37◦C (control). No significant changes in contractility were

seen with this increase in temperature (Figure 5A). In a separate

set of experiments, isolated cardiomyocytes were perfused with

KH at either 37◦C or 41◦C, and after a 10min stabilization

period, a baseline measurement of cellular shortening was

taken and isoproterenol (10−6 M) was added to the perfusate.

Measurements were taken at 10 and 20min post-isoproterenol

addition, and no significant differences were seen between the

two temperature groups at either time point (Figure 5B).

FIGURE 5

In vitro hyperthermia had no significant e�ect on either baseline

contractility at 10 or 20min post-temperature change (A) or the

increase in contractility when 10−6 M isoproterenol was applied

at either 10 or 20min post-isoproterenol (B). One-way ANOVA,

n = 9 and 10 cells (A), 8 and 7 (B), 37 and 41◦C, respectively.

Discussion

TTS is a syndrome well-associated with an excess of

catecholamines (14), and therefore pre-clinical models using

excess catecholamines are useful to delineate the steps the

lead to the induction of TTS. In a previous model of TTS

developed by the Imperial laboratory (4) a single IV dose to

produce a high epinephrine level (approximately equivalent

to an Epi-Pen in human) was sufficient to induce a transient

apical dysfunction in male rats, where contractility was at a

nadir at 20–25min post-epinephrine and recovered at 60min

post-epinephrine. While this is important to study immediate

effects of a catecholamine spike, there are longer-term changes

triggered which may underlie a persistent cardiac damage.
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FIGURE 6

Representative parasternal long axis B-mode images of

end-diastole (top) and end-systole (bottom) after induction of

TTS-like contractility (base: left; apex: right), with trace (red line)

drawn around endocardial border. Scale in mm.

Models using an intraperitoneal injection of isoproterenol,

where animals are studied over hours to days/weeks, have shown

an activation of immune responses (12) and an upregulation

of pathways involved in inflammation (15). However, while

attempting to reproduce the well-validated model of Shao et

al. (5) we experienced difficulties, which we resolved in a

collaborative effort with the Omerovic laboratory.

We noticed that after isoprenaline administration, animals

tended to increase their body temperature, and after discussion

between the two groups we determined that allowing the

development of the natural transient isoproterenol-induced

hyperthermia was essential for the consistent induction of

TTS-like contractility in this animal model (Figure 6). Groups

wishing to replicate this TTS model should pay close attention

to body temperature and allowmoderate hyperthermia to occur.

There has been an anecdotal or correlative association

between increased body temperature and Takotsubo syndrome

in a number of circumstances. Takotsubo syndrome is

statistically more likely to occur in summer or early autumn

(unlike the winter presentation preference for most cardiac

diseases) and is separately associated with higher ambient

temperatures (16, 17). There has also been an afternoon

predominance for TTS presentation compared to night-time

(18) Fever and particularly sepsis have strong associations

with Takotsubo syndrome (19), and high temperature was a

predictor of worse outcomes in a series of 421 admissions for

the syndrome (20). Hyperthyroidism, which is associated with

raised body temperature, has been observed in a proportion

of patients with Takotsubo syndrome (21). It is tempting to

speculate that the temperature dysregulation and hot flushes

in post-menopausal women may be an additional trigger for

the syndrome. Furthermore, there have been increasing reports

of TTS associated with COVID (22), and an early review has

suggested that the morbidity and mortality of TTS may be

exacerbated when superimposed on the hyper-inflammatory

COVID background (23).

As hyperthermia was essential for the induction of TTS-

like contractility changes, we sought to determine its importance

in the maintenance of this contractility pattern. We found that

cooling the animals back to a physiological body temperature

at either 60 or 90min post-isoproterenol had no effect on

apical dysfunction, and changes in contraction followed a similar

trend to animals maintained at 41◦C. However, we do not

know the effect of this cooling on long-term prognosis. Cellular

experiments showed that hyperthermia alone did not increase

contractility of cardiomyocytes, nor increase beta-adrenoceptor

responsiveness, and therefore hyperthermia is affecting either

the heart on an organ level, or at an integrated body level. The

role of circulating immune cells was evident in the study on

immune activation by single dose isoproterenol, and adoptive

transfer of splenocytes from the isoproterenol-treated mice

induced left ventricular dilation and impaired cardiac function

in healthy recipients (12).

Mechanism of hyperthermia in TTS
induction

Hyperthermia causes a wide range of physiological

responses at enzymatic, cellular, organ, and whole-body levels.

Through both pre-clinical models and clinical evidence, a

number of hypotheses for the pathophysiology of TTS have

been proposed. These include microvascular dysfunction (24),

lipotoxicity within cardiomyocytes (5), and beta-adrenoceptor

stimulus trafficking at the level of the cardiomyocyte (4). It

may be that hyperthermia is acting on these, or through other

mechanisms to increase apical dysfunction: there are a number

of candidate underlying pathways, and their actions may not be

mutually exclusive.

Increases in body temperature from 38 to 41◦C in rats

have been shown to increase sympathetic nerve discharge rate

(11, 25), and may be supporting the hyper-catecholaminergic

state present in the rat when isoproterenol is administered,

particularly given the half-life of isoprenaline is <5 minu

and a single dose of isoprenaline has been shown to induce
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persistent pathological cardiac changes (12). AMP-activated

protein kinase (AMPK) is ubiquitously expressed throughout

the body, and has been implicated in the pathophysiology

of TTS as endomyocardial tissue biopsies taken during the

acute TTS phase show increased PI3K/Akt pathway activity

(26), which can be activated by AMPK (27). Hyperthermia

has been shown to activate AMPK in cancer cells (28), and

hypothermia shown to inhibit AMPK in the brain (29). If AMPK

is activated by hyperthermia in the setting of TTS, this could be

contributing to the protective mechanisms thought to be present

in this disease as AMPK activation has been shown to reduce

cardiomyocyte apoptosis (30, 31). Heat shock proteins are also

likely to be activated by this thermal stress (32), and have been

shown to reduce both isoproterenol-induced cardiac apoptosis

(33) and remodeling (34). One study has demonstrated the

inhibition of the late-sodium currents by hyperthermia in

iPS-derived cardiomyocytes (35), which interestingly was also

seen in an iPS-derived cardiomyocyte model of TTS (8). We

know that nitrosative stress may play a role in TTS (36, 37),

which has been shown to be induced by hyperthermia (38). It

has also been shown that alpha-1 adrenoceptor signaling via

reactive oxidative stress increases the arrhythmogenicity of the

myocardium during high levels of catecholamines (39), although

in our study isoproterenol was used, which does not act as an

agonist on alpha-1 adrenoceptors. Given the increased incidence

of a prolonged QT interval in TTS in both models and patient

cohort analysis (8, 40), the role of hyperthermia on reactive

oxygen species generation and its arrhythmogenicity in the

setting of excess catecholamines should be further assessed.

The role of hyperthermia directly on beta-adrenoceptors at

a molecular level is poorly understood: one conference abstract

has demonstrated reduced beta-adrenoceptor responsiveness

in bladder detrusor muscle between 37 and 42◦C (41),

whereas many studies have been carried out on beta-

adrenoceptor responses at hypothermic temperatures. In

isolated rat cardiomyocytes, decreases in temperature to

15◦C showed an increase in beta-adrenoceptor affinity (using

radioactive-labeled propranolol) compared to normothermia

(37◦C). Hypothermia also does not prevent a beta-adrenoceptor

response, as shown in a porcine model of hypothermia,

where 30 ng/kg/min infusion of epinephrine resulted in

a positive inotropic response at 32◦C (42). However, in

another experiment at 25◦C, isoprenaline resulted in no

positive inotropic response (43). Therefore, there is conflicting

evidence with regards to catecholamine stimulation with

varying body temperature, and further work to elucidate the

molecular changes in thismodel of hyperthermia-facilitated TTS

is required.

In a recent computational model of TTS a failure of

the Frank-Starling mechanism was shown to increase apical

ballooning at end systole (44). In a study that assessed the

effects of hyperthermia on the Frank-Starling mechanism

in anesthetized dogs, it was shown that hyperthermia of a

similar range to the animals presented in this paper (40–

41◦C) resulted in a significant decrease in the gradient

of inotropy change with respect to preload, thereby

showing a failure of the Frank-Starling mechanism (45).

This could also partly explain the lack of effect seen in

isolated cardiomyocytes as they are unloaded. Although

a tempting proposition, and one which certainly fits with

the aforementioned computational model of TTS (44),

the necessary role of hyperthermia is likely multifactorial,

particularly in the maintenance of a hypercateholaminergic

state as would be present in human TTS precipitated by a

stressful event.

Clinical perspective

We have shown that hyperthermia is essential for the

induction of TTS in this isoproterenol-induced model, and

therefore it may be prudent that patients at risk of TTS

are monitored for pyrexia and anti-pyretics are prescribed

with a lower threshold. Furthermore, early echocardiographic

imaging in patients with severe hyperthermic states, such

as malignant hyperthermia or ICU admissions for sepsis,

could reveal cardiac dysfunction, and guide clinical care.

Nevertheless, the role of hyperthermia in human TTS

is currently unknown, and as we were able to remove

the hyperthermic state within 60min of the induction

agent being given (equivalent to the emotional stressor in

humans), we cannot conclude that a reduction in body

temperature per se would be of use in the management of the

acute syndrome.

Summary

In summary, we have shown that hyperthermia is essential

in the induction of TTS in an isoproterenol-induced rat

model, and the removal of hyperthermia around the time of

the development of apical dysfunction does not attenuate or

reverse it. Isolated cardiomyocyte studies showed that, at least

in the unloaded state, baseline contractility, or isoproterenol-

induced inotropic changes were not affected by hyperthermia.

Further studies are needed to assess the role of hyperthermia in

patients and, if so, whether this can be manipulated to improve

patient outcome.
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Weighted gene co-expression
network analysis identifies
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signaling pathway and novel
genes in pulmonary arterial
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First A�liated Hospital of Gannan Medical University, Ganzhou, China, 3Gannan Branch Center of

National Geriatric Disease Clinical Medical Research Center, Gannan Medical University, Ganzhou,

China

Background: Pulmonary arterial hypertension (PAH) is a devastating

cardio-pulmonary vascular disease in which chronic elevated pulmonary

arterial pressure and pulmonary vascular remodeling lead to right ventricular

failure and premature death. However, the exact molecular mechanism

causing PAH remains unclear.

Methods: RNA sequencing was used to analyze the transcriptional profiling of

controls and rats treated with monocrotaline (MCT) for 1, 2, 3, and 4 weeks.

Weighted gene co-expression network analysis (WGCNA) was employed to

identify the key modules associated with the severity of PAH. Gene Ontology

(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment

analyses were performed to explore the potential biological processes and

pathways of key modules. Real-time PCR and western blot analysis were

used to validate the gene expression. The hub genes were validated by an

independent dataset obtained from the Gene Expression Omnibus database.

Results: A total of 26 gene modules were identified by WGCNA. Of

these modules, two modules showed the highest correlation with the

severity of PAH and were recognized as the key modules. GO analysis

of key modules showed the dysregulated inflammation and immunity,

particularly B-cell-mediated humoral immunity in MCT-induced PAH.

KEGG pathway analysis showed the significant enrichment of the B-

cell receptor signaling pathway in the key modules. Pathview analysis

revealed the dysregulation of the B-cell receptor signaling pathway

in detail. Moreover, a series of humoral immune response-associated

genes, such as BTK, BAFFR, and TNFSF4, were found to be di�erentially

expressed in PAH. Additionally, five genes, including BANK1, FOXF1, TLE1,

CLEC4A1, and CLEC4A3, were identified and validated as the hub genes.
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Conclusion: This study identified the dysregulated B-cell receptor signaling

pathway, as well as novel genes associated with humoral immune response

in MCT-induced PAH, thereby providing a novel insight into the molecular

mechanisms underlying inflammation and immunity and therapeutic targets

for PAH.

KEYWORDS

pulmonary arterial hypertension, B-cell receptor signaling pathway, weighted gene

co-expression network analysis, humoral immunity, hub genes

Introduction

Pulmonary arterial hypertension (PAH) is a devastating

cardio-pulmonary vascular disease. Despite novel

pharmacotherapy strategies improved symptoms and physical

signs in patients with PAH, the prognosis remains poor (1).

Occlusive and obliterative alterations in the small to medium

pulmonary arteries are widely observed. Dysfunctional and

altered structure in pulmonary vasculature leads to elevated

mean pulmonary arterial pressure (mPAP), culminating in

right ventricular failure and premature death (2). Dysregulated

immunity and perivascular inflammation have attracted broad

attention and have been inextricably associated with the

development of PAH (2). Although there was accumulating

research in PAH pathogenesis, with considerable progress

in recent years, the exact molecular mechanism underlying

inflammation and immunity in PAH remains unclear.

Monocrotaline (MCT), a plant-derived alkaloid, was

extensively employed to induce PAH models for over 50

years (3). The development of MCT-induced PAH was closely

associated with dysfunctional inflammatory and immune

responses. In the MCT-induced PAH model, we found the

thickened vascular wall, occlusive and/or obliterative vascular

lumen, impaired endothelium, and perivasculitis in pulmonary

arteries (4). Moreover, the parameters of pulmonary vascular

remodeling, the percentage of total wall thickness to external

diameters of pulmonary arterioles diameter (WT%), and the

percentage of wall area to the total area of vessels (WA%) were

gradually increased in the progression of MCT-induced PAH

(4). In addition, we performed RNA sequencing (RNA-seq)

analysis of MCT-induced PAH and found that inflammatory

and immune responses occurred at the early stage of PAH and

were involved in the initiation and progression of PAH (5).

The rapid development of systemic biology provides

a powerful tool for exploring disease-associated genes (6).

Weighted gene co-expression network analysis (WGCNA) is

a novel systemic biology analysis approach (7) that divides

the gene expression matrix into different gene modules and

detects the relationship between gene modules and external

phenotypical characteristics. WGCNA provides a system-level

perspective into the genes and phenotypical traits and has

been broadly used for probing the hub genes that drive key

signaling pathways in diseases (8). For example, Hao et al.

(9) identified specialized miRNA-mRNA regulatory networks

composed of 6 miRNA and 12 mRNA in idiopathic pulmonary

hypertension by usingWGCNA. Zheng et al. (10) identified four

key genes as potential therapeutic targets and early biomarkers

in systemic sclerosis-related pulmonary hypertension by using

WGCNA. In addition, Cai et al. (11) identified five immune cell-

related marker genes by using WGCNA in pulmonary fibrosis-

associated pulmonary hypertension, and these marker genes

could divide these samples into various subgroups.

In this study, we constructed a gene co-expression network

and identified the key modules related to the severity of

PAH by performing WGCNA analysis, as well as characterized

hub genes and signaling pathways, aiming to provide a

deeper understanding of molecular mechanisms underlying

inflammation and immunity in PAH.

Materials and methods

Data preparation

The detailed methods regarding animals and treatment,

RNA extraction, cDNA library preparation, and RNA

sequencing are described in our previous study (5, 12).

Briefly, a total of 17 rats were used, in which 12 rats were

randomly assigned to four MCT-treatment groups (n = 3, per

group) and the remaining 5 rats served as a control group. The

MCT-treated rats were sacrificed at the end of weeks 1, 2, 3,

and 4. Five control rats were sacrificed at different time points,

including week 0 (MCT was given) and each time when MCT-

treated rats were sacrificed. Rat lungs were isolated for further

RNA extraction, cDNA library preparation, and RNA-seq. The

raw sequencing data have been deposited in Gene Expression

Omnibus (GEO) with an accession number GSE149713. In

addition, an independent dataset with an accession number

GSE149899 was used to validate the hub genes. The raw read

counts of the GSE149899 dataset were downloaded from

GEO (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
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GSE149899). The GSE149899 dataset included RNA-seq data

of lung tissues from six irreversible PAH (MCT-induced

PAH cannot be reversed by hemodynamic unloading) rats,

12 reversible PAH (MCT-induced PAH can be reversed by

hemodynamic unloading) rats, and five normal control rats. The

values of FPKM (fragments per kilobase of transcript per million

fragments mapped) were usually used to estimate the relative

expression abundance of transcripts. In the present study, the

GSE149899 dataset was processed by transferring the raw read

count into FPKM value in R software, so the gene expression

value could be estimated and compared. The processed data of

the GSE149899 dataset is attached in Supplementary Table 1.

Construction of weighted gene
co-expression network

In our previous study, a total of 23,200 transcripts

were identified in MCT-induced PAH (5). To maintain data

integrity, an expression matrix containing 17 samples and

23,200 transcripts was used to construct the co-expression

network by using the “WGCNA” R package (7). First, the gene

expression matrix was converted into the co-expression matrix

by calculating the absolute value of each gene’s correlation

coefficient. Next, the co-expression matrix was transformed into

the adjacency matrix by a thresholding procedure. Then, the

“pickSoftThreshold” function of the “WGCNA” R package was

used to perform an analysis of scale-free topology for soft-

thresholding. Here, the soft-thresholding power β = 4 (scale-

free R2 = 0.9) was chosen to meet the scale-free network.

After that, the adjacency matrix was transformed into the

topological overlap matrix (TOM) and dissimilarity TOM.

Lastly, hierarchical clustering and the dynamic tree cut method

were used to divide modules. The minimal gene number in each

gene module was set as 50, and similar modules were merged

based on a height cutoff of 0.25.

Identification of key modules associated
with PAH

Module eigengene (ME) is the first principal component

of a given module and is considered a representative of the

gene expression in the given module (7). ME was calculated

for each module. The correlation between the MEs and the

phenotypic traits was calculated by using the Pearson correlation

coefficient to assess the relationship between each gene co-

expression module and phenotypic trait. The phenotypic traits

include WT%, WA%, mPAP, and right ventricular hypertrophy

index (RVHI). These phenotypic traits were the parameters

commonly used for assessing PAH severity (4). The modules

showing the most highly positive or negative correlation with

four phenotypic traits were selected as the key modules.

Enrichment analysis of the key modules

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) enrichment analysis were performed by the

“clusterProfiler” R package (13). P-value < 0.05 was viewed as

significant enrichment.

Visualization of B-cell receptor signaling
pathway

The genes annotated in the B-cell receptor (BCR) signaling

pathway were extracted from KEGG PATHWAY DATABASE

(https://www.genome.jp/kegg/pathway.html). The Pathview

(https://pathview.uncc.edu/analysis) is a visual tool that maps,

integrates, and renders a large variety of biological data onto

molecular pathway graphs (14). The altered genes in the BCR

signaling pathway were visualized by using a modified Pathview

that showed P-value instead of expression value ratio change.

The details of the statistical analysis are described in the

figure legends.

Identification of the hub genes

The genes with high connectivity in the key modules were

viewed as the hub genes (7), which were considered to play a

more significant biological role in the gene regulatory network.

Module membership (MM) was used to represent intramodular

connectivity by correlating the gene expression profile with the

ME of a givenmodule (15). The closer theMMof a gene is to 1 or

−1, the higher the connection to the givenmodule (7). Similarly,

gene significance (GS) was used to assess the correlation between

the gene expression profile and the phenotypic trait. The closer

the GS of the gene is to 1, themore highly it is associated with the

given phenotypic trait. In this study, genes with |GS| and |MM|≥

0.8 were viewed as the candidate genes of the blue module,

and genes with |GS|≥ 0.5 and |MM|≥ 0.8 were considered as

the candidate genes of the dark red module. The differentially

expressed genes (DEGs) in the candidate genes were defined as

the hub genes in the present study. The hub genes were validated

by GSE149899.

Real-time PCR analysis

Total RNA was extracted from the lung tissues of

control and rats injected with MCT for 4 weeks (MCTW4),

according to the manufacturer’s instruction. First-strand cDNA
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synthesis was performed by using the Transcriptor First Strand

cDNA Synthesis Kit (Roche, Life Science, CH), according

to the manufacturer’s protocol. The quantification of mRNA

expression was performed in a Step One Plus Real-time PCR

System (Life TechnologiesTM, Applied Biosystems, Gene Co.,

Ltd., Carlsbad, CA, USA). The rat origin primers used for

real-time PCR analysis were listed as follows: forward-5′-ACA

GCA ACA GGG TGG TGG AC-3′ and reverse-5′-TTT GAG

GGT GCA GCG AAC TT-3′ for GAPDH; forward-5′-AGT

CTG GTG GGC TGG AGG TGG-3′ and reverse-5′-GAA GGG

TTT CCG AGG GGG GTA-3′ for BAFFR; forward-5′- ATG

TGA GGG GGG AAG ACT A-3′ and reverse-5′- AGG TGG

ATG AGA TAA AGC C-3′ for TNFSF4; forward-5′- CAA

CAG CAG CAC CAA TCT CCA-3′ and reverse-5′-ATA CTC

CTC GCC CTT TCG CAA-3′ for BTK; forward-5′-CTT GGG

CAT TCT GTC GGT GAT-3′ and reverse-5′-GGA GGT GCT

GGG AAG TTT ATT-3′ for CD20; and forward-5′-ATG GAC

CAC CGC CTC TAC C-3′ and reverse-5′-TCC TCA GCC

CCA CCA CAC A-3′ for IGHM. The relative quantification

of the mRNA expression of genes was analyzed in accordance

with the comparative 2−11CT method and expressed as

fold changes.

Western blot analysis

Western blot analysis was performed as previously described

(16). Lung tissues were isolated from the control group,

and rats injected with MCT for 4 weeks. Then, the lung

tissues were lysed with RIPA lysis buffer containing protease

inhibitor cocktails (Meilunbio Biotech Co., Ltd, CHN). Tissue

lysates were incubated on ice for 30min and subsequently

centrifuged at 12,000 rpm at 4◦C for 5min, and the supernatant

was separated for further analysis. The protein concentration

was measured by using the BCA kit (GBCBIO Biotech Co.,

Ltd, CHN). Equal amounts of total protein from different

samples were separated by 12% SDS-PAGE and transferred

into 0.45µm PVDF membranes (IPVH00010, Merck Millipore,

DEU). The PVDF membranes were blocked with 5% non-

fat milk powder in TBST at room temperature for 2 h

and incubated with primary antibodies overnight at 4◦C.

On the 2nd day, the membranes were washed three times

with TBST and incubated with the appropriate horseradish

peroxidase-conjugated secondary antibodies (Boster Biological

Technology Co., Ltd, CHN, 1:10,000) for 2 h at room

temperature. After being washed three times with TBST, the

membranes were incubated with an ECL reagent (Affinity

Biosciences, USA) for detecting the blots, and the blots were

quantified by Image-Pro Plus software (version: 6.0). Primary

antibodies, including mouse anti-BTK (1:1,000), rabbit anti-

CD19 (1:1,000), rabbit anti-GAPDH (1:1,000), and rabbit anti-

CD20 (1:2,000), were purchased from Jingjie PTM BioLab Co.

Ltd, CHN.

Statistical analysis

All statistical analyses were performed using RStudio

(version 2021.09.2) and R (version 4.1.2) software. Data

were presented as mean ± SD (standard deviation). The

“ggplot2 (version 3.3.6),” “pheatmap (version 1.0.12)”,

and “WGCNA (version 1.71)” R packages were used to

draw graphics. The “DEseq2 (version 1.34.0)” R package

was used to identify DEGs (a threshold of |log2 (Fold

Change)| ≥1 & p ≤ 0.05). The difference between

groups was compared by the two-tailed Student’s t-

test (normal distribution) or Wilcoxon signed-rank test

(abnormal distribution). P-value < 0.05 was considered as

statistical significance.

Results

Construction of the co-expression
network and identification of the key
modules

In this study, to ensure the integrity of transcriptional

profiling, an expression matrix comprising 17 samples and

23,200 genes (Supplementary Table 2 and Figure 1A) was used

to construct the co-expression network. Given the scale

independence and mean connectivity, the power value β =

4 (scale-free R2 = 0.9) was selected as the soft threshold

for the present study (Figure 1B). In addition, based on the

dynamic tree cut algorithm and merge cutoff of 0.25, a

total of 26 gene co-expression modules were generated and

were assigned with different colors for distinguishing each

other (Figures 1C,D). It was shown that the turquoise module

had the largest number of genes, whereas the saddle brown

showed the lowest number of genes (Figure 2A). The heatmap

plot of ME showed that all gene modules were independent

of each other (Figure 2A). The severity of MCT-induced

PAH was evaluated by the phenotypic traits, composed of

mPAP, RVHI, WT%, and WA% in our previous study (4).

Upon constructing the co-expression network, we assessed

the relationship between the gene co-expression modules and

phenotypic traits through Pearson correlation analysis. As

shown in Figure 2B, the dark red module showed the most

highly positive correlation with mPAP (r = 0.66, P = 3.91e-

03), RVHI (r = 0.65, P = 4.56e-01), WT% (r = 0.68, P =

2.58e-03), and WA% (r = 0.63, P = 6.62e-03). In contrast,

the blue module showed the most highly negative correlation

with mPAP (r = −0.77, P = 2.99e-04), RVHI (r = −0.77, P

= 3.19e-04), WT% (r = −0.85, P = 1.35e-05), and WA% (r

= −0.88, P = 3.20e-06). As a result, two modules depicted

with blue and dark red colors were the most relevant to the

severity of PAH and were identified as the key modules for

further analysis.
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FIGURE 1

Construction of weighted gene co-expression network and division of gene co-expression module. (A) Clustering analysis heatmap plot of the

expression matrix of 23,200 genes. The rows and columns represent gene expression levels and each sample, respectively. Red and blue

represent the elevation and decrease of corresponding gene expression, respectively. (B) Analysis of the scale-free fit index (left) and the mean

connectivity (right) for various soft-thresholding powers (β), among which four were chosen as the value to construct a scale-free network. (C)

Clustering of module eigengenes. The cut height (red line) was 0.25. (D) Clustering dendrogram of all genes, with dissimilarity based on the

topological overlap. Each color represents a gene co-expression module. Twenty-six gene co-expression modules were divided.

GO enrichment analysis of the key
modules

To investigate potential biological processes of the dark

red and blue module, GO enrichment analysis was performed.

GO results of the dark red module showed that most of the

biological processes were associated with humoral immune

response, such as B-cell receptor signaling pathway, B-cell

activation, B-cell proliferation, B-cell differentiation, antigen

receptor-mediated signaling pathway, regulation of B-cell

proliferation, and regulation of B-cell activation (Figure 3A).

Similar to the dark red module, GO enrichment analysis of

the blue module also showed a humoral immune response,

such as antigen processing and presentation, B-cell-mediated

immunity, and immunoglobulin-mediated immune response

(Figure 3B). Taken together, these results suggested a role for B-

cell-mediated humoral immune response in the development of

MCT-induced PAH.
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FIGURE 2

Identification of key modules. (A) Heatmap plot of module eigengene. Red and blue represent a positive and negative correlation, respectively.

The bar chart represents the number of genes in each module. (B) Heatmap plot of module–trait relationship. Rows and columns represent

di�erent gene co-expression modules and phenotypic traits. The dark red and blue module showed the strongest correlation.
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FIGURE 3

GO and KEGG functional enrichment analysis of key modules. (A,B) Bubble plot showing top 20 terms of biological process in the dark red and

blue module, respectively. (C,D) Bubble plot showing top 20 pathways of KEGG functional enrichment analysis in the dark red and blue module,

respectively.

KEGG enrichment analysis of the key
modules

To further explore the inherent signaling pathways of the

dark red and blue module, the KEGG enrichment analysis

was performed. KEGG enrichment analysis of the dark red

module revealed the inflammatory/immune-related pathways,

including B-cell receptor (BCR) signaling pathway, T-cell

receptor signaling pathway, primary immunodeficiency,

chemokine pathway, natural killer cell-mediated cytotoxicity,

and leukocyte trans-endothelial migration (Figure 3C).

Consistently, the inflammatory/immune response-related

pathways were also enriched in the blue module, owing

to the enrichment of the BCR signaling pathway, primary

immunodeficiency, and natural killer cell-mediated cytotoxicity

(Figure 3D).
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The change of BCR signaling pathway in
MCT-induced PAH

It is worth noting that the BCR signaling pathway

was the most significantly enriched pathway in the dark

red module and was also significantly enriched in the

blue module. Consequently, the BCR signaling pathway

was chosen for further analysis. The BCR is an integral

membrane complex composed of two immunoglobulin (Ig)

heavy chains, two Ig light chains, and two heterodimers of

Igα and Igβ (17). Ligation of the BCR with the specific

antigen initiates highly sequential recruitment of critical

intracellular mediators and adaptors, including LYN, SYK,

BTK, BLNK, and VAV, and activates downstream pathways

resulting in B-cell proliferation, differentiation, and secretion of

various immunoglobulins and cytokines (18–20). Pathview and

hierarchical clustering analysis showed the increased expression

of BCR Igα (CD79A), Igβ (CD79B), LYN, BTK, SYK, BLNK,

and CD19/21/81 in the BCR signaling pathway (Figures 4A,B).

In addition, the altered expression of other genes was

also shown, including upregulated genes FcgRIIB (FCGR2B),

LEU13 (LFITM1), and PIR-B (LILRB3 and LILRB3A) and

downregulated genes PLC-γ2 (PLCG2), PKCβ (PRKCB), SOS

(SOS2), and IκBα (NFKBIA).

Identification and validation of humoral
immune response-associated DEGs

Due to the enrichment of dysregulated BCR signaling

pathway, we then analyzed the genes enriched in the humoral

immune response by GO analysis. A total of 26 terms and

162 genes were associated with humoral immune response

in the dark red and blue module (Supplementary Table 3).

Differential expression analysis showed that 78 genes were

differentially expressed, of which eight genes, including

CD19, CD21, CD81, BTK, BLNK, CD79A, CD79B, and

LILRB3A, were overlapped in the BCR signaling pathway

(Figure 5A). To characterize these humoral immune response-

associated DEGs, we applied a heatmap to exhibit them.

The heatmap showed that the majority of genes were

elevated in a time-dependent manner (Figures 5A–D).

DEGs associated with cellular B-cell homeostasis (GO:0001782),

activation (GO:0042113), and proliferation (GO:0042100)

were upregulated in MCT-induced PAH, such as BAFFR,

CD70, and CD20 (Figure 5B). In contrast, DEGs associated with

immature B-cell differentiation (GO:0002327), immunoglobulin

production, (GO:0002377), and humoral immune response

(GO:0006959) showed dysregulated expression, due to

the identification of both upregulated DEGs (IL-1β, IL-

6, IGHM, JCHAIN, TNFSF4, TNFRSF4, and MZB1)

and downregulated DEGs (IL-33, NOTCH1, CCR7, etc.)

(Figure 5C). As shown in Figure 5D, the upregulation of

DEGs associated with the regulation of B-cell activation

(GO:0050864), proliferation (GO:0030888), differentiation

(GO:0030183), humoral immune response (GO:0002920), and

BCR signaling pathway (GO:0050855) was also identified, such

as ACOD1 and FCRL5. Moreover, a set of DEGs was overlapped

in various biological process terms. For instance, BTK was

overlapped in B-cell-mediated immunity (GO:0019724), B-

cell receptor signaling pathway (GO:0050853), and positive

regulation of B-cell-mediated immunity (GO:0002714).

BAFFR was overlapped in B-cell homeostasis (GO:0001782),

activation (GO:0042113), proliferation (GO:0042100), and

regulation of B-cell activation (GO:0050864) and proliferation

(GO:0030888). TNFSF4 was overlapped in B-cell-mediated

immunity (GO:0019724), immunoglobulin production

(GO:0002377), and positive regulation of B-cell-mediated

immunity (GO:0002714).

The DEGs overlapped in multiple GO terms may be more

important and representative of humoral immunity. Therefore,

we selected BAFFR, BTK, and TNFSF4 for further validation.

Additionally, CD19, CD20, and IGHM were also selected, due

to their essential roles in humoral immune response (21, 22).

As shown in Figure 6A, the validation of the RNA-seq dataset

by real-time PCR showed the upregulation of BAFFR, BTK,

TNFSF4, CD20, and IGHM, thus confirming the upregulation

of humoral immune response-associated genes in MCT-induced

PAH. To further validate our RNA-seq dataset in protein levels,

western blot analysis was performed to validate three critical

humoral immune response-associated DEGs, including BTK,

CD19, and CD20.Western blot analysis showed elevated protein

levels of BTK, CD19, and CD20 (Figure 6B), further confirming

the upregulation of humoral immune response-associated genes

in MCT-induced PAH.

Identification and validation of the hub
genes in key modules

According to the criteria mentioned in the methods, 38

and 52 candidate genes were identified in the dark red

and blue module, respectively. Differential expression analysis

showed that 7 of 38 candidate genes, including ACOD1,

CLEC4A1, and CLEC4A3, were differentially expressed in

the dark red module (Figure 7A and Supplementary Figure 1).

Similarly, 37 of 52 candidate genes, including FOXF1,

BANK1, and TLE1, were differentially expressed in the blue

module (Figure 7B and Supplementary Figure 2). As shown

in Figure 7C, the expression of the ACOD1, CLEC4A1, and

CLEC4A3 was gradually increased in the dark red module.

In contrast, the expression of the FOXF1, BANK1, and

TLE1 was gradually reduced in the blue module (Figure 7D).

We then confirmed the expression of these hub genes by
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FIGURE 4

B-cell receptor signaling pathway in response to monocrotaline (MCT) treatment. (A) The integration and visualization of gene expression in

B-cell receptor signaling pathway using modified Pathview. Each colored box represents the comparison of MCT treatment at week 1, 2, 3, and

4 with control, respectively. Color represents P-value for each comparison of MCT treatments with control (unpaired t-test), red and green

represent the elevation and decrease of corresponding gene expression, respectively, while white represents P ≥ 0.2 or not detected. (B)

Heatmap plot of di�erentially expressed genes in B-cell receptor signaling pathway. Rows and columns represent gene expression levels and

each sample, respectively. Red and blue represent the elevation and decrease of corresponding gene expression, respectively.

the GSE149899 dataset. As shown in Figure 8, in addition

to ACOD1, the expression of CLEC4A1 and CLEC4A3

was increased, while that of FOXF1, BANK1, and TLE1

was reduced.

Discussion

In this study, WGCNA was used to identify pathways and

hub genes related to the severity of PAH induced by MCT. We
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FIGURE 5

Heatmap plot of humoral immune response-associated DEGs. (A) Eight overlapped DEGs in GO terms and BCR signaling pathway. (B) DEGs in

B-cell homeostasis (GO:0001782), activation (GO:0042113), and proliferation (GO:0042100). (C) DEGs in immature B-cell di�erentiation

(GO:0002327), immunoglobulin production (GO:0002377), and humoral immune response (GO:0006959). (D) DEGs in remaining unassorted

terms associated with humoral immune response. Rows and columns represent gene expression levels and each sample, respectively. Red and

blue represent the elevation and decrease of corresponding gene expression, respectively.

found the dysregulated BCR signaling pathway and humoral

immune response-associated genes in MCT-induced PAH.

We identified a total of 26 gene co-expression modules that

were independent of each other. Further analysis was based on

the module–trait relationships. Because the blue and dark red

module showed the strongest correlation with the phenotypic

traits that reflected the severity of PAH, we selected the dark red

and blue module as the key modules, and further enrichment

analysis was carried out. GO enrichment analysis showed that

the genes in key modules were mainly associated with B-

cell-mediated humoral response, including B-cell activation,

regulation of B-cell activation, positive regulation of B-cell

activation, and immunoglobulin production. Moreover, KEGG

enrichment analysis showed that the BCR signaling pathway

was enriched in both the dark red and blue module. Then, we

used Pathview analysis to show the detailed changes in the BCR

signaling pathway in MCT-induced PAH. As it was exhibited

by Pathview, visualization of global pathway changes showed

that the gene expression in the BCR signaling pathway was not

synergistic. For instance, the decreased expression of PLC-γ2,

PKCβ, and IκBα was identified in the BCR signaling pathway.

The decreased levels of IκBα, an inhibitor of NF-κB, activates

NF-κB signaling pathway, whereas the reduced levels of PLC-

γ2 and PKCβ may limit the activation of the NF-κB signaling
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FIGURE 6

Validation of the expression of critical humoral immune response-associated genes. (A) Real-time PCR analysis. Data were shown as mean ±

SD. n = 3 MCT-treated rats at 4 weeks, and n = 5 control. *P < 0.05 vs control; ** P < 0.01 vs. control. (B) Western blot analysis. Data are shown

as mean ± SD. n = 6 MCT-treated rats at week 4, and n = 6 control. *P < 0.05 vs. control; ** P < 0.01 vs. control. CTR, control; MCTW4, MCT

treatment for 4 weeks.

pathway. Therefore, it was possible that the presence of the

negative feedback mechanisms restricted the over activated or

prolonged BCR signaling pathway in the progression of PAH.

The humoral immune response-associated GO terms and BCR

signaling have already been enriched in our previous study

(5, 12). As a result, the present study may extend and expand

B-cell-mediated humoral immunity in the development of PAH.

It is well-established that B cells are essential to humoral

immune response and are associated with autoimmune diseases

(23). The B-cell-mediated humoral immune response involves

a series of processes in which, upon recognition of the specific

antigen, B cells are activated, and the activated B cells proliferate

to form germinal centers and differentiate into plasma cells

to produce antibodies (24). In the present study, a series of

B-cell markers, including CD19, CD20, CD79A, and CD79B

(25, 26), were elevated. The identification of increased B-

cell markers indicated elevated B-cell infiltration in the lung

tissues of MCT-induced PAH, which was consistent with current

pathological findings (27, 28). Moreover, reduced CCR7 level

was identified; of note, the lack of CCR7 resulted in the

infiltration of perivascular lymphocytes, including B cells, in

pulmonary hypertension (29). Furthermore, some of these B-cell

markers were considered as potential targets of B-cell depletion

therapy in PAH. For example, rituximab, an anti-CD20 B-cell

Frontiers inCardiovascularMedicine 11 frontiersin.org

123

https://doi.org/10.3389/fcvm.2022.909399
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Chen et al. 10.3389/fcvm.2022.909399

FIGURE 7

Identification of the hub genes. (A,B) Venn diagram showing the overlapped gene numbers between di�erentially expressed genes and

candidate genes. (C,D) Temporal expression levels of six hub genes. Data are shown as mean ± S.E.M. n = 3 MCT-treated rats at each week, and

n = 5 control. *P < 0.05 vs. control.

antibody, had shown accepted safety and tolerability for the

treatment of PAH with systemic sclerosis or systemic lupus

erythematosus (30, 31).

A set of genes associated with humoral immune response

were upregulated, including BAFFR, TNFSF4, TNFRSF4,MZB1,

BTK, CD19, and immunoglobulin chain IGHM and JCHAIN.

The BAFFR is indispensable for maintaining the development,

maturation, and survival of B cells (32). Moreover, the deficiency

of BAFFR in either mice or humans results in decreased

titers of serum IgM (33, 34). The interaction between TNFSF4

and TNFRSF4 is necessary for differentiating activated B cells

into plasma cells and producing antibodies (35). TNFSF4

promoted the affinity maturation of the secondary humoral

immune response in B cells, and the knockout of TNFSF4

generated a reduced proportion of germinal center B cells and

plasma cells (36). Moreover, a lack of TNFSF4 ameliorated the
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FIGURE 8

Validation of the hub genes. Boxplots showing the expression level of six real hub genes in dataset GSE149899. *P < 0.05, ** P < 0.01, *** P <

0.001, ns, no significance. CTR, control; R-PAH, reversible pulmonary arterial hypertension; IR-PAH, irreversible pulmonary arterial hypertension.

autoimmune phenotype and reduced the total IgM (36). MZB1

regulates B cells to produce IgM antibodies, and downregulation

or deficiency of MZB1 led to impaired IgM secretion (37).

CD19 acts as the costimulatory molecule, and plays a crucial

role in regulating B-cell-mediated humoral immune response.

The deficiency of CD19 severely impaired B-cell maturation

and germinal center formation, accompanied by a lack of

B cells and IgM (21, 22). In contrast, hCD19 transgenic

mice showed significantly spontaneous B-cell proliferation

and an overall elevated level of immunoglobulins, including

IgM (21). Interestingly, the expression of BAFFR, TNFSF4,

TNFRSF4, MZB1, CD19, IGHM, and JCHAIN was elevated

in the present study, indicating that B cells were activated to

produce antibodies, thus in line with the evidence of local

immunoglobulin production in PAH (38). It is noteworthy

that activated B cells not only produce antibodies but also

secrete a variety of cytokines involved in the immune response,

such as IL-1β and IL-6 (20, 39). The identification of elevated

cytokines IL-1β and IL-6 suggested enhanced B-cell-mediated

antibody-independent functions. BTK is a crucial protein
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in BCR signaling, and increased BTK levels are associated

with autoimmune diseases (40). The overexpression of BTK-

induced spontaneous germinal center formation and production

of autoantibodies in CD19-hBTK transgenic mice (41), and

moreover, induced pulmonary hypertension through activation

of BCR signaling in pulmonary injury mice (42). The BTK

expression was upregulated in the present study, further

supporting the role of the dysregulated BCR signaling pathway

in MCT-induced PAH.

BANK1 is a scaffold protein that is primarily expressed

in B lineage cells (43). Functional variant and polymorphism

of BANK1 are associated with susceptibility to autoimmune

diseases, such as systemic lupus erythematosus (44), rheumatoid

arthritis (45), diffuse cutaneous systemic sclerosis (46), and

primary Sjogren’s syndrome (47), suggesting an important

role of BANK1 in autoimmune diseases. Upregulated BANK1

expression was mainly observed in immune tolerance patients

(48). By contrast, decreased BANK1 expression was observed

in activated B cells and plasma cells (48). It was reported that

decreased BANK1 exacerbated B-cell response, resulting in the

elevation of autoantibodies in collagen-induced arthritis mice

(49) and also augmented germinal center formation and IgM

production in BANK1-deficient mice (50). The reduced BANK1

was identified and validated in the present study. It was possible

that the downregulation of BANK1 contributed to the loss of

immune tolerance in patients and susceptibility to PAH.

FOXF1 is a transcription factor that plays an essential

role in lung development (51). FOXF1 regulates pulmonary

angiogenesis by regulating STAT3 (52) and VEGF (53, 54)

signaling in endothelial cells. The deletion of heterozygous

copy number variants and point mutations in FOXF1 is the

primary cause of alveolar capillary dysplasia with misalignment

of pulmonary veins (55, 56), which is a rare and fatal

disease characterized by severe progressive hypoxia and

pulmonary hypertension (57). The identification of reduced

FOXF1 may partially explain angiogenesis deficiency in

pulmonary hypertension.

TLE1 is a corepressor that regulates the transcription of

downstream genes by interacting with transcription factors

and other proteins (58). Overexpression of TLE1 causes a

decrease in nuclear NF-κB translocation, and the deficiency

of TLE1 enhanced inflammatory responses mediated by Toll-

like receptors (59). Moreover, TLE1 regulates NOD2/NF-

κB signaling to mediate inflammatory responses (60, 61).

Interestingly, we have reported that dysregulated Toll-like

receptor and Nod-like receptor pathways lead to inflammatory

cell infiltration and pulmonary vascular remodeling in PAH (12).

Thus, TLE1 may act as a negative regulator involved in Toll-like

and Nod-like receptor pathways in PAH.

CLEC4A1 and CLEC4A3 are members of the

transmembrane C-type lectin receptors (CLRs). CLRs are

expressed in various cells, including dendritic cells, B cells,

monocytes, and macrophages (62). Damage-associated

molecular patterns (DAMPs) can initiate CLR-mediated

inflammatory responses that have been linked to allergy (63).

We have previously demonstrated that, in MCT-induced PAH,

the RIPK3-mediated necroptosis released a series of DAMPs

(12). It is likely that CLR-mediated inflammatory responses

triggered by DAMPs also participated in the PAH pathogenesis.

Several limitations are present in this study. First, the

biological replicates in each MCT treatment group may be

limited. Second, the results in this study were based on

transcriptomic data, and the protein levels remain unknown.

Thus, further studies are needed to validate our results.

Conclusion

In this study, WGCNA was employed to analyze the

transcriptome of MCT-induced PAH for the first time. We

identify dysregulated BCR signaling pathways and novel genes

related to humoral immune response. Thus, these results

may provide a novel insight into the molecular mechanisms

underlying inflammation and immunity and therapeutic targets

for PAH.
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