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Abstract

Erectile dysfunction (ED) has high impact on quality of life in prostatectomy, diabetic and aging
patients. An underlying mechanism is cavernous nerve (CN) injury, which causes ED in up to 80%
of prostatectomy patients. We examine how sonic hedgehog (SHH) treatment with innovative
peptide amphiphile nanofiber hydrogels (PA), promotes CN regeneration after injury. SHH and its
receptors patched (PTCH1) and smoothened (SMO) are localized in PG neurons and glia. SMO
undergoes anterograde transport to signal to down stream targets. With crush injury, PG neurons
degenerate and undergo apoptosis. SHH protein decreases, SMO localization changes to the
neuronal cell surface, and anterograde transport stops. With SHH treatment SHH is taken up at the
injury site and undergoes retrograde transport to PG neurons, allowing SMO transport to occur,
and neurons remain intact. SHH treatment prevents neuronal degeneration, maintains neuronal,
glial and down stream target signaling, and is significant as a regenerative therapy.

Summary Sentence

Sonic hedgehog delivered by peptide amphiphile nanofiber hydrogel maintains normal signaling
between pelvic ganglia neurons and glia after cavernous nerve crush, preventing neuronal
degeneration and apoptosis, and erectile dysfunction.
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Introduction

Erectile dysfunction (ED) is a debilitating condition that has high impact on quality of life in
52% of men aged 40 to 70 [1] and 22% of men under age 40 [2]. Men at high risk for ED
development are prostate cancer patients treated by prostatectomy, diabetic patients and
aging men. A significant underlying cause of ED development is injury to the cavernous
nerve (CN, peripheral nerve that provides innervation to the penis) that occurs in up to 82—
85% of prostatectomy patients [3—4], and with progressive peripheral neuropathy in diabetic
patients (75%) [5]. Only a small portion (36%) of prostatectomy patients recover erectile
function without intervention [6], and PDE5 inhibitors are ineffective in the majority (69%)
of prostatectomy patients [7], thus improved treatments are needed. In response to CN
injury, the down stream target of innervation, the corpora cavernosa of the penis, undergoes
extensive remodeling, with abundant smooth muscle apoptosis [8] and increased collagen
deposition [9-10]. This irreversible process makes the corpora cavernosal tissue
unresponsive to normal signaling pathways, even when the CN undergoes limited
regeneration. In order to prevent this adverse penile remodeling and ED, protection and
regeneration of the CN is critical. We’ve shown in previous studies that the Sonic hedgehog
(SHH) pathway is neuroprotective [11] and promotes CN regeneration by 60% at 6 weeks
after CN injury when delivered by peptide amphiphile nanofiber hydrogels [12]. However
the mechanism of how CN regeneration is significantly enhanced by SHH is unknown.

SHH is abundantly expressed in pelvic ganglia (PG) neurons [13]. Communication between
neurons and associated glia is essential for development and maintenance of PG and CN
architecture. The main components of the PG are the principal neurons (neuronal cell body
and axon), sheathed by satellite glial cells (Figure 1A), which are active partners in neuronal
communication [14]. Bidirectional signaling selectively occurs between specific
subpopulations of glia, neurons, and synapses [15] and is important for neuronal function.
Injury to peripheral nerves is common and can be caused by neuropathy, trauma, repetitive
compression [16-18], or related surgery (such as prostatectomy). Regeneration begins in the
axon stump distal to the site of injury within 24-36 hours. The distal nerve shows overall
distortion of normal nerve anatomy, axonal swelling and axonal vacuolization which are
microanatomical signs of Wallerian degeneration [19]. Local conditions influence how
initial regenerative axon sprouts emerge from parent axons [20], while CN injury triggers a
cascade of events in PG neurons, including changes in expression of neurotransmitters,
neurotrophic factors, cytokine production [21], and SHH pathway signaling [11-12].
Following injury, the regenerative abilities of these important injured parasympathetic
ganglion neurons and the factors in the environment that influence regeneration are poorly
understood. [22].
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Our previous studies show that SHH protein is decreased in the PG and CN with CN injury
[11], and when SHH is inhibited in the PG, demyelination of CN fibers and degeneration of
non-myelinated fibers were observed [12], causing down stream apoptosis of penile smooth
muscle, induction of ED [13], and identifying a critical role for SHH in maintaining CN
architecture. SHH treatment of the CN at the time of injury by peptide amphiphile (PA)
nanofiber hydrogels is both neuroprotective [11] and significantly enhances CN regeneration
[12]. However the mechanism of how SHH treatment is beneficial and promotes
regeneration is unknown. In other organs, Shh is important for nerve development [23-24]
and in the central nervous system, SHH serves as an axon guidance molecule [25-26]. In the
peripheral nervous system, adenoviral vector delivery of Shh to injured sciatic nerve,
improved motor neuron survival after injury [27-28], SHH inhibition caused motor neuron
death at the axotomy site [27], and there was impaired regenerative capacity in the absence
of Shh [28]. Shh and its receptors, patched (PTCH1, part of the receptor SHH binds to) and
smoothened (SMO, signals to down stream targets, Figure 1B), are expressed in adult dorsal
root ganglia neurons and glia and knockdown of Shh in adult sensory neurons resulted in
decreased regenerative axon sprouting, and branching in vitro, suggesting a role for Shh in
facilitating outgrowth. Shh is necessary for maintenance of astrocyte proliferation in the
optic nerve [29]. However Shh protein is not sufficient to drive proliferation of astrocytes /in
vitrobut it was /n vivo, suggesting that it’s effect on astrocyte proliferation /7 vivo requires
cell-cell interactions that do not operate in dissociated cultures [30]. Thus we propose that
SHH interaction between PG neurons and glia is important to maintain normal PG/CN
signaling and down stream penile architecture.

We have developed self-assembling peptide amphiphiles for /n vivo delivery of SHH protein
to the CN to promote regeneration and prevent ED [12]. These innovative and broadly
applicable hydrogels are composed of highly aligned monodomain nanofiber bundles [31,
32], which allow /n vitro assembly of linear hydrogel with SHH protein intercalated between
and along the nanofiber bundles as they form. The flexible hydrogel can be picked up with
forceps and placed on top of the CN in vivo. CN preservation and regeneration are enhanced
as the SHH protein is released, gradually from the gel [12, 11]. This type of PA hydrogel
allows for customized, controlled protein delivery over extended periods with a
biodegradable vehicle, and is easily translatable to prostatectomy patients in the clinic. In
this manuscript we examine the mechanism of how SHH treatment by PA is neuroprotective
and promotes CN regeneration after CN crush injury. SHH promotes CN regeneration by
maintaining normal signalling between PG neurons and glia and to down stream targets and
by preventing neuronal degeneration. This study is significant because understanding how
regeneration occurs can provide novel avenues to further enhance regeneration and to
prevent ED. We will utilize this novel PA technology for SHH delivery to the CN from a
manipulable supramolecular cable (via monodomain aligned nanofibers). These PA
materials have potential broad application for treatment of other peripheral neuropathies.
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Materials and Methods

Animals

Sixty-four Sprague-Dawley rats postnatal day 115-120 (P115-P120) were obtained from
Charles River. The study was carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
The animal care protocol was approved by the Office of Animal Care and Institutional
Biosafety at the University of lllinois at Chicago and animals were given humane care in
accordance with institutional OACIB approval.

Bilateral CN crush and sham surgical procedures

PG/CN were exposed and microforceps (size 0.02 X 0.06mm) were used to crush the CN
bilaterally for 30 seconds. This method of CN crush has commonly been used in the
literature [33-34] and the extent and reproducibility of crush injury were previously verified
in our laboratory [12]. Sham surgery (control) was performed by exposing but not crushing
the CN (n=9). CN crushed rats were sacrificed 4 days after injury (n=9). Non-surgery
control animals were also examined (n=9). For resection injury, a 5mm portion of the CN
was removed 5mm from the PG (n=7) and rats were sacrificed at 4 days after injury.

Bilateral CN crush surgery with SHH or BSA protein treatment of the CN by linear peptide
amphiphile (PA)

We have previously employed self-assembling peptide amphiphiles as hydrogel carriers for
controlled delivery of SHH to the CN at the time of crush injury [12]. We externally prepare
V,AE>-NH, PA to form highly aligned, monodomain hydrogels with sufficient mechanical
integrity that they can be manipulated and placed on top of an exposed CN at the time of
surgery. SHH is entrapped within the PA hydrogel during cation-based assembly and
crosslinking.

(C16)-V2AoE>-(NH») PA was prepared as previously described [12]. 20mM CaCl, was
added to a glass slide and 8ul of 20mM PA plus either 2.27pug SHH or bovine serum albumin
(BSA, control) proteins were pipetted onto the slide to form the linear monodomain PA
hydrogel. CN crush was performed as described in the previous section. Aligned
monodomain PA hydrogel containing the protein intercalated within the hydrogel, was
transferred with forceps on top of the crushed CNs bilaterally so that each rat received
4.54ug SHH (n=12) or BSA (n=5) protein. The release rate of SHH protein from the PA was
previously determined to be 90% by 75 hours [12]. Rats were sacrificed 4 days after
injury/SHH treatment.

CN tie placement

A midline abdominal incision was made with a scalpel under direct vision through a Leica
DM2500 Stereo microscope in adult Sprague-Dawley rats. The PG and CN were exposed

and surgical silk (9-0) was used to tie off the CN (double knot). Three days (n=7) after the
tie was placed, rats were sacrificed and the PG and CN were excised and frozen in OCT.
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Hedgehog interacting protein (HIP) Inhibitor treatment of the PG

Affi-Gel beads (100-200 mesh, Bio-Rad Laboratories, Hercules, CA, USA) were
equilibrated with HIP inhibitor (n = 3; 200 ug/mL, Santa Cruz Biotechnology, Santa Cruz,
CA, USA), or Dulbecco’s phosphate buffered saline (PBS, control, n = 3) overnight at 4°C.
Approximately 10-20 beads were injected under the PG bilaterally in adult Sprague-Dawley
rats. Rats were sacrificed at 2 days following bead injection and PG and CN were frozen in
optimal cutting temperature medium (OCT).

Immunohistochemical analysis (IHC)

IHC was performed on frozen PG/CN sections which were cut to 14pm thickness and were
post fixed in acetone at 4°C for 15 minutes. OCT was removed with two washes of 1x PBS
prior to blocking with 3% milk in PBS for one hour at 4°C. Sections were incubated
overnight at 4°C with goat polyclonal antibody against SHH (Santa Cruz, Santa Cruz, CA,
SC-1194, 1/100), PTCH1 (Santa Cruz, Santa Cruz, CA, 1/100), and rabbit smoothened
(SMO, 1/100, MBL International, Woburn, MA). Secondary antibodies were 1/150 chicken
anti-goat 488 and chicken anti-rabbit 594 (Molecular Probes). Sections were mounted using
DPX Mounting media (Electron Microscopy Sciences, Hatfield, PA) and fluorescence was
visualized using a Leica DM2500 microscope.

TUNEL analysis for apoptosis

TUNEL was performed using the Apoptag kit (Millipore) on penis tissue from rats in which
surgical silk (9-0) was used to tie off the CN (double knot). Three days (n=5) after the tie
was placed, rats were sacrificed and TUNEL assay was performed on frozen penis tissue.
Fluorescence was visualized using a Leica DM2500 microscope

Results

SHH pathway signaling in normal pelvic ganglia
Immunohistochemical analysis was performed on PG/CN from normal, adult Sprague
Dawley rats (n=9), assaying for SHH, patched (PTCHZ1, the SHH receptor), and SMO
proteins. SHH, and its receptor PTCH1 (Figure 1B), proteins were abundant throughout the
cytoplasm of PG neurons (“n”=neuron) that innervate the penis and the associated glial cells
(‘g”= glial cell, Figure 1C). SMO, which also forms part of the SHH receptor, was abundant
in PG neurons, in the neuronal cytoplasm (Figure 1C). SMO protein was also identified in
neuronal axons (“a”=axon) in the PG and CN (Figure 1C), indicating that SMO undergoes
anterograde transport to signal to SHH targets. SHH and PTCH1 do not undergo a similar
anterograde transport.

SHH pathway signaling in PG with CN crush

Immunohistochemical analysis was performed on sham (n=9) and 4 day CN crushed (n=9)
Sprague Dawley rat PG/CN, assaying for SHH, PTCH1 and SMO proteins. When the CN is
injured, such as occurs during prostatectomy, axonal degeneration results in cell death of PG
neurons. The number of PG neurons that stain for SHH protein were diminished with crush
injury (Figure 2A), however, associated glial cell staining remained abundant for SHH as
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noted in the normal PG above (Figure 1C and 2B). Vacuole formation was observed in PG
neurons, indicating Wallerian degeneration of neurons and apoptosis (Figure 2B,C). PTCH1
staining remained abundant in the neuronal cytoplasm with crush injury (Figure 2C). The
localization of SMO in PG neurons changes from primarily cytoplasmic to the cellular
membrane (Figure 2D). Associated with this change in localization is loss of SMO transport
in CN axons, and SMO protein (arrow) pools at the crush site (Figure 2D).

SHH treatment of the crushed CN by linear PA, maintains normal PG signaling and
prevents neuronal degeneration and apoptosis

Immunohistochemical analysis was performed on PG/CN tissue assaying for SHH protein in
crushed CN (n=9), crushed CN with BSA treatment by PA (control, n=5), and crushed CN
with SHH treatment by PA (n=12). SHH protein treatment of the CN by PA at the time of
crush injury resulted in retrograde transport of SHH (Figure 3A bottom right) to neurons in
the PG (Figure 3A bottom left). This prevented PG neurons from dying off, as pictured in
Figure 3A (top) after CN crush. With SHH PA treatment, the neurons and SHH staining
appear normal, with no evidence of vacuolization (Figure 3A bottom left). In PG from CN
crushed rats treated with BSA by PA (Figure 3A top right), overall neuronal staining for
SHH was diminished in the PG, and retrograde transport of SHH was not observed.

SHH treatment of the crushed CN maintained higher PTCH1 abundance in PG neurons in
comparison to BSA treated controls (Figure 3B), and was similar to PTCH1 levels observed
in normal tissue (Figure 1C). Anterograde transport of SMO in axons of the CN was
maintained with crush injury in the presence of SHH treatment (Figure 3C).

SHH pathway signaling with CN cut, or tie placement on the CN

Immunohistochemical analysis of SHH pathway signaling was performed with CN resection
(n=7) and tie injury (n=7). When a tie was placed around the CN for three days (mimicking
a severe crush injury) and the PG/CN was stained for SHH, neurons of the PG showed
reduced SHH protein. Glial cells staining remained identifiable for SHH (Figure 4A). While
vacuolization of neurons was prominent with tie placement, PTCH1 staining remained
abundant in the cytoplasm of PG neurons (Figure 4A). PTCH1 protein does not undergo
anterograde transport, as does SMO (Figure 1C) and HIP [35], since PTCHL1 protein was not
observed to build up near the tie (Figure 4B). Abundant apoptosis was observed down
stream in the penis by TUNEL staining, three days after tie placement, verifying crush
injury with tie placement (Figure 4C).

SHH protein staining was also reduced in PG neurons with resection injury and associated
glial cell staining remained identifiable (Figure 4D). PTCH1 staining remained abundant in
neuronal cytoplasm with resection injury (Figure 4D) and its localization was unchanged in
comparison to sham (Figure 1C).

Changes in SHH localization with perturbation of hedgehog interacting protein in the

PG/CN

Hedgehog interacting protein (HIP) is a type | membrane glycoprotein that acts as a negative
regulator of the SHH pathway by competing with PTCH1 for SHH ligand binding (Figure
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5A, [35]). HIP is one of only two SHH pathway members that undergo anterograde transport
in neurons of the PG and CN [35]. We examined how HIP affects SHH signaling in the
PG/CN by inhibiting HIP in the PG and CN and examining SHH signaling by
immunohistochemical analysis for SHH protein in HIP inhibited (n=3) and control (PBS,
n=3) PG/CN, delivered via Affi-Gel beads placed under the PG. SHH protein does not
undergo anterograde transport under normal signaling conditions in control PG/CN (Figure
5B left). However when HIP signaling is inhibited, SHH protein undergoes anterograde
transport by axons in the CN (Figure 5B right), indicating that a function of HIP is to restrict
SHH localization and signaling in PG/CN neurons (Figure 5C).

Discussion

When SHH is delivered by PA to the CN crush site, it is neuroprotective [11], enhances CN
regeneration, and significantly improves erectile function as measured by increased
intracavernosal pressure [12]. The mechanism by which SHH affords neuroprotection and
promotes regeneration, was previously unknown until now. The SHH pathway is part of
normal signaling in the PG and CN [13, 11]. SHH and its receptor PTCH1 are localized in
both neurons and associated glia (Figure 1). In the peripheral nervous system there are
several types of glial cells, the most commonly observed are the satellite glial cells which
form a thin cellular sheath surrounding individual neuronal cell bodies, and Schwann cells,
which envelop the neuronal axons. Satellite glial cells are believed to have a similar role in
the peripheral nervous system as astrocytes in the central nervous system. They control the
microenvironment of ganglia, supply nutrients to the surrounding neurons and provide
structure, acting as protective and cushioning cells for the neurons [36]. Satellite glial cells
do not have synapses, as do neurons, however they have a variety of receptors that affect
neuronal cell physiology, including those for the neurotransmitters acetylcholine, GABA,
glutamate, ATP, noradrenaline and substance P [37-38]. Glial cell function in injury repair
mechanisms is not fully understood.

SHH and PTCHL1 proteins are localized in both neurons and satellite glial cells (Figure 1).
SHH is also abundant in Schwann cells during CN regeneration [13]. Previous studies from
our group by /n situ hybridization have shown that Shh is synthesized in PG neurons but not
satellite glial cells, suggesting that the glial cells are targets of SHH signaling, given the
presence of the SHH receptor. Since PTCHL1 is present in both PG neurons and glial cells,
this supports the idea of SHH pathway involvement in communication between neurons and
associated glial cells. In the central nervous system, bidirectional communication between
astrocytes and neurons is an important element of synaptic transmission [39-41], and it has
been suggested in the optic nerve that Shh helps stimulate proliferation of astrocytes. Ptchl
is expressed by astrocytes and their precursors in the developing rodent optic nerve as a
result of signaling by axon-derived Shh, and astrocyte proliferation in the developing nerve
is reduced by treatment with anti-Shh antibodies, suggesting that Shh stimulates this
proliferation [30]. Astrocytes are similar in function to satellite glial cells in the peripheral
nervous system. It appears quite possible that the glial cells and PG neuronal cells are
involved in a similar bidirectional communication. SMO is normally abundant in the
cytoplasm of PG neurons and is one of only two members of the SHH pathway that we’ve
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identified anterograde transport from neuronal cell bodies in the PG to axons in the CN. The
down stream target of SMO in the axon terminals is unknown.

When the CN is injured, as occurs during prostatectomy, SHH protein decreases in PG
neurons (Figure 2). This is supported by previous western analysis of PG/CN tissue, which
showed decreased precursor and active SHH protein with CN crush [11]. SHH remains
abundant in satellite glial cells even as the associated neuron degenerates. This was also
observed with CN tie (Figure 4), mimicking a severe, sustained crush injury, and in the more
severe resection model. As SHH protein decreases, vacuolization of PG neurons is observed
(Figures 2B, 4A, 4D), indicating Wallerian degeneration and apoptosis. This change in
morphology is identical to what happens to the CN when SHH is inhibited in the PG, with
resulting demyelination and axonal degeneration of CN fibers [12]. With crush injury, SMO
localization becomes restricted to the membrane of PG neurons and anterograde transport in
CN axons stops, indicating loss of signaling to down stream targets in the axonal terminus.
Retrograde effects of the injury have been suggested beyond the injured neurons in other
peripheral nerves since preganglionic terminals showed a marked loss of synaptic proteins
[22].

The success of functional reinnervation of target organs depends on the capacity of the
neurons to survive [42]. With SHH protein treatment of the CN by PA at the time of CN
injury, SHH signaling in PG neurons and satellite glial cells remains abundant with no
evidence of interrupted signaling, neuronal vacuolization, Wallerian degeneration or
apoptosis (Figure 3). Anterograde transport of SMO by neuronal axons in the CN continues
as under normal CN conditions. This maintenance of normal signaling between neurons and
satellite glial cells occurs due to uptake of SHH protein by axons at the crush site, which
then undergo retrograde transport to neuronal cell bodies in the PG (Figure 3).

Vertebrates express an additional factor in the SHH signaling pathway, HIP. HIP is a
transmembrane protein that has been shown to bind directly to all vertebrate hedgehog
proteins [43]. We’ve shown in a previous study that HIP is synthesized and the protein
expressed in the cytoplasm of PG neurons [11] and HIP protein is one of the few proteins we
have observed to undergo anterograde transport by axons of the CN [35]. HIP competes with
PTCH1 for SHH binding in other organs, and thereby affects signal transduction by
preventing SHH binding to PTCH1 (Figure 5A). HIP inhibition in the PG causes axonal
degradation and demyelination of CN fibers in a manner similar to SHH inhibition [35]. We
show that when HIP signaling is inhibited in the PG, this allows SHH protein to undergo
anterograde transport by axons in the CN (Figure 5B and 5C), suggesting that a function of
HIP is to restrict the localization and signaling of SHH to the neuronal cell body, and
thereby limit its signaling and localization.

SHH treatment of the CN at the time of injury by peptide amphiphile is neuroprotective and
promotes CN regeneration by maintaining normal signaling between PG neurons, associated
glial cells, and down stream targets. SHH treatment prevents vacuolization of PG neurons,
Wallerian degeneration and subsequent apoptosis. This study is significant because
understanding how regeneration occurs can provide novel avenues to further enhance
regeneration and to prevent ED.
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Figurel.
(A) Diagram showing the relationship between PG neurons and associated satellite glial

cells. (B) Diagram of the SHH signaling pathway. (C) Immunohistochemical analysis of the
PG assaying for SHH, PTCH1 and SMO proteins, and analysis of SMO protein in the CN
(400x magnification). Arrows indicate staining. n=neuron. g=glial cell. a=axon.
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Figure2.
Immunohistochemical analysis of: (A) SHH protein in PG tissue from sham and CN crushed

rats, four days after CN crush (100x magnification), (B) SHH protein in PG tissue 4 days
after CN crush (400x magnification), (C) PTCH1 protein in PG tissue 4 days after CN crush
(100x-400x), and (D) SMO protein in PG (left) and CN (right) tissues 4 days after CN
crush (200-400x magnification). Arrows indicate staining. g=glial cells. V=vacuole.
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Figure 3.
(A) Immunohistochemical analysis of SHH protein in PG tissue of rats that under went CN

crush (top left), CN crush with BSA protein treatment (control, top right), or CN crush with
SHH protein treatment (bottom left), and CN tissue from rats that underwent CN crush with
SHH protein treatment (bottom right). SHH protein was taken up at the crush site and
underwent retrograde transport (bottom right) to PG neurons to maintain normal signaling
(bottom left). (B) Immunohistochemical analysis of PTCH1 protein in PG tissue from rats
that underwent CN crush with BSA treatment (control) or CN crush with SHH treatment, by
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PA (400x magnification). (C) Immunohistochemical analysis of SMO protein in CN tissue
of rats that underwent CN crush with either BSA (control) or SHH protein treatment by PA.
Anterograde transport of SMO stops with CN injury (left) and is maintained with SHH PA
treatment (right) of the CN (400x magnification). Arrows indicate staining. n=neuron.
g=glial cell.
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SHH |CN tie

SHH|CN cut

Figure4.
(A) Immunohistochemical analysis of SHH and PTCH1 proteins in PG tissue that had

undergone CN tie placement (400x magnification). (B) PTCH1 protein does not build up
near the CN tie, indicating that PTCH1 does not undergo anterograde transport (100x
magnification). (C) TUNEL staining for apoptosis in the corpora cavernosa of the penis in
the presence of a CN tie (400x magnification). (D) SHH and PTCHL1 proteins in the PG after
CN resection (400x magnification). Arrows indicate neuronal staining. n=neuron. g=glial
cell.
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Figure5.
(A) Diagram of SHH pathway showing HIP protein competing with PTCH1 for SHH

binding. (B) Immunohistochemical analysis of the CN assayed for SHH protein in control
(left) and HIP inhibited (right) PG tissue (200x magnification). SHH protein undergoes
anterograde transport in CN axons (arrow) with HIP inhibition that is not present under
normal signaling conditions. (C) Diagram showing restriction of SHH protein to PG
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neuronal cell bodies (soma) under normal signaling conditions (left) and anterograde
transport of SHH protein to neuronal axons with HIP inhibition (right).
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