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Abstract

Sympathetic efferent axons regulate cardiac functions. However, the topographical distribution
and morphology of cardiac sympathetic efferent axons remain insufficiently characterized due

to the technical challenges involved in immunohistochemical labeling of the thick walls of the
whole heart. In this study, flat-mounts of the left and right atria and ventricles of F\VB mice were
immunolabeled for tyrosine hydroxylase (TH), a marker of sympathetic nerves. Then, the atrial
and ventricular flat-mounts were scanned using a confocal microscope, and 3D-montages were
constructed. We found: 1) /nthe /eft and right atria: A few large TH-immunoreactive (IR) axon
bundles entered both atria, branched into small bundles and then single axons that eventually
formed very dense terminal networks in the epicardium and myocardium, as well as in the

inlet regions of great vessels to the atria. TH-IR varicose axons had close contact with cardiac
muscle fibers, vessels, and adipocytes. Multiple intrinsic cardiac ganglia (ICG) were identified

in the epicardium of both atria. A subpopulation of principal neurons (PNs) in ICG was TH-IR.
Most TH-IR axons in bundles traveled through ICG before forming dense varicose terminal
networks in the epicardium and myocardium. However, we did not observe TH-IR axons forming
varicose terminals in close approximation or encircling ICG neurons. Small intensely fluorescent
(SIF) cells were also found among the ICG, and they were strongly TH-IR. 2) /n the left and
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right ventricles and interventricular septum. TH-IR axons entered the ventricles and formed very
dense terminal networks in the epicardium and myocardium as well as along the vasculature.
Collectively, TH labeling is readily achievable in flat-mounts of thick atrial and ventricular walls,
which enabled detailed mapping of catecholaminergic axons and terminal structures in the whole
heart at the single cell/axon/varicosity scale. This approach provides a foundation for future
quantitative analysis of the topographical organization of the cardiac sympathetic innervation of
the whole atria and ventricles under different physiological and pathological conditions.
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1. Introduction

Cardiac functions are modulated through sympathetic and parasympathetic (vagal)
innervation of the heart. Previously, we examined vagal afferent and efferent innervation
of the normal heart and their anatomical remodeling and functional changes in disease
models of rats and mice (Ai et al., 2007a; Ai et al., 2007b; Chen et al., 2021; Cheng

and Powley, 2000; Cheng et al., 1999; Cheng et al., 2004; Gu et al., 2008; Lin et al.,
2008; Yan et al., 2009; Yan et al., 2008). In addition, we studied the distribution and
morphology of nociceptive calcitonin gene-related peptide (CGRP-IR) and substance P
(SP-IR) afferent axons in the mouse atria (Li et al., 2014). However, the comprehensive
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topographical mapping of sympathetic innervation of the heart (atria and ventricles) remains
only partially documented. Traditionally, intrinsic cardiac ganglia (ICG) were considered

as a parasympathetic relay station, and earlier studies claimed that ICG contained only
postganglionic parasympathetic neurons that provided cholinergic innervation to the heart
(Armour, 1999). More recently, it was demonstrated that the intrinsic cardiac nervous
system, which includes a very complex ICG network, is considered as a little heart brain that
integrates inputs from multiple sources and comprises sensory, interconnecting, sympathetic
and parasympathetic neurons (Ardell et al., 2016; Armour, 2008; Hanna et al., 2021;
Parsons, 2004; Shivkumar et al., 2016). Despite the growing interest in ICG composition
and function, phenotypic and morphological characterization of ICG neurons is still lacking
(Fedele and Brand, 2020; Herring and Paterson, 2021).

Tyrosine hydroxylase (TH) has been widely used as a marker for the sympathetic
innervation of the heart (Hanna et al., 2021; Hanna et al., 2017; Rajendran et al., 2019).
Most previous studies used thin sections of the heart (atria and ventricles) or partial
whole-mounts (or equally flat-mounts as used in the present paper) of the atria in several
different species including mice, rats, guinea pigs, pigs, and humans (Ajijola et al., 2015;
Calupca et al., 2001; Hoover et al., 2009; Richardson et al., 2003). Though these studies
showed innervation by TH-IR axons in cardiac muscles, conducting systems, and/or ICG,
sectioning of the cardiac tissues removed the continuity of axons and terminal structures,
leading to a partial or incomplete view of the sympathetic innervation of the heart. Although
flat-mount atrial tissues were also used in mice and rats, these studies mainly focused on
some special cardiac targets, such as the chemical coding of axons within cardiac ganglia
and the conduction system (Parsons, 2004; Richardson et al., 2003), and could not provide a
complete picture of the sympathetic innervation pattern and morphology in the whole heart,
including the atria, ventricles and interventricular septum (IVS). Some studies assessed the
distribution of cholinergic and adrenergic nerve fibers in the flat-mount atrial preparations
in different species (Inokaitis et al., 2016; Pauza et al., 2014; Pauza et al., 2013; Rysevaite
et al., 2011). However, thick regions of the atria (e.g., auricles) and other structures (e.g.,
superior vena cava, inferior vena cava, pulmonary veins) were removed. Moreover, only
larger bundles of nerves were observed in these atrial and ventricular preparations and

small regions had to be selected to reveal the fine details of TH-IR axon innervation.
Mapping of noradrenergic nerves in the atria and ventricles at the whole organ scale and

in high resolution was not available. Recently, tissue-clearing techniques enabled better
visualization of the innervation of the whole heart in 3D (Rajendran et al., 2019). However,
the visualization of fine axons and terminals in cleared hearts is still limited. Moreover,
tissue clearing reduces the ability to visualize other cardiac targets such as ganglion cells,
muscles, blood vessels, and adipocytes. Thus, higher-resolution imaging is needed to reveal
the intricate patterns of TH-IR axons and their terminal networks in the atrial and ventricular
targets.

Here, we aimed to develop tissue processing and imaging methods capable of providing

a more complete and comprehensive view of the TH-IR nerves and terminal processes

in the mouse heart. After immunolabeling of TH in flat-mounts of the whole atria and
large partial ventricles, high-resolution images were acquired that allowed the visualization
of delicate TH-IR axons and terminals. We also aimed to assess whether TH-IR axons
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substantially innervate ICG in mice. To this end, we used immunofluorescence to label TH
in the flat-mounts of the whole right and left atria (RA and LA) and right and left ventricles
as well as the IVS and scanned them using a confocal microscope with high resolution, after
which the distribution and morphology of TH-IR axons and terminals were surveyed at the
single cell/axon/varicosity scale.

2. Materials and Methods

2.1 Animals

Male FVB mice (n = 6, age 3-6 months; Jax 001800) were used for this study because they
have been widely used for transgenic studies as well as serving as wild-type controls in our
previous work investigating cardiac neuroanatomy in the context of various pathologies (Gu
et al., 2008, 2009; Li et al., 2010; Lin et al., 2010, 2011; Yan et al., 2009). All animals
were housed in a room in which light/dark cycles were set to 12 h/12 h (6:00 AM to 6:00
PM light cycle) and provided food and water ad /ibitum. All procedures were approved by
the University of Central Florida Animal Care and Use Committee and strictly followed the
guidelines established by the NIH. All experiments conformed to the University of Central
Florida guidelines on the ethical use of animals.

2.2 Tissue preparation

Mice were anesthetized with a lethal dose of sodium pentobarbital (i.p., 100 pg/g). Sufficient
depth of anesthesia was determined by the complete absence of the hind paw pinch
withdrawal reflex. Mice were perfused through the left ventricle with 37 °C phosphate-
buffered saline (0.1 M PBS, pH=7.4). The inferior vena cava was cut to drain the blood

and perfusate. Tissues were then fixed by perfusion with 4 °C Zamboni’s fixative (15%
picric acid and 2% paraformaldehyde in PBS, pH=7.4). The heart and lungs were removed
together with the trachea and the esophagus to ensure the inclusion of all cardiac tissues.
These specimens were postfixed in 4 °C Zamboni’s fixative for at least 24 h.

The heart and lungs were separated following fixation. Briefly, the pulmonary veins which
attached to the left atrium were separated from the lungs with fine tweezers (Ai et al., 2007a;
Cheng, 2017; Cheng et al., 1997a; Li et al., 2010). The atria were then separated from the
ventricles (Fig. 1B), and the aortic arch and pulmonary arteries were removed from the

atria. The RA and LA were then separated, producing a right atrium with the great vessels,
including inferior vena cava (IVC), superior vena cava (SVC), and left precaval vein (LPCV)
attached (Fig. 1E), and the left atrium with short segments of all pulmonary veins (PVs)
attached (Fig. 1D). The ventricles were further dissected by separating the left ventricle (LV)
and right ventricle (RV) from the IVS (Fig. 1F-H) and the LV was trimmed in order to
flatten. Tissues were stored in 4 °C PBS until immunohistochemical labeling was initiated.

2.3 Immunohistochemistry

Immunohistochemical procedures were performed on an orbital shaker at room temperature,
with each piece of tissue immersed in 0.5-1 mL of reaction liquid in its own chamber of

a light-protected 24-well plate. Following tissue preparation, residual Zamboni’s fixative
was removed from the tissues with 5x10 min washes in PBS. Tissues were then immersed

J Comp Neurol. Author manuscript; available in PMC 2024 April 01.
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for 5 days (for atria) or 7 days (for ventricles) in a blocking reagent (2% bovine serum
albumin, 10% normal donkey serum, 10% normal goat serum, 2% Triton X-100, 0.08%
NaN3 in 0.1 M PBS, pH=7.4) to reduce nonspecific binding of the primary antibody and

to promote increased antibody penetration. Primary antibodies (6 uL/mL) were added to
the primary solution (2% bovine serum albumin, 4% normal donkey serum, 4% normal
goat serum, 0.5% Triton X-100, 0.08% NaN3 in 0.1 M PBS, pH=7.4) and tissues were
incubated for 5 days (for atria) or 7 days (for ventricles). Unbound primary antibodies were
removed from tissues by 6x5 min washes with PBST (0.5% Triton X-100 in 0.1 M PBS,
pH=7.4). Secondary antibodies (12 uL/mL in PBST) were then applied for 3 days (for
atria) orb days (for ventricles). Unbound secondary antibodies were removed from tissues
by 6x5 min washes in PBS. A list of the antibodies used in this study is summarized in
Table 1. Tissues were then mounted with their endocardium surface down onto glass slides,
crushed with lead weights for 2 days for the atria and 3 weeks for the ventricles, and
air-dried under a fume hood. Slides were dehydrated by immersion for 2 min in each of

4 ascending concentrations of ethanol (75%, 95%, 100%, 100%), followed by 2x10 min
washes in 100% xylene. Slides were then coverslipped with DEPEX mounting medium
(Electron Microscopy Sciences #13514) and allowed to dry overnight. Atrial and ventricular
preparations in which primary antibodies were omitted presented no labeling, confirming
that nonspecific binding of primary antibodies did not occur.

2.4 Data collection and analysis

Slides were examined using Leica TCS SP5 laser scanning confocal microscope with

a HeNe laser to image Alexa Fluor 594-labeled TH in the flat-mounts of the atria

and ventricles. An argon—krypton laser (488 nm) was used to detect background
autofluorescence of the tissues (e.g., cardiac muscles, ganglionic cells, and blood vessels).
For a broad view of the distribution of axons and terminals, tissues were scanned using

a 20X oil immersion objective lens (zoom x1, z-step 1.5 um), and confocal maximal
projection images were generated. To show detailed TH axons and terminals in different
layers of the heart, confocal optical sections were scanned using a 40x oil immersion
objective lens (zoom 1.5X). The epicardium layer was identified as the outermost layer
along with elastic connective and fat tissues, whereas the end of the epicardium and the
beginning of the myocardium was identified by the presence of dense muscle fibers in
different directions. All confocal images were scanned with similar settings. Modifications,
including brightness and contrast adjustments, cropping and scale bar additions, were
conducted using Photoshop or NIH ImageJ (Collins 2007) software. Individual scans of

a small image window were first obtained by confocal microscopy and saved in stacks of
optical section images. Then, these stacks were maximally projected to yield a series of
all-in-focus maximum projection tiles (a total of 172 for RA and 119 for LA). MosaicJ
(Thévenaz and Unser, 2007) was utilized to align tiles to create large montage images.
Counting TH-IR neurons in the ICG was performed using image J cell-counter plugin J. TH
and autofluorescent (AF) channels were separated and neurons in each image were counted.
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3. Results

3.1 Distribution and morphology of TH-IR axons and terminals in the flat-mount of the
whole atria: an overview.

The flat-mounts of the whole right and left atria were prepared (Fig. 1) and TH-IR axon
innervation in the right and left atria (RA and LA) was examined (Fig. 2 and Fig. 3).

As shown previously (Ai et al., 2009; Lin et al., 2008), multiple intrinsic cardiac ganglia
(ICG) were found on the epicardium of the atria. Numerous ICG of different sizes could

be found in each of the atria, there were two to three large ganglia in similar locations (SA
and AV neuronal complexes) across animals (Ai et al., 2007a; Lin et al., 2008). Although
variations in structural details were observed across animals, the general scheme of TH-IR
nerves and ICG distribution was similar in all 6 animals studied. In both atria, extrinsic large
bundles of TH-IR axons entered the atria. (Figs. 2a and 3a show the right and left atria in

a representative mouse. Figs. 2a’ and 3a’ are schematic drawings based on images collected
from this representative mouse showing the TH-IR nerve and ICG distributions. As shown in
Figs. 2,3, the large axon bundles entered the right atrium along the superior vena cava and
left precaval vein, and the left atrium at the entrance region of the pulmonary veins.

These large axon bundles were observed to course through ICG and branched out into
smaller bundles multiple times, and finally into individual fine axons, which formed
extensive terminal endings over the entire atria including the auricles and the entrance
areas of the major veins. Most ICG were observed on the dorsal surface of the LA,
specifically around the LA-PV junction (dotted line in LA on (Fig. 3a’). Future density
quantification based on the axon number is needed to gain more information on regional
density innervation. Also, a more organized pattern of TH-IR axons was seen around the
PVs.

3.2 TH-IR axons and terminals innervating epicardial and myocardial layers of the atrial

wall

To expose the cardiac targets, we used the 488-nm laser to excite the autofluorescence
with red pseudo-color, while using the HeNe laser to excite TH-IR axons with green
pseudo-color. TH-IR axon terminals were mostly present in the epicardium (Fig. 4) and the
myocardium (Fig. 5) layers. The auricles of the atria contained an abundant and complex
network of TH-IR axons, as seen in the higher magnification confocal projection images
(Fig. 4, Fig.5). It was generally observed that very rich innervation of TH-IR axons was
present at the sinoatrial node (SA) region in the RA and the medial side of LA (Fig.
2a,3a) Additionally, rich innervation was also observed at the center, and the edge of

the auricle (Fig. 4b,c and 4b’,c’) as well as the mid-atrium (Fig. 4d,4d”). Details of the
terminal morphology of the TH-IR axon network in the auricles were assessed via single
optical sections. We identified free terminals at different levels of the myocardium, and
the terminating point (terminal ending) was determined as the last varicosity on the axon
with an enlarged radius compared to the preceding varicosities. Large bifurcating TH-IR
bundles in the epicardium formed a continuous network of varicose axon terminals in the
single optical section (Fig. 6a). Such bundles were also observed projecting axons deep
into the myocardium (identified by the presence of dense muscle fibers) which formed

J Comp Neurol. Author manuscript; available in PMC 2024 April 01.
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large, complicated, 3-D terminal endings whose structure could not be entirely captured
by a single confocal optical section (Fig. 5a—f, Fig. 6b). In single optical sections, the
fragmentary varicose axons formed close contact with the myocytes within the thick
myocardium.

3.3 TH-IR neurons in the ICG

As previously reported, multiple ICG of different sizes (large, medium, and small) (Ai et
al., 2007a; Lin et al., 2008) were identified in the dorsal surface of the right and left atria
(Figs. 2a,3a). Though the total number of ICG may somewhat vary, two large ganglia were
consistently found in the same regions of different mice. One of them was located near the
SA node region and the other was located near the AV node region (Ai et al., 2007a; Lin

et al., 2008). Fig. 7 is an enlarged portion of the middle left atrium and showed 10 ICG
including 2 large, 5 medium, and 3 small clusters where some principal neurons (PNs) were
TH-IR, and large and small axon bundles traveled through or between these 1CG.

To elucidate the structure of ICG and their interaction with catecholaminergic nerve bundles,
various ICG are presented as single confocal optical sections (Fig. 8). Consistent with
previous reports (Birand, 2008; Pauza et al., 2014; Hoard et al., 2008), a subpopulation of
ICG neurons exhibits strong TH-IR (Fig. 8a;_3). However, not all TH-IR ICG PNs expressed
the same degree of TH-IR.

Although a subpopulation of ICG TH-IR neurons exhibited strong TH-IR (Fig. 8a, short
arrow), some ICG PNs demonstrated weak TH-IR (Fig. 8a, long arrow). Specifically, TH-IR
neurons comprised approximately 28.5% + 3 of all ICG neurons. Interestingly, we identified
a ganglion that was located in the rostral SVC and showed more TH-IR neurons relative to
non-TH-IR (Fig. 8e).

3.4 Most TH-IR axons branching from extrinsic TH-IR bundles passed by ICG without
close contacts with PNs

Numerous TH-IR nerve bundles and axons were observed in ICG. It appeared that their
axons mainly coursed through or passed by ganglia (Fig. 8c and 8d) without forming
dense varicose endings (putative synaptic contacts) around individual ICG PNs. In contrast,
the parasympathetic vagal axons form very dense basket-like endings around ICG PNs
(Aietal., 2009; Li et al., 2010; Lin et al., 2008; Hoard et al., 2008; Brown et al.,

2018). TH-IR axons were not observed to directly innervate PNs. However, some delicate
varicose axons might have contact with both TH-IR and non-TH-IR PNs (Fig 8c and 8d).
Those varicose axons could be projecting from the TH-IR neurons in the ICG. Thus, the
majority of postganglionic catecholaminergic axons (Fig. 7) appeared to pass through ICG
rather than directly interact with their PNs (Fig. 9a;—ap). This sharply contrasted with the
catecholaminergic nerve innervation of the gastrointestinal tract where TH-IR axons make
numerous synaptic-like varicose endings around many myenteric ganglionic neurons in
the stomach and small intestine (Fig. 9b,c, arrowheads), which is consistent with previous
reports (Hibberd et al., 2020; Parker et al., 2022; Powley et al., 2016).
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3.5 TH-IR Small Intensely Fluorescent (SIF) cells

Small intensely fluorescent (SIF) cells were commonly observed in the atria. SIF cells

were identified by their small size (< 10 um in diameter vs > 20 um of PNs) and were
strongly TH-IR relative to TH-IR PNs (Fig. 10). We frequently observed clusters of SIF
cells adjacent to large TH-IR nerve bundles (Fig. 10c) and ICG PNs (Fig. 10a, 10a’,10b, and
10d). Similar to the TH-IR PNs, large and small TH-IR axon bundles traveled through or
between clusters of SIF cells without apparent innervation.

3.6 TH-IR axon innervation of vasculature and adipose tissue

TH-IR axons in the atria did not exclusively innervate the muscle. The vasculature was also
a common target of TH-IR axons in both right and left atria. Vessels were recognized by

a difference in texture and shape compared to surrounding tissues. Vascular structures were
often heavily innervated by TH-IR axons: they either wrapped around the structure and/or
ran along the blood vessels (Fig. 11a). Adipocytes near the atria were identified by their
characteristic round shape, small size, and unique autofluorescence profile (opaque edges
with clear centers). Varicose TH-IR axons were observed innervating adipose tissue and
forming varicose arborizations around individual adipocytes (Fig. 11b), often forming dense
terminal networks from individual axons

3.7 Distribution and morphology of TH-IR axons and terminals in the flat-mount

ventricles

Extrinsic large bundles of TH-IR axons entered the RV, LV, and IVS (Figs. 12, 13, 14).
These bundles branched out and densely innervated right and left ventricles and 1S with
numerous varicose axons. These TH-IR axons traveled from the base of the ventricles and
IVS towards the apex with a higher density of axons observed at the basal level. The size
of the large TH-IR bundles decreased in size as they bifurcated and descended towards the
apex. Blood vessels could be visualized by the well-defined contour within the ventricles
(Figs. 12, 13, 14). TH-IR bundles were predominantly present in the epicardium (Fig. 15
a,c,e). Single optical sections revealed the TH-IR axon innervation of the myocardium (Fig.
15 b,d,f). Similar to the atria, long varicose TH-IR axons were present in the myocardium
where they traveled in close apposition to myocytes. Only axon fragments could be seen in
a single optical section as they did not all exist in a single optical plane, but rather they ran
up and down within the thick muscle layer. We were able to visualize axons through the
entire wall of the flat-mount ventricles preparations (through all z-stack). Moreover, TH-IR
axons ran in parallel with and often wrapped around the blood vessels. The RV had the
most apparent vasculature network, but the thickness of LV and partial preparation could
contribute to the less apparent vasculature. This was further supported in a parallel study
where selected partial projections of the LV that included only a few z-stacks showed a
better visualization of the vasculature.

4. Discussion

In the present study, we characterized the distribution and morphology of TH-IR axons
and terminals in the flat-mounts of the heart at the single cell/axon/varicosity scale. In the
right and left atria, we found extensive networks of TH-IR axons and varicose terminals in

J Comp Neurol. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bizanti et al.

Page 9

the epicardial and myocardial layers and around blood vessels. TH-IR axons and varicose
terminals were observed to densely innervate the SA node and the junctions of the vena cava
and pulmonary veins with the atria. In ICG on the dorsal surface of the atria, a subpopulation
of PNs was strongly TH-IR. In addition, strongly TH-IR SIF cells were observed within ICG
or adjacent to TH-IR axon bundles. In contrast to TH-IR axons in the stomach and small
intestine where TH-IR axons formed extensive varicose terminals in myenteric ganglia.
TH-IR axons in the atria were not observed to form varicose terminals encircling PNs.
TH-IR nerve bundles and axons branching from the bundles ran through ICG. There is a
possibility that TH-IR neurons in the ICG would project processes, but more studies are
needed to delineate their functions and determine whether or not they innervate any targets.
In the ventricles and 1VS, TH-IR axons and varicose terminals were also found in the
epicardial and myocardial layers and around blood vessels. Large TH-IR bundles entered the
ventricles and 1VS, branched out and innervated the whole ventricles and VS from the base
to the apex.

4.1 Our methodology vs. tissue clearing

Our method of thick tissue flat-mount processing and imaging has several advantages

over traditional histological sectioning techniques, and de facto allowed us to examine the
distribution and morphology of TH-IR axon innervation while preserving the integrity of
the whole atrial flat-mount and large ventricular preparations. Prior studies used sectioned
heart preparations or small partial flat-mounts of regions of the heart, which disrupted

the continuity of axons and terminals (Ajijola et al., 2015; Freeman et al., 2014; Hanna

et al., 2021; Hoover et al., 2009; Inokaitis et al., 2016; Richardson et al., 2003). More
recently, tissue-clearing allowed the advancement of three-dimensional (3D) visualization
of the heart innervation and provided tissues with high transparency which facilitated the
knowledge of the 3D structures (Rajendran et al., 2019; Yokoyama et al., 2017). It should be
recognized that this novel technique enabled deep imaging of large tissues and improved the
penetration of laser light, which gives insights into the structures more precisely. There are
many available tissue-clearing methods that can be used for various purposes. Each of these
methods has advantages and disadvantages that were thoroughly reviewed by (Kolesova et
al., 2021). Among the most common families of tissue clearing are Disco, CUBIC, and
Clarity. They differ in cost, complexity, speed, conservation of protein-based fluorescence,
and compatibility with immunostaining. Although tissue clearing enables the visualization
of entire organs in whole-mount preparation while avoiding any distortion of the tissue,
there is no one universal method for all applications. Two particular studies (YYokoyama et
al., 2017, Rajendran et al., 2019) showed novel tissue-clearing techniques to visualize the
innervation of intact hearts in 3D, but the details of innervation (especially in the atria) and
the multiple cardiac targets that we were able to identify in our work could not be identified
in either study. It is essential to identify the targets which are influenced by nerves, so the
removal of background staining of target cells in tissue-clearing hinders the visualization of
the nerve/effector interface. Another limitation of tissue clearing lies in its limited feasibility
to visualize other cardiac targets such as ganglion cells, muscles, and adipocytes as well as
the fine details of axons and terminals.
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Also, tissue clearing requires extremely difficult protocols, long time, expensive imaging
equipment, and the need to try several methods to achieve the best results. Our method

is simple, relatively fast, inexpensive, and can be performed with conventional microscopy
equipment. Our current methodology overcomes these limitations and allows for large-scale
morphological characterization of these structures with high resolution. The high resolution
we used allowed the visualization of the rich TH-IR axon innervation and enabled us to
identify more fine details than available methods had allowed us to. One limitation of our
study which must be acknowledged is the impact of flattening the tissue on the 3D structure.
The novelty of this study lies in the creation of a comprehensive map where the continuity
of the nerves can be preserved and the progression of the axons from being non-varicose in
large bundles to being varicose at the targeted location such as the blood vessels, muscles,
and fat. It set a solid foundation for future functional studies. We believe that a combination
of our flat-mount approach along with tissue clearing can be very robust in avoiding the
limitation of each method and potentially enrich our knowledge tremendously of the heart
innervation and the different cardiac targets.

4.2 Origin of TH-IR axons in the heart: Extrinsic and Intrinsic

It has been well documented that the majority of the sympathetic postganglionic neurons
[e.g. stellate ganglia (SG), middle and superior ganglia] are TH-IR (Pardini et al., 1989;
Rajendran et al., 2019). In our study, we labeled the SG for TH, and found that most of

the SG neurons were TH-IR (not shown), further supporting the assumption that cardiac
TH-IR axons originate from the SG. Although the primary source of TH-IR axons in the
heart is extrinsic in nature, there is an ICG component that merits further investigation. In
each animal, we observed a subpopulation of ICG PNs that were TH-IR. Similar findings
were previously reported in the ICG of mice (Hoard et al., 2008). TH is also expressed at
low levels in the sensory neurons of the dorsal root ganglia (DRG) and nodose ganglia (NG)
in a variety of animals (Sapio et al., 2020). The presence of TH-IR neurons in these extrinsic
and intrinsic ganglia necessitates further investigation since their function remains poorly
understood.

Although a subpopulation of ICG PNs contains TH, such neurons may be unable to
functionally release catecholaminergic neurotransmitters due to the lack of vesicular
monoamine transporter 2 (VMAT2) expression, a protein that is required for the transport of
dopamine (DA) into synaptic vesicles where the DA is converted to norepinephrine (NE) by
dopamine beta hydroxylase (Bamford et al., 2004; Hoover et al., 2009; Sulzer et al., 2005).
Although studies of mouse ICG showed no expression of VMAT2 (Hoard et al., 2008),
colocalization of TH and VMAT2 emerged in a few human ICG (Hoover et al., 2009),
indicating species differences. Further functional studies are needed to elucidate the function
of TH-IR ICG neurons in mice. In addition, the expression of TH positive neurons in DRG
and NG was transient or nonfunctional because they lack the enzymes for catecholamine
metabolism, storage and release (Brumovsky, 2016; Kummer et al.,1990). In contrast, these
enzymes are expressed in the TH-IR neurons of mouse SG, indicating their functional
capability (Kokubun et al., 2019; Kummer et al., 1990).

J Comp Neurol. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bizanti et al. Page 11

4.3 TH-IR axons: distribution and morphology in the atrial and the ventricular
preparations at the single cell/axon scale

We observed dense TH-IR innervation throughout the atria, including nodal and contractile
regions, the auricles and the junction of the large veins with the myocardium. These findings
suggest that catecholaminergic axons (likely from the sympathetic nervous system) exert

a large degree of control over cardiac functions. The distribution of TH-IR axons in the

atria suggests that sympathetic efferent axons may exert differential control over different
cardiac targets. Additionally, our methods overcame the thickness limitation in the ventricles
and allowed us to visualize the intricate structures of TH-IR innervation in both ventricles
and IVS. Partial flat-mounts of the ventricles and 1VVS showed unprecedented resolution of
TH-IR axon innervation. All of the present improvements will pave the way for determining
the sympathetic efferent innervation of the flat-mount of whole ventricles by optimizing
these methods to incorporate whole left and right ventricles and 1\VVS. Furthermore, our data
provide an anatomical foundation for quantitative assessment of normal and disease-induced
remodeling of TH-IR innervation in different regions of the heart.

4.4 TH-IR innervation of vasculature and adipose tissue

Sympathetic control is key to maintaining vascular tone, blood pressure, and cardiovascular
homeostasis and overactivity of sympathetic nerves leads to vascular dysfunction (Sheng

and Zhu, 2018). TH-IR axons innervating the vasculature were observed near the atria and
ventricles, and the great vessels (IVC, SVC, LPCV, and PVs) were densely innervated by the
TH-IR axon network. Within the atria and ventricles, TH-IR axons ran closely along small
blood vessels. Notably, the current study showed an unprecedentedly high density of TH-IR
axon innervation of blood vessels. However, we did not verify whether these small blood
vessels were small arterioles/arteries or venules/veins. Therefore, further research should be
undertaken to investigate the specific type of blood vessels and the functional implications of
TH-IR axon innervation of different blood vessels.

TH-IR axonal varicosities ran along the circumference of individual adipocytes and in
between them indicating the direct association of TH-IR axons and adipocytes. There are
mainly two types of fat: white adipose tissue (WAT) which serves a role in the storage

of triglycerides and metabolizing lipids, and brown adipose tissue (BAT) which underlies
production of heat to maintain body temperature, respectively (Symonds et al., 2018). The
sympathetic nerves are essential for optimal WAT and BAT functions (Bartness et al., 2014;
Morrison et al., 2014). The presence of WAT and BAT has been found in the epicardial and
thoracic regions (Bartness et al., 2014; lacobellis, 2021; Morrison et al., 2014; Padilla et al.,
2013; Sacks et al., 2013). Recently, it was noted that epicardial fat is primarily WAT but
displays BAT features as well (lacobellis, 2021). More studies are needed to classify the type
of adipocytes near the heart and the role of sympathetic innervation in those regions.

4.5 TH-IR axons in the ICG vs. myenteric plexus

TH-IR bundles and axons mainly passed through ICG rather than forming synaptic
connections with individual ICG PNs, whereas only some axons might have few varicose
connections with PNs, if any. This observation contrasts with previous findings in the ICN
of guinea pigs and rats where some TH-IR axons formed terminal varicosities around
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the PNs (Parsons, 2004; Richardson et al., 2003). However, our findings are consistent

with a recent study (Hanna et al., 2021) that showed TH-IR nerve fibers pass through the
porcine cardiac ganglia without forming varicosities surrounding the neurons. Our recent
observation in C57BL/6J mice showed a similar result (not shown). We assume that the
scarcity of major TH-IR synaptic-like varicosities around ICG PNs indicates that extrinsic
sympathetic postganglionic neurons provide great control over the other cardiac tissues
(muscles, blood vessels, and adipocytes). In the gastrointestinal tract, however, the myenteric
neurons are commonly and densely innervated by TH-IR axons, which is demonstrated by
numerous short, varicose, synaptic-like terminal structures around the myenteric neurons.
This observation is consistent with Powley and his colleagues who reported that celiac
postganglionic sympathetic axons formed numerous varicose endings around individual
myenteric neurons in the stomach after tracer injection into the celiac ganglia in rats (Walter
etal., 2016). Thus, it appears that sympathetic efferent innervation of the heart and stomach
have different patterns. The scarcity of TH-IR synaptic-like varicosities around PNs suggests
that they are not innervated by other TH-IR PN, at least in FVB mice. Whether sympathetic
efferent axons significantly innervate ICG PNs in other species should therefore be explored.
Of note, most ICG were observed at the LA-PV junction which has been shown to be critical
for the induction of atrial fibrillation (Lim et al., 2011; Lim et al., 2011b).

As in previous experiments in rats (Cheng et al., 1997b; Cheng et al., 1999), we also found
that many SIF cells (identified by their intense TH-IR and diameter < 10 pm) are present

in the heart. They are primarily found in small clusters associated with ICG PNs or in

large clusters near bundles of TH-IR axons. The function of SIF cells and their innervation
pattern is not well understood, and their function is still debatable (Cheng et al., 19973;
Huber, 2006). SIF cells are found in large numbers in the carotid bodies of mice, where
their role is believed to be chemosensory in nature (Doupe et al., 1985; Kvetnansky et al.,
2009). It has been suggested that SIF cells in the heart may have chemosensory functions or
serve information to ICG PNs (Matthews, 1989; Takaki et al., 2015). Functional studies are
needed to determine the role of SIF cells in the heart.

4.6 Functional implications

Our work demonstrated the large-scale morphological and distribution characteristics of
catecholaminergic innervation in the atria and ventricles and established a flat-mount
approach to investigate detailed cardiac neuroanatomy in future studies. Using our approach
would be valuable for future quantitative studies to further investigate the regional
differences of TH-IR axon innervation in the heart and the interaction with different cardiac
targets. Additionally, considering the role of TH as a key enzyme in the synthesis of
catecholamines, its alteration is associated with pathological conditions including CVDs
(hypertension, heart failure, myocardial infarction, atrial fibrillation) (Li et al., 2013;
Nisimura et al., 2020), and sleep breathing disorders like sleep apnea (Bathina et al., 2013).
Therefore, basic knowledge of the normal anatomical structure of cardiac TH-IR axon
innervation is a crucial step for establishing a baseline to use when evaluating potential
remodeling induced by different pathological conditions. We have previously demonstrated
the remodeling of vagal efferent and afferent axons in diseases including aging, diabetes,
and chronic intermittent hypoxia (a hallmark of sleep apnea) (Ai et al., 2009, Ai et al.,
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2007, Cheng, 2017). In future studies, we will extend these works by employing the
methods described here to better evaluate cardiac autonomic remodeling in these conditions.
Furthermore, our approach could be used to understand the anatomical heterogeneity in
normal and diseased conditions, which may eventually contribute to the improvement of the
selectivity of neuromodulation therapy. Collectively, our data lays the groundwork for future
functional studies that will correlate the structural and physiological features of cardiac
catecholaminergic innervation and can be used concomitantly with clarity methods to create
a complete sympathetic cardiac-brain atlas.

4.7 Limitations

Although the whole-mount immunolabeling technique described here has many advantages
over traditional methods using tissue sections, some limitations are worth noting. The
primary focus of this study was to develop a method to immunolabel neural structures
while preserving the network-level anatomical, but studies employing this method will
benefit from designing unique strategies of quantification customized to their hypothesis
and structures being labeled. Also, the percentage of TH-IR neurons subpopulation of

ICG assessments will be needed and may be improved by using a pan-neuronal marker

to label TH-positive neurons (Leger et al., 1999, Hanna et al., 2017). Flattening of the
whole mount could impact the tissue’s 3D structural integrity. Therefore, tracing the nerves
and integrating the reconstructed nerves into a 3D heart scaffold could be a potential
solution to restore the 3D integrity of the axonal structures. Combining our approach with
tissue-clearing techniques could also be a robust method to provide a comprehensive map of
cardiac innervation. Another limitation would be the uncertainty in determining the source
of TH-IR fibers. Future experiments that use anterograde tracing injected into the stellate
ganglia along with TH staining could potentially fill this gap to specifically label axons
originating from the sympathetic ganglia.

5. Summary

This study implemented a novel approach that enabled the assessment of the distribution
and morphology of TH-IR axons in the flat-mount of the whole mouse atria and large
ventricular/IVS preparations at a single cell/axon/varicosity scale. Our main findings are
summarized in (Fig. 16). In the atria, multiple large extrinsic bundles of TH-IR axons
entered the atria, traveled through the ICG, and bifurcated multiple times, eventually
innervating the epicardial layer with complex TH-IR axon networks that extended into

the myocardial layer. In addition, many TH-IR axons innervated vasculature and adipose
cells. The atria contained multiple ICG, and most ICG were located on the dorsal surface
of the left atrium. Within the ICG, some neurons expressed immunoreactivity to TH and
TH-IR axons mainly ran through the ICG without forming direct contacts. Furthermore,
many SIF cell clusters were found in or near ICG and were also immunoreactive to TH.
However, the functions of TH-IR neurons and SIF cells in the ICG are not clear and should
be further investigated. Notwithstanding, the extensive, diverse and complex distribution
of TH-containing nerve endings in or around the SA and AV nodes, muscles, and blood
vessels supports the concept that catecholaminergic or sympathetic axons play an important
role in the neural regulation of SA node activity, AV conduction, heart rate, cardiac
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muscle contractility, and blood flow. In the ventricles and IVS, TH-IR bundles entered the
ventricles and IVS, branched out, and ramified into individual axons. These axons formed
dense innervation of the entire ventricles and 1S extending from the base towards the
apex. In the future, it will be important to conduct quantitative analysis to elucidate the
topographical organization and structures of sympathetic efferent neurons innervating the
whole heart (atria, ventricles, and IVS) using a combination of catecholaminergic labeling
and anterograde tracer injection into the sympathetic ganglia, which will eventually lead
to a more complete mapping of the sympathetic efferent innervation of the whole heart.
This study will set the foundation for functional mapping and quantitative assessment of
topographical TH-IR axon innervation of the whole heart.
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Figure 1.
Preparation of flat-mounts of a mouse heart for TH immunohistochemistry. (a). A heart

with attached lungs, trachea, and esophagus was collected after perfusion. (b). The heart
was separated from other structures and followed by separation of the atria and ventricles.
(c). The brown adipose tissue and aortic arch were removed to expose the connected RA
and LA. (d,e). The LA (d) with pulmonary veins were separated from the RA (e) with
SVC, LPCV, and IVC. The primary features we observed after staining were shown in a
schematic of RA and LA (d’,e’). The LV (f) and RV (h) were separated by cutting along the
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interventricular septum (1VS, g). RA: right atrium, LA: left atrium, RV: right ventricle, LV:
left ventricle, IVS: interventricular septum.
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Figure 2.
TH-IR innervation of the whole right atrium flat-mount

(a) A montage made of a few hundred all-in-focus maximum confocal projection images
demonstrating the catecholaminergic (TH-IR) axon (white fibers) innervation of the whole
RA at single cell/axon/varicosity resolution. Large TH-IR bundles (yellow arrows) entered
the RA through the SVC and LPCV. ICG (yellow asterisks) situated near the base of the
SVC alongside the TH-IR bundle or the point of attachment to the LA. (a”) Schematic
diagram to designate primary features. Large bundles of TH-IR axons (thick red lines)
which bifurcated into smaller bundles (thin red lines) and ultimately innervated the atria
with long, varicose, single axon terminals. Ganglia (blue regions), some of which were
cut in the process of separating the LA and RA. Boxed regions (b, ¢, and d) were

enlarged and displayed in (Figure 4 b, c, and d, respectively). TH-/R. Tyrosine hydroxylase
immunoreactive; RA: right atrium, LA. left atrium, ICG. intrinsic cardiac ganglia, SVC:
superior vena cava, LPCV: left pre-caval vein; SA: sinoatrial (in the schematic it indicates
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the ganglion close to the sino-atrial node region, AV: atrioventricular (in the schematic in
indicates the ganglion close to the atrio-ventricular node region) Scale bar: 500um.
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Figure 3.
TH-IR innervation of the whole left atrium flat-mount

(a) A montage of a few hundred all-in-focus maximum confocal projection images

shows catecholaminergic (TH-IR) axon innervation of the LA at single cell/axon/varicosity
resolution. TH-IR axons entered the LA with large axon bundles (yellow arrows), passed
though the ICG (yellow asterisks) and branched out to innervate the entire atrium (see the
Figure 7 at a higher magnification). (a”) Schematic diagram to designate primary features
of LA TH-IR axon innervation. Large bundles of TH-IR axons (thick red lines) which
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bifurcated into smaller bundles (thin red lines) and ultimately innervated the atria with long,
varicose, single axon terminals. Ganglia (blue regions), some of which were cut in the
process of separating the left and right atria. Boxed regions (b’, ¢’, and d”) are enlarged and
displayed in (Figure 4 b’, ¢’, and d’, respectively). LA: feft atrium, ICG: intrinsic cardiac
ganglia, PV: pulmonary vein. Scale bar: 500um.
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Figure 4.
TH-IR axons in the atrial wall

TH-IR axons heavily innervated all regions in both atria. All-in-focus maximum confocal
projections (60-75 optical sections with step size of 0.5um) of selected regions in the RA
and LA. (b,b”) The edge of the RAu and LAu from the boxed regions of Figures 2 and

3. b,b’. The center of the auricle from the region b and b’ of figures 2 and 3. (c,c’). The
middle of the atrium from the region (d and d’) in Figures 2 and 3. RA: right atrium, LA:
left atrium, RAu: right auricle; LAu. Left auricle. Scale bar: 50um
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Figure 5.
TH-IR axons in the atrial myocardium

Single confocal optical sections of representative regions of the RA and LA. (a,b). The edge
of the RAu and LAu. (c,d). The center of the RAu and LAu. (e,f). The middle of the RA and
LA. Note: TH-IR varicose axons made close contacts within the muscle in all these regions.
Green: TH-IR; Red: Autofluorescence. RA: right atrium, LA. left atrium, SVC: superior
vena cava, RAu. right atrium auricle, LAu: left atrium auricle. Scale bar: 25 um.

J Comp Neurol. Author manuscript; available in PMC 2024 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bizanti et al.

Figure 6.
TH-IR axons in the epicardial and myocardial layers of the auricle

Two confocal optical sections were obtained from the same region near the edge of

the left auricle. (a). Single optical section contained bundles of TH-IR axons which
bifurcated multiple times and formed continuous, long, individual, varicose axons on the
epicardium. (b). The same region in Panel (a) was imaged in the myocardial layer. It
showed many fragmentary, short, varicose axons without large bundles. Green: TH-IR; Red:
Autofluorescence. Scale bar: 25um
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Figure 7.
ICG network

The middle region of the LA from Figure 3 was enlarged to demonstrate the network of
ICG (yellow asterisks) on the dorsal surface of the LA. Large bundles of TH-IR axons can
be seen traveling among ganglia. Additionally, many neurons in the ICG were TH-IR. Scale
bar: 250um.
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Figure 8.
TH-IR and autofluorescent ICG neurons. (a). Autofluorescent ICG neurons (aj, gray) were

imaged using the 488 nm laser, TH-IR neurons (ap, white) were scanned using 543 nm,
and the merged image (az) showed the TH-IR neurons (green) and the autofluorescent
neurons (red). TH-IR PNs (arrows) could be clearly differentiated from non-TH-IR PNs
(arrowheads). Some neurons were strongly TH-IR (short arrows), while the other neurons
were weakly labeled (long arrows). Different ICG showed some variation of the amount
of TH-IR neurons (b vs a3). (c-d). Bundles of TH-IR axons often traveled through ICG
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rather than forming varicosities around PNs (arrowheads). (e). Sympathetic neurons in an
extrinsic ganglion situated near the top of the SVC were mainly TH-IR. /CG. intrinsic
cardiac ganglia, PN. principal neurons, SVC: superior vena cava. White or Green: TH-IR;
Gray or Red: Autofluorescence. Scale bar: 50um
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Figure 9.
TH-IR axons in the ICG vs. myenteric ganglia

TH-IR bundles and axons mainly traveled through and between ICG. (a). TH-IR varicosities
did not appear to have any direct contacts with any ICG PNs (TH-IR and non-TH-IR) in the
maximum confocal projection (a;) and single optical section (ay). (b-c). In contrast to ICG
of the heart, TH-IR varicose axons were commonly observed forming synaptic-like terminal
endings that tightly encircled individual PNs (arrowheads) in the MG of the stomach (b)
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and small intestine (c). /CG: intrinsic cardiac ganglia, PN: principal neurons. MG: myenteric
ganglia. Green: TH-IR; Red: Autofluorescence. Scale bar: 50um
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Figure 10.
TH-IR SIF cells in the atria

SIF cells were commonly observed in the RA and LA. (a-b). SIF cells were present adjacent
to ICG PNs. The region within the white box in (a) was enlarged and represented in (a’).

SIF cells (arrows) were more strongly TH-IR than ICG PNs (arrowheads) and were smaller
in size (< 10 pm in diameter). (c). SIF cells were also commonly observed in large clusters
adjacent to large bundles of TH-IR axons. (d). SIF cells were observed in a very close
approximation to the ICG. TH-IR axons did not innervate any SIF cells or ICG neurons. RA:
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right atrium, LA: left atrium, ICG: intrinsic cardiac ganglia, SIF. small intensely fluorescent
cells. Purple: TH-IR, White: Strong THIR, Red. Autofluorescence. Scale bar: 20 um in
(a,b,c,d), and 5 um in (a’).
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Figure 11.
TH-IR innervation of vasculature and adipocytes in the atria

TH-IR axons innervated the vasculature and adipocytes in and near the atria. (a). Numerous
TH-IR axons innervated the B.V. by wrapping around the entire length of the structure. (b).
Fine TH-IR axons ran along the circumference of individual adipocytes. B. V- blood vessel.
Green: TH-IR, Red: Autofluorescence. Scale bar: 50 um
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Figure 12.
TH-IR innervation of the flat-mount of RV

(a). A few hundred all-in-focus maximum confocal projections were assembled to form

a montage of TH-IR axon innervation of a whole RV flat-mount. Large TH-IR bundles
(yellow arrow) entered the RV at the base and branched into smaller bundles that extended
towards the apex, and eventually ramified into numerous varicose terminals covering the
entire RV. Some of the large TH-IR bundles were cut in the process of dissecting but the
majority were intact. There was rich TH-IR axons innervation at the base. (a’). Numerous
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TH-IR axons were distributed along the vasculature wall or wrapped around them. The
vasculature network (yellow arrowheads) was visualized in the RV with a transmural TH-IR
axon distribution. Long yellow arrow: large TH-IR bundle, RV: right ventricle, B.V: blood
vessel. Scale bar: 1000 um.
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Figure 13.
TH-IR innervation of the flat-mount of LV

A montage of a few hundred all-in-focus maximum confocal projections demonstrating
TH-IR axon innervation of the LV at single cell/axon/varicosity resolution. Large TH-IR
bundles entered the large partial flat-mount preparation of the LV at the base and ran towards
the apex while extending numerous varicose axons that covered the entire LV. The density
of TH-IR axon innervation was highest at the base. TH-IR axons were distributed around the
B.V. but the visualization of B.V in LV was less apparent than that in R.V due to the greater
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thickness of tissue and maximal projection could be embedded. Yellow arrow: large TH-IR
bundle, B.V: blood vessel, Scale bar: 1000 pm.
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Figure 14.
TH-IR innervation of the flat-mount of IVS

A montage of a few hundred all-in-focus maximum confocal projections demonstrating
TH-IR axon innervation of the 1S at single cell/axon/varicosity resolution. Large TH-IR
bundles entered the IVS at the base and branched into smaller bundles that formed a

very dense TH-IR axon network around the base. Eventually, those axons ramified into
numerous varicose terminals covering the entire IVS. The middle and apex regions were
less innervated by TH-IR axons relatively compared to the base. A transmural distribution
of TH-IR axons was observed along the B.V. Yellow arrow: large TH-IR bundle, B.V: blood
vessel, IVS: interventricular septum. Scale bar: 1000 um.

J Comp Neurol. Author manuscript; available in PMC 2024 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Bizanti et al.

Page 41

le Optical Section

E

%

Left Ventricle Right Ventricle

Inter-Ventricular Septum

Figure 15.
TH-IR axon innervation of the ventricles

Representative all-in-focus confocal maximum projections (left column) and single optical
sections (right column) from randomly-selected regions of the RV, LV, IVS. (a,c,e) Large
TH-IR bundles bifurcated and projected numerous single, continuous varicose axons in the
epicardium layer. (b,d,f). Fragmentary varicose axons are observed in the myocardium of
RV, LV, IVS, respectively. This pattern was similar to what was observed in the atria. RV~
right ventricle, LV: left ventricle, IVS. interventricular septum. Scale bar: 100 pm
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Figure 16.
The overall pattern of TH-IR axon innervation of the heart. This simplified schematic

representation showed the general pattern of TH-IR axon innervation in the mouse heart.
TH-IR axons, presumably from the sympathetic chain ganglia, entered the heart in large TH-
IR bundles which mostly passed through intrinsic cardiac ganglia before innervating their
targets (muscles, vasculature, and adipocytes). Other bundles entered the epicardium of the
atria and ventricles, bifurcated multiple times, and ultimately formed varicose single-axon
innervation that ran deep into the myocardium.
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Table 1:
Antibodies used in immunohistochemistry:
Antibody Concentration Host Company Catalog number  Excitation RRID
Anti-TH # 12 uL/mL Rabbit  Pel-Freeze P40101 nla AB_461064
Anti-Rabbit 7% 24 pL/mL Donkey  Invitrogen A-21207 594 nm AB_2762827
#Primary
##Secondary.
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