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Abstract
Efforts to regenerate the cavernous nerve (CN), which provides innervation to the penis, have been
minimally successful, with little translation into improved clinical outcomes. We propose that,
Sonic hedgehog (SHH), is critical to maintain CN integrity, and that SHH delivered to the CN by
novel peptide amphiphile (PA) nanofibers, will promote CN regeneration, restore physiological
function, and prevent penile morphology changes that result in erectile dysfunction (ED). We
performed localization studies, inhibition of SHH signaling in the CN, and treatment of crushed
CNs with SHH protein via linear PA gels, which are an innovative extended release method of
delivery. Morphological, functional and molecular analysis revealed that SHH protein is essential
to maintain CN architecture, and that SHH treatment promoted CN regeneration, suppressed
penile apoptosis and caused a 58% improvement in erectile function in less than half the time
reported in the literature. These studies show that SHH has substantial clinical application to
regenerate the CN in prostatectomy and diabetic patients, that this methodology has broad
application to regenerate any peripheral nerve that SHH is necessary for maintenance of its
structure, and that this nanotechnology method of protein delivery may have wide spread
application as an in vivo delivery tool in many organs.

Introduction
Peripheral nerve injury of the cavernous nerve (CN) is a significant concern to diabetic,
aging, metabolic syndrome and prostate cancer patients who develop erectile dysfunction
(ED) as a result of denervation of the penis. ED affects ~ 50% of the male population
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between the ages of 40 and 70 and has a high impact on men’s health since ED is an early
warning sign for cardiovascular disease [1]. Loss of innervation causes profound and
irreversible morphological changes in the penis including induction of abundant apoptosis in
penile smooth muscle, primarily in the first week after CN injury [2]. Current therapies for
ED, including phosphodiesterase type 5 (PDE5) inhibitors, target relaxation of penile
smooth muscle by elevating cGMP. These therapies become ineffective with corpora
cavernosal remodeling that results from 10 CN injury and are thus effective in only a
minority of patients with neuropathy of the CN (16–82% ineffective in prostatectomy
patients [3], and 56–59% ineffective in diabetic patients [4]). Thus new therapies are
required that address the under lying causes of ED by promoting CN regeneration and
suppressing penile apoptosis.

As is the case with other peripheral nerves, efforts to regenerate the CN have so far been
minimally successful, with little translation into improved clinical outcomes. Acellular nerve
grafts [5], use of Schwann cell seeded guidance tubes [6–7] and alginate supports to bridge
the injury gap [8], and treatment with assorted growth factors, including growth hormone
[9], vascular endothelial growth factor [10], brain-derived neurotrophic factor [10] (BDNF),
erythropoietin [11], and neuturin [12], are state of the art treatments however they have been
only partially successful in regenerating the CN in animal models. In other peripheral
nerves, such as the sciatic nerve [13–14] and facial nerve [15], it has been suggested that the
Sonic hedgehog (SHH) pathway may play a significant role in nerve regeneration after
injury. This is supported by improvement in nerve function by SHH treatment in diabetic
models of neuropathy [16–17]. In our previous studies we have shown that SHH is an
essential regulator of penile morphology that can suppress smooth muscle apoptosis caused
by CN injury [18–20] and SHH signaling in the adult penis is mediated by SHH signaling in
the CN, by neural activity and trophic factors in the CN [20–22], thus emphasizing the
importance of regenerating the CN for preventing penile apoptosis and ED. SHH protein is
abundant in neuronal nitric oxide synthase (NOSI) positive neurons of the pelvic ganglia
that innervate the penis [21] and in Schwann cells of the CN [21], and SHH positive
Schwann cells are recruited to the site of CN injury for repair [21]. These results show that
SHH in Schwann cells is essential to maintain CN integrity and suggest that SHH is required
for CN regeneration. Thus we propose the innovative approach of delivering SHH protein
locally to the CN at the time of CN injury/prostatectomy in order to promote CN
regeneration and prevent penile apoptosis. We hypothesize that SHH protein delivered to the
CN via monodomain gels containing aligned peptide amphiphile (PA) nanofibers [23], will
speed CN regeneration. The advantage of using a gel of aligned PA nanofibers (Figure 1) for
SHH delivery is that they are biodegradable, provide directional guidance to regenerating
axons and could deliver proteins directionally and over extended periods. If SHH protein
delivered by aligned PA nanofibers promotes CN regeneration, then there is substantial
clinical application to humans to regenerate the CN after prostatectomy and in diabetic
patients where SHH protein is also decreased [19]. There is also the potential for broad
application of this methodology to any peripheral nerve that SHH signaling is necessary for
regeneration.

Methods
Animals

Sprague Dawley rats postnatal day 115–120 (P115–P120) were obtained from Charles
River. Animals were cared for in accordance with institutional IACUC approval and the
National Research Council publication Guide for Care and Use of Laboratory Animals.
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Peptide amphiphile synthesis
PAs were synthesized at the Northwestern Institute for BioNanotechnology in Medicine
Chemistry Core Facility. PAs were synthesized by standard methods via FMoc-based solid
phase synthesis on Rink resins [23]. Through standard deprotection and coupling
procedures, the VVAAEE sequence was synthesized on the resin beads and terminated in a
palmitic acid (C16) alkyl tail. Batches were cleaved from the resin, precipitated in cold ethyl
ether, and lyophilized to a powder. PAs were then purified by preparative high performance
liquid chromatography and lyophilized to a powder. Each dry powder was redissolved in
PBS, adjusted to pH 7 using dilute sodium hydroxide, and dialyzed against de-ionized water.
The PA solutions were then re-lyophilized, and stored at −80°C as a dry powder until
needed. The final PA is shown in Figure 1 as ((C16)-V2A2E2-(NH2), molecular weight=854
g/mol). Compositions were confirmed by mass spectrometry.

Anti-kinesin treatment of the pelvic ganglia/CN
Affi-Gel beads (100–200 mesh, Bio-Rad) were equilibrated with mouse anti-kinesin (1.8
mg/mL, n=4, Sigma, St. Louis, MO, USA) and PBS (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 bead injection/anti-
kinesin treatment and the penis tissue was frozen in liquid nitrogen or fixed in 4%
paraformaldehyde. Semi-quantitative immunohistochemical analysis was performed on
penis tissue assaying for SHH protein.

5E1 SHH inhibitor treatment of the pelvic ganglia
Affi-Gel beads (100–200 mesh, Bio-Rad, Hercules, CA) were equilibrated with 5E1 SHH
inhibitor (378 μg/ml, Jessel, Hybridoma Bank at the University of Iowa) or mouse IgG
(control) overnight at 4°C. Approximately 10–20 beads with SHH inhibitor (n=3) or mouse
IgG (n=3) were injected directly under the pelvic ganglia bilaterally in adult Sprague
Dawley rats. Injection was not made directly into the pelvic ganglia itself since this could
damage the pelvic ganglia. Rats were sacrificed at 6 days following bead injection/SHH
inhibition and the CN/pelvic ganglia were fixed in 2.5% glutaraldehyde for electron
microscopy.

CN crush and SHH protein treatment via Affi-Gel beads implanted under the pelvic ganglia
The CN/pelvic ganglia were exposed in adult Sprague Dawley rats. Microforceps (size 0.02
× 0.06mm) were used to perform bilateral CN crush as described previously [24,25].
Forceps were closed on the CN and the pressure maintained for 30 seconds [24,25]. Affi-Gel
beads (100–200 mesh, Bio-Rad, Hercules, CA) were equilibrated over night with SHH
protein (recombinant mouse SHH peptide [26] (R & D Systems), or BSA (control) at 4°C.
Approximately 10–20 beads equilibrated with either 0.125μg/μl SHH protein (n=8 rats) or
BSA (n=7 rats), were injected directly under the pelvic ganglia bilaterally in CN crushed
rats. Penes were harvested from euthanized males by sharp dissection 2 or 6 weeks after CN
crush and were frozen or fixed in 4% paraformaldehyde and embedded in paraffin.

CN crush and SHH protein or BSA (control) treatment via PAs
The CN/pelvic ganglia were exposed in adult Sprague Dawley rats. Microforceps (size 0.02
× 0.06mm) were used to perform bilateral CN crush. Forceps were closed on the CN and the
pressure maintained for 30 seconds [24,25]. PA was rehydrated to a 100 mM concentration
in distilled water and was heated at 80°C for 30 minutes in a water bath. The water bath was
turned off and the PA was slowly allowed to cool to room temperature. 20mM CaCl2
(500μl) was added to a glass slide. 8μl of 100mM PA plus either 2.27μg SHH or BSA
proteins (dissolved in 1.5 μl water) were pipetted onto the glass slide to form the linear PA.
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Final PA concentration was 10 mM and final SHH protein concentration was 2.27 μg per
linear PA. The PA was then transferred with forceps on top of the crushed CNs bilaterally in
Sprague Dawley rats so that each rat received 4.54μg SHH protein or BSA protein. Sixteen
rats were treated bilaterally with SHH PA and 13 rats were treated with BSA PA. Penes and
pelvic ganglia/CNs were harvested from euthanized males by sharp dissection 4 and 6 weeks
after CN crush and were either fixed in 4% paraformaldehyde and embedded in paraffin,
fixed in 2.5% glutaraldehyde for EM or frozen in liquid nitrogen for immunohistochemical
analysis.

Electron microscopy (EM)
EM was performed as described previously [27] on CN from adult Sprague Dawley rats that
had their pelvic ganglia treated with mouse IgG as a control (n=3) or 5E1 SHH inhibitor
(n=3, 378 μg/ml, Jessel, Hybridoma Bank at the University of Iowa) via Affi-Gel beads for
6 days (n=3). EM was also performed on control BSA PA treated CN (n=3, 4) and SHH PA
treated CN (n=3, 4) after 4 and 6 weeks of treatment. Isolated CNs 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 CN morphology.

Immunohistochemical (IHC) analysis
IHC was performed as previously outlined [18–20] on pelvic ganglia/CN tissue assaying for
goat polyclonal SHH (1/100, N-19, SC-1194, Santa Cruz) and HIP (1/100, D-15, Santa
Cruz), rabbit GFAP (1/100, Z0334, DAKO, Carpinteria, CA), and mouse monoclonal CD3
(1/50, SC-52382, Santa Cruz). Secondary antibodies used were Alexa Fluor 488 chicken
anti-goat (1/300, Molecular Probes, Carlsbad, CA), Alexa Fluor 488 chicken anti-rabbit
(1/600, Molecular Probes, Carlsbad, CA), and Alexa Fluor 488 chicken anti-mouse (1/200,
Molecular Probes, Carlsbad, CA). Negative controls were performed with secondary only
(without primary) and with serum in place of primary antibodies, to test for non-specific
staining and autofluorescence. Sections were mounted using Pro-Tex Mounting Medium
(Baxter Diagnostics, Inc., Pittsburgh, PA). Microscopy was performed using a fluorescent
microscope (Leitz) and photographed using a Nikon digital camera. Quantification of SHH
and HIP proteins was performed using the Image J program [28]. Total fluorescence was
measured in five fields from each section and five sections for each tissue.

TUNEL assay for apoptosis
TUNEL assay was performed using the Apoptag kit (Chemicon International) on isolated
penis tissue fixed over night at 4°C in 4% paraformaldehyde, embedded in paraffin and
sectioned 16μM in thickness as described previously [20]. All cells were stained for
comparison using DAPI (0.005 μg/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 (apoptotic index) in five fields from each section and five
sections for each penis were counted. The apoptotic index was reported ± the standard error
of the mean (SEM).

Intracavernosal pressure (ICP) measurements
ICP was measured as described previously [29,18]. Nerves were stimulated (intensity of 6
volts) by placing them on bipolar platinum stimulating electrodes connected to an electrical
stimulator (Grass Instruments, Quincy, MA) delivering a series of square wave pulses (1
msec duration at 30 Hz). The cavernous nerve was unilaterally stimulated at a distance of 3
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and 5 mm from the major pelvic ganglion. Stimulation lasted 40 sec. A resting interval of at
least 5 min separated two consecutive stimulation procedures. The ICP was measured by
inserting a 23-ga needle into the corpora cavernosa. A catheter was inserted into the carotid
artery for measurement of arterial pressure. These instruments were connected to a pressure
transducer. The data were reported as the peak ICP/average blood pressure.

SHH protein dissociation from the PA in vitro
PA was rehydrated to a 100 mM concentration and was heated at 80°C for 30 minutes in a
water bath. The water bath was turned off and the PA was slowly allowed to cool to room
temperature. 200 mM CaCl2 (500μl) was added to a glass slide and 8μl of 100mM PA was
added to 2.27μg of SHH protein (R&D Systems, Minneapolis, MN) in 1.5μl water. The PA
SHH mixture was pipetted onto the glass slide containing CaCl2 to form the linear PA.
Three linear PAs were transferred with forceps into a single well of a 96 well plate and 75μl
of a modified Ringer’s solution (100ml of a solution containing=600mg NaCl, 30mg KCl,
and 20mg CaCl2 in 1X PBS) was added to the well on top of the PA to mimic the in vivo
Chloride concentration. Six wells containing SHH and PA and two wells containing PA only
(used as a blank for spectrophotometric analysis) were performed. Each well contained a
total of 6.8μg SHH protein. 55 μl was removed from each well and replaced with fresh
solution at 1, 5, 22, 29, 47, 52 and 75 hours. Absorbance was measured at 280 in a Beckman
Spectrophotometer (DU 640, Fullerton, California) using a cuvette designed to measure
small volumes of sample (Starna Cells, Inc, Atascadero, CA).

In situ hybridization of Shh in the CN
In situ hybridization was performed as described previously [30,18–19] on CNs (n=13)
taken from adult Sprague Dawley rats (n=9). CNs were fixed in 4% paraformaldehyde
overnight. A mouse Shh RNA 165 probe was obtained from Andrew McMahon [26].

Fluorescent labeling of SHH protein
Fluorescent labeling of SHH protein (R&D Systems, Minneapolis, MN) was performed
using the Alexa Fluor 488 Microscale Protein Labeling Kit (Molecular Probes) according to
manufacturer’s instructions. Briefly, 25μg SHH protein was dissolved in 25μl water. 2.5μl
of a 1M sodium bicarbonate buffer was added to SHH protein. 2.9μl of reactive dye was
added to the reaction tube and the solution was incubated for 25 minutes at room
temperature. The reaction mixture was added to a previously prepared spin column and spun
at 14,000×g for one minute. Labeled SHH protein was collected and the total protein and
fluorescence were quantified by measuring the absorbance at 280 and 494 nm on a Beckman
Spectrophotometer (DU 640, Fullerton, CA).

Fluorescent labeled SHH protein delivered by PA monodomain gel to the CN
P120 Sprague-Dawley rats under went bilateral CN crush for 30 seconds using forceps and
labeled SHH PA was placed bilaterally on top of crushed CNs (n=3) as described above. To
make the SHH PA a 100 mM solution of PA (8.5μl) was added to 3μl of a solution of Alexa
Fluor 488 labeled SHH protein in water (0.24μg/μl, R&D Systems, Minneapolis, MN). The
PA was formed on a glass slide containing 500μl of a 200 mM CaCl2 solution. Each linear
PA contained 0.72μg labeled SHH protein. The amount of labeled SHH protein delivered by
linear PA in vivo (0.24μg/μl) differed from the unlabeled PA (1μg/μl), because the labeling
process diluted SHH protein so that if the same amount was added, the PA would not gel
properly. Rats were sacrificed after four hours and the CN and pelvic ganglia were frozen in
OCT prior to sectioning on a cryostat.
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Quantification of CN and pelvic ganglia NosI and Gfap RNA expression by real time RT-
PCR

RNA was isolated and Real time RT-PCR performed as previously described [22] assaying
for NosI in sham control (n=3) and bilateral CN crushed (n=3) pelvic ganglia and CN tissue,
9 days after CN crush. Real time RT-PCR was also performed in no surgery controls (n=3),
BSA PA controls (n=3) and SHH PA (n=3) treated CNs 6 weeks after CN crush. The
specificity of primers was verified by melt curve analysis and sequencing at the
Northwestern University Center for Genetic Medicine Sequencing Core Facility. NosI
and CGfap were normalized to the Ribosomal subunit L-19 (Rpl19) housekeeper by the
2−ΔΔC

T method [31]. Assays were performed in triplicate, the results averaged and the
product ratios were reported as the mean plus or minus the standard error of the mean. The
primers used were: NosI-F:5′-ACCTCGATGGCAAATCGCACAAAG-3′, NosI-R:5′-
ACGGGTTGTTAAGGATCACAGGAA-3′, Rpl19-F:5′-
ACAAGCGGATTCTCATGGAGCACA-3′, Rpl19-R:5′-
TGATCTCCTCCTTCTTGGCTTGGA-3′, Gfap-F:5′-TGGCCACCAGTAACATGCAA-3′,
Gfap-R:5′-CAGTTGGCGGCGATAGTCAT-3′.

Statistics
Statistics were performed using the Excel program and the results reported ± the standard
error of the mean (SEM). A t-test was performed to determine significant differences. P-
values ≤0.05 were considered significant.

Results
Anti-kinesin treatment of the CN

Little is known about how anterograde transport of the CN affects penile morphology.
Blockade of anterograde transport was performed in order to show the effect of CN integrity
and transport on SHH signaling in the penis and on penile morphology. CN’s of adult
Sprague Dawley rats were treated bilaterally with anti-kinesin antibody for 3 days and SHH
protein was quantified in penis tissue of the treated rats. SHH protein was decreased 27% in
penis tissue of anti-kinesin treated rats (n=4, p=0.0001, Figure 2a) by comparison to controls
(n=3), indicating that CN transport is necessary to maintain penile SHH protein abundance.

Localization of Shh RNA expression in Schwann cells of the CN
We previously showed that SHH protein is abundant in Schwann cells of the CN [21],
however it was unclear whether SHH was synthesized in the Schwann cells, so in situ
hybridization assaying for Shh mRNA localization was performed on CNs (n=13) isolated
from normal adult Sprague Dawley rats (n=9). Shh RNA 220 was expressed in Schwann
cells of the CN (Figure 2b) indicating that Shh is synthesized in Schwann cells, which play a
critical role in CN regeneration. Aside from forming myelin in myelinated fibers, Schwann
cells regulate the formation of the perineurium, offer trophic support to nerves, are essential
to the survival and function of neurons, offer directional guidance to neurons and eliminate
cellular debris, and are able to block apoptosis by participating in an autocrine circuit by
releasing growth factors. Thus the expression of Shh in Schwann cells supports the
hypothesis that SHH is essential for CN regeneration.

5E1 SHH inhibitor treatment of the pelvic ganglia
While SHH protein has been identified in NOSI positive neurons of the pelvic ganglia [21]
that innervate the penis, the function of SHH in these tissues remains unclear. Studies in
other nerves suggest a role for the SHH pathway in myelination of nerve fibers [32] and in
neuronal survival [32,15]. In order to examine the function of SHH in the pelvic ganglia and

Angeloni et al. Page 6

Biomaterials. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CN, electron microscopy (EM) was performed on CN’s of adult Sprague Dawley rats that
had their pelvic ganglia treated bilaterally with either 5E1 SHH inhibitor (n=3, disrupts
binding of SHH to its receptor Patched) or mouse IgG (n=3), which was used as a control,
via Affi-Gel beads. Control CN morphology consisted of both myelinated and un-
myelinated fibers depending on the distance from the pelvic ganglia [33] (Figure 2c). The
myelinated fibers are distinguished from non-myelinated fibers visually by the dark myelin
sheath, which surrounds the fibers and appears as a circle in cross-section. Rats treated with
SHH inhibitor displayed axonal degeneration and demyelination of CN fibers in comparison
to controls after 6 days of treatment (Figure 2c). Axonal degeneration of CN fibers was
identified by the presence of myelin ovoids, which are small oval compartments formed by
Schwann cells as they catabolize myelin and engulf axon fragments [34]. These results show
that SHH is necessary to maintain CN integrity.

Bilateral CN crush and SHH protein treatment via Affi-Gel beads in the pelvic ganglia
Studies in the literature suggest that the SHH pathway may play a role in peripheral nerve
regeneration [13–15] and the importance of maintaining CN integrity and regenerating the
CN after injury have been demonstrated previously [18–20,21]. In order to examine if SHH
protein treatment could promote CN regeneration and prevent penile apoptosis, adult
Sprague Dawley rats had their CNs crushed bilaterally and their pelvic ganglia/CN treated
with either SHH protein (n=4) or bovine serum albumin (BSA, control, n=3) protein via
Affi-Gel beads for two weeks. BSA was chosen as a control since it is a protein with no
known function in the CN. TUNEL assay showed a 63% decrease in the apoptotic index in
penis tissue of the SHH treated rats (p=0.0002, Figure 3). SHH and hedgehog interacting
protein (HIP) abundance were also quantified in the penis. These are markers of normal
penile morphology that decrease with nerve injury [22,20]. SHH protein remained
unchanged (Control=11.2±0.11, SHH protein treated=11.66±0.15, p=0.06) in the penis
however HIP protein was increased 6% in rats that were treated with SHH protein in the
pelvic ganglia/CN at the time of CN crush (Control=11.51±0.12, SHH protein
treated=12.19±0.10, p=0.008). Since HIP protein is transported by the CN [22] this suggests
that SHH protein treatment is neuroprotective during crush injury.

At six weeks after bilateral CN crush and SHH protein (n=3) or BSA (n=3) treatment of the
PG via Affi-Gel beads, there was no improvement in erectile function as measured by
intracavernosal pressure (ICP)/blood pressure (BP, SHH treated=0.157±0.044,
Control=0.157±0.059, p=0.5), indicating that the Affi-Gel bead delivery methodology is not
optimal, either because it does not provide a surface for regenerating axons to grow along, as
is the case with nerve guides which facilitate regeneration [6,8,5], the beads do not deliver
SHH protein directly to the crush site, or the concentration and duration of SHH protein
treatment were insufficient to promote regeneration.

Verification of CN crush model
In order to verify the extent and reproducibility of the CN crush injury, NosI and glial
fibrillary acidic protein (Gfap) RNA expression were quantified in comparison to the
housekeeping gene ribosomal protein L19 (RPL19), in the CN and pelvic ganglia using real
time RT-PCR. NosI is abundant in neurons of the pelvic ganglia and CN that innervate the
penis [35] and NosI decreases in neuronal and penis tissue after CN injury [36]. Gfap is an
intermediate filament protein that is involved in maintaining structure and function of the
cytoskeleton. Gfap increases in peripheral nerves in response to injury and decreases with
regeneration. NosI expression was decreased in crushed CN tissue by 69% nine days after
injury (Sham=1.31±0.034, Crushed=0.41±0.025, p=1.46E-05). Gfap expression was
increased 88% in crushed CN tissue nine days after injury (Sham=0.0087±0.001,

Angeloni et al. Page 7

Biomaterials. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Crushed=0.075±0.002, p=1.68E-06). These results verify the injury to the CN upon
crushing.

Treatment of CN crushed rats with SHH protein via monodomain gels of aligned PA
nanofibers

Biodegradable PA nanofibers are a non-invasive and effective method to deliver proteins in
vivo [37–40] and to promote regeneration through display of bioactive signals [40]. The
nanofibers proposed for SHH protein delivery to the CN in this study, are peptide
amphiphiles (PA) which form bundles of nanofibers by self-assembly that can encapsulate
the protein. Classical PAs [41–42] consist of a peptidic segment covalently grafted to a
hydrophobic tail (e.g. palmitic acid). PA structures that form high aspect ratio cylindrical
nanofibers were first reported by Stupp et al [41–42] and are composed of an interior β-sheet
domain and a terminal domain that is charged or contains a biological signal. The
amphiphilic nature of the molecules encourages aggregation in aqueous environments, while
the β-sheet forming segment specifically drives self-assembly into high aspect ratio
nanofibers [43]. At appropriate concentrations, the bundling and entanglement of these
nanofibers leads to the formation of a hydrogel that mimics the architecture of extracellular
matrices, with tunable mechanical properties [44]. The charged PA molecules remain largely
soluble in aqueous solution, but can be triggered to self-assemble into nanofiber networks at
exceedingly low concentrations (1% by weight or lower) by screening their charge with
electrolytes or changes in pH [41–42]. The advantage of this methodology for protein
delivery in vivo is that nanofibers are non-invasive, biodegradable, elicit no immune
response [45] and form structures that can serve as a scaffold for regenerating axons [46,39].
Recently, Zhang et al., 2010 [23] have reported on their ability to create dense, directionally-
aligned PA bundles with more robust physical properties, forming gels that consist of a
single orientational domain of nanofibers. These linear PA “noodles” can be formed within
seconds and laid directly upon the site of interest to deliver protein. In order to examine if
PA methodology is effective in delivering SHH protein to the CN to promote CN
regeneration, SHH protein was delivered to crushed CNs in adult Sprague Dawley rats using
linear PAs for 4 and 6 weeks. Figure 4a shows a SHH PA being made and its placement in
vivo on the CN. Regeneration is occurring in the SHH PA treated CNs at four weeks after
injury as is shown by the presence of many axonal sprouts in EM of the SHH treated group
(Figure 4b). Controls (Figure 4b) still show abundant demyelination and axonal
degeneration of myelinated and non-myelinated fibers. Although EM shows improvement in
CN morphology with SHH PA treatment, this is insufficient to restore CN function at 4
weeks after injury as shown by no change in ICP/BP after SHH PA treatment (n=3) in
comparison to controls (n=3, Control=0.493±0.115, SHH treated=0.465±0.143, p=0.44).
SHH and HIP proteins were increased by 9.3% (Control=11.0±0.42, SHH
treated=12.13±0.27, p=0.028) and 13.3% (Control=13.51±0.51, SHH treated=15.59±0.19,
p=0.002) in the penis after SHH PA treatment, thus supporting the observed improvement in
CN morphology. The normal regeneration time for the CN in the rat is 10–12 weeks [25]
and four weeks is very early to expect innervation to be restored.

After 6 weeks of SHH PA (n=5) treatment, erectile function was improved 58% as measured
by ICP/BP in comparison to controls (n=5, Figure 4c, Control=0.107±0.094, SHH
treated=0.253±0.068, p=0.05), indicating significant reinnervation and regeneration. EM
shows improved CN morphology 6 weeks after CN crush in the SHH treated group while
control CNs still show abundant demyelination and axonal degeneration (Figure 4d). Semi-
quantitative IHC analysis of crushed CNs treated with SHH PA (n=8) or control BSA PA
(n=7) showed a significant 22% increase in GFAP in control CNs (p=0.004) that was not
present in SHH PA treated CNs (p=0.1, Figure 5a). GFAP increases in response to injury
and decreases with regeneration, showing that the SHH treated CNs have undergone
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regeneration. Quantification of GFAP was performed in this manner since the amount of
tissue isolated from the CNs is too small to allow for Western analysis. This result was
supported by Real time RT-PCR which showed a 64% increase in Gfap RNA expression in
controls (Figure 5b, p=0.0006) and only a 36% increase in Gfap in the SHH treated group
(Figure 5b, p=7.97 × 10−5).

Cluster differentiation protein three (CD3) forms part of the T cell receptor complex of a
mature T lymphocyte and is considered a good, general immune response marker. CD3 IHC
of SHH PA treated CNs showed no staining (Figure 5c), as did normal CNs (Figure 5c),
indicating the absence of an immune response to the PA or SHH protein. Positive CD3
protein was observed in spleen tissue (Figure 5c), which was used as a positive control for
CD3. By 6 weeks after CN crush and BSA PA and SHH PA treatment, there was no
difference in SHH protein (SHH PA=9.05±1.03, BSA PA= 10.63±0.45, p=0.11) or in the
apoptotic index (SHH PA=0.28±0.005, BSA PA= 0.29±0.015, p=0.18) in the penis,
indicating that improvement in erectile function with SHH treatment is a result of early
regenerative events that SHH has a positive influence on.

Quantification of SHH protein diffusion from linear PA in vitro
In order to determine the release rate of SHH protein from the PA in vitro, total protein was
quantified by spectrophotometric analysis at 280 nm, in fluid taken from on top of SHH PA
gelled in wells of a 96 well plate. Protein was quantified at 1, 5, 22, 29, 47, 52 and 75 hours
after the SHH PA was formed (n=6 wells). 0.23 percent of SHH protein diffused from the
PA in the first hour (Figure 6a). By 5 hours, 48% of SHH protein had eluted from the PA
(Figure 6a). By 22 hours, 74% of SHH protein diffused from the PA (Figure 6a). By 75
hours 90% of the protein had diffused from the PA (Figure 6a). These results show that a
short duration of SHH treatment (~3.1 days) at the time of CN injury is sufficient to speed
CN regeneration.

Localization of Alexa-fluor labeled SHH protein delivered by linear PA to the CN
Alexa Fluor 488 labeled SHH protein was incorporated into linear PAs which were placed in
vivo on top of CNs from rats that under went bilateral CN crush (n=3). Rats were sacrificed
after four hours in order to determine where SHH protein was incorporated in the CN.
Fluorescent label was observed in axons of the CN between the crush site and the pelvic
ganglia (Figure 6b), indicating retrograde transport of SHH protein from the crush site. SHH
is likely transported to the neuronal cell bodies in the pelvic ganglia and CN, where it may
initiate a signaling cascade, which facilitates regeneration.

Discussion
These studies show that SHH signaling in the CN is essential to maintain CN integrity, that
SHH is a critical part of the regeneration process in the nerve and that SHH treatment is
efficacious in speeding CN regeneration in the rat. The PA nanofibers utilized for these
studies are effective in delivering SHH protein to the CN in a manner that does not generate
an immune response. Up-regulating SHH signaling via ShRNA or viral gene delivery is
unlikely to increase SHH protein since there is a blockade in synthesizing/processing SHH
protein from Shh mRNA after CN injury [20], and therefore delivery of SHH protein itself is
a better strategy. Although over expression of SHH has not been shown to cause any adverse
reaction, over expression of SHH targets is linked to some forms of cancer, therefore local
rather than systemic delivery of SHH is advantageous and would avoid potential
complications in prostatectomy patients. So what do these studies imply for potential clinical
application? There is significant translational potential to treat prostatectomy patients at the
time of surgery with SHH protein via aligned monodomain gels of PA nanofibers applied
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directly to the CN. This would have the two-fold benefit of promoting CN regeneration and
suppressing penile apoptosis, which leads to long term ED development. Although the CN
in humans is more diffuse than that of the rat, the width of the monodomain gel can be
adjusted to accommodate the more diffuse anatomical distribution of the CN in humans.
There is substantial potential to utilize this methodology in diabetic patients with ED since
SHH protein is decreased in the penis of diabetic rat models [19] in a very similar manner to
rat prostatectomy models [20]. There is also the potential to apply SHH PA to promote
regeneration of any peripheral nerve where SHH signaling plays a role in maintaining nerve
integrity and regeneration, such as the sciatic [13] and facial [15] nerves.

Affi-Gel bead delivery of SHH protein to the pelvic ganglia does not improve erectile
function at six weeks after CN crush as does the PA methodology, indicating that the PA
may be beneficial by acting as a scaffold for regenerating axons and/or by allowing for
delivery of SHH protein directly to the crush site in the CN. Previous studies in the literature
have demonstrated that similar PAs, used in a model of spinal cord injury, inhibit glial scar
formation and promote axon elongation [39]. It is clear that the improvement in erectile
function observed after SHH PA treatment does not only result as a benefit of the PA acting
as a scaffold for regenerating axons, since PA with BSA instead of SHH showed
significantly less improvement in CN morphology and erectile function (58%). Thus
delivery of SHH directly to the crush site may be critical for facilitating regeneration. This
makes sense when thinking about neuronal structure (Figure 7a) and transport and where
SHH is synthesized. Neurons are composed of several dendrites (receive signals from other
cells), a cell body (where proteins are synthesized), and a single axon (which conducts nerve
impulses to other cells and transports proteins to and from the axon terminals). Neurons,
which innervate the penis are located in the pelvic ganglia and are also dispersed down the
CN. SHH protein is synthesized in pelvic ganglia neurons whose cell bodies can be quite
distant from the crush site (Figure 7b). Previous studies have shown that SHH protein does
not undergo anterograde transport [21]. Thus treatment of the pelvic ganglia with SHH
protein via Affi-Gel beads does not likely result in delivery of SHH protein to the crush site
(Figure 7b). In this study treatment of the crushed CN with fluorescently labeled SHH
protein via PA resulted in retrograde transport of SHH to neuronal cell bodies between the
crush site and pelvic ganglia. SHH treatment, in this manner, may result in upregulation of
other factors either in the axon terminals or in the cell bodies that are critical for
regeneration. It is also possible that the concentration of SHH protein delivered to the pelvic
ganglia/CN by the Affi-Gel beads was insufficient to promote regeneration. Other
investigators have demonstrated that SHH may have multiple effects on a tissue depending
on the concentration [47].

SHH treatment at the crush site may mimic the effects of Schwann cells in the CN. SHH is
synthesized by Schwann cells, which play a critical role in the regeneration process. They
migrate towards an injury site to aid in repair by helping to phagocytize the damaged end of
axons and then form a scaffold to guide regenerating axons. Schwann cells attract injured
neurons by secreting neurotrophic factors [48], produce extracellular matrix components,
and re-myelinate regenerating axons to reestablish the conductive properties of nerve fibers,
ultimately leading to reinnervation of the target and functional recovery [6]. Other authors
have shown that application of Schwann cells to CN cut models via tubing can decrease CN
regeneration time [7]. It is thought that the Schwann cells upregulate factors critical for
regeneration such as BDNF [14]. We have previously shown that Schwann cells migrate to
the site of CN injury after crush and these Schwann cells stain abundantly for SHH protein
[21], indicating that SHH is critical for regeneration. SHH application to the crush site may
thus mimic, at least in part, one or more functions of Schwann cells, such as upregulating
other essential regeneration factors, or by acting as a guide for regenerating axons, as was
shown previously to occur with commissural axons in the spinal cord [49].
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The in vitro release studies of SHH protein from the PA indicate that SHH is delivered by
the PA only 405 for a relatively short period of time (~3.1 days) however SHH protein has a
profound and sustained effect on CN morphology, function and the speed of regeneration.
How this may occur remains unclear but clues as to how it is possible may be gleaned from
known SHH signaling mechanisms which suggest that SHH is a switch that once it is turned
on, activates a large signaling cascade including both positive and negative effectors of
growth and much feed back regulation on SHH itself and its receptors. Studies from the
literature suggest that BDNF is a target of SHH signaling as was shown by enhanced BDNF
expression after treatment of cultured Schwann cells with exogenous SHH protein [14].
BDNF has been shown to promote CN regeneration [50], thus suggesting one avenue of
SHH influence in the CN. Another potential target of SHH signaling in the CN is HIP,
which is upregulated in response to exogenous SHH treatment of the CN [22]. HIP protein
has the unique feature of being transported by the CN and can thus affect penile morphology
[22] as was demonstrated by apoptosis induction in the penis in response to disturbed HIP
signaling in the CN [22]. While it is possible to optimize PA structure to increase SHH
retention and slow SHH release from the PA, our studies suggest that a bolus release is
sufficient to initiate and speed CN regeneration and to suppress penile apoptosis. Since the
majority of penile apoptosis takes place in the first week after CN injury [2], only a short
duration of apoptosis suppression may be required to preserve penile morphology while the
CN regenerates and can again provide innervation to the tissue.

Previous studies suggest that once CN morphology has been altered through apoptosis and
induction of fibrosis, that these changes are irreversible irrespective of CN regeneration, due
to the change in the responsiveness of the corpora cavernosa to neuronal signals [25]. Thus
emphasizing the importance of maintaining CN morphology and suppressing penile
apoptosis while the CN regenerates. We have shown in past studies, that SHH protein is
effective in suppressing CN injury induced apoptosis when applied directly to the penis at
the time of CN injury [20]. In this study we show that SHH applied to the pelvic ganglia/CN
can suppress penile apoptosis when the CN is injured and that when SHH is delivered
directly to the crush site, it can promote CN regeneration in roughly half the time previously
reported in the literature [25]. Thus a two-pronged approach is necessary for penile
rehabilitation, which treats both the acute injury to the nerve and prevents morphological
changes in the target organ of innervation.

Conclusions
SHH protein is essential to maintain CN architecture. SHH treatment of the CN promoted
regeneration, suppressed penile apoptosis and caused a 58% improvement in erectile
function in less than half the time reported in the literature. These studies show that SHH
treatment via aligned peptide amphiphile nanofibers has substantial clinical application to
regenerate the CN in prostatectomy and diabetic patients where SHH is decreased, that this
methodology has broad application to regenerate any peripheral nerve that SHH is necessary
for maintenance of its structure, and that this nanotechnology method of protein delivery
may have wide spread application as an in vivo delivery tool in many organs.
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Figure 1.
Chemical structure of the (C16)-V2A2E2-(NH2) PA used to form monodomain noodle gels
(a), molecular graphics representation of the PA molecule (b), self-assembly of PA
molecules into a nanofiber (c), and schematic representation of nanofiber bundles oriented in
a common orientation after the noodle gel is formed (d).
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Figure 2.
(a) Quantification of SHH protein by semi-quantitative IHC analysis of penis tissue from
Sprague Dawley rats that were treated with anti-kinesin or PBS in the pelvic ganglia via
Affi-Gel beads. SHH protein was decreased 27% after interruption of anterograde transport
in the CN by anti-kinesin. (b) In situ hybridization of Shh mRNA expression in adult
Sprague Dawley rats shows Shh is localized in Schwann cells of the CN. Arrows indicate
Schwann cells. 400X. (c) EM of control and SHH inhibited CN shows de-myelination and
axonal degeneration of CN fibers after SHH inhibition. Arrows indicate myelinated and 15
non-myelinated fibers in control CN and myelin ovoids in SHH inhibited CN, where myelin
is being broken down. 30,000X.
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Figure 3.
TUNEL assay (Top) and DAPI staining (Bottom) for all cells of penis tissue from Sprague
Dawley rats that under went bilateral CN crush and were treated with either mouse IgG
(control) or SHH protein by Affi-Gel beads for two weeks. SHH protein treatment of
crushed CNs suppressed the apoptotic index in the penis by 53% (250X). Arrows indicate
apoptotic cells.

Angeloni et al. Page 17

Biomaterials. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
(a) Linear PA made on a slide and placed in vivo on top of a crushed CN. 100X. (b) EM of
Sprague Dawley rats that had bilateral CN crush and were treated with BSA PA (control) or
SHH PA for 4 weeks. Myelinated fibers are intact in the SHH treated CN and axonal sprouts
are evident in non-myelinated fibers (asterisk). Control CNs still show abundant break down
of myelin in myelinated fibers and axonal degeneration in non-myelinated fibers (arrows).
30,000X and 44,000X. (c) ICP analysis of CN crushed Sprague Dawley rats that were
treated with BSA PA (control) or SHH PA for 6 weeks, shows a 58% improvement in
erectile function in the SHH treated rats. (d) EM of Sprague Dawley rats that had bilateral
CN crush and were treated with BSA PA (control) or SHH PA for 6 weeks. The SHH PA
treated rats show significant regeneration by comparison to controls as indicated by intact
myelinated and non-myelinated fibers (arrows) and axonal sprouts visible in non-myelinated
fibers. Control rats show the break down of myelin in myelinated fibers and degeneration of
non-myelinated fibers (arrows). 70,000X and 44,000X.
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Figure 5.
(a) Quantification of GFAP protein by semi-quantitative IHC analysis in CNs from Sprague
Dawley rats that under went bilateral CN crush and were treated with BSA PA (control) or
SHH PA for 6 weeks, shows a 22% increase in GFAP in control BSA treated tissues that
was not present in SHH PA treated CNs. GFAP increases in peripheral nerves in response to
injury and decreases with regeneration. Arrows indicate GFAP protein. 160X. (b) Real time
RT-PCR of Gfap RNA expression in CNs from Sprague Dawley rats that under went
bilateral CN crush and were treated with BSA PA (control) and SHH PA for 6 weeks, shows
a 64% increase in Gfap expression in controls and only a 36% increase in Gfap in the SHH
PA treated CNs, indicating significant CN regeneration. (c) IHC assayed for CD3 (immune
response marker) shows no staining present in CNs treated with SHH PA (left), or in normal
CN (middle), however CD3 protein was abundant in spleen tissue (right), which was used as
a positive control. 160X, 160X and 250X.
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Figure 6.
(a) Graph of cumulative percent SHH protein release from linear PA in vitro versus time
(hours). Error for each point of the graph is too small for error bars to appear in the diagram.
(b) Pelvic ganglia and CN from adult Sprague Dawley rats that under went bilateral CN
crush and were treated with Alexa Fluor 488 labeled SHH protein via linear PA show axons
between the crush site and pelvic ganglia which stain with labeled SHH protein, indicating
retrograde transport of SHH protein from the crush site. 250X.
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Figure 7.
(a) Diagram of a neuron. (b) Diagram of the pelvic ganglia and cavernous nerve.
CN=cavernous nerve. PA=peptide amphiphile.
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