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Abstract

Background/Objectives: Orthotopic heart transplantation results in complete surgical den-
ervation of the donor heart. Although partial functional reinnervation has been reported
in some recipients, the histopathological features of intracardiac innervation in long-term
failing cardiac allografts remain poorly characterized. We present a unique case of a car-
diac allograft explanted 11 years after transplantation that enabled detailed histological
and digital assessment of neural remodeling. Case Description: An explanted cardiac
allograft obtained after retransplantation for chronic graft dysfunction was examined using
whole-heart histopathological reconstruction and immunohistochemistry (CD3, CD68, C3,
C4d, HLA-DR, NLRP3, VEGF, and UCHL-1). Digital quantitative analysis of UCHL-1-
positive nerve fibers, including spatial density mapping and comparison with a reference
non-diseased myocardium, demonstrated profound and heterogeneous loss of intracardiac
innervation. Marked denervation was observed not only within fibrotic and infarcted
regions but also in the morphologically preserved myocardium. Neural injury was associ-
ated with perineural and endoneurial inflammatory infiltrates, complement deposition,
HLA-DR expression within nerve fibers and reduced perivascular and epicardial adipose
tissue innervation. Distinct regional patterns of denervation and neural remodeling were
also identified in the aortic segments of the transplantation complex. Conclusions: This
case demonstrates that chronic cardiac allograft dysfunction may involve extensive injury
of the intracardiac nervous system extending beyond areas of ischemic myocardial damage.
The findings suggest that immune-mediated inflammation, complement activation, and
chronic ischemia contribute to progressive neural remodeling in the transplanted heart.
Histopathological evaluation of intracardiac innervation may provide additional insight
into mechanisms of long-term graft failure and represents an underrecognized component
of cardiac allograft pathology.
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1. Introduction
Heart transplantation remains the gold standard treatment for end-stage heart failure

refractory to medical therapy. Nevertheless, surgical denervation of the donor heart in-
evitably results in the loss of its autonomic innervation [1]. The absence of sympathetic and
parasympathetic regulation substantially alters the physiology of the transplanted heart
and the clinical phenotype of the recipient, manifesting as an elevated resting heart rate,
silent ischemia, reduced exercise tolerance, and impaired adaptation of cardiac output to
the metabolic demands of the organism [2,3]. In this context, the possibility and extent of
reinnervation of the transplanted heart are of particular clinical importance, since restora-
tion of neural regulation may potentially improve functional reserve and quality of life in
transplant recipients [4].

For clarity, several related terms are used throughout this manuscript with distinct
meanings. Surgical denervation refers to the immediate interruption of autonomic nerve
fibers occurring during heart transplantation. Reinnervation denotes subsequent regrowth
or restoration of neural connections after transplantation. Neural injury describes inflam-
matory or immune-mediated structural damage affecting existing nerve fibers, whereas
secondary denervation refers to the loss of previously existing neural structures as a con-
sequence of chronic graft pathology. Finally, neural remodeling is used as a broader term
encompassing both degenerative and regenerative structural changes within the intracar-
diac nervous system.

Over the past three decades, a substantial body of evidence has accumulated indicat-
ing the possibility of partial reinnervation of the cardiac allograft. Various approaches have
been employed to assess this process, including functional imaging using positron emission
tomography (PET) and single-photon emission computed tomography (SPECT), pharma-
cological testing, and morphological examination of endomyocardial biopsy specimens.

Despite this methodological diversity, the available findings remain largely contradic-
tory. On the one hand, several lines of evidence support the occurrence of partial reinnerva-
tion. PET studies using 11C-hydroxyephedrine (11C-HED) have demonstrated progressive
increases in myocardial radiotracer uptake with longer post-transplant follow-up, which
has been interpreted as evidence of restoration of functionally active sympathetic nerve
terminals [5,6]. Furthermore, some recipients exhibit improved functional performance
during exercise testing, including significantly higher peak heart rate, greater chronotropic
reserve, and increased maximal oxygen consumption compared with patients without
evidence of reinnervation [4,7]. Morphological studies have also demonstrated the pres-
ence of nerve fibers within myocardial biopsy specimens in a substantial proportion of
patients (up to 65% in certain case series), as confirmed by immunohistochemical detection
of neuronal markers [8]. Additional neurochemical evidence, including assessment of the
coronary venous gradient of dihydroxyphenylglycol (DOPEG), a presynaptic metabolite
of noradrenaline, further suggests the presence of functionally active sympathetic nerve
endings within the transplanted heart [9].

On the other hand, substantial evidence calls into question both the completeness of
reinnervation and its clinical relevance. First, even when present, reinnervation appears
to be fragmentary and regionally restricted: in most imaging studies, radiotracer uptake
is observed predominantly in the anterior and septal walls of the left ventricle, whereas
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the posterior and lateral segments remain denervated [10,11]. Second, marked interindi-
vidual variability has been reported, with some patients demonstrating no evidence of
reinnervation even 10–13 years after transplantation [1]. Third, quantitative indices of sym-
pathetic ligand uptake within reinnervated regions remain considerably lower than normal
physiological values, raising doubts regarding the functional adequacy of the restored
innervation [12,13]. Fourth, discrepancies have been identified between different methods
of assessment, for example, preserved myocardial contractile responses to adrenergic stim-
ulation despite minimal or absent uptake of 123I-metaiodobenzylguanidine (123I-MIBG),
which may reflect the direct action of circulating catecholamines on cardiomyocytes inde-
pendently of neural fibers. Additional factors potentially influencing reinnervation include
recipient age at the time of transplantation, characteristics of immunosuppressive therapy,
and the development of cardiac allograft vasculopathy [14,15].

Particular attention should be paid to the morphological assessment of nerve fibers in
endomyocardial biopsy specimens. This approach remains controversial, since endomy-
ocardial biopsy primarily permits evaluation of subendocardial neural structures, whose
functional role is considerably less well understood than that of the sinoatrial and atri-
oventricular nodal regions. Moreover, the mere identification of a nerve fiber cannot be
regarded as proof of its functional activity. Likewise, the presence of neural structures does
not unequivocally confirm reinnervation, as these fibers may represent residual donor-
derived neural elements rather than newly established connections with the recipient’s
extracardiac nervous system. Another major limitation is the absence of comparative data
from endomyocardial biopsies obtained outside the transplantation setting, particularly
given that nerve fibers are inconsistently and irregularly visualized even in cohorts of
non-transplanted patients.

To date, most studies of cardiac reinnervation after transplantation have focused
on demonstrating the presence or absence of sympathetic reinnervation using functional
imaging, physiological testing, or limited endomyocardial biopsy specimens. In contrast,
comprehensive pathological assessment of the intracardiac nervous system in explanted
cardiac allografts with advanced chronic rejection has not been reported. The present study
combines whole-heart histological reconstruction, quantitative nerve density mapping,
immunohistochemical assessment of neural injury, and evaluation of the donor–recipient
aortic transition, providing an integrated view of neural remodeling beyond the scope of
previous imaging- or biopsy-based studies.

Thus, despite more than three decades of investigation, the issue of cardiac allograft
reinnervation remains unresolved. The contradictory findings obtained using different
methodologies, the fragmentary and regionally heterogeneous nature of reinnervation,
and the uncertainty regarding its clinical significance underscore the need for further
comprehensive studies integrating functional imaging, morphological analysis, and clinical
outcome assessment. The aim of the present study was to investigate neural fibers within a
cardiac allograft under conditions of chronic rejection.

2. Case Presentation
A 30-year-old man with end-stage primary dilated cardiomyopathy underwent or-

thotopic heart transplantation using the bicaval technique. During the subsequent 11-year
follow-up, graft surveillance was performed by serial endomyocardial biopsies. A total of
19 biopsies were available for review. Throughout most of the observation period, biopsies
demonstrated either no evidence of rejection or mild acute cellular rejection (ACR grade 1R),
with intermittent episodes of moderate cellular rejection (grade 2R). Beginning in December
2021, three consecutive biopsies demonstrated isolated pathological antibody-mediated
rejection (pAMR1(H+)), indicating increasing humoral immune activity. Subsequently, two
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episodes of combined moderate acute cellular rejection (grade 2R) and antibody-mediated
rejection (pAMR2) were documented (July 2017 and January 2026), suggesting progression
toward chronic immune-mediated graft injury (Figure 1).

Figure 1. Burden of allograft rejection over an 11-year follow-up period.

Despite immunosuppressive therapy, the patient gradually developed chronic cardiac
allograft dysfunction complicated by acute myocardial infarction, ultimately requiring
retransplantation 11 years, 2 months, and 13 days after the initial transplantation. The
patient died 16 days after the second transplantation because of disseminated intravascular
coagulation syndrome associated with severe infectious complications.

Morphological examination of the first transplanted heart confirmed severe cardiac
allograft vasculopathy, post-infarction changes involving the anterior wall, and an extensive
myocardial infarction of 2–3 weeks’ duration affecting the posterior and lateral walls with
involvement of the interventricular septum. For the purposes of analysis, a left ventricular
myocardial ring at the mid-ventricular level was selected, in which the area of scar tissue
did not exceed 10% and the area of recent infarction did not exceed 20% (Figures 2 and 3).

 

Figure 2. Gross appearance of the heart: transverse myocardial sections from the apex to the
base (A–F). Scar formation involving the anterior wall and an area of necrosis within the posterior
wall extending into the interventricular septum.
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Figure 3. Histological vascular alterations, hematoxylin and eosin staining. (A) Transverse section of
a diagonal artery at the mid-ventricular level of the left ventricle demonstrating marked neointimal
proliferation and perivascular fibrosis, ×100; (B) section of the left anterior descending artery at the
same level showing complete luminal obliteration caused by sclerosis and hyalinosis of the neointima
with paravascular fibrosis, ×100; (C) multiple thick-walled coronary arterial branches with intimal
proliferation embedded within fibrotic tissue, ×200; (D) neointimal proliferation of polymorphic cells
in a diagonal artery, ×630.

Morphological examination revealed a combination of severe post-transplant vascu-
lopathy and profound injury to myocardial and epicardial neural structures developing in
the setting of chronic immune-mediated rejection of the allograft.

Cardiac allograft vasculopathy was characterized by diffuse neointimal proliferation
in large coronary and intramyocardial arteries, loss of elastic laminae, fibrosis of the
muscular layer, and marked perivascular fibrosis. At the periphery of the vessels, dense
lymphoplasmacytic infiltrates were observed, with the formation of lymphoid aggregates
lacking germinal centers. Immunohistochemically, intense expression of complement
components C3 and C4d, as well as Human Leukocyte Antigen-DR isotype (HLA-DR),
was detected in the intima and vascular wall, indicating a significant contribution of
humoral rejection mechanisms. The inflammatory infiltrate consisted predominantly of
CD3+ T lymphocytes and CD68+ macrophages. In addition, Target of Methylation-induced
Silencing 1 (TMS1)- and Nucleotide-binding oligomerization domain, Leucine-rich Repeat
and Pyrin domain containing (NLRP3)-positive cells were identified, suggesting activation
of the inflammasome cascade and pyroptotic pathways. Marked neoangiogenesis was
observed at the periphery of affected vessels, with a characteristic gradient of Vascular
Endothelial Growth Factor (VEGF) expression: highest in proximity to the vascular wall
and gradually decreasing towards the myocardial interstitium (Figure 4).
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Figure 4. Morphological examination of vessels in post-transplant vasculopathy. (A) Marked perivas-
cular fibrosis with scarring at the sites of prior nerve fibers at the periphery of an epicardial artery,
hematoxylin and eosin staining, ×50; (B) perivascular fibrosis, intimal fibrosis, and absence of nerve
fibers and ganglia at the arterial periphery, Masson’s trichrome staining, ×100; (C) CD3 immunos-
taining demonstrating CD3+ cells within the vascular wall and perivascular region, ×200; (D) CD68
immunostaining showing infiltration by CD68+ macrophages predominantly in the adventitia and
intima of the vessel with few macrophages in the media, ×200; (E) deposition of complement com-
ponent C3 under the endothelium, along the medial fibers and in the adventitia, ×200; (F) C4d
deposition within the vascular wall and in macrophages, ×400; (G) gradient expression of VEGF with
a peak at the vascular periphery and gradual attenuation towards the periphery, ×50; (H) NLRP3
expression in the cytoplasm of a small number of inflammatory cells both within and around the
vessel, ×200.
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Against this background, injury to neural fibers was diffuse and pronounced. His-
tologically, dense lymphocytic and lymphoplasmacytic infiltrates were observed at the
periphery of nerve fibers, with inflammatory cell infiltration into the perineurium and
presence within the endoneurial space. In some cases, scarred nerve fibers with loss of
normal architectural organization and isolated perineural cells were identified, indicating
chronic injury and incomplete regeneration. Immunohistochemical analysis demonstrated
expression of C4d and C3 within individual nerve fibers and adjacent vessels, as well as
HLA-DR expression in neural structures, indicating direct involvement of neural tissue in
both humoral and cellular rejection processes (Figure 5).

 

Figure 5. Morphological examination of nerve fibers. (A) Dense lymphocytic infiltration at the
periphery of a nerve fiber with invasion into the perineurium, hematoxylin and eosin staining, ×400;
(B) dense lymphoplasmacytic infiltrates in the pericardium and a scarred nerve fibre with isolated
perineural cells, haematoxylin and eosin staining, ×200; (C) C4d expression within a nerve fiber
and in adjacent vessels, where the reaction product is determined both along the fibers and on
inflammatory cells, which indirectly indicates the activation of complement in these areas, ×400;
(D) HLA-DR expression within a nerve fiber and on inflammatory cells at the periphery, ×400.

In addition, innervation of the aorta was evaluated on autopsy material at three levels: the
recipient aortic ring, donor aortic ring 1, and donor aortic ring 2. Nerve fibers were identi-
fied using a pretrained neural network followed, where necessary, by manual correction of
the position and area of individual nerve fibers [16].

Quantitative analysis of aortic innervation at three anatomical levels revealed marked
differences reflecting sequential changes characteristic of denervation processes and subse-
quent remodeling of neural structures within the transplantation complex.

At the level of the recipient aortic ring (above the vascular suture line), the highest
number of innervated areas was identified (n = 22), predominantly represented by small
neural structures. The median area of neural elements was 132.2 µm2 (interquartile range
43.7–189.7 µm2). Focal clustering of nerve fibers with relatively uniform distribution and
small individual size was observed, which may be interpreted as a relatively preserved,
near-physiological pattern of innervation in this segment.
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In the donor 1 aortic segment (between the two suture lines), a marked reduction in
the number of innervated areas was observed (n = 7), indicating pronounced denervation
in this region. At the same time, the size of the detected neural structures was increased
compared with the proximal segment: the median area reached 178.9 µm2 (interquartile
range 127.1–254.8 µm2). This increase in size was not accompanied by a proportional in-
crease in number, reflecting a sparse distribution of nerve fibers in the context of substantial
loss of innervation.

At the donor 2 aortic level (at the entry to the left ventricle), signs of denervation
persisted; however, the morphology of neural elements differed substantially from the
previous segment. The number of innervated areas slightly increased (n = 10), although it
did not reach the level observed in the recipient aorta, while the formation of larger neural
structures was noted, with a median area of 343.2 µm2 (interquartile range 172.4–517.1 µm2).
The emergence of enlarged neural elements against a background of persistently low
innervation density may reflect regenerative changes in nerve fibers, potentially associated
with the response to acute transection of nerve trunks at the transplantation anastomosis
site (Figure 6).

Figure 6. Quantification of the number and density of nerve fibers in the aorta (reconstruction of
histological sections) following double heart transplantation. Nerve fibers are indicated in blue;
red markings on part of the macroscopic image indicate the levels at which aortic tissue sampling
was performed.

For comparative analysis of innervation density, pixel-by-pixel comparison of local
neural fiber density maps was performed between the studied transplant and a control
myocardial sample obtained from a 7-year-old boy without cardiovascular disease [17].
This control specimen was selected to provide a spatial reference for the distribution of
nerve fibers rather than an age-matched physiological standard. In our institution, which is
dedicated to the treatment of cardiovascular diseases, access to myocardial tissue without
cardiovascular pathology is extremely limited. Furthermore, large-format histological
reconstruction combined with immunohistochemical assessment requires adequately pre-
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served tissue of sufficient size, making suitable control material exceptionally difficult to
obtain. Consequently, comparisons were intended to illustrate relative spatial patterns of in-
nervation after normalization rather than to establish absolute age-independent differences
in nerve density.

Quantification was performed using an automated algorithm with predefined param-
eters rather than manual observer-dependent measurements. Digital whole-slide images
were analysed at full resolution while preserving the original spatial coordinates of each
pixel. Image processing was performed using custom Python 3.12 scripts. Neural fibres
were identified based on UCHL-1 immunoreactivity using colour-based segmentation in
the HSV colour space, with calibration performed according to the staining intensity of
specific neural structures. Analysis was restricted to the myocardial tissue mask to exclude
background signal, artefacts, and non-tissue regions.

For each section, a normalized intensity map was generated, followed by application
of a weak-signal threshold to remove pixels corresponding to non-specific or insufficient
immunoreactivity. Pixels below the predefined intensity threshold (intensity_threshold)
were classified as background and excluded from further analysis. Subsequently, a binary
neural fiber mask was generated, in which pixels corresponding to UCHL-1-positive nerve
fibers were assigned a value of 1 and all other pixels a value of 0.

Threshold selection was based on visual validation of representative regions with
high and low UCHL-1 immunoreactivity and was optimized to minimize inclusion of non-
specific staining while preserving true neural structures. Since immunohistochemical signal
intensity depends on multiple technical factors, including antibody characteristics, dilution,
staining platform, detection system, and scanner settings, the optimal threshold is partially
assay-specific and cannot be universally transferred between laboratories. Therefore,
threshold parameters should be calibrated for each staining protocol before application to
independent datasets.

Spatial density maps of neural fibers were constructed using a sliding-window ap-
proach. The window size was defined according to absolute tissue area (typically 1 mm2)
and converted into pixels according to the scanning resolution (µm/pixel). Local innerva-
tion density was calculated as the proportion of neural fiber-positive pixels within each
window, generating a continuous spatial map of nerve fiber distribution.

Prior to comparison, both maps were normalized to a common value range, ensur-
ing comparability of signal intensities irrespective of staining variability and scanning
conditions. For each spatial position, the following parameters were calculated: absolute
difference in local density and relative difference normalized to the maximal density value
at the given position.

Regions in which the local density of neural fibers was below the threshold value
in both maps were classified as background and excluded from interpretation. For the
remaining regions, an adaptive difference threshold modified by the algorithm sensitivity
parameter was applied. This approach enabled adjustment of classification stringency
while accounting for both absolute and relative density changes. Based on these criteria, a
difference map was generated identifying three categories of regions: areas of background
or extremely low innervation density; areas with comparable neural fiber density; and
areas demonstrating marked differences in innervation density between the transplant and
the control myocardium.

Quantitative assessment of innervation, performed on the basis of UCHL-1-positive
nerve fiber density maps, demonstrated a pronounced and heterogeneous reduction in
innervation density within the reconstructed cardiac ring (Figure 7). Importantly, large
areas of denervation were identified not only in regions of transmural infarction and
severe myocardial fibrosis, but also in relatively morphologically preserved myocardial
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areas. This finding indicates a systemic pattern of neural injury not limited to secondary
ischemic damage. In addition, a widespread reduction in nerve fiber density was observed
along the vascular periphery, particularly in regions of marked perivascular fibrosis and
inflammatory infiltration, as well as an almost complete absence of innervation within the
pericardial adipose tissue across most examined areas.

Figure 7. Density map of nerve fibers in the myocardial ring of the heart.

Compared with a control myocardial sample obtained from a 7-year-old boy without
cardiovascular pathology, a marked expansion of areas with critically low nerve fiber
density was observed. Pixel-by-pixel comparison of local density maps demonstrated
that the majority of the myocardial ring area of the transplant corresponded to regions of
pronounced denervation, visualized as blue areas on the difference map (Figure 8). Regions
of relatively preserved innervation density (green areas) were fragmentary in nature and
constituted a smaller proportion of the total area, predominantly located at the periphery
of focal scars and in proximity to elements of the cardiac conduction system.
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Figure 8. Quantitative visualization of cardiac denervation in chronic allograft rejection: blue indicates
areas of marked reduction in innervation density; green indicates areas with preserved density.

3. Discussion
Long-term cardiac allograft pathology has traditionally been interpreted primarily

through the framework of cardiac allograft vasculopathy (CAV). However, our morpholog-
ical and quantitative findings demonstrate that injury to the intracardiac nervous system
represents an independent and widespread component of chronic graft dysfunction that
has previously been under-recognized.

It should be noted that heart transplantation itself is inevitably accompanied by
complete surgical transection of sympathetic and parasympathetic nerve fibers, resulting
in Wallerian degeneration of axons and primary myocardial denervation. Nevertheless,
our results demonstrate that chronic rejection is associated with a secondary denervation
caused by chronic graft injury that extends beyond the initial surgical denervation.

Morphological examination of nerve fibers (Figure 5) revealed marked lymphocytic
and lymphoplasmacytic infiltration within both the perineurium and endoneurium, accom-
panied by scarring of nerve trunks. The expression of CD3, C4d and HLA-DR within nerve
fibers indicates the concurrent involvement of humoral and cellular immune mechanisms.
Quantitative analysis of innervation density (Figures 7 and 8) demonstrated extensive areas
of profound loss of nerve fibers not only in regions of fibrosis and prior myocardial infarc-
tion, but also outside these areas, indicating a generalized neuropathic process. In addition,
a widespread reduction in perivascular innervation and an almost complete absence of
nerve fibers within pericardial adipose tissue were observed across most examined regions.

Cell-mediated immunity appears to play a central role in injury to neural structures.
Experimental models of peripheral nerve allotransplantation have shown that rejection is
initiated by an innate immune response involving activation of macrophages and dendritic
cells, which in turn recruit T cells that release pro-inflammatory cytokines, chemokines, and
reactive oxygen species [18]. Macrophages and dendritic cells amplify the T-cell response

https://doi.org/10.3390/diagnostics16162497

https://doi.org/10.3390/diagnostics16162497


Diagnostics 2026, 16, 2497 12 of 16

through both direct and indirect allo-recognition pathways [19]. The observed infiltration
of CD3+ T cells and CD68+ macrophages in perivascular and perineural regions supports
the relevance of these mechanisms to intracardiac nerves.

Recent studies further highlight the complexity of immune regulation during cardiac
transplantation. T-cell activity is not only determined by activation pathways but also by
functional exhaustion and senescence states. Chen et al. [20] demonstrated that induction
of CD4+ T-cell senescence can attenuate alloimmune responses and promote graft tolerance,
suggesting that the balance between effector activation and immune regulation may influ-
ence the extent of chronic graft injury. Conversely, persistent activation of inflammatory
immune pathways may sustain neural damage despite conventional immunosuppression.

Mechanisms of peripheral nerve injury described in sciatic nerve trauma are largely
applicable to intracardiac innervation. Upon injury, Schwann cells activate the production
of TNF-α, IL-1β, and CCL2, promoting macrophage recruitment. Sustained macrophage
infiltration is maintained via multiple parallel signaling pathways (CCL2, Toll-like receptors,
ICAM-1, prostaglandins), rendering selective blockade of individual cascades ineffective.
Macrophages contribute to demyelination and clearance of myelin debris via complement
component C3 and its receptors, as well as to Wallerian degeneration through IL-1β, TNF-
α, MCP-1, collagen VI, Nrf2, phospholipase A2, and matrix metalloproteinases MMP-2
and MMP-9 [21].

Humoral immunity and barrier mechanisms modulate the extent of neural injury.
Peripheral nerves are partially protected by the blood–nerve barrier, formed by the
epineurium and tight endothelial junctions, which limits antibody diffusion [22]. Ex-
perimental data indicate that immune infiltration in nerve allografts occurs predominantly
from the graft ends rather than along its entire length, reflecting the barrier function of the
blood–nerve interface [23]. Moreover, low MHC expression in neural tissue [24] and partial
immune privilege of neurons and myelinating Schwann cells [25,26] may account for the
relative resistance of nerves; however, these protective mechanisms appear insufficient in
the setting of chronic rejection.

Ischemic injury likely represents an additional factor accelerating neural degeneration.
Under physiological conditions, cardiomyocytes maintain sympathetic innervation through
secretion of nerve growth factor (NGF) at neuro–cardiac junctions. Myocardial injury
disrupts this interaction, leading to NGF deprivation and degeneration of sympathetic
fibers [27]. Following myocardial infarction, neural remodeling demonstrates an initial
phase of nerve loss followed by inflammation-associated hyperinnervation in peri-infarct
regions, whereas scar tissue remains resistant to reinnervation due to inhibitory extracellular
matrix components such as chondroitin sulphate proteoglycans [28]. Similar processes may
occur in cardiac allografts affected by CAV, chronic ischemia, and ischemia–reperfusion
injury, contributing to the irreversible reduction in neural density observed in our study.

Inflammatory signaling pathways associated with oxidative stress and inflam-
masome activation may provide a molecular link between ischemia, immune activa-
tion, and neural degeneration. Activation of the NLRP3 inflammasome in Schwann
cells promotes pyroptotic cell death with release of IL-1β and IL-18, thereby amplify-
ing local neuroinflammation [29,30]. Under ischemic inflammatory conditions, activa-
tion of the CXCL12/CXCR4/NF-κB pathway may further enhance NLRP3-dependent
pyroptosis [31,32], contributing to demyelination and axonal loss [33]. The involvement
of these pathways is supported by broader cardiovascular literature demonstrating the
importance of inflammasome-mediated inflammation.

Wang et al. [34] further emphasized the contribution of NLRP3-dependent macrophage
activation and proinflammatory responses in chronic vascular inflammation. In addition,
Bao et al. [35] demonstrated that regulation of inflammatory macrophage responses through
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the TNK1/Tyk2/STAT1 axis contributes to atherosclerotic pathology, providing a poten-
tial mechanistic link between vascular inflammation, immune activation, and chronic
graft injury.

Finally, pharmacological factors may further aggravate neural damage. Calcineurin
inhibitor (CNI)-associated neurotoxicity has been described in transplant recipients, with
neuropathy reported more frequently in patients receiving CNI-based regimens compared
with alternative immunosuppressive approaches [36]. Proposed mechanisms include
endothelial dysfunction, vasoconstriction, impaired microcirculation, and energetic de-
ficiency within neural tissue. In cardiac allografts, these effects may act synergistically
with CAV-associated ischemia and chronic immune-mediated inflammation, accelerating
degeneration of intracardiac nerves and limiting the potential for functional reinnervation.

Our findings are broadly consistent with the current concept that cardiac reinnervation
after heart transplantation is incomplete, spatially heterogeneous, and varies substantially
between patients. Comprehensive physiological and imaging studies have demonstrated
that although sympathetic reinnervation may gradually develop over time, complete
restoration of cardiac autonomic innervation rarely occurs even many years after transplan-
tation, with denervated myocardial regions persisting in most recipients [14]. A recent large
cohort study by Weiner et al. reported evidence of sympathetic reinnervation in approxi-
mately 70% of recipients more than 18 months after transplantation, with reinnervation
occurring predominantly during the first 18 months and being associated with signifi-
cantly improved long-term survival [37]. Importantly, these studies evaluate functional
sympathetic activity rather than the structural integrity of nerve fibers. In contrast, our
histopathological analysis directly demonstrates extensive structural loss of intracardiac
nerves, accompanied by inflammatory infiltration, perineural fibrosis, and marked reduc-
tion in nerve fiber density. Furthermore, unlike physiological studies that generally assess
global cardiac autonomic function, our quantitative whole-section mapping revealed pro-
nounced regional heterogeneity, with extensive denervation not only within the infarcted
and fibrotic myocardium but also in morphologically preserved areas, suggesting that
chronic graft injury affects neural structures beyond regions of overt ischemic remodeling.

These observations are also in agreement with molecular imaging studies using PET.
Hybrid PET/MRI investigations have demonstrated that sympathetic reinnervation is
patchy and limited to discrete myocardial segments rather than occurring uniformly
throughout the transplanted heart [5]. Beitzke et al. identified evidence of sympathetic rein-
nervation in only a minority of myocardial segments and demonstrated substantial regional
variability in tracer uptake, indicating heterogeneous recovery of sympathetic fibers.

Thus, the present findings suggest that injury to intracardiac innervation may repre-
sent an under-recognized component of chronic cardiac allograft remodeling. At present,
comprehensive pathological assessment of cardiac innervation is primarily applicable to ex-
planted hearts and post-mortem examinations, where it may improve understanding of the
mechanisms underlying graft failure. In addition, selected morphological features of neural
injury could potentially be incorporated into the evaluation of routine endomyocardial
biopsy specimens obtained for surveillance of cellular and antibody-mediated rejection,
although the feasibility and diagnostic value of this approach remain to be established.

From a translational perspective, the observed pathological changes also provide a
rationale for future studies investigating whether non-invasive assessment of cardiac inner-
vation using established functional imaging techniques, such as PET or SPECT, could serve
as a surrogate marker of advanced chronic graft injury or cardiac allograft vasculopathy.
Should such associations be confirmed, imaging of cardiac innervation might contribute
to risk stratification and monitoring of transplant recipients. However, these potential
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clinical applications remain speculative and require validation in larger studies integrating
imaging, pathology, and clinical outcomes.

4. Study Limitations
Several limitations of this study should be acknowledged. First, the analysis was

based on a single explanted cardiac allograft, which limits generalisability and prevents
assessment of the prevalence and variability of intracardiac neural injury in the transplant
population. However, the extensive spatial reconstruction and quantitative mapping
provide detailed insight into the distribution of neural loss associated with advanced
chronic rejection.

Second, the reference tissue used for comparison was obtained from a pediatric heart
and therefore does not represent an age-matched normal adult control. Differences in
age, developmental stage, and individual variability in cardiac neural architecture should
be considered; accordingly, these comparisons should be interpreted as a relative spatial
framework rather than an absolute physiological baseline.

Third, this study assessed structural neural alterations using histological and immuno-
histochemical methods, but functional consequences of denervation, including autonomic
regulation, electrophysiological changes, and neurocardiac interactions, were not evaluated.
In addition, the cross-sectional design does not allow causal relationships to be established
between immune activation, ischemic injury, and neural degeneration.

Finally, although immunohistochemical findings suggest involvement of inflammatory
and immune-mediated mechanisms, complementary molecular analyses, such as transcrip-
tomic, proteomic, or targeted pathway assessment, were not performed. Therefore, the pro-
posed mechanisms, including inflammasome activation and pyroptosis, require further val-
idation in larger studies integrating morphological, molecular, and functional approaches.

5. Conclusions
This case demonstrates that long-term cardiac allograft pathology may involve not

only cardiac allograft vasculopathy but also extensive structural injury to the intracardiac
nervous system. Morphological and quantitative analyses revealed widespread reduction
in nerve fiber density affecting fibrotic and ischaemic regions as well as a relatively pre-
served myocardium, with additional involvement of perivascular regions and pericardial
adipose tissue.

The presence of perineural and endoneurial inflammatory infiltrates together with
immunohistochemical evidence of complement deposition and immune activation suggests
that intracardiac nerve fibers may be directly involved in the pathological processes accom-
panying chronic cardiac allograft rejection. The quantitative mapping approach further
illustrates the potential value of spatial assessment of cardiac innervation in characterizing
neural remodeling in transplanted hearts.

Although these observations are derived from a single explanted allograft and there-
fore cannot establish general mechanisms of chronic graft dysfunction, they generate the
hypothesis that progressive injury to the intracardiac nervous system may represent an
under-recognized component of chronic allograft remodeling. Confirmation of this hy-
pothesis will require larger studies integrating pathological, imaging, and clinical data to
determine the prevalence, mechanisms, and potential clinical significance of neural injury
after heart transplantation.
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