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ABSTRACT 

A role for cardiac sympathetic hyperinnervation in arrhythmogenesis after myocardial 
infarction (MI) has increasingly been recognized. In humans and mice, the heart receives 
cervical as well as thoracic sympathetic contributions. In mice, superior cervical ganglia (SCG) 
have been shown to contribute significantly to myocardial sympathetic innervation of the left 
ventricular anterior wall. Of interest, the SCG is situated adjacent to the carotid body (CB), a 
small organ involved in oxygen and metabolic sensing. We investigated the remodeling of 
murine SCG, as well as the adjacent CB, over time after MI. Murine SCG were isolated from 
control mice, as well as 24 hours, 3 days, 7 days and 6 weeks after MI. SCG were stained for 
autonomic nervous system markers (Tubb3, TH and ChAT), as well as for neurotrophic factors 
(BDNF and NGF) and their receptors. Quantification of the staining-intensity as well as the 
neuronal size was performed in the entire SCG and in the adjacent CB. Our results show that 
ChAT and TH are co-expressed in SCG neuronal cells in control ganglia. After MI, neuronal 
remodeling occurs, with a significant increase in size of ganglionic cells and a decreased 
intensity of ChAT expression. This SCG remodeling was observed as early as 24 hours after 
infarction, with a peak at day 7, regressing within 6 weeks post-MI to basal levels. Of note, the 
most robust neuronal remodeling was observed at the region adjacent to the CB. An increase 
of neurotrophic factors (BDNF and NGF) was observed in the CB and neuronal cells, whereas 
the high affinity receptors for BDNF and NGF increased in the SCG after MI. These findings 
were concomitant with an increase in GAP43 expression indicating axonal outgrowth in the 
SCG. In conclusion, overt remodeling occurs after MI in the SCG as well as in the CB, suggesting 
an interaction of these 2 structures that might contribute to pathological cardiac 
hyperinnervation. 
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INTRODUCTION 

About one third of all global deaths are attributed to cardiovascular diseases (World Health 
Organization, 2017). In Western countries, the incidence of sudden cardiac death (SCD) is 50-
100 per 100,000 which is attributed to coronary artery disease (CAD) in 70-80% of cases, 
despite the development of reperfusion strategies and medical therapies (Isbister and 
Semsarian, 2019). SCD after myocardial infarction (MI) has been classically linked to 
heterogeneous conduction in the infarct border zone caused by surviving cardiomyocytes 
surrounding the scar area, resulting in polymorphic ventricular tachycardia (VT) based on 
micro-re-entry (de Bakker et al., 1993; Wit, 2017). Interestingly, in the past decades a role for 
the cardiac autonomic nervous system in arrhythmogenesis after MI  has increasingly been 
recognized (Zipes and Rubart, 2006; Li and Li, 2015). The heart is innervated by the autonomic 
nervous system, divided in sympathetic and parasympathetic branches, regulating cardiac 
function. In order to maintain a regular heartbeat, a balance is needed between sympathetic 
and parasympathetic tone. Parasympathetic input towards the heart is provided by (branches 
of) the vagal nerve that synapse in parasympathetic ganglia in the epicardial layer of the heart. 
Preganglionic cardiac sympathetic axons synapse with postganglionic sympathetic neurons in 
the sympathetic chain (Wink et al., 2020). In humans, cardiac input from the sympathetic chain 
is provided by both cervical as well as thoracic contributions (Kawashima, 2005; Wink et al., 
2020). 

A myriad of studies have reported a potential association of cardiac sympathetic 
hyperinnervation, usually defined as an increased amount of sympathetic nerve fibres in the 
area of damage, with SCD after MI. To date the exact underlying mechanism of the relation 
between sympathetic hyperinnervation and VT after MI is still uncertain. Likely, factors 
secreted by the ischemic myocardium retrogradely stimulate axonal outgrowth and 
remodeling of sympathetic ganglia, altering electrophysiological properties, thereby 
increasing the risk of VT and SCD (Han et al., 2012; O’Keeffe et al., 2016; Irie et al., 2017). 
Recent data shows an upregulation of nerve growth factor (NGF) in the ischemic zone after 
MI, that supports this concept (Ge et al., 2020). 

Although several studies have shown sympathetic hyperinnervation as well as neuronal 
remodeling post-MI, the exact timeline of this phenomenon is less clear. In several species, 
neuronal remodeling has been described to occur 1 to 8 weeks after MI, characterized by 
increased expression of growth associated protein (GAP43) and synaptophysin—both markers 
for neuronal outgrowth—and increased amounts of tyrosine hydroxylase, suggesting an 
increase in innervation and a switch towards a more adrenergic phenotype (Nguyen et al., 
2012; Ajijola et al., 2015; Li et al., 2015; Nakamura et al., 2016). Most studies, however, focus 
on the stellate ganglion, whereas limited information is available on the relevance of the other 
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ganglia providing sympathetic input to the heart. The superior cervical ganglion (SCG) gives 
input to the carotid plexus whose fibres run along the carotid arteries and provide sympathetic 
input towards the head where it stimulates parts of the eye, mouth and small blood vessels. 
The SCG also participates in innervation of the heart, providing the superior cardiac nerve that 
joins with postganglionic sympathetic fibres originating from other sympathetic ganglia at the 
cardiac plexus (Kawashima, 2005; Wink et al., 2020). Remarkably, in mice it has been shown 
that ganglionectomy of the SCG before MI leads to an almost entire loss of myocardial 
sympathetic innervation of the left ventricular anterior wall, in addition to a significantly 
reduction in chronic consequences of MI, such as myocardial inflammation, myocyte 
hypertrophy, and overall cardiac dysfunction (Ziegler et al., 2018). In human, it has been 
established that the SCG is involved in cardiac innervation (Kawashima, 2005), although the 
impact of a potential remodeling of this ganglion after MI, is unclear. In this respect, it may be 
relevant that the SCG is situated adjacent to the carotid body (CB), a small organ involved in 
oxygen, carbon and pH sensing, that has been shown to produce many neurotrophic factors 
(Lopez-Barneo et al., 2008). Of interest, Rocha et al. report that in rabbits the response of the 
chemo sensitive cardiac reflex of the CB was enhanced in the acute phase of MI (Rocha et al., 
2003). Hypertonicity of the CB has been linked with cardiac disease such as hypertension and 
chronic heart failure. In rats with induced chronic heart failure, denervation of the CB 
performed early after MI, resulted in improved survival due to reduction of ventricular 
remodeling, less fibrosis and reduction of arrhythmias (Del Rio et al., 2013). Whether this is a 
transient phenomenon is unclear, as is the time-course of remodeling of the superior cervical 
ganglion and CB after MI. 

Given the relevance of the SCG in cardiac innervation of the murine heart, as well as the still 
enigmatic role of this ganglion in the innervation of the human heart in health and disease, in 
the current study we investigated the remodeling of the murine SCG as well as the bordering 
CB over time after MI. 

MATERIAL & METHODS 

Animals 

C57BL/6J (Jackson Laboratory) male mice of 13 weeks old (n=13) were used. All animal 
experiments were carried out according to the Guide for the Care and Use of Laboratory 
Animals published by NIH and approved by the Animal Ethics Committee of the Leiden 
University (License number AVD1160020185325), Leiden, The Netherlands.  
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Induction of MI and superior Cervical ganglia (SCG) isolation 

Myocardial infarction was induced as previously described (Ge et al., 2020). Briefly, mice were 
anesthetized with 2% isoflurane, intubated and ventilated. The left anterior descending 
coronary artery (LAD) was permanently ligated and ischemia was confirmed by discoloration 
of the anterior wall of the left ventricle. The mice were given the analgesic drug Temgesic, 24 
hours before and after the operation to relieve pain. As control, untreated mice (n=2) were 
included. All mice were maintained in a specific pathogen-free facility and regularly monitored. 
After 24h (n = 2; 4 SCG), 3 days (n = 3; 6 SCG), 7 days (n = 3; 6 SCG), or 6 weeks (n = 3; 6 SCG) 
post-MI mice as well as the healthy control mice (n=2; 4 SCG) were euthanized by CO2 
asphyxiation (Fig. 1A). For dissection of the left- and right SCG, an incision was made in the 
skin of the neck area, the submandibular glands were moved aside, whereafter the carotid 
artery bifurcation with the SCG could be captured bilaterally. After excision, both SCG were 
fixed with 4% paraformaldehyde (104005; Merck Millipore), and embedded in paraffin. 

Immunofluorescence staining of sympathetic ganglia 

The schematic illustration Fig. 1B shows the workflow schedule, during which a series of 5 µm-
thick paraffin sections throughout each ganglion were used for immunostaining and 
subsequently analyzed. The sections were deparaffinized, pre-treated with Tris-EDTA buffer 
(pH 9) at 98°C for 12 min for antigen retrieval, and incubated with the following neuronal 
antibodies: anti-tyrosine hydroxylase (TH, a marker for sympathetic nerves )(Fisher Scientific 
PA14679; 1:1000), anti-choline acetyltransferase (ChAT, considered a marker for 
parasympathetic nerves)(Abcam ab181023; 1:1000), and anti-β-tubulin III (Tubb3, general 
nerve marker)(Santa Cruz; SC-80005; 1:1000) overnight at 4°C. On the second day, the 
sections were incubated with secondary antibodies donkey anti-rabbit Alexa Fluor 488 
(Invitrogen A-21206; 1:250), donkey anti-sheep Alexa Fluor 568 (Invitrogen A21099; 1:250) 
and donkey anti-mouse Alexa Fluor 647 (Invitrogen A31571; 1:250) for 1 hour and followed by 
a 10 min nuclear staining with DAPI (Invitrogen D3571: 1:1000). The slides were mounted with 
ProLong Gold Antifade Mountant (Invitrogen P36930) and the images were captured with the 
Zeiss AxioscanZ1 microscope slide scanner. 

For quantification, a minimum of 10 sections throughout each ganglion was analyzed, by 
including every 5th section; in case of longitudinally sectioned ganglia, shorter intervals were 
applied. In order to select cells in an unbiased way, an 1 mm2 cross grid was placed with ImageJ 
on top of the image to aid in the random selection of cells for quantification (Fig.1-B1). When 
a cross overlapped at least ¾ with a cell, the region of interest (ROI) of the cytoplasm and 
nucleus was selected with ImageJ. After this was done for the whole section, the area of the 
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ROI template was applied to the TH and ChAT fluorescent channels of corresponding sections, 
after which the area of the cytoplasm and nucleus was measured with ImageJ. 

To be able to quantify the dynamic remodeling of neurons in the area adjacent to the carotid 
body vs. the area remote from the carotid body, three images per ganglion were selected (4 
ganglia per time point) that contained the CB adjacent to the SCG (Fig. 1-B2). Three images 
per ganglion that contained SCG area remote to the CB were also selected (Fig. 1-B2). Using 
ImageJ software (version 1.52p), a 500 x 500 um square was placed within the SCG adjacent 
to the CB and in the remote region of the SCG. Within each square 20 cells were drawn in as 
ROI and the area and ChAT intensity were measured in ImageJ (version 1.52p). 

Immunofluorescence detection and quantification of neurotrophic factors 

5 µm-thick paraffin sections that contained the SCG adjacent to the CB were used for the study 
of neurotrophic factors (Fig. 1-B2). As described above, the sections were first deparaffinized 
and antigen retrieval was performed. Hereafter, the sections were incubated with the 
neurotrophic markers anti-brain derived neurotrophic factor (BDNF)(Abcam ab108319; 1:250, 
anti-nerve growth factor (NGF)(Abcam ab6199; 1:100) or the receptor anti-pan Neurotrophic 
Receptor Tyrosine Kinase (pan TrK)(Abcam ab181560; 1: 500) combined with anti-TH (Fisher 
Scientific PA14679; 1:1000) overnight at 4°C. Secondary antibodies, donkey anti-rabbit Alexa 
Fluor 488 (Invitrogen A-21206; 1:250) and donkey anti-sheep Alexa Fluor 568 (Invitrogen 
A21099; 1:250), were incubated to visualize the expression of corresponding factors and 
receptor, followed by a 10 min nuclear staining with DAPI (Invitrogen D3571: 1:1000). 

Images were captured with Leica confocal SP8 microscopy under the same exposure time and 
gain settings. To quantify BDNF, NGF and pan-TrK expression, 3 sections of each ganglion and 
4 ganglia of each timepoint were used to measure the corresponding fluorescence intensity in 
ImageJ (version 1.52p).  

Immunohistochemical staining of growth-associated protein 43 and quantification 

5 µm-thick paraffin sections were used to study neuronal remodeling using the Growth 
Associated Protein 43 (GAP43), a marker for nerve sprouting (Benowitz and Routtenberg, 1997; 
Korshunova and Mosevitsky, 2010) (Fig. 1-B3). As previously described, the sections were first 
deparaffinized and antigen retrieval was performed. Hereafter, the sections were incubated 
with the primary recombinant anti-GAP43 antibody (Abcam ab75810, 1:2000) overnight at 4°C. 
The next day, the primary antibody was washed away and thereafter the slides were incubated 
with the secondary biotinylated anti-rabbit IgG (H+L) antibody (Vector Laboratories BA-1000, 
1:200) for 1 hour, followed by an incubation with ABC-AP (Vector Laboratories AK-5000) for 
30 min. To visualize GAP43, the slides were incubated with alkaline phosphatase substrate 
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(Vector Laboratories SK-5105) in the dark for 5 minutes. The substrate was then washed away 
and the slides were counterstained with haematoxylin (Klinipath VWRK4085-9002) to visualize 
the nuclei. After dehydration the sections were mounted with Entellan (Merck 107961) 
mounting medium and all images were captured with the 3DHISTECH scanner.  

To quantify GAP43 expression, 3 sections of each ganglion and 4 ganglia per time point were 
quantified. Individual sections were imported into ImageJ and the ganglion region was 
selected by hand with ImageJ selection function and set as ROI. To acquire the percentage of 
the GAP43+ area the measurements were performed as follows: within the green channel the 
total area of the ganglion was measured by setting the threshold on the maximum and the 
GAP43+ area was measured using the default threshold in ImageJ (version 1.52p). 

Statistics 

Data were presented as mean ± standard error of the mean (SEM). One-way ANOVA and 
multiple comparisons followed by a Tukey’s post hoc analysis or Dunnett’s T3 multiple 
comparisons test when standard deviations (SDs) are different to determine statistically 
significant differences among groups. To compare the differences of neuronal cell size and 
ChAT intensity in the neuronal cells located adjacent versus remote to CB, the paired t-test 
was applied. Results were considered significantly different when the p  value was < 0.05. 
GraphPad Prism (GraphPad Software, San Diego, CA, USA; version 9) was used for statistical 
analysis. Pearson correlation coefficients were used to test the linear relationship between 
two variants. R (version 4.0.2) was used for Pearson correlation coefficients and linear 
regression. 
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Figure 1. Schematic workflow of the time-course study. From the top to the bottom panels, the 
schematic diagram is a step-by-step illustration of the methods performed in this time-course study of 
SCG remodeling after MI. A. Representation of  MI induction and the post-MI timepoints in mouse. B. 
Brief illustration of all study methods applied. Left panels display an overview of the sections chosen in 
each analysis. The midline panels explain the cells/regions selection for each analysis from a cross-
sectioned view. B1. Analysis of ChAT and TH expression in complete SCG. B2. Analysis of ChAT and TH 
expression in the region adjacent versus remote to the CB. Quantification of neurotrophic factors and 
their receptors in the region adjacent to the CB. B3. Analysis of  growth associated protein 43 (GAP43) in 
the SCG. 

RESULTS 

Superior cervical ganglia exhibit dynamic neuronal remodeling after acute myocardial 
infarction 

To investigate the remodeling of the murine SCG over time post-MI, MI was induced in mice 
by permanent ligation of the LAD and the SCG was analyzed after 24 hours, 3 days, 7 days, and 
6 weeks. Staining of serial sections of the murine SCG with the general nerve marker Tubb3 
provided an overview of the distribution of neurons and nerves in each ganglion (Fig. 2A). 
Previous studies in sympathetic ganglia ( i.e. stellate ganglia) in both rat and pig demonstrated 
the existence of ChAT+ neurons in sympathetic ganglia (Nguyen et al., 2012; Ajijola et al., 2015). 
We performed immunostainings for the parasympathetic marker ChAT as well as with the 
sympathetic TH marker in the SCG post-MI. This revealed a series of striking alterations in SCG 
neuronal cells in the different stages after MI compared to control SCG, referred to as dynamic 
neuronal remodeling. As shown in Fig. 2A, we observed many neuronal cells that expressed 
both TH and ChAT (TH+ ChAT+) in the SCG throughout the post-MI timeline.  

Multiple control experiments were carried out to confirm the reliability of the detected 
TH+ChAT+ expression in murine SCG neuronal cells. Double immunostaining for ChAT and TH 
was performed on the nodose ganglion (NG), a well-described entirely parasympathetic 
ganglion. As reported by Bookout et. al (Bookout and Gautron, 2021), neuronal cells of the NG 
were only positive for ChAT, but not for TH (TH-ChAT+), and both TH- and TH+ neuronal cells 
were observed in the “bridge” between the NG and the SCG (Supplemental Fig. 1A). Moreover, 
no obvious difference in ChAT intensity was detected between the NG and SCG neuronal cells 
(Supplemental Fig. 1A). In addition, immunoblot analysis of protein lysates from either whole 
SCG tissue or nuclei showed the main presence of ChAT at the size of 69KDa as expected 
(Supplemental Fig. 1B and C), which reconfirmed the specific detection of ChAT in SCG. The 
cell lysate of non-neuronal cells (human epicardial cells) was used as negative control, due to 
the absence of ChAT expression in these cells. (Supplemental Fig. 1C). These findings indicate 
that no cross reaction between ChAT and TH occurred in the double immunostainings, and 
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support the specificity of the ChAT staining. Co-staining of TH and ChAT in a human 
sympathetic ganglion (stellate ganglion) presented with a similar ChAT staining pattern as 
observed in the mouse ganglia (Supplemental Fig. 1D).  

Time course comparison of the SCG of healthy control mice vs. post-MI mice revealed obvious 
alterations of the ChAT expression in neuronal cells both in the level of expression as well as 
the intracellular location in the neuronal cell body. Quantification of the neuronal cell size of 
the entire SCG indicated that neuronal remodeling appears as early as 3 days post-MI and 
shows a significant increase at day 7 post-MI when compared to control animals (Fig. 2B). TH 
expression was steadily high throughout the timeline (Fig. 2C) whereas ChAT expression 
decreased as early as 24 hours post-MI, showed a significant decrease at day 7 post-MI as 
compared to control, and had returned to control values after 6 weeks post-MI (Fig. 2D). This 
alteration in ChAT expression is concomitant with a significant decrease of ChAT expression in 
the nuclei, with the most marked decrease at day 7 post-MI (Fig. 2E).  

SCG neurons adjacent to the CB display robust neuronal enlargement 

The most striking neuronal cell remodeling was observed in the region of the SCG most 
adjacent to the CB in post-MI mice. Therefore, further time course analysis was performed 
specifically of this region. As presented in Fig. 3A, post-MI SCG neuronal cells located adjacent 
to the CB exhibit an striking enlargement in cell size accompanied with a loss of ChAT 
expression, especially at day 3 post-MI, compared to a relatively even distribution in cell size 
and ChAT expression of control SCG. Pairwise presented data in Supplemental Fig. 2A and B 
show the distribution width of the neuronal cell size and ChAT intensity, indicating a varying 
degree of remodeling within each time point as well as the region within the post-MI SCG. 
When observing the changes over time, the alterations in the neuronal cells adjacent to the 
CB versus the neuronal cells located remotely demonstrated a clear remodeling, with a 
significant difference (P< 0.01) of the change in cell size (Fig. 3B). The ChAT intensity of the 
neuronal cells adjacent to the CB versus the neuronal cells located remotely was not 
significantly different (Fig. 3C). 

As the enlarged neuronal cells displayed low expression of ChAT, especially a decrease in 
cytoplasmic ChAT 3 days post-MI (Fig. 3A-C), co-efficiency analysis was performed, to examine 
whether the cell enlargement caused the decrease of ChAT. This revealed a negative 
correlation between neuronal cell size and ChAT expression, which was significantly 
detectable in the SCG 24 hours, 3 days and 7 days post-MI (Fig. 3D). The correlation 
disappeared in SCG 6 weeks post-MI (Fig. 3D). 
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Figure 2. Superior cervical ganglia exhibit dynamic remodeling after MI. A. Immuno-fluorescence 
staining of TH (red), ChAT (green), Tubb3 (gray), and nuclei (blue) in SCG  from control mice and mice 
post-MI at 24 hours, 3 days, 7 days, and 6 weeks. The enlarged regions are shown at the bottom panels. 
Scale bar = 100 μm in all panels, with exemption of the enlarged panels: here Scale bar = 20 µm. B. 
Average size of TH+ cells of each ganglion derived from control mice and post-MI mice at 24 hours, 3 
days, 7 days, and 6 weeks. C. Percentage of sympathetic neurons that show high TH expression in all 
ganglia. D. Comparison of the area ratio of ChAT expression/TH expression in the SCG neuronal cells of 
each timepoint. E. Comparison of the expression of ChAT in neuronal nuclei in each timepoint. ns = not 
significantly different, * P< 0.05, ** P< 0.01, *** P<0.001, **** P< 0.0001. 
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Figure 3. SCG neurons adjacent to the carotid body display robust neuronal enlargement. A. 
Immunofluorescence staining of TH (red), ChAT (green), Tubb3 (gray), and nuclei (blue) in SCG regions 
located adjacent to the CB (dashed lines) of control mice and post-MI mice at 24 hours, 3 days, 7 days, 
and 6 weeks. Enlarged region is shown at the bottom panels. Scale bar = 100 μm all panels, except in the 
enlarged panel, where Scale bar = 20 µm. B and C. Bar graphs that display the alterations of SCG neuronal 
cell size and the relative ChAT intensity in the region adjacent to the CB vs remote. D. ChAT intensity of 
neuronal cells are plotted against the neuronal cell size (μm2) of SCG derived from control mice and post-
MI mice at 24 hours, 3 days, 7 days, and 6 weeks. The lines indicate the linear regression of the plotted 
data. Light blue regions indicate the standard error of the mean (SEM) of ChAT intensity. Each point 
represents one neuronal cell. R demonstrates correlation coefficients at indicated P value. ** P<0.01. 

BDNF and NGF expression is increased in CB and neuronal cells after MI 

Based on our observation that SCG neurons adjacent to the CB exhibited stronger remodeling 
post-MI, and as it has been shown that the CB type I glomus cells can be identified with the 
conventional marker TH and that these cells secrete neurotrophic factors during development 
as well as in response to environmental stimuli (Pulgar-Sepúlveda et al., 2018; Stocco et al., 
2020), as a next step we assessed BDNF expression in the SCG and the CB. In the CB, glomus 
type I cells were recognized as TH+ cells, and analysis of BDNF expression indicated an 
increased expression of BDNF in type I glomus cells (i.e. TH+ cells) of the CB post-MI, which 
reached its highest peak and showed a significant difference at day 7 post-MI when compared 
to control (Fig. 4A and B). Notably, BDNF expression in the CB was significantly regressed at 
week 6 compared to day 7 post-MI, and returned to basal level (Fig. 4B). 

In addition to BDNF, NGF, another well-known neurotrophic factor, was examined  in both the 
CB and SCG neurons. Similar to BDNF, NGF expression in both the CB and SCG neurons reached 
the first small peak 24 hours post-MI, although not statistically significantly different from 
control due to the high variation (Fig. 5A-C). The second peak of NGF expression appeared at 
day 7 post-MI and the expression was significantly increased as compared to SCG neurons in 
control, followed by a drop 6 weeks post-MI (Fig. 5A-C). 
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Figure 4. BDNF is increased in CB and neurons in SCG after MI. A. Immunofluorescence staining of BDNF 
(green), TH (red), and nuclei (DAPI, gray) in the CB and SCG neurons of control mice and mice post-MI at 
24 hours, 3 days, 7 days, and 6 weeks. Scale bar = 100 µm. B and C. BDNF intensity of the CB and SCG 
neurons at different timepoints post-MI were quantified by measuring fluorescence integrated density. 
Both the CB glomus type I cells and SCG neurons are recognized as TH+ cells. * P< 0.05, ** P< 0.01 

High affinity receptors of BDNF and NGF in SCG neurons are increased after MI 

Given the importance of the neurotrophic receptor (TrKA and TrKB) expression in neurons to 
facilitate the binding of neurotrophic factors (NGF and BDNF) and mediating their subsequent 
impact on neuronal survival and axonal growth (Ginty and Segal, 2002; Kuruvilla et al., 2004; 
Kimura et al., 2012), we investigated whether the high affinity receptors TrKA and TrKB were 
expressed in the SCG. Immunostaining of SCG, using a pan-TrK antibody, showed a low 
expression of TrK in control SCG neurons (Fig. 6A). According to the time course analysis, TrK 
expression in SCG neurons gradually increased and was significantly upregulated at day 7 post-
MI. This upregulation, when compared to control, was still present at 6 weeks post-MI (Fig. 6A 
and B).  
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Figure 5. NGF is increased in CB and neurons in SCG after MI. A. Immunofluorescence staining of NGF 
(green), TH (red), and nuclei (DAPI, grey) in the CB and SCG neurons of healthy control mice and mice 
post-MI at 24 hours, 3 days, 7 days, and 6 weeks. Scale bar = 100 µm. B and C. NGF intensity of the CB 
and SCG neurons at different timepoints post-MI were quantified by measuring fluorescence integrated 
density. Both the CB glomus cells and SCG neurons are recognized as TH+ cells. **** P< 0.0001. 

GAP43 reveals neuronal outgrowth after MI 

As we observed neuronal remodeling concomitant with an increased expression of the 
neurotrophic factors BDNF and NGF and their receptors, we postulated that this neuronal 
remodeling in SCG after MI mediates new axon formation and axonal elongation. SCG of 
control mice and mice post-MI were therefore immunostained for GAP43,  a growth- and 
plasticity-related protein that is involved in axon elongation during early development and 
nerve regeneration (Holahan, 2017). As is shown in Fig. 7A, after MI,  a very strong increase in 
GAP43 expression was observed in axons and, to a lesser extent, also inside the neuronal cell 
bodies, while in the control SCG a very low number of axons expressed GAP43. Time-course 
comparison indicated a significant upregulation of GAP43 expression at all examined time 
points after MI, with the highest peak at day 3 post-MI (Fig. 7B).   
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Figure 6. Increase in high affinity receptors for BDNF and NGF in SCG neurons after MI. A. 
Immunofluorescence staining of pan-Trk (green), TH (red), and nuclei (DAPI, gray) in SCG of control mice 
and mice post-MI at 24 hours, 3 days, 7 days, and 6 weeks. Representative images are shown in upper 2 
panels and enlarged images in the lowest panels. Scale bar = 100 μm. Scale bar = 20 µm in enlarged 
panels. B. Time-course comparison of TrK expression in SCG. Percentage of TrK+ area out of the TH+ 
neuronal area is used to indicate TrK expression level.* P< 0.05, ** P< 0.01. 

 

 

 

Figure 7. Growth Associated Protein 43 reveals neuronal outgrowth after MI. A. Representative images 
of immunohistochemistry staining of GAP43 in SCG from control mice and mice post-MI at 24 hours, 3 
days, 7 days, and 6 weeks. Scale bar = 100 μm. Lower panels are enlarged images, scale bar = 20 μm . B. 
Time-course comparison of the GAP43 expression in SCG, percentage of GAP43+ area out of the 
ganglionic area is used to indicate the GAP43 expression level. ** P< 0.01, *** P<0.001, **** P< 0.0001. 
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DISCUSSION  

The role of the autonomic nervous system in post-MI arrhythmogenicity has gained increased 
attention over the past decades. Whereas vagal innervation is considered cardioprotective, 
sympathetic overdrive is associated with arrhythmias and sudden cardiac death (Fukuda et al., 
2015; Hausenloy et al., 2019).  Remarkably, although nerve tissue is generally notorious for its 
lack of regeneration capacity in adults, after cardiac damage the intriguing phenomenon of 
cardiac sympathetic hyperinnervation has been reported in multiple animal species, 
suggesting a renewed capacity of neuronal outgrowth of sympathetic neurons (Cao et al., 2000; 
Yokoyama et al., 2017). In line with this, several studies in human, rat, rabbit and pig, indicated 
neuronal and electrical remodeling in the stellate ganglia after MI (Ajijola et al., 2012; Han et 
al., 2012; Nguyen et al., 2012; Ajijola et al., 2015). In addition to the stellate ganglion and upper 
thoracic ganglia, the cardiac plexus also receives contributions from sympathetic nerves 
derived from the SCG that participate in cardiac ventricular innervation in both human and 
mouse (Pather et al., 2003; Kawashima, 2005; Ziegler et al., 2018). However, in contrast to the 
stellate ganglion, data on the time course of neural remodeling in the SCG - that is in close 
proximity to the oxygen- and PH-sensing CB - after MI is still limited. In the current study, we 
assessed the neuronal remodeling of murine entire SCG, including the CB, at several time 
points post-MI.  

Our key findings are: i) Both ChAT and TH are co-expressed in SCG neuronal cells in healthy 
mice; ii) After MI, remodeling of the SCG occurs, with an increased size of ganglionic cells and 
a decreased intensity of ChAT expression; iii) Neuronal remodeling in the SCG starts already 
24 hours after MI, reaches a peak at day 7 post-MI, after which a return to the healthy control 
situation is observed within 6 weeks post-MI; iv) The most robust neuronal remodeling of the 
SCG takes place at the region adjacent to the CB; v) An increase of neurotrophic factors (BDNF 
and NGF) occurs in the CB and neuronal cells, in the latter accompanied by a dynamic increase 
in the high affinity receptors of BDNF and NGF, concomitant with vi) an increase in axonal 
outgrowth in the SCG.  

Expression of nerve markers - noticeable expression of ChAT in SCG. Sympathetic neuronal 
cells are generally considered as adrenergic cells, expressing the rate-limiting enzyme TH, that 
plays a pivotal controlling role in the synthetic pathway of catecholamines (adrenergic 
neurotransmitters) (Kobayashi and Nagatsu, 2012). In contrast, ChAT, the enzyme that 
catalyzes the synthesis of acetylcholine (cholinergic neurotransmitter in the peripheral 
nervous system) (Deutch and Roth, 2004) is generally considered as a marker for 
parasympathetic neurons. Remarkably, we observed neuronal cells that both express TH and 
ChAT in the mouse SCG. While we did observe TH+ChAT- in 3 days post-MI SCG and CB glomus 
type I cells, we did not detect TH in the parasympathetic nodose ganglion, indicating adequate 
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specificity of the antibody. In addition, this was supported by the detection of ChAT in different 
intracellular locations, either both in the cytoplasm and the nucleus or only in the cytoplasm, 
in SCG at different timepoints post-MI. Enriched biphenotypic neurons (ChAT+TH+) were also 
observed in human sympathetic ganglia in the current study. This is in contrast with what has 
been found in rat and pig sympathetic ganglia, where only few neurons are either biphenotypic 
or ChAT+ (Anderson et al., 2006; Ajijola et al., 2015), and no ChAT+ neurons were observed in 
rabbit sympathetic ganglia (Nguyen et al., 2012). These data indicate that phenotype 
differences might exist in sympathetic neurons among species, and the mouse model seems 
to resemble human ganglia in this respect, thus holding potential as an adequate model to 
study transdifferentiation (i.e. switch in neuronal phenotype) after cardiac damage (Olivas et 
al., 2016). 

Neuronal remodeling. Post-MI time-course analysis demonstrated a neuronal remodeling of 
SCG which presented as a gradual decrease of ChAT expression and SCG neuronal cell 
enlargement with a remodeling starting already after 24 hours with a peak on day 7 and 
regression towards the control situation 6 weeks post-MI. These findings are in accordance 
with cardiac sympathetic re- and hyper-innervation post-MI (Kimura et al., 2007; Yokoyama et 
al., 2017). At the peak of remodeling on day 7 we observed a loss of nuclear ChAT. In both 
human and mouse it has been found that in younger subjects, ChAT was found mostly in 
neuronal nuclei whereas ChAT expression increased in neuronal cytoplasm in older individuals 
(Gill et al., 2007; Albers et al., 2014). We speculate that the stress response upon MI might 
induce a loss of nuclear ChAT, similar as seen with aging. It has previously been reported that 
the 69-kDa ChAT isoform can shift between the cytoplasmic and nuclear compartments, and 
nuclear ChAT can act as a transcriptional activator of a high affinity choline transporter (CHT1) 
which also regulates acetylcholine synthesis in neurons (Matsuo et al., 2011). The nuclear 
localization has also been shown to induce an epigenetic response (Winick-Ng and Rylett, 
2018), which might also further mediate neuronal remodeling seen in SCG upon MI.  

Neurotrophic factors & role CB. The finding that robust neuronal remodeling occurred in SCG 
neurons adjacent to the CB, suggests that the remodeling is potentially mediated by the CB. 
The CB, a neural crest derived structure located at the carotid bifurcation, is the main 
peripheral chemoreceptor in mammals (Pulgar-Sepúlveda et al., 2018). It can sense and 
respond to changes in blood flow, O2- and CO2 levels, PH as well as changes in metabolites 
such as glucose and lactate (Lopez-Barneo et al., 2008; Ortega-Saenz and Lopez-Barneo, 2020). 
In the CB, the type I glomus cells, that are immunoreactive for TH, express a wide range of 
growth factors and neurotrophic factors during development  (Stocco et al., 2020). In our time-
course analysis, after MI an increase in expression of neurotrophic factors (BDNF and NGF) in 
the type I glomus cells was observed. Of note, the peak of neuronal remodeling occurred when 
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highest levels of BDNF and NGF were expressed in the CB. Moreover, an upregulation of the 
TrK (the high affinity receptors of BDNF and NGF) receptor in the SCG neurons was observed 
alongside the upregulation of BDNF and NGF expression post-MI. This response was 
accompanied with neuronal cell enlargement and a decrease of ChAT expression. Surprisingly, 
levels of BDNF and NGF expression did not return to control levels at 6 weeks post-MI, whereas 
also the TrK expression in SCG neurons was maintained at high levels with a significant 
difference compared to control (Fig. 5B). Results indicate that neuronal remodeling is 
influenced by neurotrophic factors via a paracrine and autocrine effect, as was previously 
described (Davies, 1996; Cheng et al., 2011). 

Although remodeling indicates a change in phenotype, the question is whether this actually 
contributed to an increase in new axons from the SCG. GAP43,  a growth-associated protein, 
participates in the developmental regulation of axonal growth and the formation of new 
synapses, neurite outgrowth, and synaptogenesis after injury (Hou et al., 1998; Nguyen et al., 
2009; Holahan, 2015). This might be related to its function in growth cones by stabilizing f-
actin, preventing actin polymerization and promoting microtubule-based neurite outgrowth 
(He et al., 1997; Nguyen et al., 2009; Kusik et al., 2010). As its transcriptional expression is up-
regulated in differentiating and regenerating neurons, though lowly expressed in mature 
neurons (Skene, 1989), it is a suitable marker to examine the neo-outgrowth of nerves after 
damage. In addition to previous findings of GAP43 expression in sprouting axons in infarcted 
heart (Zhou et al., 2004), in the current study, we showed a striking upregulation of the GAP43 
expression in SCG neurons and axons post-MI, starting from as early as 24 hours post-MI 
compared to control.  

In conclusion, overt remodeling towards an increased adrenergic phenotype occurs in the SCG 
as well as in the area of the CB, accompanied with an increase in axonal outgrowth in the SCG. 
The dynamics in expression of neurotrophic factors and their high affinity receptors, indicate 
a paracrine/autocrine neurotrophic effect. Results suggest an interaction of the SCG and CB 
after MI, that might contribute to pathological cardiac sympathetic hyperinnervation. 

FUTURE PERSPECTIVES 

In this time-course study, we show that  the cholinergic marker ChAT is also expressed in SCG 
sympathetic neurons of the SCG and  that expression of ChAT displays a dynamic transition, 
from expression in both cytoplasm and nucleus to only in cytoplasmic expression after MI. 
Further studies are required to study the functional implication of ChAT in adrenergic neurons 
and the mechanisms behind ChAT dynamic change caused by MI. Taking into account that the 
CB participates in SCG neuronal remodeling, as was indicated in the  present study, the further 
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exploit of the potential interaction between CB and SCG could empower our integrative 
understanding of cardiac innervation after damage. 
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SUPPLEMENTAL FIGURES 

 

Supplemental Figure. 1 ChAT expression in murine nodose ganglion and human stellate ganglion. A. 
Immunofluorescence staining of TH (red) and ChAT (green) in murine NG, SCG, and the bridge between 
the ganglia. NG and SCG are indicated by dashed lines. Scale bar = 100 μm. B. Immunoblot analysis of 
ChAT or β-tubulin (loading control) in protein lysates of 4 control murine SCG displayed the expression 
of ChAT isoforms in SCG. C. Immunoblot analysis of ChAT and β-tubulin (loading control) in nuclei protein 
lysates of 4 SCG, total cell protein lysates of murine brain (positive control), and total cell protein lysates 
of human epicardial cells (negative control). No detection of β-tubulin in SCG nuclei lysate is aimed to 
confirm no cytoplasm contamination. D. Immunofluorescence staining of Tubb3 (gray) TH (red), ChAT 
(green) and nuclei (blue) in human stellate ganglion, enlarged image of merged channels is shown in the 
rightest panel. Scale bar = 500 μm. Scale bar in enlarged image = 100 μm. 
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Supplemental Figure 2. Graphs related to figure. 2. A. A. cell size overview of neurons adjacent or remote 
to CB in control SCG and post-MI SCG at different timepoints. Each dot represents a neuronal cell. Lines 
indicate the medium ± range of each dataset. B. A relative ChAT intensity overview of neurons adjacent 
or remote to CB in control SCG and post-MI SCG at different timepoints. Each dot represents a neuronal 
cell. Lines indicate the medium ± range of each dataset. Relative ChAT intensity was calculated as a fold 
change of fluorescence intensity of neuronal ChAT to the intensity of cholinergic nerves in each 
corresponding ganglion (internal reference). 

 

SUPPLEMENTAL METHODS 

Immunofluorescence staining of murine nodose ganglion and human stellate ganglion 

A nodose ganglion was isolated from one of 6-week post-MI mice. A human stellate ganglion 
was obtained as redundant material from a stellate ganglion ablation surgery. All experiments 
were performed according to the guidelines of the Leiden University Medical Centre (Leiden, 
The Netherlands). The 5 µm-thick paraffin sections were deparaffinized, pre-treated with Tris-
EDTA buffer (pH 9) at 98°C for 12 min for antigen retrieval, and incubated with anti-tyrosine 
hydroxylase (TH)(Fisher Scientific PA14679; 1:1000), anti-choline acetyl transferase 
(ChAT)(Abcam ab181023; 1:1000), and anti-β-tubulin III (Tubb3)(Santa Cruz; SC-80005; 1:1000) 
overnight at 4°C. On the second day, the sections were incubated with secondary antibodies 
donkey anti-rabbit Alexa Fluor 488 (Invitrogen A-21206; 1:250), donkey anti-sheep Alexa Fluor 
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568 (Invitrogen A21099; 1:250) and donkey anti-mouse Alexa Fluor 647 (Invitrogen A31571; 
1:250) for 1 hour, and followed by a 10 min nuclear staining with DAPI (Invitrogen D3571: 
1:1000) when indicated. The slides were mounted with ProLong Gold Antifade Mountant 
(Invitrogen P36930) and images were captured with the Zeiss AxioscanZ1. 

Western Blotting 

Protein of whole ganglia tissue lysate was extracted with RIPA lysis and extraction buffer 
(89900; ThermoFisher) supplemented with Protease inhibitor cocktail (87785; ThermoFisher). 
To extract protein from nuclear fraction of the ganglia, ganglionic cells were first dissociated 
by 30-minute incubation in 2.5% trypsin (25200056; Thermo Fisher Scientific) followed by 30-
minute incubation in 5 mg/ml collagenase type II (LS004176; Worthington) at 37°C. After 
centrifuge the cell suspension at 300 rcf for 10 minutes, 100 μl nuclei lysis buffer (10 mM Tris-
HCl, 10 mM NaCl, 3 mM MgCl2, and 0.1%Nonidet™ P40 Substitute, 40 U/ml RNAse in 
Nuclease-Free Water) was added into the cell pellet, cells were mixed well in nuclei lysis buffer 
and incubated on ice for 8 minutes. Centrifuge the nuclei suspension at 300 rcf for 5 minutes 
and wash twice with nuclei wash (1X PBS with 2.0% BSA). Nuclear protein was extracted with 
RIPA supplemented with Protease inhibitor. 

20 µg of each protein was loaded in 8 % SDS-PAGE gel for electrophoresis. Following 
electrophoretic separation, the proteins were transferred to a polyvinylidene difluoride 
membrane by wet electroblotting. Afterwards, the membrane was incubated with 5% BSA in 
PBS-0.1% Tween 20 (PBST) for 1 hour at RT for blocking and probed with rabbit-anti-ChAT 
(Abcam ab181023; 1:2000) or sheep-anti-TH (Fisher Scientific PA14679; 1:2000) primary 
antibodies overnight at 4°C, followed by a 1-hour incubation with HRP~Donkey-anti-Rabbit 
IgG(H&L) (cell signalling #7074; 1:10,000) or HRP~Donkey-anti-goat IgG(H&L)(Jackson Immuno 
research 705035003; 1:10,000). The target protein was visualized with a WesternBright kit 
(Isogen life science). After stripping, the membrane was blocked for 1 hours and incubated 
with rabbit-anti-βtubulin followed by our incubation with HRP-linked antibody as a protein 
loading reference. Images were captured by C500 western blot imaging system (Azure 
biosystems). 

 

 

 

  



 

 




