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Innervation density and types of nerves in prostate cancer
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Innervation of cancerous tissue represents an important pathway enabling the nervous system to influence the processes
associated with the initiation, progression, and metastasis of a neoplastic process. In the context of prostate cancer, several
papers report the presence of innervation and its modulating effect on the cancer prognosis. However, most of the data are
experimental, with limited information on human prostate cancer innervation. Morphometric analysis of archival prostate
specimen immunohistochemistry with neural markers PGP9.5 and S100 showed a significant decrease of nerve density in
the prostate cancer (n=44) compared to the normal prostate tissue (n=18) and benign prostatic hyperplasia (n=28). Sympa-
thetic nerves were detected with TH, parasympathetic with VAChT, and sensory nerves with SP and CGRP protein detec-
tion. Dual immunofluorescence revealed numerous sympathetic nerves in normal prostate and benign prostatic hyperplasia,
especially in the peripheral parts. Only a few parasympathetic nerves were found between the glands and in the peripheral
parts of the prostate and benign hyperplasia. Sporadic positivity for sensory innervation was present only in approximately
1/10 of nerve fibers, especially in the larger nerves. The pattern of innervation in prostate cancer was analogous to that
in normal prostate gland and benign prostatic hyperplasia but there was a significantly lower amount of all nerve types,
especially in high-grade carcinoma cases. Although not significant, there was a tendency of decreasing innervation density
with increasing Gleason score. Regarding the low density of nerves in prostate carcinoma, the significantly lower PCNA
counts in nerves of the cancer specimens cannot be ascribed to lower proliferation activity. Our data confirmed the lower
nerve density in the prostate cancer compared to the benign prostate tissue. We could not approve an increased nerve prolif-
eration activity in prostate cancer. All nerve types, most the sympathetic, less the parasympathetic, and the sensory nerves,
are present in prostate cancer. The highest nerve density at the periphery of the cancer tissue implies this to be the result of
an expansive tumor growth. It is evident that the results of experimental prostate cancer models can be applied to human
pathology only to a certain extent. The relation between the range of innervation and the biology of prostate cancer is very
complex and will require more detailed information to be applied in therapeutic solutions.
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Prostate cancer is the second most commonly diagnosed
type of cancer in men, and a significant contributor to cancer-
related mortality [1, 2]. Mortality associated with prostate
cancer often results from progression to treatment-resistant
neuroendocrine prostate cancer. Perineural invasion in
prostate cancer is a well-recognized process associated with a
more aggressive tumor phenotype [3, 4].

The human prostate is innervated by sympathetic and
parasympathetic nerve fibers arising from the inferior
hypogastric plexus [5]. Accumulating data indicate that,
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in addition to perineural invasion, interactions between
nerves and prostate cancer cells are bidirectional and highly
complex [6] and influence processes associated with the
initiation, progression, and metastasis of prostate carcinoma
[7-9]. Combined neuroscience and oncology research, the
neurobiology of cancer, has revealed several mechanisms
and pathways by which the sympathetic, parasympathetic,
and sensory peripheral nerve fibers innervating tumors
affect cancerous tissue [10]. Available experimental and
clinical data indicate that one of the important diagnostic
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and prognostic factors, in monitoring the influence of nerve
fibers on tumors, is the density of tumor innervation or
the number of nerves identified in a specific area [11]. In
general, higher nerve density has been suggested to corre-
late with worse prognosis in patients with prostate cancer [7,
12, 13]. However, there are papers describing the low density
of innervation in high-grade prostate carcinoma, and there-
fore the relationship between nerve density and prognosis
in oncological patients is not fully understood [14]. Based
on these findings, tumor innervation is considered another
fundamental characteristic of cancer and an important
prognostic marker with expected therapeutic potential [3, 7].

Information on the innervation of the human prostate is
limited and generally based on experimental data. Therefore,
we decided to determine the innervation density and evaluate
the differences in innervation between the healthy prostate
gland and diseases of the prostate (benign prostatic hyper-
plasia, prostate cancer). We also investigated the phenotype
of innervation (sympathetic, parasympathetic, sensory) in
representative specimens of prostate gland, benign prostatic
hyperplasia, and prostate cancer. In addition, we quantita-
tively evaluated the proliferative activity of nerves in different
pathologies of the prostate tissue.

Patients and methods

Patients and specimens. Archival paraffin-embedded
prostate needle biopsies (from 18 patients) and open prosta-
tectomy specimens (from 29 patients) were used. From each
patient, 1 representative paraffin block of prostate carcinoma
(PCa) and 1 of the benign prostatic hyperplasia (BH) were
selected. For BH, only those samples were selected that did
not contain cancer cells (n=28). In prostate cancer specimens
(n=44), Gleason score was determined according to the
International Society of Urological Pathology 2005 modified
Gleason grading system. As controls, we used samples
from the necropsy material of the Health Care Surveil-
lance Authority of the Slovak Republic (n=18) of younger
men (age range 16-39 years). All autopsies were performed
within 23 hours after death. Only patients without patho-
logical findings in the prostate were selected. All specimens
were fixed in 10% neutral formalin, routinely processed into
paraffin blocks, and stained with hematoxylin and eosin (BD
Bamed, Czech Republic).

Immunohistochemistry. For evaluation of innervation
density, nerve type, and quantitative analysis of nerve prolif-
eration by immunohistochemistry, 4 um thick tissue sections
were deparaffinized, rehydrated, and processed for antigen
retrieval at 96°C in 10 mmol/I citrate buffer (pH 6) for 30 min
in the Dako PT-Link chamber (Dako, Glostrup, Denmark).
Immunostaining was performed using the Dako Autostainer
(Dako).

Nerve density. First, we tested the immunohistochemical
detection of nerve fibers using antibodies against protein
gene product 9.5 (PGP9.5) and against protein S100. Based

on the test results, we preferred the detection of nerve struc-
tures by protein S100 immunostaining due to the frequent
PGP9.5 immunoreactivity in epithelial cells. For periph-
eral nerves detection, the slides were incubated for 1 h with
rabbit polyclonal antibody to protein S100 diluted 1:800
in Antigen Diluent (Agilent Technologies, St. Clara, CA,
USA) followed by incubation for 30 min with Simple Stain
Universal Immuno-Alkaline Phosphatase Polymer-conju-
gated secondary antibodies (anti-rabbit and anti-mouse;
Nichirei Biosciences, Japan) and the reaction was devel-
oped with alkaline phosphatase substrate InmPACT Vector
Red (Vector Laboratories, Burlingame, CA, USA). Slides
were counterstained with hematoxylin (BD Bamed, Czech
Republic), mounted in a water-based Fluorescence Mounting
medium (Agilent), and examined with an Eclipse 80i micro-
scope (Nikon, Tokyo, Japan).

Histomorphometry. Nerve area in pixels was measured
in digitized 4 random microscopic fields from each sample at
10x magnification using the Image] morphometric software
version 2.14.0 (National Institutes of Health, USA). H&E
DAB vectors were used for color deconvolution. The total
area of nerves was determined by the ratio of the red color
(S100 expression in nerves) to the total area of the image.
The measured pixels of S100 protein expression were then
converted to area percentages and used to evaluate the density
of nerves in the prostate gland, benign prostatic hyperplasia,
and prostate cancer specimens.

Types of nerve fibers. To determine the phenotype of
innervation, combined immunofluorescence staining was
performed on selected representative specimens of the
different pathologies of the human prostate: healthy prostate
gland - CON (n=5), benign prostatic hyperplasia - BH
(n=10), low-grade prostate cancer with Gleason pattern 3 —
LG PCa (n=5), and high-grade prostate cancer with Gleason
patterns 4 and 5 - HG PCa (n=>5). After antigen retrieval as
described above, tissue sections were incubated with primary
antibodies for 1 h in a humid chamber at room temperature.
Antibodies to common neuronal markers, mouse monoclonal
antibody to protein gene product 9.5-PGP9.5 (ab8189,
Abcam, Cambridge, UK), diluted 1:500 in Antigen Diluent
(Agilent), and rabbit polyclonal antibody against S100 protein
(ab34686, Abcam) diluted 1:800, were combined with primary
antibodies against specific nerve type markers: antibodies
against tyrosine hydroxylase - TH (1:1000; rabbit polyclonal
antibody; AB152, Merck, Darmstadt, Germany) for sympa-
thetic nerve detection; vesicular acetylcholine transporter
— VACAT (1:1000; rabbit polyclonal antibody; Cat. No.: 139
103, Synaptic Systems, Gottingen, Germany) for parasym-
pathetic nerve detection; substance P — SP (1:1000; mouse
monoclonal antibody; ab14184, Abcam) and calcitonin gene-
related peptide - CGRP (1:1000; rabbit monoclonal antibody;
ab81887, Abcam) for sensory nerve detection. After incuba-
tion for 1 h at room temperature, the slides were incubated for
30min with the secondary fluorescent antibodies, goat anti-
rabbit Alexa Fluor 594 (1:200; Vector), and horse anti-mouse



INNERVATION IN PROSTATE CARCINOMA

789

Alexa Fluor 488 (1:200; Vector). Slides were then washed in
the phosphate-buffered saline solution (PBS), mounted with
Antifade Mounting Medium with 4,6-diamidino-2-phenyl-
indole (DAPI) (Vector), and visualized using an Eclipse 801
microscope (Nikon).

Quantitative assessment of nerve proliferation. Selected
representative specimens (n=5) from each group were stained
with a combination of nerve protein S100 staining and prolif-
erating cell nuclear antigen (PCNA) detection. Briefly, after
antigen retrieval in citrate buffer, tissue sections were treated
with 3% H,O, for 5 min to quench endogenous peroxidases,
then incubated with polyclonal rabbit anti-S100 antibody
(1:800; Dako) for 1 h, washed in PBS, and incubated with
alkaline phosphatase-conjugated goat anti-rabbit secondary
antibody (Vector) for 30 min, the activity of which was devel-
oped with ImmPACT Vector Red (Vector). Slides were then
coated with mouse anti-PCNA monoclonal antibody (1:200,
Dako), incubated for 1 h at room temperature, and devel-
oped with peroxidase EnVision FLEX kit with diaminobenzi-
dine (Agilent). Slides were counterstained with hematoxylin
(BD Bamed, Czech Republic), mounted with Fluorescence
Mounting medium (Agilent), and examined with an Eclipse
80i microscope (Nikon).

Statistical analysis. All statistical analyses were
performed using GraphPad Prism Version 8 for Windows
(GraphPad Software Inc.). The Shapiro-Wilk test was used to
test the normality of the data. One-way ANOVA followed by
Tukey’s multiple comparison test was used to calculate statis-
tical significance between groups. The relationship between
innervation density and Gleason score was evaluated using
linear regression and Pearsons correlation. Changes were
considered statistically significant when p-values were <0.05.
Data in graphs are expressed as mean + SEM.

Results

Density of innervation in the healthy prostate, benign
prostatic hyperplasia, and prostate cancer. The histo-
morphological evaluation of S100-positive nerve fibers
revealed significantly lower nerve density in prostate cancer
(PCa) specimens compared to the healthy prostate gland
(CON) and benign prostatic hyperplasia (BH) (CON vs.
PCa, p<0.05; BH vs. PCa, p<0.001). In addition, there was
a higher density of nerves in BH compared to the healthy
prostate, but the difference was not significant (CON vs. BH,
p=0.27) (Figure 1A). We further divided the prostate cancer
specimens into low-grade (LG PCa) and high-grade (HG
PCa) based on the Gleason grading system. Similarly, the
amount of S100-positive nerve fibers was significantly lower
in LG PCa and HG PCa compared to CON and BH (CON
vs. LG PCa, p<0,01; BH vs. LG PCa, p<0.001; CON vs. HG
PCa, p<0.05; BH vs. HG PCa, p<0.001) (Figure 1B). There
was no statistically significant difference in the number of
$100-positive nerve fibers between LG PCa and HG PCa (LG
PCavs. HG PCa, p=0.99).

Types of innervations in the healthy prostate, benign
prostatic hyperplasia, and prostate cancer. Immunofluo-
rescence performed on selected representative specimens
revealed a high number of nerve fibers of various sizes in
normal prostate (CON), and the number of nerves increased
from the center to the periphery. The largest number of
nerve fibers was recorded in the prostatic capsule, while only
scattered nerve fibers were recorded between the glands and
in the central periurethral region, and thicker nerve fibers
were recorded toward the edge. Most of these small and large
nerve fibers in CON were positive for the marker of sympa-
thetic innervation, TH (Figure 2A). The majority of nerves in
CON were not positive for VAChT parasympathetic innerva-
tion, with only a small number of nerves localized between
the glands and at peripheral parts of the prostate gland
(Figure 2B). Virtually all CON specimens were negative for
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Figure 1. Density of innervation in different pathologies of the human
prostate. Abbreviations: CON - healthy prostate gland; BH - benign
prostatic hyperplasia; PCa - prostate cancer; LG PCa - low-grade pros-
tate cancer; HG PCa - high-grade prostate cancer. The density of inner-
vation represents the percentage of S100 positivity of the section surface.
Values are expressed as mean + SEM. Statistical significance between
CON and PCa, CON and LG PCa, CON and HG PCa specimens: *p<0.05,
*p<0.01. Statistical significance between BH and PCa, BH and LG PCa,
BH and HG PCa: #*p<0.001, ****p<0.0001
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Figure 2. Determination of innervation types in healthy human prostate (A-D) and benign prostatic hyperplasia (E-H). A, E: sympathetic nerves
(PGPY.5, green+TH, red); B, F: parasympathetic nerves (PGP9.5, green+VAChT, red); C, G: sensory nerves (S100, red+SP, green); D, H: sensory nerves
(PGP9.5, green+CGRP, red). The presence of a specific type of innervation = areas of overlap = yellow-brown color (red arrows); 400x



INNERVATION IN PROSTATE CARCINOMA

Figure 3. Determination of innervation types in human prostate carcinoma, low-grade (A-D), and high-grade (E-H). A, E: sympathetic nerves
(PGP9.5, green+TH, red); B, F: parasympathetic nerves (PGP9.5, green+VAChT, red); C, G: sensory nerves (5100, red+SP, green); D, H: sensory nerves
(PGP9.5, green+CGRP, red). The presence of a specific type of innervation = areas of overlap = yellow-brown color (red arrows); 400x




792

Filip BLASKO, et al.

the SP marker of sensory innervation (Figure 2C). CGRP-
positive sensory innervation was found in several small nerve
fibers and occasionally in larger nerve fibers in the periure-
thral region and between the prostatic glands (Figure 2D).
In BH, similarly to CON, immunofluorescence revealed a
relativelylarge number of small and large nerve fibers, whereas
TH-positive sympathetic nerves were more prominent in the
peripheral parts of hyperplastic nodules within larger nerve
fibers (Figure 2E). Most of the BH specimens showed no
parasympathetic marker positivity with only a few isolated
fine nerve fibers (Figure 2F). Sensory innervation was not
detected with SP in all BH specimens (Figure 2G), although,
sporadic isolated CGRP-positive nerve fibers were found in
1/10 of particularly large nerves (Figure 2H). The pattern of
innervation in prostate cancer was similar to that in healthy
prostate and benign prostatic hyperplasia. However, the
number of all nerve types was considerably lower in LG PCa,
and even lower in HG PCa. The majority of the nerves were
located at the edge of the tumors. Sympathetic nerve fibers
were only sporadically present in the peripheral parts of the
tumors (Figure 3A). Only a minimal number of nerve fibers
(in about 1/10 nerves) showed positivity for the parasym-
pathetic marker VAChT (Figure 3B). There was almost no
positivity for sensory innervation detected by SP (Figure 3C),
except for occasional CGRP-positive fine fibers within larger
nerves (Figure D). HG PCa showed only minimal amounts
of nerve fibers compared to CON, BH, and LG PCa. At the
periphery of the tumor infiltrate the amount of nerve fibers
increased, although minimally. Several thin TH-positive
sympathetic fibers were found at the periphery of the tumor,
especially in the areas with perineural spread of the carci-
noma (Figure 3E). Parasympathetic innervation was rarely
detected only at the tumor periphery (Figure 3F). Almost all
HG PCa specimens were negative for sensory innervation
with SP, except for only two cases showing isolated fibers with
CGRP positivity at the periphery of the tumors (Figure 3H).

The relationship between the density of innervation and
Gleason score. Next, we evaluated the density of innervation,
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Figure 4. Association between the density of innervation and prostate
cancer prognostic Gleason score.

represented by the area percentage of protein S100 positive
nerve fibers in relation to the Gleason score using simple
linear regression and Pearson’s correlation. This evaluation
has not shown any significant relationship between innerva-
tion density and Gleason score. However, the low innerva-
tion density in high-grade prostate cancer specimens found
in our study indicates and supports the existence of this
relationship (r=-1588, p=0.31, Figure 4).

Quantitative analysis of nerve proliferation. Dual
staining was used to identify nerve structures in red and nuclei
with proliferative activity in brown color. For the quantita-
tive analysis of nerve proliferation, we counted the number
of PCNA-positive nuclei in S100-labeled nerve fibers on an
area of 1 cm? This semiquantitative evaluation showed the
highest average number (3.0/cm?) in CON and BH (1.4/cm?),
less in LG PCa (1.1/cm?) and HG PCa (0.4/cm?).

Discussion

Cancer innervation by autonomic and sensory nerve fibers
is now a widely accepted phenomenon that may be associ-
ated with enhanced cancer growth and metastasis in many
types of tumors such as pancreatic [15, 16], gastric [17, 18],
breast [19], colorectal [20], hepatocellular [9], lung cancer
[21], and malignant melanoma [22, 23], including prostate
cancer [7, 9, 17]. Cancer innervation is not limited to the
process of perineural invasion but there is accumulating
evidence of neural ingrowth into cancerous tissue induced
by the synthesis and secretion of neurotrophic factors, axon
guidance molecules, and exosomes in/from cancer cells, a
process called neoaxonogenesis [24, 25].

Available data suggests that prostate cancer innervation
is necessary, especially in the early stages of tumor progres-
sion [7, 26]. Several experimental works have shown that the
initiation and progression of prostate carcinoma are associ-
ated with functional adrenergic nerve signaling, which may
be closely related to the induction of angiogenesis in the
tumor [7, 26]. These assumptions are indirectly supported
by other studies showing a decreased incidence of prostate
cancer in humans with paraplegic denervation or pharmaco-
logic ,-adrenergic inhibition [27, 28]. Experimental prostate
denervation by local administration of botulotoxin resulted
in reduced size of implanted prostate cancer. A human
neoadjuvant clinical trial using local denervation of prostate
cancer with botulotoxin before prostatectomy resulted in
increased apoptosis of cancer cells [29].

In contrast to the above-cited works, our analysis showed
that prostate cancer specimens had a significantly lower
density of innervation compared to the healthy prostate
gland and benign prostatic hyperplasia. Obviously, the result
of innervation assessment in experimental prostate cancer
models cannot be directly extrapolated to clinical situa-
tions in human patients. Interestingly, Magnon et al. [7]
also reported a direct correlation between prostate cancer
progression and density of innervation in their experimental



INNERVATION IN PROSTATE CARCINOMA

793

part of the study, however, their analysis of innervation in
human prostate cancer showed a lower density in the tumor
tissue, analogous to our results. Most of the nerves were
localized at the edge or around the tumor.

Sympathetic nerves identified by their TH positivity were
the most common nerve type observed in prostate cancer,
and even more so in normal prostate and benign prostatic
hyperplasia. These findings were consistent with the results of
other studies [4, 26, 30], and support the notion of a tumor-
promoting activity of adrenergic signaling in the prostate.
Parasympathetic nerve fibers with VAChT positivity were
less frequent in both neoplastic and nonneoplastic prostate
tissue compared to the representation of the sympathetic
nerve type. The results of the experimental studies indicated
their role especially in the process of tumor propagation [7,
13], while the sympathetic type of nerves is predominantly
involved in cancer initiation. The presence of innumerable
sensory nerve fibers, mostly CGRP-positive, confirmed the
involvement of these nerve types in the formation of the
tumor microenvironment. Their role has been considered in
the process of metastatic spread, especially in the develop-
ment of bone marrow metastases [7, 31].

Zahalka et al. [26] demonstrated the role of adrenergic
innervation in the progression of low-grade PIN to high-
grade PIN and carcinoma in their experimental prostate
cancer model. In the present study, we correlated the inner-
vation density of prostate carcinoma with the prognostic
value of the Gleason score. Although not significant, there
was a negative correlation between innervation density and
the value of the Gleason score. Other authors analyzed the
expression of pro-nerve growth factor expression (proNGF)
by prostate cancer cells and found a positive correlation
between the proNGF expression and the Gleason score of the
tumors. This study demonstrated the potential of the prostate
cancer cells to stimulate nerve outgrowth in the tumor micro-
environment but was not complemented by documentation
of nerve density changes in the tumors [32].

To shed more light on the question of the possible prolif-
eration of nerve structures in the prostate carcinoma micro-
environment, we attempted to detect proliferative activity in
the tumor nerve fibers. Since the half-life of the Ki-67 protein
is only 90 min short [33], we decided to use the detection
of proliferating cell nuclear antigen (PCNA) protein, which
has a longer survival time in the cells [34]. The low number
of PCNA-positive nuclei in the nerves within the prostate
cancer tissue was not surprising, as this correlated with the
low density of the nerves in the tumor. Based on our findings,
we suggested that the lower density of all nerve types in the
tumor specimens may be a consequence of the expansive
tumor growth and the hypoxic tumor microenvironment,
which cannot be excluded [35, 36]. Similar results were
confirmed by Sigorski et al. [14], who showed significantly
lower PGP9.5 and TH nerve density in the human prostate
cancer compared to the benign prostatic hyperplasia speci-
mens, and conversely, higher nerve density in the tumor

surrounding areas and at the tumor invasive front. Similar
negative correlations between low tumor nerve density and
poor prognosis have also been reported in pancreatic and
gastric cancers [37, 38].

Several prostate cancer studies have reported that higher
nerve density is associated with a worse prognosis. Brundl et
al. [39] showed that prostate cancer resulted in a significantly
higher number of capsular nerves. Furthermore, increased
nerve density in the prostate correlated with increased tumor
spread to regional lymph nodes [12]. A high density of
sympathetic innervation was also associated with the devel-
opment of metastases and castration-resistant prostate cancer
[3]. The low density of innervation in prostate cancer speci-
mens demonstrated in our study and the differences from
the results of other authors point to the complexity of the
processes associated with tumor progression and highlight
the need for further research that should clarify the distribu-
tion of nerve fibers in prostate cancer.

In conclusion, our results revealed a significantly lower
density of nerves in the prostate cancer specimens, with the
most represented sympathetic nerve fibers located predomi-
nantly in the peripheral parts of the tumor. Parasympathetic
nerve fibers were identified in only about 10% of the nerves,
while sensory nerves were virtually absent. These results
are consistent with the findings of several other studies of
human prostate cancer. Obviously, results from experimental
prostate cancer models can be extrapolated only to a limited
extent to human pathology. The relationship between the
extent of innervation and the biology of prostate cancer is
very complex and will require more detailed information to
be applied to therapeutic solutions.
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