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Exosome Released from Schwann Cells May be Involved in MAP-
associated Cavernous Nerve Regeneration
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Baniel, Guifang Wang?, Yuxin Tang3, Leye He?, Guiting Lin!, Tom F. Luel"”

1IKnuppe Molecular Urology Laboratory, Department of Urology, School of Medicine, University of
California, San Francisco, CA 94143, USA

2Department of Urology, Third Xiangya Hospital of Central South University, Changsha 410013,
China

3Department of Urology, Fifth Affiliated Hospital of Sun Yat-sen University, Zhuhai 519000, China

Abstract

Background—Neurogenic erectile dysfunction (ED) is often refractory to treatment due to
insufficient functional nerve recovery after injury or insult. Noninvasive mechano-biological
intervention, such as microenergy acoustic pulse (MAP), low-intensity pulsed ultrasound (LIPUS),
and low-intensity extracorporeal shockwave treatment (Li-ESWT), is an optimal approach to
stimulate nerve regeneration.

Aim—To establish a new model /n vitro to simulate nerve injury in neurogenic ED and to explore
the mechanisms of MAP Jn vitro.

Methods—Sprague-Dawley rats were used to isolate Schwann cells (SCs), major pelvic ganglion
(MPG), and cavernous nerve with MPG (CN/MPG). SCs were then treated with MAP (0.033
mJ/mm2, 1Hz, 100 pulses), and SC exosomes were isolated. The MPG and CN/MPG were treated
with MAP (0.033 mJ/mm?, 1 Hz) at different dosages (25, 50, 100, 200, or 300 pulses) or
exosomes derived from MAP-treated SCs /n vitro.

Outcomes—Neurite growth from the MPG fragments and CN was photographed and measured.
Expression of neurotropic factors (BDNF, NGF, and NT-3) was checked.

Results—Neurite outgrowth from MPG and CN/MPG was enhanced by MAP in a dosage
response manner, peaking at 100 pulses. MAP promoted SC proliferation, neurotropic factor
(BDNF, NGF and NT-3) expression, and exosome secretion. SC-derived exosomes significantly
enhanced neurite outgrowth from MPG /n vitro.

Clinical Implications—MAP may have utility in the treatment of neurogenic ED by SC-derived
ex0somes.
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Strength & Limitations—We confirmed that MAP enhance penile nerve regeneration through
exsomes. Limitations of this study include that our study did not explore the exact mechanisms of
how MAP increases SC exosome secretion nor whether MAP modulates the content of exosomes.

Conclusion—This study revealed that neurite outgrowth from MPG was enhanced by MAP and
by SC-derived exosomes which were isolated after MAP treatment. Our findings indicate that one
mechanism by which MAP induces nerve regeneration is by stimulation of SCs to secrete

exosomes.

INTRODUCTION

Since introduction in the late 1990s, the phosphodiesterase type-5 inhibitors have had a
tremendous positive effect on the treatment of erectile dysfunction (ED). Additional medical
treatment options for ED include intracavernous penile injections, medicated urethral
suppositories, and testosterone replacement in men with ED and hypogonadism.
Nevertheless, men who have nerve damage consequent to trauma or surgery are often
refractory to these medical therapies. In many cases these patients must resort to surgery for
penile prosthesis implantation to regain potency. Neurogenic ED, defined as the inability to
achieve and maintain a penile erection due to central or peripheral nerve damage or bothl, is
a clinical challenge due to the insufficient functional repair capacity of damaged nerves2=4.
For this patient population, a novel therapy to prevent the deterioration of erectile function
secondary to nerve damage is desperately needed.

Many methods have been explored with the goal of stimulating nerve regeneration, but these
methods have shown modest benefit. These methods include exposure to specific external
physical stimuli (magnetic fields®, lasersS, electrical impulses’) and application of biological
therapies (neurotrophic factors®, vitamins®, medications1%). More recently, mechano-
biological interventions, such as low-intensity extracorporeal shockwave treatment (Li-
ESWT), have been successfully utilized in the field of regenerative medicine. Research has
shown that Li-ESWT can promote peripheral nerve regeneration after injury by activating
Schwann cells (SCs) and by promoting SCs to secrete neurotropic factors!112, The
therapeutic effects of Li-ESWT in ED have been attributed to the stimulation of cell
proliferation, tissue regeneration, and angiogenesis 13-16, Moreover, studies have
investigated the effects of Li-ESWT in the treatment of neurogenic ED specifically and have
shown considerable promisel’-18, In 2016, a pilot study by Frey et a/. 1 found that Li-
ESWT might ameliorate erectile function significantly in patients who had undergone robot-
assisted bilateral nerve-sparing radical prostatectomy and suffered from mild to severe
postoperative ED for more than one year. Also in 2016, Li ef a/1° employed a rat pelvic
neurovascular injury model and demonstrated that Li-ESWT promotes nerve regeneration in
neurogenic ED through activation of SCs.

Peripheral nerve regeneration after injury relies on both injured axons and non-neuronal
cells. These non-neuronal cells include SCs, endoneurial fibroblasts, and macrophages;
together these cells produce a supportive microenvironment allowing for successful regrowth
of the proximal nerve fiber ending2®. The composition of the cavernous nerve (CN) is
unique as Schaumburg and associates reported numerous ganglion cells in the initial
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segments, and the nerve contains both myelinated and unmyelinated nerve fibers?l, The
number of myelinated fibers gradually decreases distally, and at the point of crural entry, the
CN contains almost exclusively unmyelinated axons.

SCs play a particularly important role in nerve regeneration after injury in the PNS22-26,
SCs secret chemokines for the recruitment of circulating macrophages 2728, produce
neurite-promoting proteins 29, and express neurotrophic factors2° to regulate peripheral
nerve regeneration. In a previous study, our laboratory demonstrated that SCs enhance nerve
regeneration through the Jak/STAT pathway30 and that Li-ESWT promotes brain-derived
neurotrophic factor (BDNF) secretion from SCs through the PERK pathway3L. More
recently, studies showed that SC-derived exosomes can enhance axonal regeneration and
improve neuronal survival after nerve damage32-34. Exosomes are 40-200nm vesicles that
function in the transfer of macromolecules between cells, and they play an important role in
mediating intercellular communication in the nervous system. Exosomes contain microRNA
and proteins which are involved in various key processes during nerve regeneration 3536,

We have studied the biology of Li-ESWT37, and demonstrated that the focused Li-ESWT
devices currently on the market are not the best approaches for ED treatment because the
energy flux density transmitted by these devices is excessive. In fact, these devices are
potentially harmful to penile stem/progenitor cells 19143839 \/ery recently, we have
developed a new technology and named “microenergy acoustic pulse (MAP)” and
successfully applied 49,

In this study, we aimed to develop a better model to simulate nerve regeneration in vitro and
to explore the mechanisms of MAP in vitro.

MATERIALS and METHODS

Animals

All rats were obtained from Charles River Laboratories (Wilmington, MA, USA). The
animal care and experimental procedures were approved by the Institutional Animal Care
and Use Committee at the University of California, San Francisco. Sixteen male Sprague
Dawley (SD) adult rats at age 12 weeks old were used in this study. All animals were kept in
12/12 hours light/dark cycle lighting with food and water available.

Major pelvic ganglion (MPG) and CN/MPG Culture

Bilateral CN/MPG (entire MPG with a 2mm length CN attached) complexes from each rat
were isolated and excised intact (anatomy of CN and MPG shown in Fig. 2a). Each
CN/MPG complex was placed in a glass-covered six-well plate then covered with 40uL of
growth factor-reduced Corning Matrigel (Fisher Scientific) as previously described 414243,
In separate experiments, MPG without CN were isolated and rinsed in PBS. Each isolated
MPG was further dissected to isolate the dorsocaudal region (DCR) of the MPG. This was
then divided into three pieces of similar size and placed in a glass-covered six-well plate
covered with 40uL Matrigel142 After incubation at 37°C for 5 minutes, either 3.0ml_ of
complete DMEM medium without FBS or 3.0mL of complete DMEM medium with 500uL
of SC-derived exosomes was added according to grouping.
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SC Isolation and Culture

Primary SCs were isolated from the 6 SD rat sciatic nerve and were maintained in DMEM
with 10% FBS in a humidified 5% C02, 37°C incubator as previously reported44.
Identification of SCs was conducted with immunofluorescence (IF) staining with S-100
(Dako, Santa Clara, CA) and myelin basic protein (MBP) (Abeam, Cambridge, UK).

MAP Treatment

We used the MAP system to treat MPG and MPG/CN as shown in Fig 3a. The 36 MPG
fragments from 6 adult SD rats were equally divided into 6 groups and treated with MAP
(0.033mJ/mm?, 1 Hz) at 6 different dosages (0, 25, 50, 100, 200, 300 pulses) twice (2 hours
and 24 hours after seeding). Neurite growth was measured at 72 hours after seeding. The 16
CN/MPG from another 6 SD adult rats were either treated with MAP (0.033mJ/mm?2, 1 Hz,
100 pulses) twice (2 hours and 24 hours after seeding), or not treated as the control group.
Neurite growth from the cut end of the CN was measured at 72 hours after seeding. The SCs
from sciatic nerves were treated with MAP (0.033mJ/mm?, 1 Hz, 100 pulses) twice (24
hours and 48 hours after seeding). After another 24 hours, the supernatant was collected to
isolate exosomes, and cells were collected for reverse transcription polymerase chain
reaction (RT-PCR) (Table 1) as previously reported*®—47.

To assess cell proliferation, SCs at passage 3-5 were plated onto 96-well plates at a density
of 3x103 cells per well. Immediately after seeding, the cells were treated with MAP
(0.033mJ/mm?, 1 Hz, 100 pulses), and MTT ( 3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide) cell proliferation assay was conducted at different timepoints
to evaluate cellular viability. To assess the incorporation of EdU and H3P in SCs after MAP
as indicators of cell proliferation, the cells were pulsed with 10uM EdU for 12 hours after
seeding then treated with MAP (0.033mJ/mm2, 1 Hz, 100 pulses) and fixed 6 hours after
treatment to measure the expression of H3p and EdU.

Exosome Isolation

To isolate exosomes, SCs at passage 3-5 were cultured in exosome-free medium prior to
MAP treatment. After MAP treatment or control, exosomes were isolated from the SC
culture medium by using Invitrogen™ Total Exosome Isolation Reagent (for cell culture
media) (Thermo Fisher Scientific #4478359). In brief, the SC culture medium was collected
and centrifuged at 2000 x g for 30 minutes then mixed with Total Exosome Isolation
Reagent (0.5 volumes of culture medium) by vortex. After overnight incubation at 4°C,
samples were centrifuged at 10,000 x g for 60 minutes at 4°C to obtain the total exosome
pellet. The pellet was then resuspended in PBS and exosomes were confirmed by verifying
exosome markers HSP70, HSP90 and CD63.

MPG Treated with Exosomes

After seeding in glass-covered six-well plates with Matrigel, MPG from 3 adult SD rats
were cultured in different media according to experimental groupings (6 MPG fragments in
each group). The control group was cultured with 3.0ml_ complete DMEM medium without
FBS. The exosome-control (Exo-ctrl) group was cultured with 3.0mL complete DMEM
medium with 500pL of exosomes isolated from SCs. The Exosome-MAP (Exo-MAP) group
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was cultured with 3.0mL of complete DMEM medium with 500uL of exosomes isolated
from SCs treated with MAP (0.033 mJ/mm?, 1Hz, 100 pulses).

Neurite Growth Measurement

After 72 hours, neurite growth (including neurite length and number)from the MPG
fragments was photographed at x50 with a Nikon DXM21200 digital still camera attached to
a Zeiss Axiovert microscope using ACT-1 software (Nikon Instruments Inc.; Melville, NY,
USA).

RT-PCR (Reverse Transcription-Polymerase Chain Reaction)

As previously reported*>7, total RNA was extracted using the High Pure RNA Isolation
Kit(Roche, Germany) following the kit instructions. Total RNA (2.5 pug) was annealed to 0.4
ug of oligo-dT primer in a volume of 12 pL. Then, 4 pL of 5x buffer, 2 uL of 0.1 mol/L
Dithiothreitol (DTT), 1 pL of 10 mmol/LdNTP, and 1 pL of Super Script reverse
transcriptase (Invitrogen, La Jolla, CA, USA) were added to bring the final volume to 20 pL.
After 1 h of incubation at 42 °C, the mixture was incubated at 70 °C for 10 min to inactivate
the reverse transcriptase. Then, 80 L of Tris-EDTA (TE) buffer was added to make a 5x
diluted complementary DNA library, from which 1 pL was used for RT-PCR. The cycling
program was set for 35 cycles of 94 °C for 10 s, 55 °C for 10 s, and 72 °C for 10 s, followed
by one cycle of 72 °C for 5 min. The PCR products were electrophoresed in 1.5% agarose
gels, visualized by ultraviolet fluorescence, and recorded by a digital camera. Data were
analyzed by Chemilmager-4000 software (Version 4.04, Alpha Innotech Corporation, San
Leandro, CA, USA). Primer sequences are presented in Table 1.

Cell Proliferation Measurement

At 24, 48, 72, and 96 hours after seeding, cell proliferation was measured following the
manual of CellTiter 96® AQueous (Promega, Madison, WI) as previously reported. In brief,
the CellTiter 96® AQueous One Solution Reagent was thawed in a water bath at 37°C.
Atotal 20pl of CellTiter 96® AQueous One Solution Reagent was added to each well of the
96-well assay plate containing the cells in 100ul of culture medium and incubated at 37°C
for 2 hours in 5% C02. Using the Emax precision microplate reader (Molecular Devices),
the absorbance at 490nm was recorded and then converted into cell number.

Western Blot

The exosome protein samples were prepared in a lysis buffer containing 1% IGEPAL
CA-630, 0.5% sodium deoxycholate, 0.1% sodium docecy! sulfate, aprotinin (10mg/mL),
leupeptin (10mg/mL), and PBS. Exosome lysates containing 10ug of protein were
electrophoresed in sodium docecyl sulfate polyacrylamide gel electrophoresis and then
transferred to a polyvinylidene fluoride membrane (Millipore Corp; Bedford, MA, USA).
The membrane was stained with Ponceau S to verify the integrity of the transferred proteins
and to monitor the unbiased transfer of all protein samples. Detection of target proteins on
the membranes was performed with an electrochemiluminescence kit (Amersham Life
Sciences Inc; Arlington Heights, IL, USA) with the use of primary antibodies for HSP-70,
HSP-90 (Abeam, 1:500), and CD63 (Santa Cruz Bio, 1:500). After the hybridization of
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secondary antibodies, the resulting images were analyzed with Chemilmager 4000 (Alpha
Innotec, Germany) to determine the integrated density value of each protein band.

Fluorescence Staining

Fluorescence staining was used to measure SC expression of S-100, MBP, H3P, and EdU as
previously reported 8. Briefly, SCs were incubated with primary antibodies, including
S-100 (DAKO, 1:500), MBP (Abeam, 1:500), and H3P (EMD Millipore, 1:500), for 1 hour
at room temperature. The cells were then incubated with Alexa Fluor-conjugated goat anti-
rabbit or mouse antibody for 1 hour at room temperature. EAU was checked with Click-iT
reaction cocktail conjugated with Alexa594-azide (EdU Click-iT Cat# C10339; Invitrogen)
for 30min at room temperature. After nuclear staining with DAPI for 5min, the cells were
examined under a fluorescence microscope and photographed.

Statistical Analysis

All experiments were repeated in triplicate, and all data were presented as the average of
three independent experiments. Data were analyzed with Prism 5 (GraphPad Software; San
Diego, CA) and presented as means + standard deviation (S.D). Statistical significance
between two groups was analyzed by the Student t-test. For statistical significance among
multiple groups, one-way ANOVA analysis followed by Bonferroni post-hoc analysis was
performed using the SAS software (SAS Institute Inc.; Cary, NC).

RESULTS

MAP Enhanced Neurite Outgrowth from MPG in a Dosage-Dependent Manner

First, we evaluated whether or not MAP influences neurite outgrowth (including length and
number of neurites) of MPG in vitro. We found that 72 hours after treatment neurite
outgrowth was enhanced by MAP (0.033 mJ/mm?, 1Hz) in a dosage-dependent manner (Fig.
1a). The length of neurite outgrowth was measured (from the base of MPG to the end of
neurite) and represented by polar graphs (Fig. 1b, c). The average length of neurite
outgrowth was 300.8+19.7um in the control group. This increased to 370.9+18.1um
(P<0.05), 460.5+21,9um (P<0.001), 491,5+25.8um (P<0.001), and 446.8+21,7um (P<0.001)
in the 25, 50, 100, and 200 pulse MAP treatment groups, respectively. Neurite outgrowth
was only 336.7+19.4um in the 300 pulse MAP treatment group (Fig. 1d). We also calculated
the number of new neurites per mm of MPG tissue. In the control, the number of neurite was
28.0+1.6/mm. This increased to 36.6+£1.8/mm (P<0.01), 43.9+1.1/mm (P<0.0001),
42.9+1.5/mm (P<0.001), and 35.7+1.0/mm (P<0.01) in the 25, 50, 100, and 200 pulse MAP
treatment groups, respectively. Neurite number was only 29.9+1.3/mm in the 300 pulse
MAP treatment group (Fig. 1 e). These findings indicate that low dosage MAP promotes
MPG neurite outgrowth. This outgrowth peaks at 100 pulses but is diminished at the higher
dosage of 300 pulses.

MAP Enhanced Neurite Outgrowth from CN/MPG

To investigate the effect of MAP on CN regeneration, we developed the /n vitro model of
CN/MPG culture. As shown in Figure 2b, we dissected the MPG with 2mm of CN attached
and cultured the tissue /n vitro. After 72 hours, new neurite outgrowth from the end of the
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CN were measured. MAP (0.033 mJ/mm?2,1 Hz, 100 pulses) significantly improved the
neurite outgrowth of CN (Fig. 3b). The average length of neurite outgrowth 72 hours after
seeding was 372.5+13.7um in the control and 555.8+17.3um in the MAP treatment group
(P<0.001) (Fig. 3c). The average number of neurites was 90.7+3.8/mm in the control and
increased to 136.8+11.9/mm in the MAP treatment group (P<0.01) (Fig. 3d).

MAP Promoted SC Proliferation and Neurotropic Factor Expression

To investigate mechanisms by which MAP promotes neurite regeneration, SCs were isolated
from the sciatic nerves of SD rats. SCs were confirmed by S100 and MBP through IF
staining (Fig. 4a). Approximately 95% of the isolated cells were S100 positive, and 40% of
the cells were both S100 and MBP positive. CellTiter 96® AQueous (Promega, Madison,
WI) was used to assay SC proliferation after MAP (0.033 mJ/mm?, 1 Hz, 100 pulses)
treatment. As shown in Fig. 4b, 24 hours after MAP treatment cell number was increased,
but not significantly, as compared to the control. At timepoints of 48, 72, and 96 hours, the
increase was significant (P < 0.05). The cell doubling time was then calculated; MAP
reduced the SC doubling time from 54.1 £1.5 hours to 46.9+3.50.9 hours (P < 0.05) (Fig.
4c). Next, we assessed whether MAP (0.033 mJ/mm?, 1 Hz, 100 pulses) could promote H3P
and EdU incorporation in SCs in vitro. As shown in Fig. 4d, the percentage of EdU
incorporation was 51,49+4.12% in the control group, increasing to 67.79+3.51% (P < 0.05)
in the MAP treatment group. The percentage of H3P positive cells was 2.77£0.59% in the
control group, increasing to 7.86+1.24% (P < 0.01) in the MAP treatment group (Fig. 4e).

The impact of MAP (0.033 mJ/mm2, 1 Hz, 100 pulses) on SC expression of neurotropic
factors was assessed using RT-PCR /n vitro. Neurotrophic factors, including BDNF (from
0.28+0.02 to 0.6+0.07; P<0.05), nerve growth factor (NGF) (from 0.84+0.07 to 1,54+0.22;
P<0.05), and neurotrophin-3 (NT-3) (from 0.52+0.08 to 1.09+0.18; P<0.05), were up-
regulated at the mRNA level after MAP treatment (Fig 4f).

MAP Enhanced SC Secretion of Exosomes, and SC-Derived Exosomes Promote MPG
Neurite Outgrowth In Vitro

To assess whether MAP (0.033 mJ/mm?,1 Hz, 100 pulses) treatment stimulates SCs to
secrete exosomes, the SC culture medium was assayed for exosome proteins. The control SC
exosome protein concentration was 0.41 +0.08ug/ul. After MAP treatment the exosome
protein concentration increased significantly to 1.22+0.06pg/ul (P<0.05) (Fig. sla). To
confirm that exosomes were successfully isolated, exosome markers including HSP-70,
HSP-90 and CD63 were assessed by western blot. The exosomes isolated from both control
SCs and MAP-treated SCs expressed HSP-70, HSP-90 and CD63 (Fig. s1b).

We further evaluated the effect of SC-derived exosomes on neurite outgrowth from MPG.
Exosomes derived from SCs and exosomes derived from MAP (0.033 mJ/mm?2,1 Hz, 100
pulses) -treated SCs were added to the culture medium after MPG seeding (Fig. 5a). After
72 hours, the neurite outgrowth of MPG was enhanced (Fig. 5b). In the control group, the
average length of neurite outgrowth was 311,6£23.9um. In the SC-derived exosome group,
the average length of neurite outgrowth increased significantly to 415.8+39.9um (P<0.05).
In the MAP-treated SC-derived exosome group, neurite outgrowth increased even further to
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584.4+62.7um (P<0.01). Moreover, the length of neurite outgrowth in the MAP-treated SCs-
derived exosome group was significantly longer than in the SCs-derived exosome group
(P<0.05) (Fig. 5¢).

DISCUSSION

The prevalence of ED due to nerve damage after radical pelvic surgeries, such as
prostatectomy or colectomy, is estimated to be between 14% and 90% 4°. Prostate cancer
surgery including radical prostatectomy, may damage the cavernous nerve®9, leading to ED.
Colectomy may damage the pelvic plexus or portions of the pudendal nerves or its branches,
leading to similar consequences. Treatments focused on early stimulation of nerve
regeneration after injury may encourage functional recovery, restoring erectile function prior
to end organ atrophy and greatly benefitting patients.

In the past decades, Li-ESWT, a non-invasive mechano-biological intervention, has been
proven to promote peripheral nerve regeneration 1112 and has shown considerable promise
as a treatment for neurogenic ED 17:18, In this study, we investigated the potential for MAP,
a similar but safer acoustic technology, to promote nerve regeneration. As early as 200341,
we established an ex vivo ganglial culture system to study penile nerve regeneration after
injury. In this study, we have utilized this model to demonstrate that MAP can promote
pelvic nerve regeneration in a dosage response fashion. After 72 hours in culture, there was
significant neurite outgrowth, both in the length and number, in the 25, 50, 100, and 200
pulse MAP-treated MPG groups (peak at 0.033 mJ/mm?2, 1Hz, 100pulses), compared with
the control. However, the 300 pulse MAP-treated MPG group had no difference as compared
to the control. This indicates that low dosage of MAP can promote nerve regeneration.

Recently, Dobbs, et al.*3 established the MPG/CN culture system to investigate the Sonic
hedgehog (SHH) protein to the regeneration of injury cavernous nerve. To simulate nerve
injury after prostate cancer surgery, we made some improvements to our previously
described culture system according to the study of Dobbs, et al.#3. In brief, in this study we
cultured the whole MPG with the CN (CN/MPG). There are numerous neurite outgrowths
from the CN, and this model better mimics the process of nerve regeneration after prostate
cancer surgery as compared to our previous system. For studies in the field of neurogenic
ED, this model provides an ideal alternative model as it makes single-factor studies easier to
accomplish. As shown in our study employing this new CN/MPG culture system, the
identified “ideal” dosage of MAP (0.033 mJ/mm?, 1 Hz, 100pulses) was applied to treat the
CN/MPG culture. After 72 hours of culturing, the neurites in the MAP-treated CN/MPG
were much longer than in the control, which means that MAP promotes CN regeneration
after injury.

Most fibers of the cavernous nerve (CN) are not myelinated, but rather are ensheathed into
Remak bundles by non-myelinating SCs 21. C fiber axons are grouped together into what is
known as Remak bundles®l. These occur when a non-myelinating Schwann cells bundles the
axons close together by surrounding them. The Schwann cell keeps them from touching each
other by squeezing its cytoplasm between the axons. Since we have shown that MAP can
promote CN regeneration and that SCs are critical for nerve regeneration, primary SCs were
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isolated from SD rat sciatic nerve to further investigate the mechanisms of MAP. After
isolation, SCs were identified by S-100 (marker for SCs) and MBP (marker for myelinating
SCs) through IF staining. Results confirmed that the cells isolated were mostly SCs and
among them 40% of them were myelinating SCs and the rest were non-myelinating SCs.

Previous studies have proven that Li-ESWT can promote peripheral nerve regeneration
through the activation of SCs and by stimulating SCs to secrete neurotropic factors!112, In
this study, we evaluated whether MAP may have similar effects on SCs. As shown in
Figure.4, MAP significantly reduced cell doubling time, increased cell number, and
increased the percentage of EAU- or H3P (phosphorylated histone 3)- positive SCs. This
means that MAP promoted SC proliferation. In addition, we found that MAP increased the
expression of neurotropic factors, including BDNF, NGF, and NT-3. This suggests that MAP
can promote cell survival in addition to stimulating nerve regenerating2. Overall, these
results indicate that MAP has similar mechanisms to Li-ESWT in promoting nerve
regeneration.

Very recently, it was reported that SCs regulate peripheral nerve regeneration by secreting
exosomes32-34, Exosomes containing mRNA, miRNA, and protein cargos can promote
axonal regeneration after peripheral nerve injury. Secreted by SCs in exosomes, miRNA340
can promote debris clearance following nerve crush injury. In addition, dysregulation of
miRNA340 expression alters cell debris removal and axonal regeneration®2. Yu et aP3 also
reported significant expression changes of 77 miRNAs in the proximal nerve stump
following rat sciatic nerve injury. Moreover, upregulation of miR-221 and miR-222 cluster
(miR-221/222) was found to promote SC proliferation and migration by modulating SC
phenotype. In our study, we found that SC-derived exosomes with or without MAP
treatment promoted nerve regeneration /n vitro. Notably, the secretion of exosomes from
SCs was significantly increased after MAP treatment, and MAP-treated SC-derived
exosomes had a greater impact on nerve regeneration than exosomes derived from non-MAP
treated SCs.

In this study, MAP treatment significantly increased SC proliferation, which partially
explains the promotion of exosome secretion and the increased neurotrophic factor
expression. MAP, a mechanical force, also promoted the synthesis and secretion of
exosomes from SCs.

It should be cautioned that our study has limitations and that our findings require further
validation. In our study, 12 weeks old SD rats were used to obtain better results as we know
that nerve regeneration is more robust in the younger rats. For the next step, elderly SD rats
will be used to test the relevant effects. Our study did not explore the exact mechanisms
through which MAP induces SCs to secrete exosomes nor did it explore whether or not
MAP regulates the content of the exosomes. In addition, SCs from myelinated sciatic nerve,
not the non-myelinated cavernous nerve, were used for the experiment. Further study with
SCs from the cavernous nerve will be needed to prove the hypothesis.

J Sex Med. Author manuscript; available in PMC 2021 September 01.
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CONCLUSION

In this study, we used the ex vivo culture of MPG with CN for the study of nerve
regeneration. Furthermore, we confirmed that MAP treatment facilitates nerve regeneration
by promoting SC proliferation, by increasing NF expression (BDNF, NGF and NT-3), and
by stimulating SC to secrete exosomes.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MAP enhanced neurite outgrowth from MPG in a dosage response manner in vitro.
(a). Neurite outgrowth from MPG after different dosages of MAP (0.033 mJ/mm?, 1Hz,

25/50/100/200/300 pulses). Original magnification x50. The arrow indicates fiber outgrowth,
(b). Polar graphs were used to represent the average shape of the outgrowing fibers from
MPG. (c). Polar graphs of all groups, (d). MAP promoted outgrowth of MPG fibers in a
dosage response manner, and fiber outgrowth peaked at 100 pulses, (e). MAP promoted the
number of MPG fibers in a dosage response manner. (n=6, Error bars represent SD, *P<
0.05, **P< 0.01,***P< 0.001).
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Figure 2. Schematic diagram of MPG/CN culture.
(a). Anatomy of MPG/CN. (b). i. MPG/CN of SD rats were dissected and exposed; ii.

MPG/CN (2mm of CN) were seeded onto the glass and covered with Matri-gel; iii. After 72
hours in culture, the fibers were growing from the CN endings; iv. Higher power (x50) to
show the fiber outgrowths.
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Figure 3. MAP enhanced neurite outgrowth from CN in vitro.
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(a). Schematic diagram to show MAP-treated MPG/CN. (b). Neurite outgrowth from CN 72
hours after seeding. Original magnification x50 (left two) and x100 (right two). The red

arrow indicates outgrowing fibers, (c). MAP (0.033 mJ/mm2, 1 Hz, 100 pulses) promoted
fiber outgrowth from CN. (d). MAP promoted the number of fibers from CN. (n=6, Error

bars represent SD, **P< 0.01, ***p< 0.001).
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Figure 4. MAP promoted SC proliferation and SC neurotrophic factor expression.
(@). IF staining showing that SCs were S100 and MBP positive, (b). Twenty-four hours after

MAP, more EdU-positive cells were noted with IF staining in the MAP (0.033 mJ/mm?, 1
Hz, 100 pulses) group, (c). Twenty-four hours after MAP, more H3P-positive cells were

noted with in the MAP (0.033 mJ/mm?2, 1Hz, 100 pulses) group, (d). Twenty-four hours after
MAP (0.033 mJ/mm?, 1Hz, 100 pulses), expression of NFs, including BDNF, NGF and
NT-3, was upregulated at the mMRNA level in the MAP group. (n=3, Error bars represent SD,

*P<0.05, **P< 0.01).
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Figure 5. SC-derived exosomes enhanced neurite outgrowth from MPG in vitro.
(a). Schematic diagram of exosome isolation and MPG treated with exosomes. (b). Neurite

outgrowth from MPG 72 hours after SCs-derived exosome treatment. Original magnification
x100. The red arrow indicates outgrowing fibers, (c). SC-derived exosomes and MAP-
treated SC-derived exosomes promoted neurite outgrowth, and MAP (0.033 mJ/mm?2, 1Hz,
100 pulses)-treated SCs-derived exosomes had a better effect. (n=6, Error bars represent SD,

*P<0.05, **P< 0.01).
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Figure 6.
Schematic representation of the proposed mechanisms by which MAP promotes nerve

regeneration.
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Table 1.
Reverse Transcription-PCR primer sequences
Gene Forward Reverse
p-actin  CTACAATGAGCTGCGTGTG AATGTCACGCACGATTTCCC
BDNF  ACTT CGGTT GCAT GAAGGCT G GT CAGT GTACATACACAGG
NGF  AACAGGACT CACAGGAGGAA CTTCCTGCT GAGCACACACA
NT-3  GAGCATAAGAGTCACCGAGG  GACAAGGCACACACACAGGA
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