
The Role of Hedgehog-Interacting Protein in Maintaining
Cavernous Nerve Integrity and Adult Penile Morphology

Nicholas L. Angeloni, BS*, Christopher W. Bond, MS*, Diana Monsivais, BS*, Yi Tang, PhD,
MD†, and Carol A. Podlasek, PhD*
*Department of Urology, Northwestern University Medical School, Chicago, IL, USA
†Chongqing Medical and Pharmaceutical College, Chongqing, China

Abstract
Introduction—Sonic hedgehog (SHH) is an essential regulator of smooth muscle apoptosis in the
penis that has significant clinical potential as a therapy to suppress post-prostatectomy apoptosis, an
underlying cause of erectile dysfunction (ED). Thus an understanding of how SHH signaling is
regulated in the adult penis is essential to move the field of ED research forward and to develop new
treatment strategies. We propose that hedgehog-interacting protein (HIP), which has been shown to
bind SHH protein and to play a role in SHH regulation during embryogenesis of other organs, is a
critical regulator of SHH signaling, penile morphology, and apoptosis induction.

Aims—We have examined HIP signaling in the penis and cavernous nerve (CN) during postnatal
differentiation of the penis, in CN-injured, and a diabetic model of ED.

Methods—HIP localization/abundance and RNA abundance were examined by
immunohistochemical (IHC) analysis and real-time reverse transcriptase-polymerase chain reaction
(RT-PCR) in Sprague-Dawley rats between the ages of 7 and 92 days old, in CN-injured Sprague-
Dawley rats and in BioBreeding/Worcester diabetic rats. HIP signaling was perturbed in the pelvic
ganglia and in the penis and TUNEL assay was performed in the penis. CN tie, lidocaine, and anti-
kinesin experiments were performed to examine HIP signaling in the CN and penis.

Results—In this study we are the first to demonstrate that HIP undergoes anterograde transport to
the penis via the CN, that HIP perturbation in the pelvic ganglia or the penis induces apoptosis, and
that HIP plays a role in maintaining CN integrity, penile morphology, and SHH abundance.

Conclusions—These studies are significant because they show HIP involvement in cross-talk
(signaling) between the pelvic ganglia and penis, which is integral for maintenance of penile
morphology and they suggest a mechanism of how nerves may regulate target organ morphology
and function.
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Introduction
Erectile dysfunction (ED) is a serious medical condition that affects 52% of men between the
ages of 40 and 70 years [1], and 22% of men under 40 [2]. Prostatectomy and diabetic patients
have an increased risk for developing ED with the prevalence of ED in diabetic men ranging
from 20% to 71% (Massachusetts Male Aging Study), and from 30% to 87% in radical
prostatectomy patients [3–6]. Current treatment options for ED, including oral therapy with
phosphodiesterase type 5 (PDE5) inhibitors, are ineffective in 29–86% of prostatectomy
patients [6–8] and in 30–50% of types I and II diabetic men [9–12]. The reduced efficacy of
treatments makes novel therapeutic approaches to treat ED essential. Peripheral nerve injury
to the cavernous nerve (CN) is common in diabetic and prostatectomy patients with ED.
Patients and animal models of neuropathy-induced ED experience increased smooth muscle
apoptosis and fibrosis of the penis, decreased penile size, and impaired erectile function [13–
20] and in patients that do not respond to PDE5 inhibitors, smooth muscle cell atrophy is
abundant [21]. Thus understanding the mechanisms that regulate smooth muscle apoptosis in
the penis is critical for development of new therapies for ED treatment and prevention.

An essential regulator of penile smooth muscle, apoptosis, and erectile function is the secreted
protein Sonic hedgehog (SHH) [15,22,23]. When SHH function is inhibited in the adult penis,
there is a significant 12-fold increase in smooth muscle apoptosis [15], which causes ED
[24], and SHH protein treatment of the CN-injured penis is able to suppress CN injury induced
apoptosis [15], indicating that SHH has significant potential to be developed as a treatment to
prevent post-prostatectomy apoptosis. However, the mechanism of how SHH signaling is
regulated in the adult penis remains unclear. It is likely that neural input and/or trophic factors
from the pelvic ganglia regulate SHH in the penis as SHH protein is significantly decreased in
two models of neuropathy-induced ED and apoptosis [15,23,24], and lidocaine and colchicine
treatment of the CN, which inhibit neural activity and transport, cause decreased SHH protein
and increased apoptosis in the penis [23]. Examination of the factors transported by the CN
that may regulate SHH abundance in the penis are critical for understanding the mechanism
(s) of apoptosis regulation in the penis.

As decreased SHH protein is a cause of smooth muscle apoptosis in the penis and of ED, it
would be highly beneficial to have a better understanding of the mechanisms that transduce
the SHH signal and which regulate SHH abundance in the penis. The SHH signal is transduced
through the interplay between patched (PTCH1) and smoothened (SMO). PTCH1 is a 12-
transmembrane protein [25–27] that functions as a receptor for SHH. PTCH1 binds to SHH
but does not transduce the intracellular signal (Figure 1). SMO, a 7-transmembrane protein
that forms a receptor complex with PTCH1 [28], does not bind to SHH but transduces the SHH
signal through activation of the GLI family of transcriptional factors (Figure 1). In the absence
of SHH protein bound to PTCH1, PTCH1 represses down stream targets of SHH signaling by
inhibiting the activity of SMO at the substoichiometric level [29]. When SHH protein binds to
PTCH1, this relieves the repression of PTCH1 on SMO and allows transcription of SHH’s
downstream targets [30–35] (Figure 1). A transcriptional target of SHH signaling is PTCH1
itself. When SHH binds to PTCH1, PTCH1 expression is increased [36]. By increasing the
level of PTCH1 protein in responding cells, SHH signaling attenuates its own activity in a
negative feedback loop [37]. Under normal conditions, PTCH1 competes with hedgehog-
interacting protein (HIP) for SHH ligand, in SHH target cells (Figure 1). The interaction of
PTCH1 and HIP modulate SHH signaling by limiting its diffusion and range of signaling.

We propose that the glycoprotein HIP is a potential regulator of SHH signaling in the penis.
HIP is a type I membrane glycoprotein that acts as a negative regulator of the SHH pathway
in many organs during embryogenesis by binding to the active form of SHH protein in vivo
and sequestering SHH [38]. Overexpression of HIP in cells making SHH reduce the amount
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of SHH secreted into the media and overexpression of HIP in mouse epithelial cells attenuate
their response to SHH, demonstrating that HIP can antagonize Hedgehog signaling when
expressed in the responding cell. Ectopic expression of Shh leads to ectopic Hip expression in
the embryo and in Shh mutants Hip expression is lost [38], indicating that HIP is not only a
regulator of SHH but also a transcriptional target of SHH signaling in the developing embryo.
Very little is known about HIP-SHH interactions in adult tissues. HIP is present in adult testis
[39], lung [39], liver [40,41], brain [42,43], and endothelial cells of blood vessels and vascular-
rich tissues [39]. The most information about HIP signaling in adult organs comes from studies
of the brain in which HIP has been identified in both a membrane-associated and a soluble
form [42]. HIP transcription does not occur upon SHH protein injection in the adult brain,
suggesting different mechanisms of SHH regulation by HIP during embryonic development
and in the mature brain [42]. The mechanism of how HIP attenuates SHH signal transduction
in the adult remains unclear and is the focus of these studies. We showed that HIP is localized
in penile smooth muscle and endothelium and in neurons of the pelvic ganglia/CN, that HIP
undergoes anterograde transport from the pelvic ganglia to the penis via the CN, that
perturbation of HIP signaling both in the pelvic ganglia and in the penis induces penile
apoptosis, and that HIP is decreased in CN injury models of ED. To our knowledge this is the
first report of HIP transport by peripheral nerves and these findings are significant because
they provide a potential mechanism of how nerves regulate target organ morphology and
function.

Materials and Methods
Animals

Sprague-Dawley rats postnatal day P115-120 (P115-P120) were obtained from Charles River
(Wilmington, MA, USA). BioBreeding/Worcester (BB/WOR) diabetic and diabetes resistant
control rats were obtained from an established breeding colony (Biomedical Research Models,
Inc., Worcester, MA, USA). Rats were sacrificed for tissue collection 233 to 256 days after
birth with 150 to 160 days of diabetes duration. Control rats were age-matched. Penises were
harvested from euthanized males and were either frozen in liquid nitrogen or fixed in 4%
paraformaldehyde.

All animals were cared for in accordance with the National Research Council publication Guide
for Care and Use of Laboratory Animals.

CN Injury
P120 Sprague-Dawley rats were randomized into two groups: bilateral CN resection (N = 8)
and sham abdominal exploration (control, N = 4). A 5-mm section of the CN was removed
bilaterally using a KAPS (Asslar, Germany) Industrial microscope under direct vision through
a midline abdominal incision. The prostatic capsule was manipulated in control animals
without resecting the CN. Stress-related fluctuations of serum testosterone were minimized at
the time of abdominal exploration through bilateral epididymo-orchiectomy and subcutaneous
placement of a 2-cm piece of medical grade silastic tubing (Dow Corning Corp., Midland, MI,
USA) filled with crystalline testosterone [44,45]. This method ensures reliable, uniform serum
testosterone levels for both the control and CN-cut groups up to 28 days after placement [46].
Penises were harvested from euthanized males by sharp dissection 2 and 5 days after CN
resection and were frozen in liquid nitrogen.

Time Course
Penises were harvested from euthanized males by sharp dissection in postnatal day 7, (P7, N
= 7), P12 (N = 7), P22 (N = 7), P42 (N = 5), P62 (N = 4), and P92 (N = 4) Sprague-Dawley
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rats and were frozen in liquid nitrogen for real-time reverse transcriptase-polymerase chain
reaction (RT-PCR) and immunohistochemical (IHC) analysis.

HIP Inhibitor and HIP Treatment of the Pelvic Ganglia
Affi-Gel beads (100–200 mesh, Bio-Rad Laboratories, Hercules, CA, USA) were equilibrated
with HIP inhibitor (N = 6; 200 μg/mL, Santa Cruz Biotechnology, Santa Curz, CA, USA), HIP
protein (N = 4, 0.13 μg/μL, R&D Systems [Minneapolis, MN, USA]), or Dulbecco’s
phosphate-buffered saline (PBS) (control, N = 6) overnight at 4°C. Approximately 10–20 beads
were injected directly under the pelvic ganglia bilaterally in adult Sprague-Dawley rats.
Injection was not made into the ganglia itself as this would likely destroy the ganglia. Rats
were sacrificed at 2 and 5 days following bead injection and the penis tissue was either frozen
in liquid nitrogen for IHC analysis, or fixed in 4% paraformaldehyde and embedded in paraffin
prior to TUNEL analysis. Pelvic ganglia and CN from HIP inhibited rats were also isolated for
electron microscopy (EM).

HIP Inhibitor and HIP Treatment of the Corpora Cavernosa
Affi-Gel beads (100–200 mesh, Bio-Rad Laboratories) were equilibrated with HIP inhibitor
(N = 3, 200 μg/mL, Santa Cruz Biotechnology; sc-6159, affinity-purified goat polyclonal
antibody raised against a peptide mapping at the N-terminus of HIP protein of rat origin; the
antibody binds to HIP in vivo and prevents HIP binding to SHH), HIP protein (N = 3, 0.13 μg/
μL, R&D Systems), or PBS (control, N = 3) overnight at 4°C. Approximately 30–40 beads
were injected directly into the corpora cavernosa of P120 Sprague-Dawley rat penises. Rats
were sacrificed at 2 days following bead injection. Penises were excised and either frozen for
IHC or fixed in 4% paraformaldehyde for TUNEL assay.

CN Tie Experiments
A midline abdominal incision was made with a scalpel under direct vision through a KAPS
Industrial microscope in adult (P115-120) Sprague-Dawley rats. The pelvic ganglia and CN
were exposed and surgical silk (9-0) was used to tie off the CN (double knot). Two (N = 9)
and 3 (N = 3) days after the tie was placed, rats were sacrificed and the pelvic ganglia and CN
were excised and frozen in OCT. The contralateral pelvic ganglia/CNs, which did not have a
tie, were used as controls. IHC for HIP was performed on sectioned CNs (14-μm sections).
Alexa Fluor 488 rabbit anti-goat, chicken anti-goat, and donkey anti-goat secondary antibodies
were used at 1/400 (Molecular Probes, Eugene, OR, USA). Potential buildup of HIP in the CN
was analyzed using a fluorescent microscope (Leitz, Jasper, IN, USA) and a Nikon (Tokyo,
Japan) digital camera.

Lidocaine Treatment of the CN
Two percent lidocaine HCl (Hospira, Inc., Lake Forest, IL, USA) and PBS (which was used
as a control) were soaked in Gel-Foam (Ferrsan, Soeborg, Denmark). A midline abdominal
incision was made with a scalpel under direct vision through a KAPS Industrial microscope.
The lidocaine-treated (N = 3) and control PBS-treated (N = 3) Gel-Foam was placed on top of
the CN bilaterally, of adult Sprague-Dawley rats (P115-120). After 2 days of lidocaine or PBS
treatment penises were harvested from euthanized males by sharp dissection and were frozen
in liquid nitrogen for quantitative IHC.

Anti-Kinesin Treatment of the CN
Affi-Gel beads (100–200 mesh, Bio-Rad Laboratories) were equilibrated with mouse anti-
kinesin (1.8 mg/mL, Sigma [St. Louis, MO, USA], N = 4) and PBS (which was used as a
control, N = 3) overnight at 4°C. Approximately 10–20 beads were injected directly under the
pelvic ganglia bilaterally in adult Sprague-Dawley rats. Rats were sacrificed at 3 days following
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bead injection/antikinesin treatment and the penis tissue was frozen in liquid nitrogen or fixed
in 4% paraformaldehyde. Frozen penis sections (16 μm) were treated with 1/100 goat
polyclonal HIP (D-15, Santa Cruz Biotechnology) and with the Alexa Fluor 488 chicken anti-
goat secondary antibody (1/400, Molecular Probes) in order to quantify HIP in the corpora
cavernosa after anti-kinesin treatment of the pelvic ganglia.

5E1 SHH Inhibitor Treatment of the Pelvic Ganglia
Affi-Gel beads (100–200 mesh, Bio-Rad Laboratories) were equilibrated with 5E1 SHH
inhibitor (N = 5, 378 μg/mL, Jessel, Hybridoma Bank at the University of Iowa), PBS (control,
N = 3), or mouse IgG (378 μg/mL, control, N = 4) overnight at 4°C. Approximately 10–20
beads were injected directly under the pelvic ganglia bilaterally in adult Sprague-Dawley rats.
Rats were sacrificed at 1 day following bead injection/SHH inhibition, and the penis tissue was
frozen in liquid nitrogen. Frozen penis sections (16 μ) were treated with 1/100 goat polyclonal
HIP (D-15, Santa Cruz Biotechnology) and with the Alexa Fluor 488 rabbit anti-goat secondary
antibody (1/400, Molecular Probes) in order to quantify HIP in the corpora cavernosa after
SHH inhibition in the pelvic ganglia.

TUNEL Assay for Apoptosis
TUNEL assay was performed using the Apoptag kit (Chemicon International, Temecula, CA,
USA) on isolated penis tissue fixed over night at 4°C in 4% paraformaldehyde, embedded in
paraffin, and sectioned 16 μ in thickness as described previously [15]. All cells were stained
for comparison using propidium iodide (0.02 Lg/mL). Fluorescent apoptotic cells were
observed under a fluorescent microscope (Leitz) and photographed using a Nikon digital
camera. Quantification of apoptosis was performed by counting the total number of cells and
the number of apoptotic cells in a given field selected at random by visual observation. The
number of apoptotic cells/all cells in five fields from each section and five sections for each
penis were counted. Statistics were performed using the Excel program (Microsoft) and the
ratio of apoptotic cells/all cells was reported ± the standard error of the mean (SEM). A t-test
was performed to determine significant differences in apoptosis. Analysis of variance (ANOVA)
was performed to determine significant differences in apoptosis between HIP-inhibited and
HIP-treated tissues using SPSS software version 17 (SPSS Inc., Chicago, IL, USA).

IHC Analysis and Confocal Microscopy
IHC was performed as previously outlined [15,22,24] on penis tissue assaying for goat
polyclonal SHH (1/100,N-19, SC-1194, Santa Cruz Biotechnology), HIP (D-15, Santa Cruz
Biotechnology, SC-6159, affinity-purified goat polyclonal antibody raised against a peptide
mapping at the N-terminus of HIP of rat origin), PTCH1 (Santa Cruz Biotechnology, SC-6149,
affinity-purified goat polyclonal antibody raised against a peptide mapping at the amino
terminus of PTCH1 of mouse origin), and mouse monoclonal ACTA1 (Sigma). Secondary
antibodies used were Alexa Fluor 488 rabbit anti-goat, chicken anti-goat, donkey anti-goat,
and Alexa Fluor 594 chicken anti-mouse (1/300 or 1/400, Molecular Probes). Negative controls
were performed with secondary only (without primary) to test for non-specific staining and
autofluorescence. Sections were mounted using Pro-Tex Mounting Medium (Baxter
Diagnostics, Inc., Pittsburgh, PA, USA). Microscopy was performed using a fluorescent
microscope (Leitz) and photographed using a Nikon digital camera. Confocal microscopy was
performed using a Zeiss LSM laser scanning confocal microscope and Zeiss LSM 510 software.
SHH and HIP proteins were quantified using the Image J program [47]. Total fluorescence was
measured in five fields from each section and five sections for each penis. Statistics were
performed using the Excel program (Microsoft) and the results were reported ± SEM. A t-test
was performed to determine significant differences in SHH and HIP abundance. ANOVA was
performed to determine significant differences in SHH, PTCH1, and HIP proteins between 2
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and 5 days after CN injury using SPSS software version 17. Two-way ANOVA was performed to
determine significant differences in HIP proteins between 2 and 5 days of HIP inhibition using
SPSS software version 17.

EM
EM was performed as described previously [48] on corpora cavernosa and CN from adult
Sprague-Dawley rats that had their pelvic ganglia treated with PBS as a control (N = 3) or HIP
inhibitor (N = 3, 200 μg/mL, Santa Cruz Biotechnology) via Affi-Gel beads for 5 days (N =
3). Isolated corpora cavernosa and CN were fixed in 2.5% glutaraldehyde, postfixed in 1%
OsO4, dehydrated and embedded in Epon resin. These sections were cut and stained with 2%
uranyl acetate and 3% lead citrate. EM was performed using a Zeiss Electron Microscope 900
to examine which cell type was undergoing apoptosis in the corpora cavernosa and to examine
axonal degeneration in the CN.

Quantification of RNA Expression by Real-Time RT-PCR
RNA from penis tissue was isolated with TRIzol (Invitrogen, Carlsbad, CA, USA) and DNase
treated as described previously [15]. CDNA was synthesized from 300 ng of RNA using the
Gene Amp RNA PCR Core kit (Perkin-Elmer, Branchburg, NJ, USA). Real-time RT-PCR was
performed on the Opticon Monitor system (Bio-Rad, Irvine, CA, USA) using SYBR Green
Super UDG mix (Invitrogen) according to the manufacturer’s recommendations. RT-PCR
reactions were set up in microtubes in a volume of 20 μL. The reaction components included
4 uL of cDNA and 20 nM of each primer (Integrated DNA Technologies, Coralville, IA, USA).
For primer sequences see Table 1. Negative controls with out cDNA were run to ensure the
absence of contamination. Amplification was performed with the following temperature
cycling: an initial step at 50°C for 2 minutes, 95°C for 2 minutes, and then 40 cycles of 95°C
for 15 seconds, 58°C for 30 seconds, and 72°C for 30 seconds. Fluorescent readings were
completed after each cycle. The threshold cycle was automatically calculated by the Opticon
Monitor and a melt curve was generated from 65° to 90°C with fluorescent readings every 0.2°
C. Specificity of primers was verified by melt curve analysis and sequencing at the
Northwestern University Center for Genetic Medicine Sequencing Core Facility. Shh, Ptch1,
and Hip were normalized to Ribosomal subunit L-19 (Rpl19), malate dehydrogenase (Mdh),
and Ribosomal subunit L-32 (Rpl32) housekeepers by the 2−ΔΔC

T method [49]. Assays were
performed in triplicate on individual tissue specimens, the results averaged and the product
ratios reported as the mean plus or minus the standard error of the mean. Excel (Microsoft)
was used for statistical analysis and a t-test was used to determine significant changes in RNA
expression. ANOVA was performed to determine significant differences in Shh, Ptch1, and Hip
expression between 2 and 5 days after CN injury using SPSS software version 17.

Results
Localization of HIP in the Developing Penis

IHC analysis was performed on penis tissue assaying for HIP in postnatal day 7–92 (P7-P92,
N = 4–7 for each age) rat penis. HIP was abundant in the nerves at all ages assayed (Figure 2).
In P22 and P42 penis the staining pattern in the nerve appeared unusual, with suggestion of a
higher order of structure not present at other ages in the nerve (Figure 2). HIP was also present
in a layer under the tunica at P7 (Figure 2). As differentiation into smooth muscle and
endothelium occurred HIP became localized in the lining of the sinusoidal tissue of the corpora
cavernosa (Figure 2) and in the urethra (not shown). The morphology of the sinusoid lining is
not exclusively of the adult configuration until P62 in the rat. At this time smooth muscle and
endothelium are clearly differentiated (Figure 2). At P12–P42, intense HIP staining was
observed in small structures within and between the developing smooth muscle cells, which
suggests HIP involvement in intercellular signaling in penile smooth muscle.

Angeloni et al. Page 6

J Sex Med. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Time Course of Hip Expression in the Developing Penis
Hip expression was quantified by real-time RT-PCR (N = 4–7 for each age), and was found to
be most abundant during the first 2 weeks after birth when sinusoidal differentiation takes place
in the corpora cavernosa. Hip expression decreased consistently with age as sinusoidal
differentiation was completed (Figure 3). A small spike in Hip expression was observed with
the onset of puberty (P40-60, Figure 3), which may suggest hormonal regulation at this time
by testosterone. Hip expression in the adult penis remained constant but low (Figure 3).

Localization of HIP in the Adult Penis
IHC analysis and confocal microscopy were performed on normal adult Sprague-Dawley rat
penis assaying for HIP (N = 5). HIP was abundant in the nucleus and cytoplasm of endothelial
cells and in the cellular membrane and cytoplasm of smooth muscle cells of the corpora
cavernosa (Figure 3). Dual ACTA1/HIP IHC confirms the presence of HIP in penile smooth
muscle of control and 2 day CN-cut rats (Figure 3, N = 4 for each group). The localization of
HIP appeared unaltered at 5 days after CN injury although grossly, HIP staining appeared less
intense and in a smaller number of smooth muscle cells (data not shown).

HIP protein was Decreased and Hip RNA Expression was Increased with CN Injury
HIP protein was quantified in control and CN-injured penises at 2 and 5 days after CN injury
(N = 4 for each group). HIP was unchanged at 2 days (P value = 0.22) but was significantly
decreased 1.4-fold 5 days after CN injury (P value = 0.004, Figure 4A). ANOVA shows that HIP
was significantly decreased between 2 and 5 days after CN injury (P value = 0.006, Figure
4A). SHH and PTCH1 proteins were significantly decreased at 2 (1.4- and 1.2-fold,
respectively) and at 5 days (1.4- and 1.3-fold, respectively) after CN injury (SHH P values =
1.3 × 10−5 and 0.0004, PTCH1 P values = 3.21 × 10−5 and 0.0003, Figure 4A). ANOVA shows
that SHH and PTCH1 proteins were unchanged between 2 and 5 days after CN injury (P value
= 0.97 and 0.35, respectively, Figure 4A).

Hip RNA was quantified by real-time RT-PCR, which showed no change in Hip expression
at 2 days after CN injury; however, Hip was significantly increased twofold (P value = 0.03)
at 5 days after CN injury (Figure 4B, N = 4 for each group). ANOVA shows no difference in Hip
expression between 2 and 5 days after CN injury (P value = 0.06, Figure 4A). Shh and Ptch1
expression were increased 2.4-, 4.6-, and 1.7-, and 2.3-fold, respectively, at 2 and 5 days after
CN injury (Shh P value = 0.001 and 0.002, Ptch1 P values = 0.05 and 0.03, Figure 4C,D).
ANOVA shows that Shh expression was significantly increased between 2 and 5 days after CN
injury (P value = 0.005, Figure 4C), however, Ptch1 expression remained unaltered between
2 and 5 days after CN injury (P value = 0.34, Figure 4D).

Perturbation of HIP Signaling in the Pelvic Ganglia Caused Apoptosis Induction and
Decreased SHH Protein in the Corpora Cavernosa

Affi-Gel beads soaked in HIP inhibitor, HIP protein, or PBS (control) were implanted under
the pelvic ganglia of adult Sprague-Dawley rats (N = 6 for each group). Verification of HIP
inhibition was performed in vivo by staining the HIP inhibited penis tissue with a second HIP
antibody (Abcam ab39208). As the HIP inhibitor was already bound to HIP in the corpora
cavernosal tissue, the Abcam antibody should not stain in the region of the Affi-Gel beads;
however, staining should be present in untreated tissue away from the beads as was observed
(Figure 5). The TUNEL assay showed that apoptosis was increased 2.4-fold in the corpora
cavernosa after 2 days of HIP inhibition in the pelvic ganglia (P value = 2.9 × 10−5, Figure 5)
and 1.5-fold in the corpora cavernosa after HIP treatment of the pelvic ganglia (P value = 0.02,
Figure 5). ANOVA showed a significant difference in apoptosis when comparing effects of HIP
inhibitor vs. HIP (P value < 0.0001, Figure 5A). EM of penis from rats that were treated with
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HIP inhibitor in the pelvic ganglia showed much less abundant smooth muscle upon visual
observation, and endothelial apoptosis was easily identifiable (Figure 5). CNs of the rats that
were treated with HIP inhibitor in the pelvic ganglia displayed axonal degeneration and
demyelination of CN fibers in comparison with controls (Figure 5).

HIP protein in the corpora cavernosa remained unchanged after 2 days of HIP inhibition in the
pelvic ganglia (P value = 0.06) but was significantly decreased 1.4-fold after 5 days of HIP
inhibition in the pelvic ganglia (P value = 0.0002, Figure 5E). Two-way ANOVA showed a
significant difference in HIP protein when comparing effects of treatment (P value < 0.0001)
but not of day (P value = 0.71, Figure 5E).

HIP inhibition in the pelvic ganglia for 2 days caused a 1.5-fold decrease in SHH protein in
the corpora cavernosa (control = 21.47 ± 1.26, HIP inhibited = 14.06 ± 0.52, P value = 0.003).
After 5 days of HIP inhibition in the pelvic ganglia, SHH protein was decreased 1.2-fold in the
corpora cavernosa (control = 9.22 ± 0.37, HIP inhibited = 7.63 ± 0.11, P value = 0.007).
However, HIP protein treatment of the pelvic ganglia did not alter SHH protein in the corpora
cavernosa (control = 25.54 ± 0.40, HIP = 25.30 ± 0.44, P value = 0.36).

HIP Protein Remained Unchanged in the Corpora Cavernosa After SHH Inhibition in the
Pelvic Ganglia

Affi-Gel beads, soaked in 5E1 SHH inhibitor (N = 5), PBS (control, N = 3), or mouse IgG
(control, N = 4), were implanted under the pelvic ganglia. After 1 day of SHH inhibition in the
pelvic ganglia, SHH protein was decreased 1.1-fold in the corpora cavernosa (control PBSN
= 17.93 ± 0.19, SHH inhibited = 16.35 ± 0.34, P value = 0.007, control mouse IgG = 16.84 ±
0.4); however, HIP protein remained unchanged in the corpora cavernosa (control = 15.31 ±
0.53, SHH inhibited = 14.61 ± 0.38, P value = 0.12).

Perturbation of HIP Signaling in the Penis Caused Apoptosis Induction in the Corpora
Cavernosa

Affi-Gel beads soaked in HIP inhibitor, HIP protein, or PBS (control, N = 3 for each group)
were injected into the corpora cavernosa of adult Sprague-Dawley rats. TUNEL assay showed
that apoptosis was increased 2.4- and 2.2-fold in the corpora cavernosa after 2 days of HIP
inhibition (P value = 0.001) and HIP treatment respectively in the penis (P value = 0.0007,
Figure 5E). ANOVA showed no significant difference in apoptosis when comparing effects of HIP
inhibitor vs. HIP protein (P value = 0.37, Figure 5E).

CN Tie Experiments Identify Anterograde HIP Transport
A tie was placed bilaterally on CNs of adult Sprague-Dawley rats in order to determine if HIP
protein was being transported from the pelvic ganglia to the penis via the CN. IHC of the CN/
pelvic ganglia assayed for HIP show buildup of HIP protein on the ganglia side of the tie 2 (N
= 9) and 3 (N = 3) days after tie placement (Figure 6), indicating that HIP under goes
anterograde transport from the pelvic ganglia to the penis via the CN.

Lidocaine Treatment of the CN Caused Decreased HIP in the Corpora Cavernosa
HIP was quantified in penis tissue isolated from adult Sprague-Dawley rats in which the CN’s
were treated bilaterally with either lidocaine or PBS (N = 3 for each group) in order to determine
the effect of cessation of neural activity and transport on penile HIP abundance. HIP protein
was significantly decreased 1.2-fold in the corpora cavernosa after lidocaine treatment of the
CN (P value = 0.015, Figure 6). We have previously shown that apoptosis is increased 1.6-
fold after 2 days of lidocaine treatment of the CN [23].
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Anti-Kinesin Treatment of the CN Decreases HIP in the Corpora Cavernosa
HIP protein was quantified in penis tissue isolated from adult Sprague-Dawley rats in which
their CN’s were treated bilaterally with either anti-kinesin (N = 4) or PBS (N = 3) in order to
determine the effect of blocking anterograde transport on penile HIP abundance. HIP protein
was significantly decreased in the corpora cavernosa after 3 days of anti-kinesin treatment of
the pelvic ganglia (anti-kinesin = 7.61 ± 0.27, PBS = 9.72 ± 0.27, P value = 0.002, Figure 6).

HIP Protein was Decreased and Hip RNA was Increased in a Diabetic Model of Neuropathy,
the BB/WOR Rat

HIP protein and Hip RNA were quantified in BB/WOR diabetic and BB/WOR control penis
tissue (N = 4 for each group). HIP protein was significantly decreased 1.2-fold in diabetic penis
(P value = 0.001) and Hip RNA was significantly increased 3.1-fold in diabetic penises (P
value = 0.012, Figure 6).

Discussion
We propose that HIP protein is transported from pelvic ganglia neurons to the penis via the
CN. This hypothesis is supported by CN tie experiments in which HIP protein built up on the
ganglia side of the tie, indicating anterograde transport of HIP in the CN. Lidocaine and
antikinesin treatment of the CN also decreased HIP protein in the penis, confirming HIP
transport by the CN. This is an important finding because it may shed light on one way in which
peripheral nerves communicate with tissues that they innervate and how nerves maintain end
organ morphology in adult organs. Only one other study in adult tissues has suggested that HIP
was transported between tissues. The authors based their observation on comparison of HIP
protein and RNA localization in the adult brain, in which regions were detected with only the
transcript or only the protein, such as the olfactory bulbs or the cortex, suggesting that HIP
may be transported to projection areas of HIP-synthesizing cells [42]. These findings in the
adult brain are suggestive of HIP transport and consistent with our findings of HIP anterograde
transport by the CN from the pelvic ganglia to the penis in the adult rat. Also consistent with
observations in the adult brain, we did not observe HIP upregulation in response to SHH protein
in the corpora cavernosa (unpublished observation), further supporting the hypothesis that SHH
and HIP signaling are not identical during embryogenesis and in adult organs. In our studies,
when the CN was cut or when HIP signaling was inhibited in the pelvic ganglia, it took 5 days
before a decrease in HIP protein was observed in the corpora cavernosa of the penis. This
suggests that HIP may be similar to NOS1 in the CN, such that HIP/NOS1 may build up on
the nerve terminals and take several days to be fully depleted when the CN is injured [50]. As
SHH and PTCH1 proteins are decreased significantly 2 days after CN injury, and possibly
sooner because this was the earliest time assayed, it may be that normal HIP physiological
levels in the penis out compete PTCH1 (which is decreased in abundance after CN injury), for
SHH binding. Unbound PTCH1 might then induce apoptosis through its dependence receptor
capacity [51]. By 5 days after CN injury, HIP levels are similarly decreased to that of SHH
and PTCH1 and apoptosis abundance is much decreased [14], suggesting that competition of
HIP and PTCH1 has returned to a more physiologic balance. This hypothesis is one potential
mechanism of how perturbation of HIP in the CN may induce penile apoptosis.

Our results suggest that HIP in the CN serves more than one function. HIP regulates SHH in
the corpora cavernosa and penile morphology, as was shown when HIP inhibition in the pelvic
ganglia caused decreased SHH protein and increased apoptosis in the penis. HIP also plays a
role in maintaining CN integrity as was observed by HIP inhibition in the pelvic ganglia causing
axonal degradation and demyelination of the CN. This function is distinct from HIP transport
to the penis. HIP is normally localized in adult neurons of the pelvic ganglia and fibers of the
CN. In embryonic sciatic nerve, Hip RNA was elevated in response to Desert hedgehog (DHH)
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treatment of cultured fibroblasts, suggesting HIP involvement in other peripheral nerve
signaling [52]. We did not observe HIP protein in Schwann cells or the perineurium, which is
surprising considering the role of DHH in forming the perineurium of the sciatic nerve. We
have previously identified SHH protein in Schwann cells of the CN [23], which are involved
in maintaining and regenerating the CN, suggesting a role for the SHH pathway in maintaining
neural integrity. As HIP inhibition in the pelvic ganglia has such a profound and specific effect
on CN morphology, it is likely that HIP plays a role in maintaining CN axons and in myelination
of the nerve fibers.

Perturbation of physiological HIP in either the pelvic ganglia or the penis induces apoptosis
in the corpora cavernosa, indicating the importance of HIP to maintaining penile morphology.
Disturbing physiological HIP levels in the pelvic ganglia may either affect CN integrity, which
causes down stream induction of apoptosis in the penis or may directly affect some factor in
the penis, which regulates apoptosis. It is also possible that a combination of these mechanisms
takes place upon HIP perturbation in the pelvic ganglia. It is interesting that HIP inhibition in
the pelvic ganglia decreases SHH protein as well as increases apoptosis in the penis, suggesting
that HIP inhibition in the pelvic ganglia induces apoptosis in the penis through a SHH
dependent mechanism. This is in keeping with our previous results that show that SHH
inhibition causes smooth muscle apoptosis in the penis [15,22]. Excess HIP protein treatment
of the pelvic ganglia does not alter SHH protein abundance in the penis however it does induce
apoptosis (to a lesser extent than HIP inhibition), suggesting a SHH-independent mechanism.
It is possible that adding extra HIP to a nerve that already has abundant HIP protein may have
a toxic effect on the CN similar to HIP inhibition effects on CN morphology, and may thus
induce apoptosis in the target organ of innervation. HIP perturbation directly in the penis, also
induced apoptosis in the corpora cavernosa, indicating that HIP effects on penile morphology
are not only caused by disruption of CN signaling/integrity, but also results because of the
direct interactions on factors in the penis. Whereas HIP has been demonstrated to have a
negative effect on SHH signaling during embryogenesis of other organs, the mechanism of
HIP–SHH interactions in the adult penis does not appear as straightforward.

Conclusions
In this study we show that HIP protein is transported by the CN to the penis, that HIP
perturbation in the pelvic ganglia or the penis induce apoptosis and that HIP plays a role in
maintaining both CN integrity and corpora cavernosal morphology. These studies are
significant because they show HIP involvement in the cross-talk between the pelvic ganglia
and penis which is integral for maintenance of penile morphology, and they suggest a
mechanism of how nerves may regulate end organ morphology.
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Figure 1.
Diagram of Sonic hedgehog, patched (PTCH1), smoothened (SMO), and hedgehog-interacting
protein (HIP) interactions. S = SHH; P = PTCH1.
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Figure 2.
Immunohistochemical analysis of hedgehog-interacting protein (HIP) in the dorsal nerve
bundle (A) and in the corpora cavernosa (B) of the penis of P7-P92 Sprague-Dawley rats. (a)
HIP protein is localized in the nerves of the penis at all ages assayed. An unusual ultrastructure
was observed in the nerves at P22 and P42. X250. (B) HIP was observed in a layer under the
tunica at P7 (×1,000). HIP localization was restricted to the developing sinuses of the corpora
cavernosa and individual cells between the sinuses that are likely fibroblasts at P12–P22
(×1,000) and at P42–P92 (×400). At P12, P22, and P42, intense HIP staining was observed in
small structures within and between the developing smooth muscle cells. Arrows indicate HIP
staining.
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Figure 3.
Quantification of Hip RNA and localization of the hedgehog-interacting protein (HIP) in penis
tissue. (A) Time course of Hip RNA expression quantified by real-time reverse transcriptase-
polymerase chain reaction in Sprague-Dawley rat penises. Hip expression was most abundant
during the first week after birth. Hip expression remained constant but low by comparison in
the adult penis. A small spike in Hip expression was observed with the onset of puberty (P40-
P60). (B) Confocal microscopy of normal Sprague-Dawley rat penises assayed for HIP protein.
HIP was abundant in the nucleus and cytoplasm of endothelial cells and in the cellular
membrane and cytoplasm of smooth muscle cells of the corpora cavernosal sinusoidal tissue.
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(C) Dual ACTA1/HIP IHC confirms the presence of HIP protein in penile smooth muscle of
control and 2 days cavernous nerve-cut rats. E = endothelium; SM = smooth muscle.
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Figure 4.
Quantification of Hip, Shh, and Ptch1 RNA and hedgehog-interacting protein (HIP) in
cavernous nerve (CN)-cut rats. (A) Quantification of SHH, PTCH1, and HIP proteins in
control, 2 and 5 days CN-injured Sprague-Dawley rat penises. SHH and PTCH1 proteins were
significantly decreased at 2 and 5 days after CN injury. HIP was unchanged at 2 days after CN
injury but was significantly decreased 1.4-fold 5 days after CN injury. (B) Hip RNA was
quantified by real-time reverse transcriptase-polymerase chain reaction (RT-PCR) using
Rpl19 as an internal standard. There was no change in Hip expression at 2 days after CN injury
however Hip expression was significantly increased twofold at 5 days after CN injury (P value
= 0.03). (C) Shh RNA was quantified by real-time RT-PCR using Rpl19 as an internal standard.
Shh expression significantly increased 2.4 and 1.7-fold at 2 and 5 days after CN injury (P values
= 0.001 and 0.002). (D) Ptch1 RNA was quantified by real-time RT-PCR using Rpl19 as an
internal standard. Ptch1 expression significantly increased 4.6- and 2.3-fold at 2 and 5 days
after CN injury (P values = 0.05 and 0.03).
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Figure 5.
Affi-Gel beads soaked in hedgehog-interacting protein (HIP) inhibitor, HIP protein, and
phosphate-buffered saline (control) were implanted under the pelvic ganglia of Sprague-
Dawley rats and TUNEL, confocal microscopy, and HIP protein quantification were performed
in the penis. (A) TUNEL assay showed that apoptosis was increased 2.4-fold in the corpora
cavernosa after 2 days of HIP inhibition in the pelvic ganglia and 1.5-fold in the corpora
cavernosa after HIP protein treatment of the pelvic ganglia. (B) Verification of HIP inhibitor
function in vivo in the corpora cavernosa was performed by staining the HIP inhibited penis
tissue with a second HIP antibody (Abcam ab39208). As the HIP inhibitor was already bound
to HIP in the corpora cavernosal tissue, the Abcam antibody should not stain in the region of
the Affi-Gel beads; however, staining should be present in untreated tissue away from the beads
as was observed. Arrows indicate HIP protein. (X160). (C) Electron microscopy (EM) of HIP
inhibited corpora cavernosa showed much less smooth muscle abundance by comparison with
controls (×44,000) and endothelial apoptosis was evident (×70,000). (D) EM of HIP inhibited
CN (×30,000) showed axonal degeneration and demyelination of nerve fibers by comparison
with controls (×44,000). Arrows indicate degenerating axons. (E) HIP protein in the corpora
cavernosa remained unchanged at 2 days of HIP inhibition in the pelvic ganglia but was
significantly decreased 1.4-fold after 5 days of HIP inhibition in the pelvic ganglia. TUNEL
assay showed that apoptosis was increased 2.4-fold in the corpora cavernosa after 2 days of
HIP inhibition directly in the penis and 2.2-fold in the corpora cavernosa after direct HIP protein

Angeloni et al. Page 19

J Sex Med. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treatment of the penis via Affi-Gel beads. B = Affi-Gel bead; E = endothelium; SM = smooth
muscle.
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Figure 6.
Hedgehog-interacting protein (HIP) localization and quantification in the cavernous nerve
(CN) tie, lidocaine, anti-kinesin-treated Sprague-Dawley rats, and in diabetic rats. (A) A tie
was placed on the CNs in order to determine if HIP protein was under going anterograde
transport to the penis via the CN. HIP protein built up on the ganglia side of the tie after 2 days
(left and middle, ×100, and right, ×250) showing that HIP protein was transported by the CN.
HIP protein was observed originating in neurons of the pelvic ganglia (Right, ×160). (B) HIP
protein was significantly decreased 1.2-fold in corpora cavernosa of rats in which their CN’s
were treated with lidocaine. (C) HIP was significantly decreased 1.3-fold in corpora cavernosa
of rats in which their CN’s were treated with anti-kinesin. (D) HIP protein was significantly
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decreased 1.2-fold in diabetic penises and Hip RNA expression was increased 3.1-fold in
diabetic penises.
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Table 1

Real-time RT-PCR Primer Sequences

HIP-F: 5′-CTATTGGGCCTCACGACCAC-3′

HIP-R: 5′-TTCCAGAAACACCCTGGCTG-3′

MDH-F: 5′-TCTGCCACTCTGTCCATGGCTTAT-3′

MDH-R: 5′-TGCCAATGCCTAGGTTCTTCTCCA-3′

PTCH-F: 5′-GTACATGGACCGGCCTTGC-3′

PTCH-R: 5′-TCAAAACAAGGGCCACATCA-3′

RPL19-F: 5′-GAGCACATCCACAAACTGAAGGCA-3′

RPL19-R: 5′-TGATCTCCTCCTTCTTGGCTTGGA-3′

RPL32-F: 5′-TCTGGTGAAGCCCAAGATC-3′

RPL32-R: 5′-CTCTGGGTTTCCGCCAGT-3′

SHH-F: 5′-AGTTTATCCCCAACGTAGCC-3′

SHH-R: 5′-TTGGGGGTGAGTTCCTTAAA-3′
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