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Abstract: Mesenchymal stem cells (MSCs) have been utilized to restore erectile function in animal models of cavern-
ous nerve injury (CNI). However, transplantation of primary MSCs may lead to unpredictable therapeutic outcomes.
In this study, we investigated the efficiency of neural differentiated MSCs (d-MSCs) on the restoration of erectile
function in CNI rats. Rat bone marrow MSCs (r-BM-MSCs) were treated with all-trans retinoic acid to induce neural
differentiation. Rats were divided into five groups: a sham operation group; a bilateral CNI group that received
an intracavernous injection of -BM-MSCs (IC group); and three groups that received periprostatic implantation
of either -BM-MSCs (IP group), d-MSCs (IP-d group), or PBS (PBS group). The data revealed that IP injection of
d-MSCs ameliorated erectile function in a similar manner to an IC injection of MSCs and enhanced erectile func-
tion compared to an IP injection of MSCs. An in vivo time course of d-MSCs survival revealed that PKH26-labled
d-MSCs were detectable either within or surrounding the cavernous nerve tissue. In addition, the expression of
caspase-3 significantly increased in the PBS group and decreased after treatment with MSCs, especially in the IC
and IP-d groups. Furthermore, the expression levels of neurotrophic factors increased significantly in d-MSCs. This
study demonstrated that periprostatic implantation of d-MSCs effectively restored erectile function in CNI rats. The
mechanism might be ascribed to decreases in the frequency of apoptotic cells, as well as paracrine signaling by
factors derived from d-MSCs.

Keywords: Mesenchymal stem cell, erectile dysfunction, cavernous nerve injury, nerve differentiation, stem cell
therapy

Introduction tion and are also able to replace necrotic or
apoptotic cells [9, 10]. Recently, based on
mouse and rat models of cavernous nerve inju-

ry (CNI) induced ED, intracavernous and peri-

Postoperative erectile dysfunction (ED) result-
ing from damage of pelvic autonomic nerve

(PAN) is a frequent complication of pelvic sur-
gery [1-3]. Pelvic autonomic nerve preservation
is widely performed to maintain urogenital
function [4-8]. However, PAN damage cannot
be completely prevented, and damage to this
nerve results in a high incidence of ED, sug-
gesting that additional methods should be
developed to repair the PAN and restore sexual
function.

Mesenchymal stem cells (MSCs) have the
potential to undergo multi-lineage differentia-

prostatic implantations of MSCs were both
able to restore erectile function [11, 12].
However, direct transplantation of MSCs may
lead to unpredictable therapeutic outcomes
due to the multi-lineage differentiation poten-
tial of this cell type [13, 14]. Therefore, we
hypothesized that neural differentiation of
MSCs might help to resolve this problem.

All-trans retinoic acid (ATRA), an active form
of vitamin A, is an effective inducer of neural
cell differentiation [15]. Previous studies have
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revealed that pre-activation of ATRA facilitated
neural differentiation of MSCs [16] and that
transplantation of ATRA-induced MSCs promot-
ed functional recovery of learning and memory
in a rat model of hypoxic-ischemic brain dam-
age [17]. Therefore, in the present study, we
used ATRA to induce neural differentiation of
MSCs (d-MSCs), and investigated the ability of
d-MSCs to treat ED in a rat model of CNI.

Materials and methods
Ethics

This study was approved by the Institutional
Animal Care and Use Subcommittee of the
Third Affiliated Hospital of Sun Yat-sen
University (201210016). All experiments were
performed in accordance with their approved
guidelines.

Isolation and culture of rat bone marrow MSCs
(r-BM-MSCs)

Institutional Review Board approval was
obtained for all procedures. Rat bone marrow
MSCs were isolated from 4-week-old Sprague-
Dawley rat femurs as previous described [18].
The cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and glucose (4.5
g/1) at 37°C in 5% CO,. All non-adherent cells
were removed and the medium was changed
every 3 days.

Characterization of rr-BM-MSCs

R-BM-MSCs were incubated with fluorescein
isothiocyanate-conjugated antibodies for 30
minutes at 4°C. The following antibodies were
used for flow cytometric analysis: CD14, CD34,
CD45, CD73, CD90 and CD105. Cells were
washed twice with PBS containing 0.1% bovine
serum albumin. A FACScan machine (Becton,
Dickinson, Franklin Lakes, NJ, USA) was used
to analyze antibody binding.

Cells at passage 2 were used to assess the in
vitro differentiation potential of MSCs into adi-
pocytes and osteocytes as described previous-
ly [11]. Cells were cultured in the following
medium types: (1) adipogenic differentiation
medium (DMEM with 1 g/ml glucose, DMEM-
LG) containing 10% FBS, 50 ug/ml of ascor-
bate-1 phosphate, 0.1 umol/L dexamethasone
and 50 pg/ml indomethacin; (2) osteogenic dif-
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ferentiation medium (DMEM-LG containing
10% FBS, 50 pg/ml ascorbate-2 phosphate,
102 pymol/L dexamethasone, and 10 mmol/L
B-glycerophosphate). The medium was changed
every 3 days.

Neural differentiation of rrBM-MSCs

R-BM-MSCs were cultured in 60-mm culture
dishes or 48-well culture plates, and incubated
with DMEM for 24 h. The medium was then
changed to DMEM containing 1.0 umol/L ATRA
(Sigma, 10 mmol/L storage concentration in
100% ethanol), and cells were maintained for
48 h. Cells were then washed twice with
D-Hank’s and cultured in neural induction
medium (NIM) containing DMEM, 1.6% dimeth-
yl sulfoxide, 160 pmol/L butylated hydroxyani-
sole, 20 mmol/L KCI, 1.6 mmol/L valproic acid,
8 umol/L forskolin, 0.8 pymol/L hydrocortisone
and 4 pg/mL insulin (all from Sigma) for 48 h.

Immunofluorescent staining of induced cells

Neural induced cells were fixed with methanol
at -20°C for 15 min and washed twice with
PBS. Then, the fixed cells were blocked with 3%
BSA and 0.1% Triton-X 100, followed by incuba-
tion with an anti-nestin antibody at 4°C over-
night. After washing twice with PBS, cells were
incubated with DyLight 546-conjugated sec-
ondary antibodies (Jackson ImmunoResearch)
for 1 h and washed twice with PBS. Nuclei were
stained with 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI) (Sigma). The cells were
examined under a fluorescence microscope
(TE2000-S; Nikon). Cells stained with isotype
control primary antibodies were used as nega-
tive controls.

PKH26 labeling

To determine the in vivo engraftment of MSCs
into the tissues of CNI rats, the cells were
stained with PKH26 dye (catalogue.# mini26,
Sigma Chemical Co.) according to the manufac-
turer’s protocol. Depending on the site into
which MSCs were injected, PKH26-labled MSCs
were detected in either the corpus cavernosum
or the cavernous nerve 2, 4 and 7 days after
implantation (2 rats per group per time point).

Animal treatment

Eight-week-old male Sprague-Dawley rats
(mean weight, 250 g) were obtained from the
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Figure 1. Animal treatment and evaluation of erectile function. A. Exposure of the major pelvic ganglias (MPGs) and
the cavernous nerve (CNs). B. Pathological examination confirms the identity of CN tissue. Scale bar = 100 ym. C.
In both the IP and IP-d groups, fibrin scaffolds of cells in PBS are prepared using a Porcine Fibrin Sealant Kit. D. The
mixtures of cells and fibrin scaffolds are injected around the prostate. E. A heparinized 24-gauge silastic cannula
is inserted to measure mean arterial pressure (MAP). F. The CN is exposed and stimulated with a bipolar electrode.
Meanwhile, a heparinized 23-gauge butterfly needle is inserted into the corpus cavernosum to measure the intra-
cavernous pressure (ICP).

Guangdong Medical Laboratory Animal Center
and housed in a standard animal facility with
12-hlight/dark cycles. All animals were acclima-
tized for at least one week prior to surgery and
allowed ad libitum access to standard food and
water. All surgical procedures were performed
by the same investigator, and all subsequent
analyses were performed by another investiga-
tor. A pilot study was conducted to enhance the
investigator’s surgical skills, and to ensure that
no animals experienced accidental death or
required a humane sacrifice prior to the end of
the study.

To ensure that sufficient samples were avail-
able for analysis, 10 rats per group were uti-
lized. Each rat was intraperitoneally anesthe-
tized with chloral hydrate (0.35 ml/100 g). A
3-4 cm lower abdominal midline incision was
used to identify and expose the bilateral major
pelvic ganglias (MPGs) and the CNs (Figure 1A,
1B). Bilateral CNI was induced in 40 rats (CNI
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group) and another 10 rats underwent laparot-
omy (sham group) at random. In the CNI group,
bilateral CNs were crushed with a non-serrated
hemostat (Karl Stortz Co., Tuttlingen, Germany),
with full tip closure 1 mm distal to the MPG for
2 minutes. Then, the CNI group was randomly
divided into four groups of 10 rats each, which
received (1) an intracavernous injection of
r-BM-MSCs (1x108 cells in 20 uyL of PBS) (IC
group); (2) periprostatic implantation of r-BM-
MSCs (1x106° cells in 20 L of PBS) (IP group);
(3) periprostatic implantation of d-MSCs (1x10°
cells in 20 yL of PBS) (IP-d group); or (4) peri-
prostatic implantation of 20 uyL PBS (PBS
group).

All cell injections and implantations were per-
formed as previously described [11, 12] (Figure
1C, 1D). In the IP and IP-d groups, fibrin scaf-
folds of cells in PBS were prepared using a
Porcine Fibrin Sealant Kit (Hangzhou Puiji
Medical Technology Development Co. Ltd,
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China) according to the manufacturer’s instruc-
tions. The mixtures of cells and fibrin scaffolds
were implanted around the prostate and into
the MPG. In the IC group, 20 pL of cells in PBS
were injected into the corpus cavernous using a
30-gauge needle. Before injection, drainage of
the dorsal vein was blocked by circumferential
compression of the base of the penis using an
elastic band. The compression was released
one minute after injection.

Evaluation of erectile function

Erectile function was evaluated by electrical
stimulation of the CN as previously described
[19], using a BL-420s Biological Functional
System (Chengdu Taimeng Technology Ltd,
China). Two weeks after cells injection, the rats
were intraperitoneally anesthetized with chloral
hydrate (0.35 ml/100 g). A midline incision
from the neck to the upper thorax was made to
expose the right carotid artery. Then, a heparin-
ized 24-gauge silastic cannula was inserted to
measure mean arterial pressure (MAP) (Figure
1E). The skin of the penis was then stripped off
to expose the corpus cavernosum and a hepa-
rinized 23-gauge butterfly needle was inserted
into the penile crus and connected to polyethyl-
ene-50 tubing to measure the intracavernous
pressure (ICP). The CN was then exposed and
stimulated with a bipolar electrode (5 V at 12
Hz for 60 seconds). During tumescence, the
maximal ICP (mICP) and total ICP (tICP, area
under the curve) were recorded (Figure 1F).
The ratios of mICP and tICP to MAP were calcu-
lated to evaluate erectile function.

Immunofluorescence and immunohistochemi-
cal staining

Penile segments were harvested, cut into
10-um thick frozen tissue sections and stored
at -80°C. For fluorescence microscopy, penile
sections were fixed in methanol for 10 minutes
at 4°C, washed three times with PBS and
blocked with 3% BSA and 0.1% Triton-X 100 for
1 h at room temperature. The tissue sections
were incubated with primary antibodies to
PECAM-1 (platelet/endothelial cell adhesion
molecule, an endothelial cell marker, cata-
logue.# A2104, ABclonal Biotech Co., Ltd, USA;
1:100), a-actin (@ smooth muscle cell marker,
catalogue.# SC-130616, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA; 1:100), and nNOS
(neuronal nitric oxide synthase; catalogue.#
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A1485, ABclonal Biotech Co., Ltd, USA; 1:100)
at 4°C overnight. Control sections were incu-
bated without primary antibodies. After wash-
ing thrice with PBS, sections were incu-
bated with DyLight 488 or 556-conjugated
secondary antibodies (Invitrogen) for 1 h and
washed thrice with PBS. Nuclei were stained
with DAPI. Signals were visualized and digital
images were obtained with a fluorescence
microscope.

For immunohistochemical staining, tissue
sections were fixed in cold methanol and
blocked with 3% BSA and 0.1% Triton-X 100
for 1 h at room temperature. Then, the slides
were stained with primary antibodies against
caspase-3 (catalogue.# 9662, Cell Signaling
Technology Co., Ltd, USA; 1:400). Immunore-
actions were detected with the Dako-Cyto-
mation Envision HRP System (Dako, Glostrup,
Denmark), and the sections were counter-
stained with hematoxylin (Sigma, St. Louis, MO,
USA). Negative controls were only stained with
secondary antibodies.

Western blot

Equal amounts of protein (50 ug per lane) were
electrophoresed on 8% sodium dodecyl sulfate
polyacrylamide gels, transferred to nitrocellu-
lose membranes, and probed with antibodies
against caspase-3 (catalogue.# 9662, Cell
Signaling Technology Co., Ltd, USA; 1:1000) or
B-actin (catalogue.# 3700, Cell Signaling
Technology Co., Ltd, USA; 1:1000). The results
were quantified by densitometry (n = 4 per

group).
Real-time PCR

Total RNA was extracted from MSCs using
TRIzol reagent kit (Invitrogen, Carlsbad, CA).
RNA was reverse transcribed using Pri-
meScript® RT reagent Kit (TaKaRa, Tokyo,
Japan). Real-time PCR was performed on an
ABI PRISM 7000 sequence detector (Applied
Biosystems, Foster City, CA, USA) using SYBR®
Premix Ex Tag™ (Perfect Real Time) (TaKaRa,
Tokyo, Japan). GAPDH was used as an internal
control. The primers used for the analysis are
as follows: nestin, 5-CTGAGGCCTCTCTTCTTC-
CA-3’ (forward) and 5-ACTCCTGTACCGGGTCT-
CCT-3’ (reverse); vascular endothelial growth
factor (VEGF), 5-CGGGCCTCTGAAACCATGAA-3’
(forward) and 5-GCTTTCTG CTCCCCTTCTGT-
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Figure 2. Isolation, characterization and neuronal differentiation of -BM-MSCs. A. The morphology of r-BM-MSCs (a). After induction, the cells possessed the typical
phenotypes of adipocytes (stained with oil red O) or (b) osteocytes (stained with alizarin red S) (c). Scale bar = 100 um. B. Differentiated cells express the MSCs
markers, CD73, CD90 and CD105, but do not express the hematopoietic or endothelial markers, CD14, CD34 and CD45. C. Neural differentiation of r-BM-MSCs.
Control r-BM-MSCs (a). After induction with ATRA and culture in neural induction medium, r-BM-MSCs differentiate into neural-like cells, which exhibit large cell body
diameters, long axons and dendrites (c). The neural stem cell marker, nestin, is expressed in the induced cells. Control MSCs express low levels of nestin (b), while
induced-MSCs exhibit increased nestin expression (d). Scale bar = 100 um. D. Assessment of expression level of nestin by real-time PCR. d-MSCs exhibited higher
expression level of nestin than ¢-MSCs (control MSCs). **P < 0.01.
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Figure 3. Effects of MSCs treatment on erectile function in animal models of bilateral CNI. A. Representative ICP
responses for the sham group, CNI rats stimulated two weeks after intracavernous injection of -BM-MSCs (1x10°
cells/20 uL, IC group), and rats undergoing periprostatic implantation of r-BM-MSCs (1x10° cells/20 L, IP group),
d-MSCs (1x10° cells/20 L, IP-d group), or 20 uL PBS (PBS group). B, C. The ratios of total ICP (area under the
curve) and maximal ICP to MAP are recorded. Each bar depicts the mean * standard deviation from n = 4 animals
per group. *P < 0.01 vs. PBS group, #*P < 0.05 vs. IC, IP-d and PBS groups, respectively.

3’ (reverse); nerve growth factor (NGF), 5-ATA- CCACAGCCACGGAC-3’ (forward) and 5-ACGC-
AGACCACAGCCACGGAC-3’ (forward) and 5-AC- CTTGACAAAGGTGTGA-3’ (reverse); and GAPDH,
GCCTTGACAAAGGTGTGA-3' (reverse); brain- 5-GTTACCAGGGCTGCCTTCTC-3’ (forward) and
derived neurotrophic factor (BDNF), 5-ATAAGA 5-GATGGTGATGGGTTTCCCGT-3’ (reverse).
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Statistical analysis

Results were expressed as the mean + stan-
dard deviations. Group comparisons of para-
metric data were evaluated by one-way analy-
sis of variance (ANOVA) followed by Newman-
Keuls post hoc analysis, while Kruskal-Wallis
test was applied for analysis of nonparametric
data. Statistical analyses were performed with
SPSS (version 15.0, Chicago, IL, USA). All statis-
tical tests were 2-sided, and P < 0.05 was con-
sidered significant.

Results
Isolation and characterization of -rBM-MSCs

Primary r-BM-MSCs were isolated from the
femurs of 4-week-old Sprague-Dawley rats and
cultured in vitro. MSCs in this study showed
typical spindle, fibroblast-like morphology and
were arrayed like whirlpools (Figure 2Aa). Cells
at passage 2 were used to assess the in vitro
differentiation potentials of MSCs into adipo-
cytes and osteocytes. Differentiated cells pos-
sessed the typical phenotypes of adipocytes
(stained with oil red 0) and osteocytes (stained
with alizarin red S) (Figure 2Ab, 2Ac). In addi-
tion, as shown in Figure 2B, the cells expressed
markers of MSCs, including CD73, CD90 and
CD105, but did not express the hematopoietic
or endothelial markers, such as CD14, CD34
and CD45.

Neural differentiation of rr-BM-MSCs

After induction by ATRA and cultured in NIM,
r-BM-MSCs differentiated into neural-like cells,
which exhibited large cell body diameters, long
axons, and dendrites (Figure 2Cc). To further
characterize neural differentiation, expression
of the neural stem cell marker nestin, was
detected in the induced cells. The results
revealed that d-MSCs expressed significantly
higher levels of nestin compared to control
MSCs (Figure 2Cd). In addition, the expression
levels of nestin in both control MSCs and
d-MSCs were assessed by real-time PCR. The
results revealed that d-MSCs exhibited higher
expression level of nestin than control MSCs
(Figure 2D).

Effects of MSCs implantation on erectile func-
tion in bilateral CNI models

Erectile function was evaluated by electrical
stimulation of the CN two weeks after treat-

2555

ment with MSCs or PBS. There were no signifi-
cant differences in the MAP and basal ICP
among the five experimental groups (data not
shown). During tumescence, the maximal ICP
(mICP) and total ICP (tICP, area under the curve)
were recorded. As shown in Figure 3, the ratios
of tICP/MAP and mICP/MAP decreased in the
PBS group compared with those of the sham
group, respectively (47.4+1.6 vs. 85.4+1.6, P <
0.01; 1.00+£0.03 vs. 1.72+0.02, P < 0.01). After
treatment with MSCs, the ratios of tICP/MAP
and mICP/MAP increased significantly. The
ratios of tICP/MAP and mICP/MAP in the IP-d
group (73.4+1.21; 1.52+0.02) were similar
with those in the IC group (74.1+1.5;
1.55+£0.02), while better than the IP ones
(62.940.73; 1.31+0.02, P < 0.05).

Endothelial and smooth muscle contents of
the corpus cavernosum

After evaluation of erectile function, the rats
were sacrificed, and penile segments were har-
vested and cut into frozen tissue sections for
immunofluorescent or immunohistochemical
staining. The tissue sections were incubated
with antibodies to the endothelial cell marker,
PECAM-1, or the smooth muscle cell marker,
a-actin. The expression of PECAM-1 significant-
ly decreased in the PBS group compared to the
sham group, and markedly increased after
treatment with MSCs (Figure 4A). Similarly, the
expression of a-actin significantly decreased in
the PBS group compared with the sham group,
and increased after treatment with MSCs
(Figure 4B). Moreover, the ratios of smooth
muscle area to cavernous area in the IC and
IP-d groups were higher than those in the IP (P
< 0.05) and PBS groups (P < 0.01) (Figure 4C).

Expression of nNOS in the corpus cavernosum

The expression of nNOS in the corpus caverno-
sum was detected by immunofluorescent stain-
ing 2 weeks after injection with MSCs. The data
revealed that nNOS expression significantly
decreased in the PBS group compared to the
sham group. Expression of nNOS increased in
the IC, IP and IP-d groups the, yet was higher in
both the IC and IP-d groups compared to the IP
group (Figure 5).

In vivo time course of MSCs survival in CNI rats

To evaluate the in vivo survival of implanted
MSCs over time, the cells were stained with

Am J Transl Res 2016;8(6):2549-2561
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Figure 4. Delivery of MSCs increases cavernous endothelial and smooth muscle cell pop- o
ulations. A. The expression of PECAM-1 (an endothelial cell marker) decreases in the PBS 7_6
group, while IC injection of -BM-MSCs and IP injection of -BM-MSCs or d-MSCs signifi- °
cantly restore its expression. Scale bar = 100 um. B. The expression of a-actin (a smooth g 4
muscle cell marker) decreases in the PBS group. After delivery of either r-BM-MSCs or =
d-MSCs, the expression of a-actin increases significantly. Scale bar = 100 ym. C. Quanti- °
tative analysis of smooth muscle cell content in cavernous tissue is performed using an g
image analyzer. Each bar depicts the means + standard deviation from n = 4 animals N 0-
per group. *P < 0.01 vs. PBS group, #*P < 0.05 vs. IC, IP-d and PBS groups, respectively. Sham IC IP IP-d PBS
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Figure 5. Delivery of MSCs increases
penile nNOS expression. The expres-
sion of nNOS decreases in the PBS
group, while both IC injection of r-BM-
MSCs and IP injection of r-BM-MSCs
or d-MSCs significantly restore its ex-
pression obviously. Rats per group: n
= 4. Scale bar = 100 ym.

PKH26 dye. Depending on the site into which
MSCs were injected, PKH26 labled MSCs were
detected in either the corpus cavernosum or
the CN 2, 4 and 7 days after implantation.

In the IC group, PKH26 labled MSCs were
detectable in the corpus cavernosum. By con-
trast, in both the IP and IP-d group, PKH26
labled MSCs were detectable within and/or sur-
rounding the CN, but not in the corpus caverno-
sum. However, PKH26 labled MSCs were
detectable within the first 2 days after injection
in the IP group, whereas they were not detect-
able until 7 days after treatment in the IP-d
group (Figure 6).

Underlying mechanisms of MSCs-mediated
restoration of erectile function

Both immunohistochemical staining and
Western blot were performed to evaluate the
expression of caspase-3 two weeks after injec-
tion with MSCs. The expression of either cas-
pase-3 or cleaved caspase-3 significantly
increased in the PBS group compared to the
sham group, and decreased after treatment
with MSCs, especially in the IC and IP-d groups
(Figure 7A, 7B).

In addition, the expression levels of VEGF, NGF,
and BDNF in the different groups of MSCs were
assessed by real-time PCR. As shown in Figure
7B, after induction with ATRA and culture in
NIM, d-MSCs exhibited higher expression levels
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of VEGF, NGF, and BDNF than r-BM-MSCs in the
group of control, single induced by ATRA or sin-
gle cultured in NIM.

Discussion

Pelvic autonomic nerve preservation (PANP)
is currently widely performed to maintain uro-
genital function during pelvic surgery [4-7].
However, damage to the PAN cannot be com-
pletely prevented, and damage to this nerve
responsible for approximately 45% of ED cases.
Phosphodiesterase type 5 inhibitors are suc-
cessfully used to treat ED [20]. However, these
drugs are not satisfactory for treating patients
with PAN damage. Thus, new strategies to
treat nerve damage-induced ED are urgently
needed.

MSCs have been shown to exhibit multi-lineage
differentiation potentials and can replace
necrotic or apoptotic cells [9, 10]. Previous
studies have revealed that delivery of MSCs
was effective for treating ED in animal models
of aging, diabetes and nerve-injury [11, 12,
21-23]. In the present study, we showed that
both intracavernous and periprostatic implan-
tations of MSCs were effective treatment strat-
egies for nerve injury-mediated ED in rat mod-
els. In addition, the expression of caspase-3
significantly decreased after treatment with
MSCs, suggesting that MSCs might ameliorate
ED by decreasing the frequency of apoptotic
cells in the corpus cavernosum.

Am J Transl Res 2016;8(6):2549-2561
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Figure 6. In vivo analysis of MSCs survival over time. In the IC group, PKH26 labled MSCs are detectable in the
corpus cavernosum. By contrast, in both the IP and IP-d groups, PKH26 labled MSCs are detectable either within
or surrounding the CN tissue, but not in the corpus cavernosum. PKH26 labled MSCs are only detectable within
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group. Rats per group: n = 6. Scale bar = 100 uym.

It has been reported that loss of endothelial
and smooth muscle contents may result from
long-term denervation [24-26]. Therefore,
MSCs may help treat ED by differentiating into
and replacing lost endothelial cells (ECs) and/or
cavernous smooth muscle cells (CSMCs). In the
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present study, we confirmed that both MSCs
and d-MSCs therapy could significantly increase
expressions of both PECAM-1 and a-actin in the
corpus cavernosum, as well as restore cavern-
ous endothelial and smooth muscle cell popu-
lations. Moreover, in a pilot study (data not

Am J Transl Res 2016;8(6):2549-2561



Differentiated MSCs restore erectile function

.. O [0_caspase 3

& -
-—eseree» (-actin

C #

n
o
]

-
W
1

-
o
1

W
1

cleaved caspase3

Deficiency of penile nNOS is
believed to be related to
nerve damage-mediated ED,
and may underlie the ineffi-
cacy of phosphodiesterase
type 5 inhibitors in these
patients [27]. In this study,
we demonstrated that both
MSCs and d-MSCs could
enhance nNOS expression
and restore erectile function
in CNI rats. Thus, MSCs-
based therapy may increase
the sensitivity of patients
with nerve damage-mediated
ED to phosphodiesterase
type 5 inhibitors.

Intracavernous injection is
the most common method of
MSCs-based therapy in ani-
mal models of ED. Recently,
periprostatic implantation of

3 Control MSCs has also been shown to
3 ATRA be effective in CNI animals.
B3 NIM Fandel et al [28] found that
E3 ATRANIM the therapeutic efficacy of

mRNA fold change (compare to the control)

stem cells in CNI models
could be attributed to stem
cell trafficking to the MPG.
Thus, implantation of stem
cells near the injured CN or
MPG might provide abundant
stem cells to the MPG and
restore erectile function. Our

VEGF

Figure 7. Underlying mechanisms of MSCs-mediated restoration of erectile
function. A. Compared to the sham group, the expression of caspase-3 in the
corpus cavernous significantly increased in the PBS group, and decreased
after treatment with MSCs in the IC and IP-d groups. Rats per group: n =
4. Scale bar = 50 ym. B. Compared to the sham group, the expression of
cleaved caspase-3 significantly increased in the PBS group, and decreased
after treatment with MSCs in the IC and IP-d groups. Rats per group: n = 4.
C. After induction by ATRA and culture in neural induction medium (NIM), d-
MSCs exhibited higher expression levels of VEGF, NGF, and BDNF than the
MSCs in the group of control, single induced by ATRA or single cultured in
NIM. *P < 0.05 vs. control group, *P < 0.05 vs. control, ATRA and NIM groups,

respectively.

shown), unlike periprostatic implantation, intra-
cavernous injection of neural-differentiated
MSCs was not effective in ameliorating erectile
function in CNI rats. This result may be
explained by the inability of neural-differentiat-
ed MSCs to differentiate into endothelial or cav-
ernous smooth muscle cells.
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”NGF study demonstrated that pe-

riprostatic implantation of
MSCs could effectively in-
crease ratios of mICP and
tICP to MAP, and ameliorate
erectile function in CNI rats.
This result may be attributed
to trafficking of MSCs to the
MPG. From a clinical point of
view, compared to intracav-
ernous injection of MSCs,
periprostatic MSCs implanta-
tion may be a more accept-
able method of stem cell
therapy. Intracavernous injection of cells or
drugs is painful and may cause penile indura-
tion. By contrast, periprostatic implantation
of MSCs could be performed during pelvic sur-
gery in the event of PAN damage. If necessary,
it could also be performed multiple times post-
operatively with ultrasound guidance.
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In this study, it appeared that IP injection of
d-MSCs could better restore erectile function
compared to IP injection of primary MSCs. An
analysis of in vivo MSCs survival over time
revealed that d-MSCs exhibited enhanced via-
bility compared to primary MSCs. Moreover,
MSCs could increase the frequency of penile
nNOS-positive nerve fibers by secreting neuro-
trophic factors [29], and paracrine signaling by
MSCs-derived factors has been shown to play
an important role in MSCs therapy [30, 31]. In
this study, d-MSCs expressed significantly high-
er levels of VEGF, NGF and BDNF than primary
MSCs. Thus, it is reasonable to postulate that
d-MSCs surrounding the prostate might restore
cavernous nerve fibers by secreting neuro-
trophic factors.

In summary, this study shows, for the first time,
that periprostatic implantation of neural differ-
entiated MSCs, can effectively ameliorate erec-
tile function in CNI rats. These effects may be
ascribed to both decreases in the frequency of
apoptotic cells, as well as paracrine effects of
d-MSCs-derived factors. Because periprostatic
implantation of MSCs is less painful than intra-
cavernous injection, the former approach is
more practical for clinical application. Ulti-
mately, delivery of differentiated MSCs may cir-
cumvent the risks of injecting primary MSCs
with multi-lineage differentiation potentials,
and thus accelerate the clinical application of
MSCs for the restoration of cavernous nerve
function.
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