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neurons modulate cardiac functions
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Abstract

Background: Cardiac disorders are either inherited or acquired, reflecting deformities
in their structural or functional characteristics. Despite significant advances in
cardiovascular drugs and surgical procedures, no breakthroughs have been achieved.
The cervicothoracic ganglia, also known as stellate ganglia, located within the
paravertebral chain, are known to innervate myocardial tissues in a heterogeneous
manner; however, their therapeutic potential for managing myocardial diseases
is not yet fully understood. Methods: Our single-cell sequencing transcriptomic
data from wild-type stellate ganglia demonstrated that cardiac-innervating Npy2r-
expressing neuronal subpopulations consistently innervate the myocardium. To
investigate whether these neuronal subpopulations influence cardiac functions,
we used the Npy2r-IRES-Cre crossed with the Ai32-(ChR2(H134R)/EYFP) strain. The
offspring with genotypes Npy2r+-:ChR2*", 6 to 8 weeks old littermates, were selected
for optical stimulation via an optical fibre connected to the OptoEngine (473 nm, 400
mW, OptoEngine). Results: We observed a significant increase in heart rate among
Npy2r+-::Ai32*" heterozygous mice compared to control Ai32*" mice following optical
stimulation at various frequencies: 1Hz, 5Hz, 10Hz, 15Hz, and 20Hz. Stellate ganglia
isolated from Npy2r+::Ai9*" heterozygote mice showed positive neuronal staining
for tdTomato expression. Conclusion: These findings clearly indicate that Npy2r-
expressing neuronal subpopulations in the cervicothoracic ganglia influence heart
rates during in vivo optical stimulation of stellate ganglia. Relevance for Patients: The
study provides novel targets for devising anti-adrenergic therapies against refractory
ventricular arrhythmia. These novel targets should be used as the combinatorial
therapies along with B-blockers and surgical interventions.

Keywords: Postganglionic sympathetic neurons; Optogenetic stimulation;
Channelrhodopsin-2; Neuropeptide-Y; Neuropeptide-Y2r receptors

1. Introduction

Cardiac disorders such as myocardial infarction, arrhythmogenic cardiomyopathy,
and atrial fibrillation remain one of the leading causes of mortality across the global
population.! The structural and functional deformities related to cardiovascular
diseases can be either inherited or acquired over the course of a lifetime.> At present,
various therapeutic aspects in the form of cell and gene therapies, neuromodulation,
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and neuroscience-based therapeutics have been employed
for cardiac disorder treatment.>* However, many of these
have failed in clinical trials or have been unsuccessful due
to their high toxicity and limited efficacy. The cardiac
autonomic nervous system comprises sympathetic
and parasympathetic nervous systems, which regulate
cardiovascular functions precisely in health and disease.
During cardiac dysfunction, increased sympathetic tone
and withdrawal of the parasympathetic tone become
obvious during myocardial disorders.*

The sympathetic tone of myocardial tissues is
mediated by stellate and T2 ganglia that reside within
the cervicothoracic region. The bilateral sympathectomy
(removal of left and right stellate ganglia) has already
been under investigation for the treatment of refractory
ventricular arrhythmia.®” Although the procedure is
effective, the arrhythmia persists. The remodeling of
stellate ganglia during myocardial infarction comprises
increased neuronal size and adrenergic tone, specifying
higher immunoreactivity for tyrosine hydroxylase (TH)
and neuropeptide-Y (NPY).® Neuropeptide-Y is a pro-
arrhythmic neurotransmitter, and it has been under
investigation for decades.’ Circulating plasma level of NPY
is also elevated in heart failure patients, as measured in
ELISA assays, isolated samples from the coronary sinus
vein.!*!! Therefore, elucidating the mechanistic role of NPY
is crucial in identifying its therapeutic use for myocardial
diseases.

Previously, we identified three major adrenergic
neuronal subpopulations, NAla, NAlb, and NA3
subtypes that innervate myocardial tissues and the NA1b
subpopulation is increased in heart-failure settings.'>**
Since NPY’s effects are exerted and amplified via its
receptors, NPY-Y1, NPY-Y2, and NPY-Y5 receptors."” In
the current study, we employed an optogenetic method to
dissect the role of a specific postganglionic sympathetic
neuronal subpopulation (Npy2r) in modulating the cardiac
functions, specifically in heart rate variability.'s

2. Methods

2.1. Animals

Mice strains Npy2r-IRES-Cre, Ai32-(ChR2(H134R)/
EYFP), and B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)
Hze/] were purchased from Jackson Laboratories. The
study (protocol number: 18-048) was approved by the
UCLA Institutional Animal Care and Use Committee.
Adult male mice, aged between 6 and 8 weeks, were housed
under standard laboratory conditions (12-hour light/dark
cycle) with ad libitum access to food and water.

2.2.Invivo cervicothoracic ganglia stimulation

Heterozygous mice Npy2r*::Ai32*" were chosen for

optical stimulation at the right stellate ganglia (RSG).
Mice were anaesthetized with isoflurane (Induction at
4%, maintenance at 2%, inhalation) (Isoflurane Vaporiser,
SOMNI Scientific). Two needle electrodes were inserted
subcutaneously into the right forearm and the left hind
leg to obtain lead II electrocardiograms (Grass RPS 107
Regulated Power Supply, Grass Instrument Co.; Grass
P511 AC Amplifier, Natus Neurology). With the use of
a dissecting microscope (SZ-CTV Olympus Dissecting
Microscope; KL 2500 LED Illuminator, Schott), a midline
neck incision was performed to intubate and mechanically
ventilate mice at 150 bpm (SAR-830/P Ventilator, CWE,
Inc). A left thoracotomy was performed at the second
intercostal space to expose the RSG located along the
sympathetic trunk near the first rib. A laser-coupled optical
fiber (473 nm, 400 mW, Optic Engine) was positioned
for focal illumination above the craniomedial RSG. The
stimulation frequency (at 10ms and 126 mW) and pulse
width (at 10Hz and 126 mW) were used to measure the
heart rate for control and Npy2r+::Ai32*  mice. We
illuminated the optical fiber at 473 nm while positioned
at the RSG and stimulated at different frequencies: 1 Hz,
5 Hz, 10 Hz, 15 Hz, and 20 Hz. All stimulations were
performed for 10s with 5min between stimulations for
the heart rate to return to baseline values. We recorded
an electrocardiogram (ECG) during these stimulation
frequencies using a differential amplifier (A-M Systems,
Model 1700 and Grass, P511) and recorded via PowerLab
8/35.

2.3, Stellate ganglia isolation and whole-mount
tissue fixation

The protocol to isolate stellate ganglia tissues from mice
was adapted from a previously published article'?. Briefly,
mice were anaesthetized with 3% isoflurane for 5 min until
no reflexes were observed and perfused with 50 ml ice-
cold 0.01 M phosphate buffer saline (PBS; consisting of 10
mM potassium phosphate at pH 7.4 and 150 mM NaCl)
containing heparin, followed by 50 mL freshly prepared,
ice-cold 4% paraformaldehyde in PBS. Afterwards,
stellate ganglionic tissues were isolated using a dissecting
microscope, and tissues were fixed in 4% paraformaldehyde
overnight at 4 °C, washed, and stored in 0.01 M PBS at 4
°C. Stellate ganglia were collected bilaterally (both right
and left sides) from all animals and mounted on the slide-
chamber under a light-protecting sheet for whole tissue
imaging.

2.4. Confocal microscopy and image processing

High-fluorescent images were acquired on a confocal
laser scanning microscope, LSM 880 Upright (Carl-Zeiss,
Germany). The laser lines used were 405 nm (diode [405-
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30]) for excitation of DAPI, 488 nm (argon) for Alexa-488,
561 nm (DPSS [561-10]) for Cy3, and 633 nm (HeNe)
for Alexa-647. Fluorescence and bright-field illumination
modes were used during the image acquisition process.
Samples were visualized through plan apochromat
10x/0.45 air, plan apochromat 20x/0.8 air, and plan
apochromat 63x/1.4 oil objectives.

2.5. Statistical analysis

GraphPad Prism 9.0.1 was used for data handling, analysis,
and graph generation. For statistical significance, we
performed a two-way analysis of variance (ANOVA) test to
analyze the data, along with a Bonferroni correction, to test
the null hypothesis. All data are shown here as individual
data points. P-values are expressed as * (p < 0.05), ** (p <
0.01), *** (p < 0.001), and **** (p < 0.0001) in the figures.

3. Results

In the current study, we examined the role of specific
Npy2r-expressing neuronal subpopulations within the
stellate ganglia. Postganglionic sympathetic neurons in the
stellate ganglia comprise eight subpopulations, including
five adrenergic (NAla, NAlb, NAlc, NA2, and NA3),
two cholinergic (Achl and Ach2), and one glutamatergic
subtype (Glutl). Our previous scRNAseq analysis
demonstrated that the receptor Npy2r is expressed in the
NA1b subtype. However, its functional role in cardiac
sympathetic modulation remains unclear. Therefore, to
test our hypothesis that Npy2r-expressing subpopulations
within the stellate ganglia may influence cardiac functions,
we employed an optogenetic stimulation method (Figure

1).

We crossed Npy2rCre mice with Ai32 (Ch2R-expressing
mice) and stimulated heterozygous Npy2r:Ai32+
offspring at gradually increasing stimulation frequencies:
1Hz, 5Hz, 10Hz, 15Hz, and 20Hz. Figure 2Ashows the
baseline heart rate for Npy2rCre*::Ai32*" and control
mice. Figure 2B depicts heart rate during pre-stimulation
and post-stimulation in Npy2rCre*:Ai32* mice. Figure
2C and 2D illustrate changes in heart rate at different
stimulation frequencies for both genotypes, presented
as a bar-chart plot and a trend-line graph. We observed
maximal heart rate changes at 5 Hz, 10 Hz and 20 Hz for
Npy2rCre::Ai32"" versus Ai32*" mice (Figure 2C and 2D)
representing the maximal cardiac sympatho-excitation.

To validate further, expression of Npy2r neurons in
stellate ganglia, we visualized tissues under the microscope
for tdTomato expression in stellate ganglia isolated from
Npy2rCre*::Ai9"" mice and confirmed the staining
pattern (Figure 3). We observed individual neurons
stained positive for tdTomato expression in stellate ganglia

tissues that represent Npy2r-expressing neurons (Figure
3). These results were confirmatory that stimulating
specific sympathetic neuronal subpopulations modulates
cardiac functions, providing new avenues for therapeutic

applications for cardiovascular-related disorders.

4, Discussion

Cardiovascular-related disorders remain one of the major
reasons for morbidity and mortality across the globe.!”'
Several therapeutic applications, such as renin-angiotensin-
aldosterone (RAAS) blockers, Ca?>* channel blockers, and
B-blockers, have been employed for treatment purposes;
however, the success rate is very limited and has severe side
effects.? Alternatively, neuroscience-based therapeutics
for cardiovascular diseases have been introduced over
the past few decades.»® The neural innervation of
cardiac tissues is a fact that is regulated at three layers
of the nervous system: the central nervous system, the
extracardiac intrathoracic nervous system, and the
intrinsic cardiac nervous system.”-*” Our work is focused
mainly on the extracardiac intra-thoracic innervation of
myocardial tissues. Previously, several studies reported
that the stellate ganglia located in the intrathoracic cavity
interplays cardiac regulation at structural and functional
contexts, suggesting a vital role in neuroscience-based
cardiovascular therapeutics.>**#* We also defined
neuronal subpopulations residing in the stellate ganglia
that innervate myocardial tissues using scRNAseq
analysis and retrograde viral tracing methods.'>'* We
identified high-NPY and low-NPY expressing cells that
innervate myocardial tissues. The neurotransmitters
released from cardiac innervating axons modulate cardiac
functions. Examples include epinephrine, norepinephrine,
neuropeptide Y, and galanin, released from the sympathetic
nervous system and acetylcholine, released from the vagus
nerve‘9,30—33

In addition to the effect of norepinephrine, several
other lines of evidence suggest that NPY released during
sympathetic activation may lead to the progression of
ventricular arrhythmia via NPY receptors present on ratand
human cardiomyocytes.’***> Sympathetic neurons residing
in stellate ganglia are heterogeneous subpopulations and
innervate the myocardial tissuesviscerally."*** Our studyhad
previously revealed that three major adrenergic neuronal
subpopulations (NAla, NAlb, and NA3) participate in
myocardial innervation.”? However, the influence of these
neuronal subpopulations on cardiac function remains
unknown. To resolve the functions of these neuronal cell
types, we crossed Npy2rCre mice with Ai32 mice, and
offspring carrying the heterozygous genotype were chosen
for optical stimulation. In a previous study, it has already
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Figure 1. A representative image of optogenetic stimulations of cardiac neurons in the stellate ganglia and ECG parameters measurement

been shown that channelrhodopsin-2 (ChR2) expressing
cells permit the entry of Na*, K*, and Ca*" ions, allowing the
cells to depolarize.”” This depolarization leads to initiating
the action potentials across postganglionic neurons and
the release of neurotransmitters within the postsynaptic
clefts.”

In the current study, we created animals that carried
Npy2r-expressing cells, along with Ch2R expressions. Our
results clearly indicate that blue-light-mediated induction
of these neuronal cell types affects cardiac function, as
measured by ECG response. NPY is a pro-arrhythmic
agent and exerts effects via NPY receptors (Y1, Y2, and
Y5) on myocardial tissues.”***>*® However, the current
study potentially evaluates the specific role of Npy2r-
expressing neuronal subpopulations within stellate ganglia
and how they modulate cardiovascular functions. In the

current work, we chose to stimulate only the RSG, not
the left stellate ganglia, to evaluate the heart rate change.
Since the RSG innervates the sinoatrial (SA) node and
anterior ventricles, whereas the left stellate ganglion
primarily innervates the posterior aspect of the ventricles,
only RSG stimulation was expected to directly influence
SA node activity and heart rate.®*-*' Therefore, Npy2r-
expressing neuronal subpopulations in RSG pre- and
post-stimulation have provided clear evidence of heart rate
changes measured simultaneously.

The current work opens new avenues for neuroscience-
based cardiovascular therapeutics. A previous study has
shown the localization of NPY-Y2 receptors on autonomic
ganglia.* It has also been shown that NPY-Y2R receptors
are involved in fine-tuning the norepinephrine secretions
in the periphery and myocardial tissues and mediate
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Figure 2. Postganglionic sympathetic neurons expressing Npy2r present within the stellate ganglion modulate cardiac functions. We stimulated Npy2r
neurons optically at 473 nm using optical fibers attached to the OptoEngine. (A) The baseline heart rate calculated for Npy2rCre::Ai32 mice versus only
Ai32 mice. (B) Heart rate for Npy2rCre mice at various frequencies during pre-stimulation and post-stimulation. (C) A bar-plot graph representing heart
rate differences for Npy2rCre::Ai32 versus Ai32 mice during stimulations at various frequencies: 1 Hz, 5 Hz, 10 Hz, 15 Hz, and 20 Hz. (D) The continuous
dot-plot graph analyses the change in heart rates for Npy2rCre::Ai32 mice versus Ai32 at various stimulation frequencies. (n= 5 mice for Npy2rCre and n=

3 mice for Ai32).

sympatho-vagal crosstalk neurotransmission.'>* The
blockade of presynaptic Y2R receptors results in the
reduction of acetylcholine release and promotes vagal
effects while reducing cardiac sympatho-excitation.*
However, these studies have formed the basis of the
inhibitory effects on cardiac sympatho-excitation, while
NPY-Y2R receptors are localized on myocardial tissues
or the surrounding vasculature tissues and mediate the
effects of circulating NPY neurotransmitters.'”” Our work
provides a novel discovery about the presence of NPY-
Y2R-specific neuronal subpopulations in stellate ganglia,
along with already known NPY-expressing neurons in
stellate ganglia.'> The additional experimental validations
of NPY-Y2R mediated mechanistic roles in cardiac

sympatho-excitation during health and disease have major
issues in finding an adequate number of cells, since the size
of the tissue is very small in the mouse species.'? Moreover,
in heart failure conditions, these numbers become even
lower, complicating the findings to reach a significant
conclusion for the transcriptomic and functional studies.'*

Severallimitations of this study should be acknowledged.
First, the current study involved only a limited number of
adult male mice. Second, we only conducted experiments
to show acute functional effects. Future studies will involve
the use of Npy2r-innervated cardiac remodeling studies.

5. Conclusion

The current study concludes that sympathetic neuronal
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Figure 3. A confocal microscope image of the right stellate ganglia tissue isolated from Npy2rCre mice crossed with the Ai9 strain. The image shows

expression of tdTomato in Npy2r-expressing neurons in stellate ganglia from Npy2rCre+/-:Ai9+/- mice strains. The study further validates that
postganglionic neurons in the stellate ganglia express Npy2r receptors and modulate cardiac function.

subpopulations that express Npy2r in the stellate ganglia
modulate cardiac function, especially heart rate change
during baseline and stimulation periods. However,
the study still requires further validation to determine
how these neuronal subpopulations communicate with
myocardial tissues in heart failure scenarios.
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