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Abstract

Calcitonin gene-related peptide (CGRP) is widely used as a marker for nociceptive afferent axons.
However, the distribution of CGRP-IR axons has not been fully determined in the whole rat

heart. Immunohistochemically labeled flat-mounts of the right and left atria and ventricles, and
the interventricular septum in rats for CGRP were assessed with a Zeiss imager to generate
complete montages of the entire atria, ventricles, and septum, and a confocal microscope was
used to acquire detailed images of selected regions. We found that 1) CGRP-IR axons extensively
innervated all regions of the atrial walls and the walls of the great vessels including the sinoatrial
node region, auricles, atrioventricular node region, superior/inferior vena cava, left pre-caval vein,
and pulmonary veins. 2) CGRP-IR axons formed varicose terminals around individual neurons in
some cardiac ganglia but passed through other ganglia without making appositions with cardiac
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neurons. 3) Varicose CGRP-IR axons innervated the walls of blood vessels. 4) CGRP-IR axons
extensively innervated the right/left ventricular walls and interventricular septum. Our data shows
the rather ubiquitous distribution of CGRP-IR axons in the whole rat heart at single-cell/axon/
varicosity resolution for the first time. This study lays the foundation for future studies to quantify
the differences in CGRP-IR axon innervation between sexes, disease models, and species.
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Introduction

Calcitonin gene-related peptide-immunoreactive (CGRP-IR) axons innervate the heart and
are involved in sensory and motor cardiac functions. These functions include nociception,
vasodilation, sinoatrial (SA) node function, regulation of atrial muscle contractility, and
inflammation [1-20]. Some studies show that CGRP may possess chronotropic properties as
well [11-13] previously, we characterized the distribution and morphology of CGRP-IR and
substance P-immunoreactive (SP-IR) axons in flat-mounts (or equally “whole mounts” as
we used in the previous paper) of the whole right and left atria of mice [14], as well as the
distribution and morphology of catecholaminergic axons within the right and left atria and
ventricles of C57BL6/J mice [1516], However, the distribution and morphology of CGRP-IR
axons in the whole heart (atria, ventricles, and interventricular septum) of rats has not been
extensively characterized.

CGRP-IR axons innervate multiple targets in the heart including the sinoatrial (SA) node,
atrioventricular (AV) node, conducting tissue, and blood vessels (particularly the large
arteries and pulmonary veins) [917-21]. CGRP-IR axons have been found within the intrinsic
cardiac ganglia (ICG) and the interconnective nerve bundles between the ICG, but have

not been shown to form pericellular or basket endings around individual ICG principal
neurons such as those that are typically found in vagal efferent innervation [22-28. The atria
typically contain a greater abundance of CGRP-IR axons, however many of these axons are
also found in the ventricles, particularly in the middle region [29:30]. A greater amount of
CGRP-IR axons has been consistently reported in the right ventricle compared to the left
ventricle in several species [17:29],

The thickness of the cardiac muscle poses a difficult challenge for immunofluorescence
studies due to the large amount of background autofluorescence and heterogeneous antibody
penetration. Because of this, most studies use thin tissue sectioning. Nevertheless, using thin
sectioning techniques to illustrate CGRP-IR axon distribution disrupts the natural continuity
of the axons and does not allow for visualization of their complete structure [9.17.18.20],

In previous studies, CGRP-IR axons were shown using partial flat-mounts, but the images
only included small segments of the axons and their distribution in the entire heart was

not analyzed [19.2528.29.31] |n addition, flat-mount tissues were sometimes cut to focus on
specific targets like ganglia and blood vessels, but this does not show the full continuity of
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the structures [27]. As a result, the distribution of CGRP-IR axons in the entire heart has yet
to be fully characterized.

In this study, we aimed to show the distribution of CGRP-IR axons in all regions of the
heart by preparing whole rat hearts as flat mounts of the left and right atria, ventricles,

and interventricular septum. We used CGRP immunohistochemistry and imaging via a
conventional fluorescence microscope (Zeiss M2 Imager) and a confocal microscope. High
resolution images were captured of the entirety of each tissue and assembled into complete
photo montages. In addition, we acquired higher magnification images showing the fine
details of the axons and their distribution around crucial cardiac targets including the
cardiac muscle, ICG neurons, and blood vessels, such that for the first time the distribution
of CGRP-IR axons in the whole organ flat-mount of the rat heart at the single-cell/axon/
varicosity scale is revealed. This work lays the methodological foundation for future studies
aimed at further characterization and quantification of the differences in the distribution and
morphology of CGRP-IR axons between species, sexes, and disease models.

Materials and Methods

Animals and ethical statement.

All procedures were performed as approved by the University of Central Florida (UCF)
Institutional Animal Care and Use Committee (HURON PROT0202000115) and strictly
followed the guidelines established by the National Institutes of Health NIH and the
ARRIVE 2.0 guidelines. Healthy male Sprague-Dawley rats (RRID: RGD_737903; Envigo
RMS, LLC, Indianapolis, IN) (n=6; 2-3 months; weighing: 200-350 g) were used and
housed together in cages (n=2 per cage) with sawdust bedding (changed 3 times per week)
in a room with controlled environmental conditions such as humidity and temperature. Rats
were kept on a 12:12 light:dark cycle (6:00 AM to 6:00 PM) and were provided food and
water ad /ibitum. Efforts were made to minimize the number of animals used and minimize
discomfort.

Whole heart dissection and flat-mount preparation.

Rats were first deeply anesthetized with isoflurane (5%; 5-10 minutes), with an oxygen
flow rate of 1 liter per minute. When the animals were not responsive to the hind-toe pinch
withdrawal reflex, the chest was opened and an injection of heparin (100 units) was made

in the apex of the left ventricle. After the inferior vena cava was cut to drain the blood and
perfusate, a needle was inserted into the left ventricle and the perfusion began. The rats were
first perfused with 500 ml of 37-40 °C phosphate-buffered saline (0.1 M PBS, pH = 7.4)
followed by 300 ml paraformaldehyde (4%; 4 °C). The tissues were separated in the same
manner that is shown in Figure 1 of Bizanti et al., 2023[13]. The heart, lungs, and trachea
were removed immediately after perfusion and stored in 4 % paraformaldehyde for at least
24 hours at 4 °C. The atria and ventricles were separated at the atrial-ventricular groove, and
the left and right atria and ventricles were separated. The left atrium was prepared with the
entrance portions of all pulmonary veins (PVs) attached and the right atrium was prepared
with the superior vena cava (SVC), inferior vena cava (IVC) and left precaval vein (LPCV)
attached [321,

Auton Neurosci. Author manuscript; available in PMC 2025 February 01.
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Immunohistochemistry.

Dissected tissues were washed 3 times for 15 min in 0.01 M PBS (pH = 7.4) in a 6-well
plate on an orbital shaker to remove the remaining fixative. To prevent non-specific binding
and enhance antibody penetration, the atria were fully submerged in a blocking solution
(2% bovine serum albumin, 10% normal donkey serum, 2% Triton X-100, 0.08% NaN3

(in 0.1 M PBS, pH = 7.4)) for 5 days (atria) at 4 °C. Anti-CGRP primary antibody (Cell
Signaling, Danvers, MA; Cat # 14959, RRID: AB_2798662; 1:200) was mixed with the
primary solution (2% bovine serum albumin, 4% normal donkey serum, 0.5% Triton X-100,
0.08% NaN3 in 0.1 M PBS, pH = 7.4) and incubated with the tissues for 5 days (for

atria) or 7 days (for ventricles) at 4 °C. Tissues were thoroughly washed 6 times for 10

min in PBST (phosphate buffered saline with Triton X-100; 0.5% Triton X-100 in 0.01

M PBS) to remove unbound primary antibodies. Tissues were then kept in the dark and
incubated in a fluorescent secondary antibody solution (Alexa Fluor 488; Thermo Fisher,
Waltham, MA, Cat# A21202, RRID:AB_141607; 1:100) overnight at room temperature.
Unbound secondary antibodies were removed by washing 6 times for 10 minutes in PBS

at room temperature. Rat ventricles were pretreated with methanol and the immunolabeling
procedures outlined in [33] to obtain better penetration for thicker tissue. In these steps PBST
was substituted for PtwH (solution of PBS, Tween, and Heparin; not used in this study) and
the immunolabeling concentrations were substituted for the values given above; note: the
clearing step was omitted entirely. Tissues were then mounted onto glass slides and flattened
with lead weights for either 2 days (20 Ibs for atria) or 3 weeks (30 Ibs for ventricles) at 4
°C. Slides were dehydrated in four ascending concentrations of ethanol (75%, 95%, 100%,
and 100%) for 2 min in each concentration, followed by 2 x 10 min washes in 100% xylene.
Coverslips were then attached using DEPEX mounting medium (Electron Microscopy
Sciences #13514) and allowed to dry overnight. Negative controls, which excluded primary
antibodies, showed no immunoreactivity, confirming that nonspecific binding of secondary
antibodies did not occur. Antibody specificity was tested by Cell Signaling Technology
using Western Blot and immunofluorescence (https://www.cellsignal.com/products/primary-
antibodies/cgrp-d5r8f-rabbitmab/14959). Western Blot analysis shows a single band at the
correct molecular weight of CGRP in TT cells but not in HeLa cells. Moreover, confocal
immunofluorescent analysis of TT and HeLa cells confirms that CGRP were in TT cells but
not in HeLa cells. Thus, we believe the CGRP antibodies used in this study are specific.

Image acquisition.

Hundreds of overlapping maximum projection images from stacks of optical sections (z-
step: 1.5 um for atria and 2 um for the ventricles) from each tissue were captured using

a Zeiss M2 Imager (20x lens; NA 0.8) and stitched back together seamlessly to yield full
photo montages of the right and left atria and ventricles. An LED light source with a 488
nm wavelength was used to visualize the CGRP-IR axons in the tissues. A Leica TCS SP5
laser-scanning confocal microscope (40x oil immersion lens; NA 1.25; z-step: 1 pm) was
used to capture detailed images of CGRP-IR axons and their targets in selected locations
of the heart. An argon—krypton laser (488 nm) was used to visualize CGRP-IR axons in
the tissue, and a helium-neon laser (543 nm) was used to detect the autofluorescence of
the tissues in the background (e.g., cardiac muscles, ganglionic cells, and blood vessels).

Auton Neurosci. Author manuscript; available in PMC 2025 February 01.
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Modifications, including brightness and contrast adjustments, and scale bar additions, were
performed using Photoshop or FI1JI ImageJ software [34]. Of the 6 rat hearts that were used in
this study, we showed the representative cases from each tissue in our figures (RA, LA, RV,
LV, and IVS).

Distribution and morphology of CGRP-IR axons and terminals in the right and left atria flat

mounts.

Multiple bundles containing CGRP-IR axons entered the right atrium along the superior
vena cava (SVC; or equally the right cranial vein) and/or in between the SVC and the left
pre-caval vein (LPCV; or equally the left cranial vein). These bundles split into smaller
branches and formed a complex network of axons that also innervated all areas of the tissue
(Figures 1 and 3). Several CGRP-IR axons were observed within the walls of the LPCV
(Figure 3A&B), inferior vena cava (IVC; or equally the caudal vein) (Figure 3E), SVC
(Figure 3F), right auricle (Figure 3G), and mid-atrial regions (Figure 3H). CGRP-IR axons
also innervated an intrinsic cardiac ganglion (ICG) near the SVC (Figure 3C) and a few
ICG near the junction between the LPCV and the RA (or equally the left cranial vein sinus)
(Figure 3D). In addition, CGRP-IR axons supplied the sinoatrial (SA) and atrioventricular
(AV) node regions (these are the regions of the right atrium close to the SA and AV nodes,
respectively) (Figure 4). In this study we use the terms SVC, IVC, and LPCV in place of the
terms right cranial vein (RCV), left cranial vein (LCV), and caudal vein (CV), respectively
as described by Batulevicius et al., 2003[35], We use this terminology to avoid confusion
between this work and our previous studies[4-16:321_ Moreover, this terminology is also

used by established investigators in the field to describe anatomical features in quadrupedal
animalsl27:36.37],

Large CGRP-IR nerve bundles entered the right atrium along the LPCV, and these bifurcated
into smaller individual axons that innervated the area of the right atrial wall near the
interatrial septum (Figures 1 and 3A). This bundle would then split off into smaller branches
that further ramified into individual axons, which innervated the tissue of the LPCV.
However, it is important to note that the axons, which originated from these bundles, also
innervated the LA in addition to the RA.

CGRP-IR axons entered the LA as large bundles along the middle atrium before bifurcating
into smaller branches and individual axons, which innervated most of the left atrial
wall(Figure 2). Multiple large CGRP-IR axon bundles entered the LA and bifurcated into
smaller bundles, which ramified into individual axons that innervated the large ICG within
the SA node plexus near the interatrial septum [32 (Figure 5A). Two medium-sized ganglia
(Figure 5B and C) and one additional large sized ganglion (Figure 5D) were innervated with
CGRP-IR axons. A CGRP-IR bundle was found within the wall of the auricle and ramified
into many varicose endings that innervated the cardiac muscle of the auricle (Figure 5E).
All of the pulmonary veins were also innervated with a dense network of CGRP-IR axons
(Figure 5F-H).

Auton Neurosci. Author manuscript; available in PMC 2025 February 01.
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To determine whether or not CGRP-IR axons innervated different locations and tissue layers
in the atria, we used a Leica TCS SP5 laser scanning confocal microscope to acquire
detailed images of distinct locations within each atria. A 488 nm ArKr laser was used to
excite the fluorescent secondary antibody bound to the CGRP and a 594 nm HeNe laser was
used to excite the autofluorescence of the cardiac tissue. CGRP-IR axons densely innervated
the auricle wall of the right and left atria. Complex axonal networks were observed in the
center of the auricle and extended outward to the edge of the auricle as well (Figures 6&7

A and B). Furthermore, a dense network of CGRP-IR axons was found within the middle
region of both the left and right atria (Figures 6&7 C). Dense CGRP-IR networks were also
observed in the SA and AV node regions (Figure 4). Using single-optical section images

of the deeper muscular layers of these same areas, it was shown that a dense network of
CGRP-IR axon terminals innervate the myocardial muscle layers of each of these regions
(Figures 4A” and B’; 6&7 A’, B’, and C”). Large bifurcating CGRP-IR axon bundles were
very common in the epicardial layer of the atria (Figure 8A). These bundles split into fine
terminal endings that projected into the myocardial layer where they formed a complex
network within the cardiac muscle (Figure 8B).

CGRP-IR axons wrap around individual ICG neurons and pass through other ICG.

Several intrinsic cardiac ganglia (ICG) were observed on the epicardium of the atria (Figures
1, 2, 3C&D, 5B-D, and 9). Many of these ICG were observed in the LA between the

left auricle and the junction of the PVs with the LA (or equally the pulmonary sinuses)
particularly near the SA and AV nodes regions of the RA (Figures 2 and 5A). On the LA,

a network of CGRP-IR axons can be observed in the middle of the atrium connecting the
ICG. One medium-sized ICG was observed within the RA near the junction of the SVC with
the RA (or equally the right cranial vein sinus) (Figure 3C) and 3 medium-sized ganglia
were observed at the junction between the LPCV and the RA (Figure 3D). Dense networks
of CGRP-IR axons were observed within all ICG (Figure 9 A—H). Some CGRP-IR axon
networks within the ICG formed varicose endings, which made several appositions with

the principal neurons of the ICG (Figure 9C). On the other hand, some bundles of CGRP-

IR axons traveled through the ICG without making varicose appositions with individual
principal neurons (Figure 9 E and F). In other cases, ICG showed both patterns, with some
axons wrapping around and forming tight appositions and others seeming to pass through
the ganglion (Figure 9 G and H). None of the ICG neurons observed in this study were
CGRP-IR.

CGRP-IR axons innervate blood vessels.

CGRP-IR axons and axon bundles were observed within the walls of the great vessels (SVC,
IVC, LPCV, and PVs) of the RA and LA (Figures 1-3; 5). In addition, CGRP-IR axons
were found to tightly surround arterioles. While these blood vessels are difficult to see in the
maximum projection images, they were clearly visible within the optical sections. CGRP-IR
axons ran in parallel with these blood vessels and formed varicose endings which tightly
wrapped around the perimeter of the vessels. A montage of multiple maximum projection
images shows a branching arteriole along the outside of the I\VC (red arrows in Figure 10A).
Confocal maximum projection and single optical section images showed that CGRP-IR
axons made varicose appositions with this arteriole (Figure 10B &10B”).

Auton Neurosci. Author manuscript; available in PMC 2025 February 01.
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CGRP-IR axons extensively innervate the right and left ventricles, and interventricular

septum.

Leica confocal and Zeiss M2 Imager microscopy revealed an extensive distribution of
CGRP-IR axons within the walls of the right and left ventricles and the interventricular
septum. CGRP-IR axons entered the ventricular wall as large bundles through the base

of the heart before bifurcating into smaller branches that ramified in the direction of the
apex and formed fine terminal endings throughout the tissue (Figures 11 and 13). A similar
distribution of CGRP-IR axons was observed in the interventricular septum (Figure 16).

A dense network of CGRP-IR axons was observed in the base, middle and apex of the left
and right ventricular free walls, and the interventricular septum (Figures 12, 14, and 16).
Single optical section images taken in the myocardial region of each location showed that
CGRP-IR axon terminals innervated the myocardial muscle layer, however, in contrast to
the epicardium, the myocardium contained only single axons rather than bundles (Figure
15). To compare the innervation pattern of the ventral and dorsal sides of the ventricles and
interventricular septum, maximum projection confocal images were taken of each side of
each tissue. For the right ventricle, the ventral and dorsal sides consisted of large CGRP-IR
axon bundles which bifurcated into single axons. For the left ventricle, the pattern was
similar between the ventral and dorsal sides in which large bifurcating CGRP-IR axon
bundles gave rise to smaller bundles and ultimately individual CGRP-IR axons.

Discussion

In the present study, we have described the distribution and morphology of CGRP-IR
axons within all cardiac regions. This work is highly novel as it is the first to show this
distribution using flat-mount preparations of the entire organ regions of the rat heart (atria
and ventricles). Our earlier work showed the distribution of CGRP-IR axons in flat-mounts
of the mouse atrial*4], but the work presented here expanded our technique to label these
axons in the much thicker ratheart including the ventricles. This was a very difficult feat
and, to our knowledge, has not been done in other studies. Moreover, understanding the
innervation of the rat heart, particularly the ventricles, is very informative towards studies
which use physiological heart failure models[38]. Previous studies relied on sectioned tissues
to study this distribution, however our use of whole organ flat-mount tissue preparations
allowed us to preserve the continuity of the axons within the organ and thus enhance the
accuracy of such projections. Some studies used flat-mount tissue to show CGRP-IR axons
in the heart, however only small areas were shown which does not allow for the analysis of
the larger pattern within the entire heart.

Within the atria, we’ve shown that CGRP-IR axons entered the heart as large axon bundles
along the great vessels (SVC, LPCV, and the junction between the PVs and the LA) before
ramifying into smaller branches and individual axons which supplied the majority of the
cardiac tissue. Within the RA, large axon bundles entered mainly along the LPCV. A single
large axon was frequently observed along the LPCV, which would split into 2—4 smaller
branches and innervate all regions of the tissue including the LPCV, ICG, AV node region,
and the auricle. Additional large axon bundles entered through the SVC which innervated
the SA and AV nodes, the auricle, and mid-atrium region. Within the LA, large axon bundles

Auton Neurosci. Author manuscript; available in PMC 2025 February 01.
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entered near the junction between the PVs and the LA. These axons would then bifurcate
many times eventually forming individual axons which innervated all areas of the tissue
including the ICG, blood vessels, mid-atrial region, and the auricle. Within the ventricles
and interventricular septum, CGRP-IR axons entered as large axon bundles through the base
before bifurcating multiple times towards the apex and covering the majority of the tissue
with a network of axons and their terminals. These axons innervated the blood vessels and
the epicardial and the myocardial layers.

Distribution of CGRP-IR axons in the right and left atria, ventricles, and interventricular

septum.

In a previous study, we showed the distribution and morphology of CGRP-IR axons in the
whole organ flat-mount of the right and left atria in mice [14]. Other studies have shown
CGRP-IR innervation in selected locations of partial flat-mounts or cryosections of the
heart, but such approaches disrupt the continuity of the axons and do not give a complete
picture of their distribution. To address this problem, we used a technique developed in our
previous studies that uses a combination of whole organ flat-mount preparation and IHC

to show the uninterrupted distribution of CGRP-IR axons in the rat atria for the first time
[14-16] |n contrast to these previous studies, the current study used rat tissue which is much
thicker than mouse tissue. Our method preserved the 3D continuity of these axons without
the need for sectioning. Furthermore, neither autofluorescence nor tissue thickness proved to
be obstacles for clear image acquisition.

CGRP increases the chronotropic and inotropic activity of the atria [13:39], Therefore, CGRP
is an important neuropeptide in the regulation of the cardiac pacemaker (SA and AV node)
and cardiac muscle activity. In our study, CGRP-IR axons were distributed throughout

the entirety of both atria which strongly supports these findings. Though CGRP-IR axon
innervation was observed in all locations, some locations displayed differing patterns of
innervation. For example, large axon bundles were mostly observed in the epicardium of
both atria, particularly around the great vessels and middle atrium region, and complex
networks of individual axons were observed deeper in the myocardial layers that appear to
be analogous in structure to the intramuscular endings found within the colonic structures
of mice [4041] This suggests that CGRP-IR axons may have different levels of sensation or
control depending on the layer/location within the atria.

Our method also allowed us to visualize a complex network of CGRP-IR axons in the

RV, LV, and IVS. Similar to the atria, the large axon bundles were most often observed in
the epicardium of the ventricles, and a complex network of individual axons was observed
in the deeper myocardial layers. The presence of this complex network of axons in both
ventricles and the IVS suggests a possible role for CGRP in the regulation of cardiac muscle
contractility [6.7:42]. Overall, these results lay the foundation for future studies which will
quantify and compare the innervation patterns of different locations within all tissues of the
heart. connectome.

Auton Neurosci. Author manuscript; available in PMC 2025 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 9

CGRP-IR axon innervation of the ICG plexus.

In addition to its extrinsic afferent and efferent innervation, the heart also contains an
intrinsic (“little brain”) network of neurons which regulate cardiac functions. The cell bodies
for these neurons are located within the 1CG of the heart. As in our previous study, our
results showed several ICG located on the epicardium of both atria, particularly the left
atrium [32:43], Furthermore, our methods preserved the anatomy of these ganglia, which
allowed us to fully analyze their structures. Many CGRP-IR axons were found within the
ICG which is consistent with other flat-mount studies [1427]. While many studies like these
have found CGRP-IR axons within the ICG, it is unclear whether these nerves have any
influence on principal neurons in the ganglia. Physiological studies should explore this in the
future.

Within some ganglia, CGRP-IR axons were observed encircling individual principal neurons
with varicose endings suggesting that these axons may have made synaptic contacts with
ICG neurons, but future studies using techniques like electron microscopy will be needed

to confirm this. However, in some cases, CGRP-IR axons would pass through the ganglia

as large bundles without making appositions. Some ganglia contained both axons which
passed through the ganglia and axons which encircled and formed varicose appositions

with principal neurons. The variety of innervation patterns in the ICG suggests that, if
CGRP does have some effect on ICG neurons, then CGRP-IR axons may have differing
control levels depending on the ganglion which they innervate. This observation is consistent
with previous studies that reported heterogeneous functional responses from distinct cardiac
ganglia. For example, electrical stimulation of the ganglion near the SA node in the rat heart
elicited a negative chronotropic effect, whereas stimulation of the ganglion near the AV node
produced a negative dromotropic effect instead [371,

While several CGRP-IR axons were observed within ICG, no CGRP-IR ICG principal
neurons were detected. Furthermore, CGRP-IR axons projecting to the heart and stomach
mostly originate from afferent neurons in the dorsal root ganglia (DRG) and do not
colocalize with TH or VAChT, and therefore are likely not from efferent origin [44-46],
This suggests that CGRP-IR axons in the heart most likely originate from extrinsic sources
rather than being intrinsic.

CGRP-IR axon innervation of the blood vessels.

CGRP is one of the most potent vasodilators that has ever been documented [10:47-50],
Using our method of flat-mount tissue preparation, we were able to preserve the structure
of the blood vessels within the atria. Blood vessels were identified using a combination
of tissue structure observations for branching patterns consistent with typical blood vessel
structure, and analyzing single optical sections to identify hollow spaces in the tissue. We
observed several CGRP-IR axons wrapping around the length of blood vessels, which is
consistent with the role of CGRP as a vasodilating neuropeptide [%17]. Moreover, dense
networks of CGRP-IR axons were found in the great vessels of the heart (SVC, IVC,
LPCV, and PVs) which were also the entry points for the large CGRP-IR axon bundles.
CGRP application triggered relaxation in the pulmonary arteries and veins, and calcitonin
receptor-like receptors have been observed in the tissue of the pulmonary artery implying a
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possible role for CGRP in regulation of pulmonary blood flow and filling of the left atrium
[51,52].

Clinical and functional implications.

CGRP is a neuropeptide involved in the transmission of pain originating from both the
somatic and visceral organs [53]. Stimulation of nociceptive nerves by capsaicin, ischemia,
low-pH, and bradykinin leads to a release of CGRP in the spinal cord as well as a local
release in the cardiac tissue [54-56]. Thus, CGRP-IR nerves serve a dual sensory-efferent
function termed an “axon reflex” [7]. Local release of CGRP as a result of myocardial
ischemia has a potent vasodilating effect on the coronary arteries which increases blood flow
to the heart tissue (24381, Along with other neuropeptides such as substance P, CGRP is a key
factor in the cardioprotective benefits of ischemic pre- and post-conditioning in myocardial
infarction [11. Due to their crucial role in the regulation of cardiac functions, CGRP-IR
axons are an important target for the treatment of cardiovascular diseases. Deletion of
TRPV1 led to an increase in cardiac hypertrophy and inflammation following transverse
aortic constriction through local release of CGRP [59]. Denervation of spinal afferent axons
improved heart conditions by attenuating the cardiac sympathetic efferent reflex in chronic
heart failure rats. In the initial phases of heart failure the activation of spinal afferent

activity will trigger an increase in sympathetic drive to the heart which is beneficial at first
because it restores much needed blood flow to the body. However, over the long-term this
increased sympathetic activity will be detrimental to cardiac function [38]. Treatments are
being developed to manipulate sympathetic axons that are showing signs of success [69.
However, the main targets for these types of treatments include the spinal DRG and the
vagal nodose ganglia (VNG) which project to different organs and systems. Because of this,
stimulation of these targets to treat diseases may lead to many off-target effects that can

be dangerous for the patients. To avoid this, we must have a better understanding of the
topographical distribution of nociceptive axons within the target organs such as the heart. By
identifying specific populations of axons and associating them with their parent nerves we
will gain a better understanding of where these therapies should be applied to deliver safe
and precise treatments for cardiovascular diseases.

Previously we studied the pathological remodeling of vagal efferent nerves in cardiovascular
diseases [61-64] Now, we are able to apply these methods to the study of the alterations
within CGRP-IR nerves in the context of cardiovascular disease. Considering the fact that
diabetes and aging result in degeneration of sensory axons, this may lead to an increase

in damage from myocardial ischemia since the protective mechanisms of CGRP-IR axons
may not be activated [14:50]. In one of our recent studies, we mapped the catecholaminergic
innervation of the atria and ventricles in mice exposed to chronic intermittent hypoxia
(CIH; a model for sleep apnea) to determine the morphological remodeling (Cheng et al,
2023 unpublished data). In the future, we may use this same technique to determine the
morphological changes of spinal afferent nerves in diseases, such as diabetes, CIH, and
aging. Furthermore, whether or not the increase in CIH-induced sympathetic drive to the
heart is in part a result of loss of spinal afferent innervation has yet to be confirmed [38],
Many studies have shown that cardiovascular diseases can alter autonomic reflexes in the
heart. Whether this change is due to remodeling of nociceptive axons at the level of the

Auton Neurosci. Author manuscript; available in PMC 2025 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 11

heart has not yet been explored. However, the work we present here will serve as a baseline
comparative resource.

Limitations of the study.

The method used in this study allowed for the visualization of the distribution of CGRP-

IR axons in the whole organ flat-mount of the rat heart, an approach that overcame the
limitations of other techniques such as cryosectioning, and therefore produced images that
captured the uninterrupted morphology of afferent axons in these tissues. Though this work
is highly novel and will provide the basis for many other studies in the future, there are some
limitations to this study that should be addressed. While the 2D morphology of CGRP-IR
axons in the tissues was preserved, the flattening of the tissue caused the 3D position of the
axons to become distorted, and therefore the exact depth of the axons within the tissue could
not be determined. However, the tissue layers were still able to be differentiated, and enabled
to accurately determine which axons were in the epicardium and which axons were in the
myocardium. Moreover, it would have been preferable to have connected atria samples, an
impossibility prescribed by the intrinsic and unavoidable thickness of the tissue.

Summary.

Our study expanded our understanding of the sensory innervation of the heart and will serve
as the foundation for future studies of sex and species differences, as well as studies focused
on pathological remodeling in the context of cardiovascular diseases. In the future, the
techniques described in this study will be used to perform quantitative analysis to determine
the extent that the density of CGRP-IR axons differs between regions and tissue layers of
the heart. These axons will be traced and digitized and integrated into a virtual 3D scaffold
of the heart. Furthermore, we will explore the potential morphological remodeling of spinal
afferent axons in the heart in disease models such as diabetes and CIH.
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Highlights:

. CGRP-IR axons extensively innervated all regions of the atria including the
sinoatrial node region, auricles, atrioventricular node region, superior/inferior
vena cava, left pre-caval vein, and pulmonary veins.

. CGRP-IR axons formed varicose terminals around individual neurons in some
cardiac ganglia, but passed through other ganglia without making contact with
cardiac neurons.

. Varicose CGRP-IR axons innervated blood vessels.

. CGRP-IR axons extensively innervated the right/left ventricles and
interventricular septum.
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Figure 1.
Distribution of CGRP-IR axons in the rat right atrium (RA). Hundreds of maximum-

projection images taken using a Zeiss M2-Imager were stitched together to create a complete
montage of the CGRP-IR axon innervation of the rat RA. CGRP-IR axons entered as large
bundles near the left pre-caval vein (LPCV) and superior vena cava (SVC) (large arrows)
then bifurcated into small bundles (small open arrows) and finally formed single axons

and terminals, which distributed throughout the entire tissue. CGRP-IR axons innervated
intrinsic cardiac ganglia (asterisks). Boxes A-C correspond to panels A-C in Figure 6. RAu:
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right auricle, SVC: superior vena cava, IVC: inferior vena cava, LPCV: left pre-caval vein;
SANR: SA node region; AVNR: AV node region; Dotted ellipse: middle-atrium; Scale bar: 1
mm.
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MPV

Figure 2.
Distribution of CGRP-IR axons in a rat left atrium. Hundreds of maximum-projection

images taken using a Zeiss M2-Imager were stitched together to create a complete montage
of the CGRP-IR axon innervation of the rat LA. CGRP-IR axons entered as large bundles
(large arrows) then bifurcated into small bundles (small arrows) and finally formed single
axons and terminals, which distributed throughout the entire tissue. CGRP-IR axons
innervated intrinsic cardiac ganglia (asterisks). Boxes A-C correspond to panels A-C in
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Figure 7. LAu: left auricle, PV: pulmonary vein; Dotted ellipse: middle-atrium; Scale bar: 1
mm.
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Figure 3.
Zoomed-in views of specific regions of the RA which show the details of CGRP-IR axon

networks. A: Large CGRP-IR axon bundles entered along the LPCV and bifurcated into
smaller bundles (arrows) towards the RA. Note: though large bundles were found along the
LPCYV, itis likely that many of these axons actually innervated the left atrium more than
the right. Many small axon terminals ramified from these axon bundles and innervated the
tissue of the LPCV. B & E-G: Various axon terminal networks innervated different regions
of the RA. Dense CGRP-IR axon terminal networks were found in the LPCV (B), the IVC
(E), the SVC (F), and the RAu (G). C: A medium-sized ICG innervated by a network of
CGRP-IR axons near the SVC (asterisk). D: Three medium-sized ICG near the junction of
the LPCV with the RA which were innervated by a network of CGRP-IR axons and formed
dense CGRP-IR interconnectives. H: Large CGRP-IR axon bundles entered along the SVC
and bifurcated into smaller axon bundles (arrows). Many of the fine terminal axons in the
RA originated from these axon bundles. Scale bars: A&H: 500 um, B-G: 100 pum.
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Maximum Projection
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Figure 4.
CGRP-IR innervation of the SA and AV node regions (please zoom into the boxes indicated

in the whole montage presented in Figure 1 to see the precise location of each of the panels
in this figure). A: A maximum projection image showing a dense network of CGRP-IR
axons, which was observed in the SA node region of the right atrium. A’: A single optical
section image from A showing varicose CGRP-IR axons, which were found within the
myocardium. B: A maximum projection image showing a dense network of CGRP-IR
axons, which was observed in the AV node region of the right atrium. B’: A single optical
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section image from B showing varicose CGRP-IR axons which were found within the
myocardium. Green: CGRP-IR; Red: Autofluorescence, Scale bar: 20 um
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Figure 5.
Zoomed-in views of specific regions of the LA which show the details of CGRP-IR axon

networks. A: A very dense and complex network of CGRP-IR axons was observed in the
SA node ganglionic plexus. Multiple large CGRP-IR axon bundles entered near this area
and bifurcated into smaller bundles (arrows). Three large ganglia that were innervated by
CGRP-IR axons were observed in this plexus. B-D: Two medium size (B&C) and one

large (D) ganglia were innervated by CGRP-IR axons. E: A CGRP-IR axon bundle was
oriented towards the LAu and bifurcated (arrows) into many small axon terminals which
innervated much of the LAu tissue. F-H: A dense network of CGRP-IR axons innervated the
pulmonary veins. Scale bars: A&E: 500 pm, B-D&F-H: 100 pm.
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Figure 6.
CGRP-IR axons in the wall of the right atrium (please zoom into the boxes indicated in

the whole montage presented in Figure 1 to see the precise location of each of the panels
in this figure). CGRP-IR axons innervated all areas of the right atrium. A-C: Maximum
projection images of the auricle edge, auricle center, and middle atrium, respectively
(the boxes indicated in Figure 1) taken with a Leica confocal microscope (40x objective
lens; 1 um z-step). A’-C’: Single optical section images of A-C. Green: CGRP-IR, Red:
Autofluorescence; Scale bar: 20 um.
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Figure 7.
CGRP-IR axons in the wall of the left atrium (please zoom into the boxes indicated in

the whole montage presented in Figure 2 to see the precise location of each of the panels
in this figure). CGRP-IR axons innervated all areas of the left atrium. A-C: Maximum
projection images of the auricle edge, auricle center, and middle atrium, respectively
(the boxes indicated in Figure 2) taken with a Leica confocal microscope (40x objective
lens; 1 um z-step). A’-C’: Single optical section images of A-C. Green: CGRP-IR, Red:
Autofluorescence; Scale bar: 20 um.
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Figure 8.
CGRP-IR axons in the epicardial and myocardial layers of the auricle. A: Stitched single

optical section images of the epicardial layer near the edge of the right auricle shows that
many CGRP-IR axon bundles bifurcated multiple times into individual axons. B: Stitched
single optical section images of the myocardial layer near the edge of the right auricle in the
same location as in A that shows a dense network of individual CGRP-IR axons. Note: The
CGRP-IR axon network in the myocardial layer appears to be much less organized than the
epicardial layer. Green: CGRP-IR; Red: Autofluorescence, Scale bar: 20 um.
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Figure 9.
CGRP-IR axons innervated intrinsic cardiac ganglia (ICG). A: Maximum projection image

of an ICG showing numerous CGRP-IR axons within the ganglion (40x objective lens; 1.5
um). B: Single optical section image of the same ICG shown in A showing that the CGRP-
IR axons move in between and surround individual ICG principal neurons. C: A single
optical section image within the same ICG shown in A and B (2.5x zoom) showing that
CGRP-IR axons formed varicosities around individual ICG principal neurons. D: Maximum
projection image of a large CGRP-IR axon bundle within an ICG. E-F: Single optical
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section images of the same ganglion in D at different levels. In contrast to the ganglion
shown in A-C numerous CGRP-IR axons passed through this ganglion without wrapping
around or forming varicosities around individual ICG principal neurons. G-H: Single optical
section images of another ICG. Within this ICG some CGRP-IR axons wrapped around and
formed varicose appositions with individual principal neurons, while others passed through
the ganglion without forming appositions. Green.: CGRP-IR, Red. Autofluorescence. Scale
bar: A&B, D-H: 20 um; C: 10 um.
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Figure 10.
CGRP-IR axons innervate blood vessels in the atria. A: A maximum projection montage

of multiple images collected with a Zeiss M2 Imager (20x objective lens; 1.5 um z-step)
showing a small blood vessel along the surface of the IVC in the RA. B: Maximum
projection image of a subset region of the same blood vessel in A taken with a confocal
microscope (40x objective lens; 1.5 um z-step) (20x objective lens; 1.5 pm z-step).
Numerous CGRP-IR axons wrapped around the entire length of the blood vessel. B’: Single
optical section image of the subset region shown in B taken with a confocal microscope (40x
objective lens; 1.5 um z-step). Green: CGRP-IR, Red: Autofluorescence; Scale bar: A: 200
um; B and B’: 20 um.
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Figure 11.
Distribution of CGRP-IR axons in the right ventricle of a rat heart. CGRP-IR axons entered

as large bundles along the base of the right ventricle then bifurcated into small bundles and
finally formed a network of delicate fibers. Two large axon bundles entered the RV near the
dorsal side of the base (adjacent to the AV node in the RA) and two large bundles entered
through the ventral side of the base (arrows). In addition, many smaller axon bundles entered
the RV through the middle of the base. Scale bar: 1 mm.
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Figure 12.
CGRP-IR axons in the wall of the right ventricle (please zoom into the boxes indicated in

the whole montage presented in Figure 11 to see the precise location of each of the panels in
this figure). CGRP-IR axons in the muscle of the RV. A-C: Maximum projection images of
CGRP-IR axons within the base, center, and apex of the RV, respectively. D&E: Maximum
projection images of CGRP-IR axons within the dorsal and ventral sides of the base of the
RV, respectively. A’-E’: Single optical sections of the subset regions (white dotted boxes) in
A-E, respectively. Green: CGRP-IR, Red: Autofluorescence; Scale bar: 50 um.

Auton Neurosci. Author manuscript; available in PMC 2025 February 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Chenetal. Page 32

Ventral

Figure 13.
Distribution of CGRP-IR fibers in the wall of the left ventricle of a rat heart. CGRP-IR

axons entered as large bundles through the aorta (top left) and left pre-caval vein (LPCV, top
right) (arrows) on the base of the left ventricle then bifurcated into small bundles and finally
formed a network of delicate fibers. Scale bar: 1 mm.
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Figure 14.
CGRP-IR axons in the wall of the left ventricle (please zoom into the boxes indicated in the

whole montage presented in Figure 13 to see the precise location of each of the panels in
this figure). CGRP-IR axons in the muscle of the LV. A-C: Maximum projection images of
CGRP-IR axons within the base, center, and apex of the LV, respectively. D&E: Maximum
projection images of CGRP-IR axons within the dorsal and ventral sides of the base of the
LV, respectively. A’-E’: Single optical sections of the subset regions (white dotted boxes) in
A-E, respectively. Green: CGRP-IR, Red: Autofluorescence; Scale bar: 50 um.
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Epicardium Myocardium

Figure 15.
CGRP-IR axons in the epicardium and myocardium of the RV and LV. A&B: Maximum

projection images CGRP-IR axons in the epicardium of the RV and LV, respectively.
A’&B’: Maximum projection images of the same locations as A&B showing CGRP-IR
axons within the myocardium of the RV and LV, respectively. Scale bar: 50 um.
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Figure 16.
Distribution of CGRP-IR fibers in the interventricular septum. Stitched maximum projection

images from the 1VS showing a dense network of CGRP-IR axons. Scale bar: 250 um.
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