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Increased expression of nestin in the major pelvic ganglion
following cavernous nerve injury
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In an effort to identify neuronal repair mechanisms of the major pelvic ganglion (MPG), we
evaluated changes in the expression of nestin, an intermediate filament protein and neural stem cell
marker following cavernous nerve crush injury (CNI). We utilized two groups of Sprague Dawley
rats: (i) sham and (ii) bilateral CNI. Erectile responses to cavernous nerve stimulation (CNS) were
determined at 48h in a subset of rats. The MPG was isolated and removed at 48h after CNI, and
nestin immunolocalization, protein levels and RNA expression were evaluated. At 48h, erectile
responses to CNS in CNI rats were substantially reduced (Po0.05; B70% decrease in intra-
cavernous pressure/mean arterial pressure) compared with sham surgery controls. This coincided
with a dramatic 10-fold increase (Po0.05) in nestin messenger RNA expression and protein levels
in the MPG of rats with CNI. Immunoflourescence microscopy demonstrated that nestin upregu-
lation after CNI occurred within the ganglion cell bodies and nerve fibers of the MPG. In conclusion,
CNI induces nestin in the MPG. These data suggest that nestin may be involved in the regenerative
process of the cavernous nerve following crush injury.
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Introduction

Erectile function is a complex neurovascular event,
which is initiated by the stimulation of central and
peripheral nervous systems.1 Erectile dysfunction
(ED) is a common complication after radical prosta-
tectomy (RP) for the treatment of clinically localized
prostate cancer.2,3 The technique of nerve-sparing
RP aims at preserving the cavernous nerves, which
provide the parasympathetic innervations to the
penis and thus regulate normal penile vascular
homeostasis.4,5 Albeit difficult to assess, 26–100%
of patients undergoing RP will suffer from some
degree of sexual dysfunction ranging from mild to
severe ED.6 Neuropraxia of the cavernous nerve and

resultant ED are common sequalae of nerve-sparing
RP.7 Surgical preservation of the neurovascular
bundle may vary, and recovery and regeneration
of the cavernous nerve may take months. Such a
lengthy absence of innervation may lead to perma-
nent pathophysiological and structural changes
within the corporal vascular bed.8,9 In order
to develop appropriate therapies, it is necessary to
discern the molecular pathways that are altered in
the major pelvic ganglion (MPG) and cavernous
nerve following crush injury. Discovery of novel
molecular targets and understanding the mechan-
isms of nerve recovery may help to improve new ED
therapeutic options post RP.

Nestin is a type VI intermediate filament (IF)
protein and expressed mostly in the nerve cells
where they are implicated in the radial growth of the
axon.10–12 It is expressed by many types of cells
during development, although its expression is usually
transient and does not persist into adulthood.10,13–19

Nestin is also expressed in dividing cells during
the early stages of development in the central and
peripheral nervous system.10,12,20 Nestin is regarded
as an early marker of neural stem cells (NSCs).20,21
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During neuro- and gliogenesis, nestin is replaced by
cell type-specific IFs, such as glial fibrillary acidic
protein (GFAP).20 Interestingly, nestin expression is
reinduced in the adult during pathological situa-
tions, such as the formation of the glial scar after
central nervous system injury and during regenera-
tion of injured muscle tissue.13,20,22–26

Although many studies have documented nestin
expression during neural development and under
pathological conditions, little information is known
about its physiological function. Moreover, there
has been no documentation and investigation of
nestin activation and expression in nerves respon-
sible for penile innervations and function. The rat
model of cavernous nerve crush is well established
as a means of studying the functional and struc-
tural consequences of cavernous nerve crush injury
(CNI).27 The objective of this study was to evaluate
transcription, protein expression and localization of
nestin in the MPG and cavernous nerves emanating
from the MPG.

Materials and methods

Experimental animals
Adult male Sprague-Dawley rats (Charles River,
Wilmington, MA, USA) weighing 150–250 g (7–9
weeks of age) were used (n¼ 17). All experiments
were conducted in accordance with the Johns
Hopkins University School of Medicine guidelines
for animal care and use. Animals were anesthetized
with an intraperitoneal injection of a mixture of
ketamine/xylazine (100þ 10mgkg�1). The prostate
was exposed via a midline abdominal incision. The
cavernous nerve (CN) and MPG were identified
posterolateral to the prostate. In order to study the
pathophysiology of CNI on molecular signaling in
the MPG, the following groups of experimental rats
were utilized: i) sham operation with exposure of
bilateral CNs and no manipulation of the nerves in
age-matched control rats; and ii) exposure of
bilateral CNs and associated nerve crush injury.
Crush injury was induced by applying Dumont
#5 forceps (dimension of forcep tip—0.10mm�
0.06mm; Fine Science Tools, Foster City, CA, USA)
to the nerve 2–3mm distal to the MPG. The forceps
were held to closure three times for 15 s each, causing
a moderate crush injury.27–29 All immunofluorescence,
molecular and in vivo analyses were determined 48h
after sham operation and bilateral CNI.

Immunofluorescence
The MPG and CN were excised, and fixed in 10%
formalin, and paraffin embedded as described.30,31

Sections were deparafinized, and endogenous per-
oxidases were quenched with 3% H2O2. Nonspecific
binding of IgGs was blocked using normal goat
serum 1:50 in 0.1% bovine serum albumin in

phosphate-buffered saline. Sections were incubated
overnight at room temperature with primary anti-
bodies for neuronal nitric oxide synthase (nNOS
1:100; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA), protein gene product 9.5 (PGP 9.5 1:1000;
Abcam, Cambridge, MA, USA), GFAP (1:1000;
Abcam) and nestin (1:200; Abcam). For simulta-
neous demonstration of two antigens, primary
antibodies were incubated as cocktails as previously
described.29,32 In brief, MPG and CN sections were
then double immunostained with mouse anti-nes-
tin/rabbit anti-GFAP at a dilution of 1:200 for nestin
and 1:1000 for GFAP. After rinsing in phosphate-
buffered saline (30min), appropriate species-
directed secondary antibodies (1:600; Alexa Fluor,
Molecular Probes, Leiden, The Netherlands) were
applied to the sections (60min). Secondary anti-
bodies were fluorescein isothiocyanate-conjugated
horse anti-mouse IgG and rhodamine-conjugated
donkey anti-rabbit IgG at a dilution of 1:600.
Sections were analyzed using a laser fluorescence
microscope with single and double filter settings at
488 and 522nm (Olympus, Osaka, Japan). Images
were acquired using Viewfinder Lite version 2.0
(Pixera, Egham, UK). Control staining in the absence
of primary antibodies was performed to evaluate
unspecific staining by the secondary antibodies.

Western blot analysis
MPG and CN were excised and homogenized together
in a buffer containing 50mM Tris-HCl (pH 7.5), 2mM

EDTA, 2mM EGTA, 150mM NaCl, 50mM NaF, 10%
glycerol, 10 mgml�1 leupeptin, 2 mgml�1 aprotinin,
10mgml�1 trypsin inhibitor, 1mM phenylmethylsul-
fornyl fluoride and 1mMNa3VO4.

30 Six separate whole
MPG cellular fractions from six sham-operated and
CNI rats were isolated for nestin western blot analysis.
Protein concentration was determined by the BCA kit
(Pierce, Rockford, IL, USA), and equal amounts of
protein (30 mg) were loaded to 4–20% Tris-HCl gel
(Bio-Rad, Hercules, CA, USA). After their separation
by SDS-PAGE, the proteins were transferred to poly-
vinylidene fluoride membranes and incubated with
primary antibodies (nestin 1:1000 and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) 1:10000) over-
night at 4 1C. The membranes were incubated with a
horseradish peroxidase-linked secondary antibody and
visualized using an enhanced chemiluminescence kit
(Amersham Biosciences Corp., Piscataway, NJ, USA).
The densitometry results were normalized by GAPDH
expression. Nestin expression was calculated as the
ratio of nestin to GAPDH protein. The intensities of the
resulting bands were quantified by using Software
Image J 1.43s NIH (NIH, Bethesda, MD, USA).

Quantitative PCR (qPCR)
Real-time qPCR was used to determine relative
expression of nestin in MPG and CN from sham and
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CNI rats. Frozen MPG was homogenized and total
RNA purified using the RNeasy system (Qiagen,
Hilden, Germany), quantified and then reverse
transcribed using Superscript II (Life Technologies,
Carlsbad, CA, USA). Real-time qPCR was performed
using the StepOnePlust system (Applied Bio-
systems, Foster City, CA, USA).33 TaqMan gene
expression assays for nestin (Rn00564394_m1) and
GAPDH (Rn99999916_s1) were used, with GAPDH
serving as an endogenous control (Applied Biosys-
tems). All experiments were performed on four
separate whole MPG cellular fractions from four
sham-operated and CNI rats with quadruplicate
technical replicate PCR reactions per sample.

Measurement of erectile responses in vivo
Rats were anesthetized with an intraperitoneal injection
of ketamine/xylazine (100þ 10mg kg�1) and placed
on a thermoregulated surgical table and a standard
in vivo experimental protocol was conducted.29,32,34

Briefly, the CN was stimulated (CNS) distal to the
crush injury with a square pulse stimulator (Grass
Instruments, Quincy, MA, USA) at a frequency of
15Hz and pulse width of 30 s. The application of
2, 4, 6 and 8 volts was used to achieve a signifi-
cant and consistent erectile response. The duration
of stimulation was 1min with rest periods of
5–10min between subsequent stimulations. Total
erectile response or total intracavernous pressure
(ICP) was determined by the area under the erectile
curve (AUC; mmHg?sec) from the beginning of
CNS until the ICP pressure returned to baseline or

pre-stimulation pressures. The ratio between the
maximal ICP and mean arterial pressure (MAP)
obtained at the peak of erectile response was
calculated to normalize for variations in systemic
blood pressure. During tumescence, the time for the
ICP to reach 80% of peak ICP (T80) was recorded
and evaluated. These methods have been previously
described.29,34

Statistical analysis
Data were expressed as mean±s.e.m. Differences
between multiple groups were compared by analysis
of variance followed by a Tukey’s multiple compari-
sons test. Two-group analysis was performed by t-test
(paired or unpaired as appropriate). P-value of o0.05
was used as criteria for statistical significance.

Results

In vivo erectile responses
In order to evaluate the effect of CNI on erectile
hemodynamics, in vivo erectile responses to CNS
were studied 48h after nerve crush injury, and
these data are summarized in Figure 1. There was a
significant decline (Po0.01) in erectile function in
CNI rats when compared with age-matched sham-
operated rats (Figure 1). The peak ICP (mmHg)
and ratio of ICP/MAP after CNS in CNI rats was
significantly lower (Po0.01) than the sham-oper-
ated animals at all levels of stimulation (Figures 1a
and b). The total ICP (area under the erectile curve;

Figure 1 Bar graph depicting the voltage-dependent erectile response as measured by the peak ICP (a), intracavernous pressure (ICP)/
mean arterial pressure (MAP) ratio (b), total ICP (area under the erectile curve; c), and rise in intracavernosal pressure as measured by
T80 (d) after CNS for 1min in age-matched sham-operated and bilateral cavernous nerve (CN) crush injury rats. In vivo erection
experiments were conducted 48h after cavernous nerve crush injury (CNI). n indicates number of experiments; *(Po0.05) response
significantly different compared with sham rats.
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mmHg?sec) of penile erection was significantly
lower (Po0.01) in CNI rats at all voltage settings
(Figure 1c). The rise in ICP as measured by the
T80 (mmHg sec�1) was greater (Po0.05) in the
bilateral CNI rats when compared with the sham-
operated rats (Figure 1d). These data demonstrate
that severe neurogenic-ED occurred after CNI
and verifies that CNI causes impaired erectile
responses to CNS.

Immunolocalization of nestin in the MPG
Immunoreactivity (IR) for nestin and GFAP was
evaluated in the MPG of sham-operated rats and
48h after CNI as shown in Figure 2. Nestin IR
was not visualized in the sham-operated rat MPG
(Figure 2a). After 48 h CNI, nestin IR was markedly

enhanced in the injured MPG (Figures 2d and g)
when compared with the IR of nestin in sham-
operated rat MPG (Figure 2a). Nestin and GFAP IR
was shown to be co-expressed (arrow) within the
ganglion cell bodies and nerve fibers in the rat
MPG after CNI (Figures 2f and i). There was no
qualitative difference in increased expression of the
nestin IR for the ganglion cell bodies vs the nerve
fibers in response to CNI. All cell bodies and nerve
fibers expressed GFAP (Figures 2b, e and h)
demonstrating neuronal origin of the tissue samples
studied.

Western blot analysis and qPCR of nestin in the MPG
Nestin protein and gene expression was measured in
MPG of control sham-operated rats and 48h after

Figure 2 Immunoreactivity (IR) of nestin (a, d, g) and glial fibrillar acidic protein (GFAP; b, e, h) in the major pelvic ganglion (MPG) and
cavernous nerve (CN) in age-matched control sham-operated rats (a–c) and bilateral cavernous nerve crush injury (CNI; d–i) rats. Overlay
images (c, f, i) represent co-localization of nestin and GFAP in sham and CNI MPG. Arrow represents co-expression (yellow staining) of
nestin and GFAP. Asterisk (*) represents nestin expression in the ganglion cell bodies and rho (r) represents nestin expression in nerve
fibers. Photomicrographs are representative of four experiments. Magnification � 10. (j) Nestin expression in the CN at higher
magnification (�20).
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CNI, and these data are summarized in Figure 3.
Nestin protein levels (western blot) were signifi-
cantly higher in the CNI rat MPG (n¼ 6) when
compared with sham-operated rats (n¼ 6) 48h after
CNI (Figure 3a). When nestin levels were analyzed
by densitometry, nestin protein levels were signifi-
cantly elevated (Po0.01) in the CNI rat MPG when
compared with sham rat MPG 48h after CNI
(Figure 3b). Nestin gene expression (qPCR) was
significantly higher (B10-fold; Po0.05) in the CNI
rat MPG (n¼ 4) when compared with sham-operated
rats (n¼ 4) 48h after CNI (Figure 3c). These data
demonstrate increased protein and gene expression
of nestin 48h after CNI in the MPG of the rat.

Discussion

In the present study, we evaluated the activation and
expression of nestin, an IF protein and NSC marker,
in the MPG after CNI in an effort to identify novel
gene expression changes that may be involved in
early preservation and regeneration of the CN in
response to crush injury. The in vivo erectile
responses results demonstrated that 48h after
bilateral CNI there is a profound decline in caver-
nous nerve-mediated erectile responses. The results
of the present study demonstrate for the first time
increased expression of nestin in the autonomic
nerve supply of the penis after CNI. The localization
of nestin expression was found in both the ganglion
cell bodies and nerve fibers. These findings im-
plicate that nestin may influence cavernous nerve
function potentially by influencing cavernous nerve
regeneration and/or neuroprotection after crush
injury.

There is a need for a better understanding of the
mechanisms of neuronal regeneration and structures
such as stem cells in MPG and CNs after iatrogenic
injury. The animal model chosen for this study was
CNI as this type of injury is designed to mimic the
partial nerve damage that occurs during nerve-
sparing RP.27 Similar to the results of our previous
study, the model of bilateral CNI causes a decreased
erectile response in bilateral CNI group when
compared with age-matched sham-operated rats.29

Using this model, we observed that nestin expres-
sion increased markedly in the MPG and nerve
fibers after CNI.

Many structures directly involve the cytoskeleton.
The cytoskeleton is formed by three types of
filamentous structures: microtubuli, microfilaments
and IFs.13 IFs represent the least understood but
are perhaps the most important components of
the cytoskeleton.13,33 These 10-nm thin struc-
tures constitute a cage-like network within the
cell cytoplasm that regulates cytoskeletal remodel-
ing during cellular development andmaturation.22,33,35

More than 50 IF proteins are now known, and
divided into six classes.10 Nestin belongs to class
VI of IFs, which is produced in stem/progenitor
cells in the mammalian central nervous system
during development and is a marker of proliferating
and migrating cells.10–12

Nestin was discovered in 1985 as an antigen
recognized by monoclonal antibody Rat-401 and its
gene was characterized in 1990.10,36 The nestin
protein consists of 41600 amino acids and it is
structurally similar to other IFs proteins. The
regulatory mechanisms are still not fully under-
stood, but phosphorylation of nestin by cdc2 kinase
may have a role in connecting the three components
of the cytoskeleton and coordinate changes in cell
dynamics.35,37 The short N-terminal of nestin can

Figure 3 Western blot analysis (a, b) and quantitative PCR (qPCR; c) demonstrating expression of nestin and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) in the major pelvic ganglion (MPG) of age-matched control sham-operated rats and bilateral
cavernous nerve crush injury (CNI) rats. Densitometry analysis (b) shows the ratio of nestin to GAPDH protein expression in CNI (lanes
1–4) and sham (lanes 5–8) MPG. Analyses were conducted 48h after CNI. n indicates number of tissue samples; *(Po0.05) when
compared with sham.
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form heterodimers and heterotetramers by binding
with other IF proteins, particularly the class 3
proteins vimentin and a-internexin.33,38 Although
little is known about nestin’s physiological role in
the nervous system, most authors regard nestin-
expressing cells as NSCs, because of their features
including multipotency, self renewal and regenera-
tion.20,21 Accordingly, nestin is mainly expressed at
the early stages of CNS where it can be detected in
both neuronal and glial cells.20 It has also been
reported that the dominant expression of nestin
protein in the prenatal- and postnatal-developing
central nervous system of mammals reflects the
differentiation or proliferative state of neural pre-
cursors.36,39,40 Nestin expression progressively de-
creases during the postnatal period, and it is
generally not detected in the brains of adult
animals.13 In the present study, we saw very little
immunoexpression of nestin in the MPG in sham-
operated rats while there was a significant increase
in immunoexpression in response to CNI. This
increase in nestin expression was only observed at
48 h and was not present at 14 days after CNI in the
MPG (data not shown). These data suggest that
nestin is activated in the MPG in response to crush
injury similar to results obtained in the central
nervous system.

Increased nestin expression is also seen in the
adult organism under certain pathological condi-
tions such as brain injury, ischemia, inflammation
and neoplastic transformation.13,20,22–26 For in-
stance, nestin expression has been observed in the
reactive astrocytes of the glial scar in experimental
models of central nervous system injury.13,23,33,40 In
addition, a recent study that examined nestin
activation in response to peripheral nerve injury
showed that nestin-expressing cells increase in the
dorsal horn in response to nerve injury providing
evidence that nestin may be involved in repair
mechanisms in the peripheral nervous system.41 In
the present study, we observed very little expression
of nestin in the MPG of sham-operated rats while
there was an B10-fold increase in nestin gene
expression in the MPG in response to CNI with
resultant increased protein expression 48h post
crush injury. These data suggest that nestin is
activated relatively early and in a transient fashion
in the MPG in response to crush injury. The exact
mechanism by which nestin contributes to regener-
ating peripheral CNs has not been studied to date,
but one can hypothesize that nestin may become
reactivated along with other embryonic pathways to
protect the CN from degeneration or contribute to
CN proliferation.

There are a number of limitations that are worth
noting from this study. We have only used one time
point for detailed quantitative expression of nestin
in the MPG after CNI. However, the goal of this
study was to evaluate early response genes ex-
pressed in the MPG after crush injury in an attempt

to identify important signaling pathways involved
in CN function. Additionally, the biological impor-
tance of increased nestin expression was not
investigated and is the focus of future research.

Conclusion
The results of the present study demonstrate that
bilateral crush injury to the cavernous nerves
significantly impairs neurogenic-mediated erectile
function in vivo at 48 h post crush injury and causes
marked upregulation of nestin messenger RNA and
protein in the MGP as well as the CN. The results of
this study showed that the NSC marker nestin
proliferate early in the MPG and CN in response to
peripheral nerve crush injury. Further studies are of
interest to understand the role of nestin activation
in the MPG and CN after crush injury and to assess
the involvement of nestin in neuroprotection and
regeneration after CNI.
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