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Abstract

Myocardial infarction (MI) and its sequelae continue to be the leading cause of mortal-
ity globally. Following MI, a series of structural pathophysiological changes occur in
the myocardium, including sympathetic remodeling. Tyrosine hydroxylase (TH), protein
gene product 9.5 (PGP9.5), and synaptophysin (SYN) are recognized as key markers of
sympathetic nerves. However, the expression patterns of these biomarkers during sympa-
thetic remodeling, particularly their temporal profiles, remain insufficiently characterized.
A cohort of 60 healthy adult male C57BL/6 mice was randomly divided into a control
group (n = 12) and four MI groups with postoperative intervals of 2, 5, 7, and 10 days
(n = 12/group). MI was induced via permanent ligation of the left anterior descending
coronary artery (LAD). Cardiac tissues were subjected to histological analyses (HE and
Masson’s trichrome staining), immunohistochemical profiling, and quantitative reverse-
transcriptase PCR (qRT-PCR) (TH, PGP9.5, and SYN). Immunohistochemical staining
revealed that TH-, PGP9.5-, and SYN-immunopositive sympathetic nerves were present
in the epicardium, myocardial interstitium, and the periphery of small blood vessels in
normal mice. Normal cardiomyocytes were negative for TH but exhibited focal expression
of PGP9.5 and SYN. In the myocardial infarction tissue, TH-positive staining indicated
sympathetic nerve proliferation in the epicardium, myocardial infarction border zone,
and infarct zone, with peak expression occurring at 7 days post-MI. In contrast to TH,
PGP9.5 exhibited prominent immunoreactivity, specifically localized to the infarct core and
peri-infarct zone cardiomyocytes, while SYN was primarily located in fibroblast-like cells
within the same region. qRT-PCR analyses revealed that the time-dependent trends of TH,
PGP9.5, and SYN mRNAs exhibited similarities, peaking between 5 and 7 days post-MI. TH
demonstrates higher specificity than PGP9.5 and SYN in sympathetic nerve identification,
solidifying its role as the optimal biomarker for post-MI sympathetic remodeling. The
ectopic expression of PGP9.5 and SYN in non-neuronal cells within myocardial infarction
tissue remains speculative and requires further mechanistic studies for validation.

Keywords: myocardial infarction (MI); sympathetic remodeling; tyrosine hydroxylase (TH);
protein gene product 9.5 (PGP9.5); synaptophysin (SYN)

1. Introduction
Cardiovascular diseases, particularly myocardial infarction (MI), remain the leading

cause of global mortality. Post-MI myocardial tissue undergoes pathological sympathetic
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remodeling, characterized by a biphasic pattern: an initial denervation phase due to is-
chemic nerve terminal damage, followed by maladaptive hyperinnervation within the
infarct border zone. This remodeling manifests as regional sympathetic hyperactivity
mediated through nerve growth factor (NGF)-dependent sprouting and inflammatory
cytokine-driven neurogenesis [1]. The denervation phase involves the rapid degradation of
sympathetic terminals, evidenced by a >70% reduction in synaptic vesicle proteins, e.g.,
synaptophysin (SYN), and disrupted neurotransmitter release machinery. Subsequently,
macrophage-derived NGF and matrix metalloproteinases (MMPs) trigger axonal sprouting,
leading to dysregulated reinnervation with excessive tyrosine hydroxylase (TH)-positive
fibers. Crucially, this hyperinnervation exhibits spatial heterogeneity: chondroitin sulfate
proteoglycans (CSPGs) in the cardiac scar prevent sympathetic reinnervation by binding the
neuronal protein tyrosine phosphatase receptor sigma (PTPσ), leading to permanent dener-
vation in the infarct core [2]; while the border zone develops nerve density gradients that
create electrophysiological dispersion [3]. Sympathetic remodeling is strongly implicated in
the pathogenesis and progression of post-infarct malignant arrhythmias (MAs), which may
precipitate lethal complications, including heart failure (HF) and sudden cardiac death [4].

TH, the rate-limiting enzyme in catecholamine biosynthesis, is predominantly local-
ized to catecholaminergic neurons [5], sympathetic ganglia [6], and sympathetic nerve
terminals [7]. The angiotensin II-angiotensin II receptor type 1 (AT1R) axis significantly
upregulates tyrosine hydroxylase (TH) expression and enhances axonal trafficking of TH
mRNA, leading to increased local norepinephrine synthesis within hyperinnervated areas,
which critically contributes to electrophysiological instability and arrhythmogenesis [8]. TH
also functions as a significant biomarker in diagnosing conditions such as pheochromocy-
toma [9] and Parkinson’s disease [10]. Protein gene product 9.5 (PGP9.5), also referred to as
ubiquitin carboxy-terminal hydrolase L1 (UCHL1), is a specific protein found in nerve fibers.
It is extensively distributed in neurons [11] and nerve fibers [12] within both the central
and peripheral nervous systems. SYN is localized in the membrane of presynaptic vesicles
within nerve terminals in both the central and peripheral nervous systems [13]. SYN plays a
crucial role in the import, transport, and release of neurotransmitters from synaptic vesicles
by facilitating Ca2+-dependent membrane fusion, which is closely associated with nerve
growth, repair, and regeneration [14,15]. Previous studies have identified the expressions
of TH, PGP9.5, and SYN in MI [16–18]. However, the time-dependent expressions of TH,
PGP9.5, and SYN, as well as their differential distribution during MI, remain undefined.
Consequently, it is essential to identify a more suitable indicator for determining sympa-
thetic nerve presence in the myocardial tissue and to discuss the mechanism by which TH,
PGP9.5, and SYN contribute to the progression of MI.

This investigation systematically characterizes the temporal dynamics and spatial
heterogeneity of TH, PGP9.5, and SYN in the post-infarct myocardium, preliminarily
exploring their distinct roles in the pathogenesis of MI.

2. Results
2.1. Microscopic Analysis of MI Tissue in Mice

At day 2 post-MI in mice, significant infiltration of single-nucleated cells and sub-
stantial proliferation of fibroblast-like cells were observed in the infarct region (Figure 1a).
Degenerated and necrotic myocardial fibers exhibited bluish-purple alterations, as ob-
served through Masson staining (Figure 2a). At days 5 and 7 post-MI, a notable presence
of fibroblast-like cells was observed, along with interstitial blue collagen fiber deposits
and a limited quantity of regenerating cardiomyocytes in the infarcted region (Figure 1b,c;
Figure 2b,c). At day 10 post-MI in mice, an increase in the deposition of blue collagen
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fibers was observed within the infarct zone, as indicated by Masson staining, alongside a
reduction in cellular components (Figure 1d; Figure 2d).

Figure 1. Histological characterization of MI in mice. Single-nucleated cell infiltration and fibroblast-
like cell proliferation dominate the infarct region at day 2 post-MI (a). Fibroblast-like cells persist with
sparse regenerating cardiomyocytes at days 5 and 7 post-MI (b,c). Cellular components markedly
decline at day 10 post-MI (d). Scale bar: 200 µm (HE staining).

Figure 2. Histological characterization of MI in mice. Degenerated/necrotic myocardial fibers (bluish-
purple) dominate the infarct zone at day 2 post-MI (a). Fibroblast-like cells infiltrate with interstitial
collagen fiber deposition at days 5 and 7 post-MI (b,c). Increased collagen fiber accumulation in the
infarct zoneat day 10 post-MI (d). Scale bar: 200 µm (Masson staining).
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2.2. Immunohistochemical Localization of TH, PGP9.5, and SYN in Normal Cardiac Tissue

TH was undetected in the normal cardiomyocyte (Figure 3a). PGP9.5 exhibited weakly
positive staining localized in the cytoplasm of focal normal cardiomyocytes (Figure 3f). The
cytoplasmic expression of SYN in normal cardiomyocytes was significantly higher than
that of TH and PGP9.5 (Figure 3k).

Figure 3. Representative micrographs of immunohistochemical staining for TH (a,A), PGP9.5 (f,F),
and SYN (k,K) in normal cardiac tissue. Myocardial upregulation of TH occurred exclusively in
sympathetic nerves extending from the peri-infarct to the infarct region at 2 days post-MI (b,B),
5 days post-MI (c,C), 7 days post-MI (d,D), and 10 days post-MI (e,E) in mice. Positive staining for
PGP9.5 was predominantly observed in the regenerating cardiomyocytes within the infarct region
and in the peri-infarct cardiomyocytes extending from the peri-infarct to the infarct region at 2 days
post-MI (g,G), 5 days post-MI (h,H), 7 days post-MI (i,I), and 10 days post-MI (j,J) in mice. SYN
was primarily localized in the cytoplasm of fibroblast-like cells within the infarct region at 2 days
post-MI (l,L), 5 days post-MI (m,M), 7 days post-MI (n,N), and 10 days post-MI (o,O) in mice. Scale
bar: 200 µm/50 µm.
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TH- and PGP9.5-positive sympathetic nerves exhibited focal distribution in the epi-
cardium, interstitium, and perivascular regions (Figure 3A,F). SYN-positive sympathetic
nerves exhibited focal distribution in the interstitium and perivascular regions (Figure 3K).

2.3. Differential Immunohistochemical Expression of TH, PGP9.5, and SYN in Post-Infarct Hearts

At 2 days post-MI, immunohistochemical staining mainly demonstrated TH expression
in the sympathetic nerves extending from the peri-infarct to the infarct region, characterized
by a thin and elongated strip-like morphology (Figure 3b,B). At 5 and 7 days post-MI, a
significant presence of TH-positive sympathetic nerves was noted in the infarct region,
exhibiting a grid-like morphology (Figure 3c,C,d,D). At 10 days post-MI, TH-positive
staining for sympathetic nerves was reduced in the infarct region (Figure 3e,E).

At 2 days post-MI, intense PGP9.5 immunolabeling was primarily localized to car-
diomyocytes in both the infarct core and peri-infarct border zone, with sparse signals
detected in sympathetic nerves within the infarct region (Figure 3g,G). At 5 days and 7 days
post-MI, the quantity of PGP9.5-positive staining for cardiomyocytes within the infarct
region and peri-infarct cardiomyocytes exhibited a further increase (Figure 3h,H,i,I). At
10 days post-MI, PGP9.5-positive staining remained present in the cardiomyocytes within
the infarct region and in peri-infarct cardiomyocytes; however, the intensity of staining was
markedly diminished (Figure 3j,J).

At 2 days post-MI, SYN-positive staining exhibited greater complexity and variability
than TH and PGP9.5. SYN was primarily localized in the cytoplasm of fibroblast-like
cells within the infarct region (Figure 3l,L). SYN upregulation also occurred in the limited
quantities of peri-infarct cardiomyocytes, regenerating cardiomyocytes, and sympathetic
nerves within the infarct region. At 5 days and 7 days post-MI, significant immunoreactivity
for SYN was predominantly observed in fibroblast-like cells within the infarct region
(Figure 3m,M,n,N) and in peri-infarct cardiomyocytes. At 10 days post-MI, there was a
tendency for simplified positive immunoreactivity for SYN, primarily observed in peri-
infarct cardiomyocytes (Figure 3o,O).

2.4. Dynamic Alterations in Myocardial TH, PGP9.5, and SYN mRNA Levels in Post-MI Mice

In comparison to the control group, the expression levels of mRNA for TH, PGP9.5, and
SYN showed significant increases as early as 2 days post-MI and remained elevated until
10 days post-MI (Figure 4). The relative quantities of TH mRNA (1.702 ± 0.09) at 5 days
post-MI, PGP9.5 mRNA (3.102 ± 0.13) at 7 days post-MI, and SYN mTNA (3.608 ± 0.28) at
5 days post-MI reached their respective maxima (Figure 4).

Table 1 illustrates that there were no significant differences in the relative quantity of TH
mRNA between 5 days post-MI and 7 days post-MI or between 7 days post-MI and 10 days
post-MI. No significant differences in the relative quantity of PGP9.5 mRNA were observed
between 5 days post-MI and 10 days post-MI or between 7 days post-MI and 10 days
post-MI. No significant differences in the relative quantity of SYN mRNA were observed
between 7 days post-MI and 10 days post-MI. Significant differences were observed in the
relative quantities of TH, PGP9.5, and SYN mRNAs among the other groups.
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Figure 4. (a–c) Time-dependent expressions of TH, PGP9.5, and SYN mRNAs in the control group and
four experimental groups. The mRNA levels of TH, PGP9.5, and SYN were significantly upregulated
from day 2 to day 10 post-MI. Peak expression levels occurred on day 5 for TH (1.702 ± 0.09) and
SYN (3.608 ± 0.28) mRNA, and on day 7 for PGP9.5 mRNA (3.102 ± 0.13). All values represent the
mean ± SD. **** p < 0.0001; ** 0.001 < p < 0.01; * 0.01 < p < 0.05; ns > 0.05.

Table 1. Relative quantity of TH, PGP9.5, and SYN mRNAs in the control group and four experimental
groups.

Groups
Mean (%) ± SD (%) (range %)

TH PGP9.5 SYN

Control 1 a 1 a 1 a

2 days 1.284 ± 0.08
(1.222–1.432) a

1.962 ± 0.19
(1.675–2.126) a

1.618 ± 0.18
(1.390–1.834) a

5 days 1.702 ± 0.09
(1.635–1.843) b

2.864 ± 0.14
(2.675–3.025) e

3.608 ± 0.28
(3.213–3.982) a

7 days 1.616 ± 0.08
(1.523–1.735) c

3.102 ± 0.13
(2.983–3.294) e

3.050 ± 0.12
(2.898–3.212) f

10 days 1.515 ± 0.07
(1.430–1.582) d

2.991 ± 0.13
(2.784–3.132) d

2.799 ± 0.13
(2.674–2.984) g

a p < 0.0001 (vs. each group), b p < 0.0001 (vs. the control and 2 days post-MI group) and 0.001 < p < 0.0001
(vs. 10 days post-MI group), c p < 0.0001 (vs. the control and 2 days post-MI group), d p < 0.0001 (vs. the control
and 2 days post-MI group) and 0.001 < p < 0.0001 (vs. 5 days post-MI group), e p < 0.0001 (vs. the control and
2 days post-MI group) or 0.05 (vs. 7 days post-MI group or 5 days post-MI group), f p < 0.0001 (vs. the other
groups except the 10 days post-MI group), g p < 0.0001 (vs. the other groups except the 7 days post-MI group).

3. Discussion
The current research demonstrates that, in mice, following MI, there is a significant

increase in cardiac sympathetic hyperinnervation from the peri-infarct to the infarct region.
The temporal progression of sympathetic markers (TH, PGP9.5, and SYN) exhibited a spe-
cific increase during the post-infarction phases in the myocardium. TH immunopositivity
for sympathetic nerves was observed from the peri-infarct to the infarct region between
2 days post-MI and 10 days post-MI, effectively delineating the morphology of sympathetic
nerves with high sensitivity. Furthermore, TH was solely expressed in sympathetic nerves
and was absent in other cardiac tissues in both the control group and experimental groups,
demonstrating high specificity. PGP9.5 was predominantly observed in the regenerating
cardiomyocytes within the infarct region and in peri-infarct cardiomyocytes, while SYN
was primarily located in the fibroblast-like cells within the same region. Therefore, this
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study proposes for the first time that TH functions as a preferred marker for sympathetic
localization after MI.

Additionally, the expression of TH, PGP9.5, and SYN mRNAs rose significantly as early
as 2 days post-MI, peaking at 5 days post-MI or 7 days post-MI; this was followed by a slight
decline observed at 7 to 10 days post-MI, as determined by qRT-PCR analysis. Although the
expression trends of TH, PGP9.5, and SYN mRNAs and their corresponding proteins are
not entirely synchronous, this discrepancy is likely attributable to the sequential regulation
of gene expression: mRNA transcription typically precedes and regulates subsequent
protein translation, resulting in a physiological time lag between mRNA and protein
peaks. Such staggered expression kinetics are consistent with canonical gene regulatory
mechanisms, where transcriptomic changes precede proteomic adaptations in pathological
conditions [19].

The expression trends of TH, PGP9.5, and SYN after MI in mice were compara-
ble; however, their impacts on MI were markedly distinct. TH serves as a rate-limiting
enzyme in catecholamine biosynthesis, facilitating the conversion of L-tyrosine to L-
dihydroxyphenylalanine (L-DOPA) through a tetrahydrobiopterin-dependent monooxy-
genase reaction. L-DOPA is subsequently converted to dopamine through the action of
dopamine decarboxylase and pyridoxal phosphate, which is then further transformed
into norepinephrine and epinephrine by dopamine beta-hydroxylase [20]. Norepinephrine
binds to β-receptors in cardiomyocytes, accelerating the inward flow of calcium ions during
phase 0 of slow-response cells. This increases the rate of the rise in the action potential
(AP) in phase 0 and enhances atrioventricular conduction, leading to the occurrence of
cardiac MA [21]. Recent research indicates that systemic norepinephrine can elevate ven-
tricular interstitial neuropeptide Y (NPY) levels, implying that norepinephrine stimulates
NPY release from postganglionic sympathetic nerves. Elevated NPY levels correlate with
heightened ventricular arrhythmias and mortality in heart failure patients [22]. Thus,
the up-regulation of TH expression can represent sympathetic nerve hyperinnervation
and enhanced sympathetic activity within the infarct region, which likely contributes to
the onset of cardiac arrhythmias after MI, as is consistent with our prior study involving
human specimens [16]. A recent study in a large animal model has provided compelling
functional evidence for this phenomenon [23]. By directly measuring the dynamic release
of neurotransmitters within the myocardial interstitium, this research confirmed that the
heart exhibits regionally heterogeneous release of both norepinephrine and NPY under
stress after myocardial infarction. Furthermore, this abnormal release could be partially
suppressed by Axonal Modulation Therapy (AMT) targeting the stellate ganglia. This
discovery not only supports the potential of NPY as a crucial biomarker and therapeutic
target, but also suggests that combining morphological markers (such as our TH findings)
with functional indicators (such as dynamic NPY release) may represent a precise future
direction for assessing cardiac sympathetic nerve activity, identifying high-risk patients,
and guiding neuromodulation therapies.

While sparse sympathetic nerve fibers retained weak PGP9.5 immunoreactivity, pre-
dominant expression was localized to cardiomyocytes of the infarct core and border zone,
demonstrating spatial specificity distinct from sympathetic innervation patterns in the
study. Macrophages and myofibroblasts exhibited NGF expression in regions adjacent to
sympathetic nerves [24]. The local secretion of neurotrophic proteins by these cells may
trigger PGP9.5 expression in cardiomyocytes post-MI. PGP9.5 is alternatively known as
ubiquitin carboxyl-terminal hydrolase L1 (UCHL1). It is a deubiquitinating enzyme (DUBs;
also referred to as deubiquitinase) that removes ubiquitin or polyubiquitin from target
proteins [25]. UCHL1 expression was significantly upregulated in cardiomyocytes after MI,
correlating with elevated ubiquitin expression [17]. The pathophysiological significance
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of UCHL1 expression in the cardiomyocytes may stabilize epidermal growth factor recep-
tor (EGFR) through deubiquitination, thereby activating its downstream mediators. The
systemic administration of the UCHL1 inhibitor LDN-57444 markedly reversed cardiac
hypertrophy and remodeling [26]. This same group later reported analogous findings in
the spontaneous hypertensive rat model, utilizing only the pharmacological inhibition
of UCHL1 through LDN-57444 [27]. Recent LC3-II flux assays indicate a reduction in
autophagic flux in CKO mouse myocardium and in cultured Uchl1-deficient cardiomy-
ocytes. The upregulation of UCHL1 in post-MI hearts may confer protection against cardiac
remodeling and dysfunction, potentially by facilitating autophagic flux and maintaining
proteostasis under stress conditions [28].

This study revealed that SYN is primarily located in fibroblast-like cells within the
infarct region, while the exact mechanism of SYN expression in non-neuronal cells remains
unclear. Synaptic vesicles (SVs) in nerve terminals are known to be characterized by their
small size. The ectopic expression of SYN, the second-most abundant integral membrane
protein of SVs, in fibroblastic cells (COS7 cells) [29], in conjunction with synapsin, a
peripheral SV protein that can form macromolecular condensates [30], is sufficient to
produce liquid clusters of small exo-endocytic recycling vesicles. These clusters resemble
the SVs of synapses in terms of size and molecular composition [31,32]. These studies
indicate that SYN, located in fibroblast-like cells within the infarct region, may make
a significant contribution to the formation of vesicles within the size range of SVs. In
the future, an important question to consider is whether the function of SYN-positive
fibroblast-like cells within the infarct region is similar to that of nerve terminals.

4. Materials and Methods
4.1. Animals and Ethical Procedures

A total of 60 healthy adult C57/BL6 male mice, with weights ranging from 22 g to 28 g,
were divided into two groups: a control group consisting of normal mice (n = 12) and four
experimental groups (n = 48). The designed MI ages were distributed at 2 days (n = 12),
5 days (n = 12), 7 days (n = 12), and 10 days (n = 12).

All mice were acquired from Beijing Vital River Laboratory Animal Technology Co.,
Ltd (Beijing, China). The mice were maintained in a 12-h light/dark cycle at 25 ◦C, with un-
restricted access to standard chow and tap water in accordance with institutional guidelines.
All animal protocols adhered to the “Principles of Laboratory Animal Care” (National
Institutes of Health, Published No. 85-23, Revised 1985), aiming to minimize both the
number of animals utilized and their potential suffering. Approval was granted by the
Ethical Committee of Institute of Evidence Law and Forensic Science at China University
of Political Science and Law.

4.2. MI Model

MI was induced through surgical ligation of the left anterior descending coronary
artery (LAD) in mice under aseptic conditions, following previously established methods
with minor modifications [33]. Briefly, after the induction of anesthesia using ketamine
(50 mg/kg) and pentobarbital sodium (50 mg/kg), mice were orally intubated and sub-
sequently connected to a MiniVent Mouse Ventilator (Type 845, Harvard Apparatus) set
to 125–150 breaths per minute, adjusted according to body weight (tidal volume 6.4 µL/g,
PEEP 5–7 cm H2O). Anesthesia was sustained using 1% isoflurane. Heat lamps and heating
pads were employed to sustain body temperature at 37 ◦C. Following hair removal and
skin disinfection, a left thoracotomy was conducted in the fourth intercostal space to access
the beating heart. The LAD was visualized and ligated with a 6-0 silk suture to induce MI.
Successful occlusion was verified through the observation of pallor in the myocardial tissue
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distal to the ligature, accompanied by left ventricular dyskinesia. The chest was closed
using a 4-0 silk suture, and the skin was sealed; subsequently, the trachea cannula was
gently removed. Buprenorphine SR (1 mg/kg) was administered immediately post-surgery,
prior to placing the mice on a warm surface in a new, clean cage for recovery.

CO2 asphyxiation was employed to euthanize the mice on the second day (n = 12),
fifth day (n = 12), seventh day (n = 12), and tenth day (n = 12) post-operation. Histological
examinations and immunohistochemical procedures were conducted using transverse
sections of the left ventricles from 6 mice. Myocardial specimens were obtained from
the left ventricles of six additional mice, which were equally divided into two blocks for
quantitative reverse-transcriptase PCR (qRT-PCR). The myocardial specimen in the control
group (n = 12) was obtained from the same site.

4.3. Histological Examination

Histological slides were prepared with 5 mm sections and stained with hematoxylin–
eosin (HE) to analyze granulation tissue parameters with modifications—inflammatory
infiltrate, vascular proliferation, fibroblastic proliferation and collagenization. Masson
staining was used to evaluate the organization and maturation of collagen fibers.

4.4. Immunohistochemical Staining

Briefly, tissue sections were mounted on glass slides coated with APES. The sections
underwent deparaffinization in xylene, followed by rehydration through a series of graded
alcohols, and they were subsequently heated in 0.01 mol/L sodium citrate buffer (pH 6.0)
using a medical microwave oven for antigen retrieval. Hydrogen peroxide (3%) was subse-
quently applied to quench endogenous peroxidase activity. The sections were incubated
with 10% non-immune goat serum to minimize non-specific binding. Tissue sections were
incubated overnight at 4 ◦C with rabbit anti-Tyrosine Hydroxylase monoclonal antibody
(dilution 1:200; ab137869, Abcam, Cambridge, UK), rabbit anti-PGP9.5 monoclonal anti-
body (dilution 1:200; ab108986, Abcam, Cambridge, UK), and rabbit anti-Synaptophysin
monoclonal antibody (dilution 1:200; ab32127, Abcam, Cambridge, UK). This was followed
by incubation with the Histostain-Plus Kit according to the manufacturer’s instructions
(Zymed Laboratories, South San Francisco, CA, USA). The sections were routinely counter-
stained with hematoxylin. Some sections were incubated with PBS instead of the primary
antibody as immunohistochemical controls for immunostaining procedures. Hematoxylin-
eosin (HE) staining was performed using conventional methods.

4.5. qRT-PCR Analysis

Total RNA was isolated using RNAiso Plus (9108, Takara Biotechnology, Shiga, Japan)
according to the manufacturer’s guidelines. The RNA concentration was measured using
spectrophotometry, and its integrity was evaluated via agarose gel electrophoresis. Reverse
transcription of total RNA (1 µg) was conducted utilizing the PrimeScriptTM RT reagent
Kit (RR037A, Takara Biotechnology). The primers for the target and reference genes, as
outlined in Table 2, were designed and synthesized by Takara Biotechnology. Real-time
fluorescence detection was performed with an ABI PRISM® 7500 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA), and quantification was determined using
the comparative threshold cycle (Ct) method. The Ct of the duplicate measurements was
utilized to determine ∆Ct, defined as the difference in Ct values between the target and
reference genes. The relative quantity of the product was calculated as fold-induction
in experimental groups relative to the control group using the formula 2−∆∆Ct, where
∆∆Ct = ∆Ct (2 days, 5 days, 7 days, or 10 days) − ∆Ct (the control group).
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Table 2. qRT–PCR primer sequences.

Gene Species Primer GenBank Accession No.

Gapdh mouse Forward: 5′-GGTGAAGGTCGGTGTGAACG-3′ NM_017008.3
Reverse: 5′-CTCGCTCCTGGAAGATGGTG-3′

TH mouse Forward: 5′-GTTTCAGTGCACACAGTACATC-3′ NM_009377.2
Reverse: 5′-CACCGTGGAGAGTTTTTCAATT-3′

PGP9.5 mouse Forward: 5′-ATAGAGCCAAGTGTTTCGAGAA-3′ NM_011670.2
Reverse: 5′-ATTCACTTTGTCATCTACCCGA-3′

SYN mouse Forward: 5′-CCACTGACCCAGAGAACATTAT-3′ NM_009305.2
Reverse: 5′-CTTGAACACGAACCATAGGTTG-3′

Gapdh, glyceraldehyde-3-phosphate dehydrogenase; TH, tyrosine hydroxylase; PGP9.5, protein gene product 9.5.
SYN, synaptophysin.

4.6. Statistical Analysis

Data are presented as means ± standard deviation (SD) and were analyzed using SPSS
17.0. Prior to parametric analysis, all variables (TH, PGP9.5, and SYN) were confirmed to
meet the assumptions of normality and homogeneity of variances: Normality was assessed
using the Shapiro–Wilk test, with a significance threshold of p > 0.05 indicating normal
distribution. Homogeneity of variances was verified via Levene’s test, where p > 0.05
indicated equal variances across groups.

After confirming these assumptions, a one-way ANOVA was employed to compare
TH, PGP9.5, or SYN data between groups. A difference of p < 0.05 was deemed statistically
significant.

5. Conclusions
This study demonstrates that the exclusive sympathetic neuronal expression of TH

confers superior specificity for tracking post-MI remodeling compared to pan-neuronal
markers. Consequently, TH emerges as a more robust and reliable biomarker for evaluating
sympathetic nerve remodeling post-MI than PGP9.5 or SYN. Furthermore, immunohisto-
chemical analysis demonstrated ectopic expression of PGP9.5 and SYN in non-neuronal
cells within myocardial infarction tissues. However, due to the inherent limitations of
immunohistochemistry as a semiquantitative technique and the absence of functional
validation through genetic perturbation models (such as cell-specific knockout), these
observations remain speculative and require further mechanistic investigation.

Author Contributions: T.Y., B.P. and D.Z. have given substantial contributions to the conception or
the design of the manuscript, and T.Y. and D.Z. to the acquisition, analysis and interpretation of the
data. All authors participated in the drafting of the manuscript; T.Y. and D.Z. revised it critically. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Defense Industrial Technology Development Program
(JCKY2024601C018).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: The legally authorized representative gave written, informed consent
for participation in the case study and for publication of the data.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

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



Int. J. Mol. Sci. 2025, 26, 9456 11 of 12

References
1. Fukuda, K.; Kanazawa, H.; Aizawa, Y.; Ardell, J.L.; Shivkumar, K. Cardiac Innervation and Sudden Cardiac Death. Circ. Res.

2015, 116, 2005–2019. [CrossRef]
2. Blake, M.R.; Gardner, R.T.; Jin, H.; Staffenson, M.A.; Rueb, N.J.; Barrios, A.M.; Dudley, G.B.; Cohen, M.S.; Habecker, B.A. Small

Molecules Targeting PTPsigma-Trk Interactions Promote Sympathetic Nerve Regeneration. ACS Chem. Neurosci. 2022, 13, 688–699.
[CrossRef]

3. Billman, G.E. Cardiac autonomic neural remodeling and susceptibility to sudden cardiac death: Effect of endurance exercise
training. Am. J. Physiol. Heart Circ. Physiol. 2009, 297, H1171–H1193. [CrossRef]

4. Borovac, J.A.; D’Amario, D.; Bozic, J.; Glavas, D. Sympathetic nervous system activation and heart failure: Current state of
evidence and the pathophysiology in the light of novel biomarkers. World J. Cardiol. 2020, 12, 373–408. [CrossRef]

5. Huang, Z.H.; Ni, R.J.; Luo, P.H.; Zhou, J.N. Distribution of tyrosine-hydroxylase-immunoreactive neurons in the hypothalamus of
tree shrews. J. Comp. Neurol. 2020, 52, 935–952. [CrossRef]

6. Torres, H.; Huesing, C.; Burk, D.H.; Molinas, A.J.R.; Neuhuber, W.L.; Berthoud, H.R.; Münzberg, H.; Derbenev, A.V.; Zsombok, A.
Sympathetic innervation of the mouse kidney and liver arising from prevertebral ganglia. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 2021, 321, R328–R337. [CrossRef]

7. Krivova, Y.S.; Proshchina, A.E.; Otlyga, D.A.; Leonova, O.G.; Saveliev, S.V. Prenatal development of sympathetic innervation of
the human pancreas. Ann. Anat. 2022, 240, 151880. [CrossRef]

8. Aschrafi, A.; Berndt, A.; Kowalak, J.A.; Gale, J.R.; Gioio, A.E.; Kaplan, B.B. Angiotensin II mediates the axonal trafficking of
tyrosine hydroxylase and dopamine β-hydroxylase mRNAs and enhances norepinephrine synthesis in primary sympathetic
neurons. J. Neurochem. 2019, 150, 666–677. [CrossRef]

9. Konosu-Fukaya, S.; Omata, K.; Tezuka, Y.; Ono, Y.; Aoyama, Y.; Satoh, F.; Fujishima, F.; Sasano, H.; Nakamura, Y. Catecholamine-
Synthesizing Enzymes in Pheochromocytoma and Extraadrenal Paraganglioma. Endocr. Pathol. 2018, 29, 302–309. [CrossRef]

10. Nagatsu, T.; Nakashima, A.; Ichinose, H.; Kobayashi, K. Human tyrosine hydroxylase in Parkinson’s disease and in related
disorders. J. Neural. Transm. 2019, 126, 397–409. [CrossRef]

11. Amalia, S.N.; Baral, H.; Fujiwara, C.; Uchiyama, A.; Inoue, Y.; Yamazaki, S.; Ishikawa, M.; Kosaka, K.; Sekiguchi, A.; Yokoyama,
Y.; et al. TRPV4 Regulates the Development of Psoriasis by Controlling Adenosine Triphosphate Expression in Keratinocytes and
the Neuroimmune System. J. Investig. Dermatol. 2023, 143, 2356–2365. [CrossRef] [PubMed]

12. Williams, C.; Hoang, L.; Yosef, A.; Alotaibi, F.; Allaire, C.; Brotto, L.; Fraser, I.S.; Bedaiwy, M.A.; Ng, T.L.; Lee, A.F.; et al. Nerve
Bundles and Deep Dyspareunia in Endometriosis. Reprod. Sci. 2016, 23, 892–901. [CrossRef] [PubMed]

13. Kolos, Y.A.; Grigoriyev, I.P.; Korzhevskyi, D.E. A synaptic marker synaptophysin. Morfologiia 2015, 147, 78–82.
14. Kokotos, A.C.; Harper, C.B.; Marland, J.R.K.; Smillie, K.J.; Cousin, M.A.; Gordon, S.L. Synaptophysin sustains presynaptic

performance by preserving vesicular synaptobrevin-II levels. J. Neurochem. 2019, 151, 28–37. [CrossRef]
15. Chang, C.W.; Hsiao, Y.T.; Jackson, M.B. Synaptophysin Regulates Fusion Pores and Exocytosis Mode in Chromaffin Cells. J.

Neurosci. 2021, 41, 3563–3578. [CrossRef]
16. Yu, T.S.; Wang, X.; Zhang, H.D.; Bai, R.F.; Zhao, R.; Guan, D.W. Evaluation of specific neural marker GAP-43 and TH combined

with Masson-trichrome staining for forensic autopsy cases with old myocardial infarction. Int. J. Legal. Med. 2018, 132, 187–195.
[CrossRef]

17. Drobysheva, A.; Ahmad, M.; White, R.; Wang, H.W.; Leenen, F.H. Cardiac sympathetic innervation and PGP9.5 expression
by cardiomyocytes after myocardial infarction: Effects of central MR blockade. Am. J. Physiol. Heart Circ. Physiol. 2013, 305,
H1817–H1829. [CrossRef]

18. Han, S.; Kobayashi, K.; Joung, B.; Piccirillo, G.; Maruyama, M.; Vinters, H.V.; March, K.; Lin, S.F.; Shen, C.; Fishbein, M.C.;
et al. Electroanatomic remodeling of the left stellate ganglion after myocardial infarction. J. Am. Coll. Cardiol. 2012, 59, 954–961.
[CrossRef]

19. Cope, A.L.; Schraiber, J.G.; Pennell, M. Macroevolutionary divergence of gene expression driven by selection on protein abundance.
Science 2025, 387, 1063–1068. [CrossRef]

20. Mete, O.; Asa, S.L.; Gill, A.J.; Kimura, N.; de Krijger, R.R.; Tischler, A. Overview of the 2022 WHO Classification of Paragangliomas
and Pheochromocytomas. Endocr. Pathol. 2022, 33, 90–114. [CrossRef] [PubMed]

21. Veldkamp, M.W.; Verkerk, A.O.; van Ginneken, A.C.; Baartscheer, A.; Schumacher, C.; de Jonge, N.; de Bakker, J.M.; Opthof,
T. Norepinephrine induces action potential prolongation and early afterdepolarizations in ventricular myocytes isolated from
human end-stage failing hearts. Eur. Heart J. 2001, 22, 955–963. [CrossRef] [PubMed]

22. van Weperen, V.Y.H.; Hoang, J.D.; Jani, N.R.; Khaky, A.; Herring, N.; Smith, C.; Vaseghi, M. Circulating noradrenaline leads to
release of neuropeptide Y from cardiac sympathetic nerve terminals via activation of β-adrenergic receptors. J. Physiol. 2025, 603,
1911–1921. [CrossRef] [PubMed]

https://doi.org/10.1161/CIRCRESAHA.116.304679
https://doi.org/10.1021/acschemneuro.1c00854
https://doi.org/10.1152/ajpheart.00534.2009
https://doi.org/10.4330/wjc.v12.i8.373
https://doi.org/10.1002/cne.24803
https://doi.org/10.1152/ajpregu.00079.2021
https://doi.org/10.1016/j.aanat.2021.151880
https://doi.org/10.1111/jnc.14821
https://doi.org/10.1007/s12022-018-9544-5
https://doi.org/10.1007/s00702-018-1903-3
https://doi.org/10.1016/j.jid.2023.05.009
https://www.ncbi.nlm.nih.gov/pubmed/37263487
https://doi.org/10.1177/1933719115623644
https://www.ncbi.nlm.nih.gov/pubmed/26711313
https://doi.org/10.1111/jnc.14797
https://doi.org/10.1523/JNEUROSCI.2833-20.2021
https://doi.org/10.1007/s00414-017-1590-x
https://doi.org/10.1152/ajpheart.00445.2013
https://doi.org/10.1016/j.jacc.2011.11.030
https://doi.org/10.1126/science.ads2658
https://doi.org/10.1007/s12022-022-09704-6
https://www.ncbi.nlm.nih.gov/pubmed/35285002
https://doi.org/10.1053/euhj.2000.2499
https://www.ncbi.nlm.nih.gov/pubmed/11428819
https://doi.org/10.1113/JP285945
https://www.ncbi.nlm.nih.gov/pubmed/38352977


Int. J. Mol. Sci. 2025, 26, 9456 12 of 12

23. Vrabec, T.; Bender, S.; Chan, S.A.; Cha, S.; Haridas, S.; Hanna, P.; Ajijola, O.A.; Shivkumar, K.; Smith, C.; Ardell, J.L. Bioelectronic
block of stellate ganglia mitigates pacing-induced heterogeneous release of catecholamine and neuropeptide Y in the infarcted
pig heart. J. Physiol. 2025, 603, 2071–2088. [CrossRef] [PubMed]

24. Hasan, W.; Jama, A.; Donohue, T.; Wernli, G.; Onyszchuk, G.; Al-Hafez, B.; Bilgen, M.; Smith, P.G. Sympathetic hyperinnervation
and inflammatory cell NGF synthesis following myocardial infarction in rats. Brain Res. 2006, 1124, 142–154. [CrossRef]

25. Goto, Y.; Zeng, L.; Yeom, C.J.; Zhu, Y.; Morinibu, A.; Shinomiya, K.; Kobayashi, M.; Hirota, K.; Itasaka, S.; Yoshimura, M.; et al.
UCHL1 provides diagnostic and antimetastatic strategies due to its deubiquitinating effect on HIF-1α. Nat. Commun. 2015, 6,
6153. [CrossRef]

26. Bi, H.L.; Zhang, X.L.; Zhang, Y.L.; Xie, X.; Xia, Y.L.; Du, J.; Li, H.H. The deubiquitinase UCHL1 regulates cardiac hypertrophy by
stabilizing epidermal growth factor receptor. Sci. Adv. 2020, 6, eaax4826. [CrossRef]

27. Han, X.; Zhang, Y.L.; Fu, T.T.; Li, P.B.; Cong, T.; Li, H.H. Blockage of UCHL1 activity attenuates cardiac remodeling in
spontaneously hypertensive rats. Hypertens. Res. 2020, 43, 1089–1098. [CrossRef]

28. Wu, P.; Li, Y.; Cai, M.; Ye, B.; Geng, B.; Li, F.; Zhu, H.; Liu, J.; Wang, X. Ubiquitin Carboxyl-Terminal Hydrolase L1 of Cardiomy-
ocytes Promotes Macroautophagy and Proteostasis and Protects Against Post-myocardial Infarction Cardiac Remodeling and
Heart Failure. Front. Cardiovasc. Med. 2022, 9, 866901. [CrossRef]

29. Takamori, S.; Holt, M.; Stenius, K.; Lemke, E.A.; Grønborg, M.; Riedel, D.; Urlaub, H.; Schenck, S.; Brügger, B.; Ringler, P.; et al.
Molecular anatomy of a trafficking organelle. Cell 2006, 127, 831–846. [CrossRef]

30. Milovanovic, D.; Wu, Y.; Bian, X.; De Camilli, P. A liquid phase of synapsin and lipid vesicles. Science 2018, 361, 604–607. [CrossRef]
31. Park, D.; Wu, Y.; Lee, S.E.; Kim, G.; Jeong, S.; Milovanovic, D.; De Camilli, P.; Chang, S. Cooperative function of synaptophysin and

synapsin in the generation of synaptic vesicle-like clusters in non-neuronal cells. Nat. Commun. 2021, 12, 263. [CrossRef] [PubMed]
32. Park, D.; Wu, Y.; Wang, X.; Gowrishankar, S.; Baublis, A.; De Camilli, P. Synaptic vesicle proteins and ATG9A self-organize in

distinct vesicle phases within synapsin condensates. Nat. Commun. 2023, 14, 455. [CrossRef] [PubMed]
33. Wang, G.; Hamid, T.; Keith, R.J.; Zhou, G.; Partridge, C.R.; Xiang, X.; Kingery, J.R.; Lewis, R.K.; Li, Q.; Rokosh, D.G.; et al.

Cardioprotective and antiapoptotic effects of heme oxygenase-1 in the failing heart. Circulation 2010, 121, 1912–1925. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1113/JP286924
https://www.ncbi.nlm.nih.gov/pubmed/39557601
https://doi.org/10.1016/j.brainres.2006.09.054
https://doi.org/10.1038/ncomms7153
https://doi.org/10.1126/sciadv.aax4826
https://doi.org/10.1038/s41440-020-0486-1
https://doi.org/10.3389/fcvm.2022.866901
https://doi.org/10.1016/j.cell.2006.10.030
https://doi.org/10.1126/science.aat5671
https://doi.org/10.1038/s41467-020-20462-z
https://www.ncbi.nlm.nih.gov/pubmed/33431828
https://doi.org/10.1038/s41467-023-36081-3
https://www.ncbi.nlm.nih.gov/pubmed/36709207
https://doi.org/10.1161/CIRCULATIONAHA.109.905471
https://www.ncbi.nlm.nih.gov/pubmed/20404253

	Introduction 
	Results 
	Microscopic Analysis of MI Tissue in Mice 
	Immunohistochemical Localization of TH, PGP9.5, and SYN in Normal Cardiac Tissue 
	Differential Immunohistochemical Expression of TH, PGP9.5, and SYN in Post-Infarct Hearts 
	Dynamic Alterations in Myocardial TH, PGP9.5, and SYN mRNA Levels in Post-MI Mice 

	Discussion 
	Materials and Methods 
	Animals and Ethical Procedures 
	MI Model 
	Histological Examination 
	Immunohistochemical Staining 
	qRT-PCR Analysis 
	Statistical Analysis 

	Conclusions 
	References

