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Abstract
Introduction—Erectile dysfunction (ED) remains a major complication after radical
prostatectomy. The use of adipose tissue-derived stem cells (ADSC) has shown promising results
for the treatment of ED. However, the mechanisms of action for stem cell therapy remain
controversial, with increasing evidence pointing to paracrine pathways.

Aim—To determine the effects and to identify the mechanism of action of ADSC and ADSC-
derived lysate in a rat model of cavernous nerve (CN) crush injury.

Methods—Thirty-two male Sprague-Dawley rats were randomly divided into four equal groups:
one group underwent sham operation, while three groups underwent bilateral CN crush. Crush-
injury groups were treated at the time of injury with intracavernous injection of ADSC, lysate, or
vehicle only (injured controls). Erectile function was assessed by cavernous nerve
electrostimulation at 4 weeks. Penile tissue was collected for histology.

Main Outcome Measures—Intracavernous pressure increase upon CN stimulation; neuronal
nitric oxide synthase (nNOS) content in the dorsal penile nerve; smooth muscle content, collagen
content, and number of apoptotic cells in the corpus cavernosum.

Results—Both ADSC and lysate treatments resulted in significant recovery of erectile function,
as compared to vehicle treatment. nNOS content was preserved in both the ADSC and lysate
group, with significantly higher expression compared to vehicle-treated animals. There was
significantly less fibrosis and a significant preservation of smooth muscle content in the ADSC
and lysate groups compared to injured controls. The observed functional improvement after lysate
injection supports the hypothesis that ADSC act through release of intracellular preformed
substances or by active secretion of certain biomolecules. The underlying mechanism of recovery
appears to involve neuron preservation and cytoprotection by inhibition of apoptosis.

Conclusions—Penile injection of both ADSC and ADSC-derived lysate can improve recovery
of erectile function in a rat model of neurogenic erectile dysfunction.
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Introduction
Prostate cancer is one of the most prevalent men’s health problems of the current time.
Contemporary data show that the lifetime risk of prostate cancer is 1 in 6 men, and of these
cancers, 94% are clinically localized, which are to date preferably treated by radical
prostatectomy (RP) [1]. Although advancing anatomical knowledge and technology have
decreased the rates of erectile dysfunction (ED) following RP, it remains challenging to
fully preserve potency in RP patients. In the past decade, both clinical and preclinical
research efforts have focused on stimulating nerve regeneration and prevention of corpus
cavernosum fibrosis [2,3]. There is an expanding body of preclinical evidence demonstrating
the efficacy of neuroimmunophilin ligands, neurotrophins and growth factors in improving
neuroregeneration [2–7]. More recently, stem cell therapy has evolved as a potential therapy
in the prevention of ED following cavernous nerve (CN) injury, thereby providing an
autologous and curative therapeutic option [8–10].

Early projects in stem cell research for ED were conducted using embryonic stem cells
which are complex to harvest and culture, let alone the ethical repercussions of the use of
embryonic material and the reported tumerogenicity of this type of stem cell [8,11].
Therefore, adult stem cells, particularly those from bone marrow (BMSC), are increasingly
investigated for their potential in tissue repair and regeneration. Recently, adipose-tissue
derived stem cells (ADSC), another type of mesenchymal stromal cells found perivascularly
in the adipose tissue, have become a valuable resource in stem cell therapy due to their
abundance and ease of isolation [12–16]. ADSC closely resemble BMSC in differentiation
and therapeutic potential, and are capable of expressing and secreting a broad spectrum of
growth factors and cytokines [16–19]. However, although cell incorporation and
differentiation in diseased tissues are possible mechanisms for ADSC’s therapeutic effects,
recent studies suggested the involvement of paracrine pathways [20–24]. This study aimed
to investigate whether ADSC are capable of restoring erectilefunction in a rat model of CN
crush injury, to clarify the mechanisms by which ADSC exert their beneficial effects, and to
examine whether injection of stem cell-lysate improves erectile function, based on the
actions of ADSC-derived soluble molecules.

Methods
Study Design

Thirty-two male Sprague Dawley rats (12 weeks old) were obtained from Charles River
Laboratories (Wilmington, MA, USA), and were randomly divided into four equal groups.
The animals were maintained on a 12 hours light/dark cycle and had access to standard rat
chow and water ad libitum. All rats underwent resection of the paratesticular pad of adipose
tissue to procure ADSC. One week later, one group underwent sham surgery and injection
of vehicle (sham group). The remaining 24 animals underwent bilateral CN crush injury and
received either intracavernous injection of vehicle (vehicle group), ADSC derived lysate
(lysate group), or ADSC (ADSC group). Four weeks after treatment, all rats underwent
erectile function evaluation. The animals were then sacrificed and the penis was harvested
for histology. All animal experiments were approved by the Institutional Animal Care and
Use Committee at the University of California, San Francisco.

ADSC Culture
ADSC were harvested and cultured according to a standardized protocol [25–28]. The
ADSC cultured with this technique were extensively characterized in previous studies
[12,29]. Briefly, under 2% isoflurane anesthesia all animals underwent surgery consisting of
a lower abdominal midline incision and bilateral resection of the paratesticular adipose
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tissue. Adipose tissue was kept in phosphate buffered saline (PBS) on ice until processing of
the samples. The adipose tissue was rinsed with PBS, minced into small pieces, and then
incubated in a solution containing 0.075% collagenase type IA (Sigma-Aldrich, St. Louis,
MO, USA) for 1 h at 37°C with vigorous shake for 15 seconds in 20-minute intervals. The
top lipid layer was removed and the remaining liquid portion was centrifuged at 1000g for
10 min at room temperature. The pellet was treated with 160 mM NH4Cl for 10 min to lyse
red blood cells. The remaining cells were suspended in 10 ml. Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with Streptomycin, Fungizone, Penicillin and 10% fetal
bovine serum (FBS). The suspension was filtered through a 70-µm cell strainer, plated at a
density of 1 × 106 cells in a 10-cm dish and cultured at 37 °C in 5% CO2. After 24 hours the
cells were rinsed with PBS. On day 5 of cell culture, cells were labeled with the thymidine
analog 5-ethynyl-2-deoxyuridine (EdU; Invitrogen, Carlsbad, CA, USA) for 48 hours,
resulting in approximately 100% labeling of ADSC. This step was not applied in the culture
dishes designated for the preparation of the lysate. When reaching confluence,
approximately 1 million cells were harvested and suspended in 400 µL PBS and kept on ice
until injection.

Preparation of ADSC Derived Lysate
For the processing of the cell lysate, spent culture-media was pipetted out from each dish,
replaced with 10 ml of deionized H2O, and incubated at room temperature for a duration of
30 min. to allow for osmotic rupture of the cell membranes. Then cell-free lysate was
prepared by subjecting the ADSC to three freeze–thaw cycles using an ethanol/dry ice bath
to further dissociate the lysed cell sediments, followed by centrifugation at 1000g to remove
insoluble material. Per animal, 400 µl of lysate was prepared and kept on ice until injection.

Cavernous Nerve Crush Injury
Surgery was performed under 2% isoflurane anesthesia with the animal placed on a heating
pad. The prostate gland was exposed through a lower abdominal midline incision. The major
pelvic ganglion (MPG) and CN were exposed on either side of the prostate. In sham
animals, the abdomen was then closed. In the treatment and vehicle groups, standardized
bilateral CN crush injury was performed by application of a designated needle driver 5 mm.
distant to the origin of the cavernous nerve at the MPG for the duration of two minutes. The
abdomen was then closed and the penis exposed through the lower abdominal midline
incision. A tourniquet was applied to the base of the penis at the level of the symphysis to
allow the ADSC and trophic factors in the lysate to adhere. Immediately after application of
the tourniquet, 200 µL of PBS (sham and vehicle groups), lysate, or ADSC suspension was
injected in both corpora cavernosum at the mid-penile level. Pressure was applied for one
minute to the injection site after injection, to prevent backflow of treatment suspension. The
tourniquet was released 3 minutes after injection of the treatment suspension.

Determination of Erectile Function
Four weeks after intracavernous injection, erectile function was assessed. Under Ketamine
(100 mg/kg) and Midazolam (5mg/kg) anesthesia, the MPG and CN were exposed
bilaterally via midline laparotomy. A 23G butterfly needle was inserted into the proximal
left corpus cavernosum, filled with 250 U/mL heparin solution and connected to a pressure
transducer (Utah Medical Products, Midvale, UT, USA) for intracavernous pressure (ICP)
measurement. The ICP was recorded at a rate of 10 samples/second using a computer with
LabView 6.0 software (National Instruments, Austin, TX, USA). A bipolar stainless-steel
hook electrode was used to stimulate the CN directly (each pole 0.2 mm in diameter,
separated by 1 mm) via a signal generator (National Instruments) and custom-built constant-
current amplifier generating monophasic rectangular pulses with stimulus parameters of 1.5
mA, 20 Hz, pulse width 0.2 ms, and duration 50 seconds. Three stimulations were conducted
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per side and the erection with maximum increase in ICP was included for statistical analysis
in each animal. Systemic blood pressure was recorded using a 23G butterfly needle inserted
into the aorta at the level of the iliac bifurcation, for the calculation of the ICP increase/mean
arterial pressure (MAP) ratio. After functional testing, animals were euthanized using
Pentobarbital IP (200 mg/kg) followed by bilateral thoracotomy. The penis was then
harvested for histology.

Histology
Immunofluorescence—Freshly dissected tissue was fixed for 4 hr with cold 2%
formaldehyde and 0.002% picric acid in 0.1 M phosphate buffer, followed by overnight
immersion in buffer solution containing 30% sucrose. Tissues were frozen in optimum
cutting temperature compound (Sakura Finetek, Torrance, CA, USA), and stored at −80 °C
until use. Sections were cut at 6 µm, adhered to charged slides, air dried for 5 minutes, and
rehydrated with 0.05 M PBS. After rinsing, sections were washed in PBS followed by 30
minutes room-temperature incubation with 3% goat serum/PBS/0.3% triton X-100. After
draining solution from sections, tissues were incubated overnight at room temperature with
primary antibodies, followed by 1 hr immersion in 1:500 dilution of secondary antibody
conjugated with Alexa-488 fluor (Invitrogen) or Texas Red (Vector Laboratories,
Burlingame, CA). The primary antibodies were: rabbit anti-nNOS (Santa Cruz
Biotechnologies, Santa Cruz, CA, USA), mouse anti-neuron-specific β-III Tubulin (TU-20,
Abcam Inc., Cambridge, MA, USA), mouse anti-α-smooth muscle actin (α-SMA, Sigma-
Aldrich, St. Louis, MO, USA).

For tracking of ADSC, slides were incubated with freshly made Click-iT reaction cocktail,
which contained Alexa-594 fluor (Invitrogen) for 30 min at room temperature [30]. Nuclear
staining was performed with 4’,6-diamidino-2-phenylindole (DAPI; D-3571, Invitrogen).

TUNEL Staining—Quantification of apoptotic cells was performed by detecting DNA
damage in-situ using the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labeling (TUNEL; Roche diagnostics, Mannheim, Germany) staining and
counterstaining by DAPI in frozen sections. The slides were evaluated using fluorescence
microscopy.

Collagen Staining—For collagen subtypes I and III histochemistry, slides were
rehydrated in PBS, immersed in picro-sirius red stain (American master tech scientific, Lodi,
CA, USA) for one hour and rinsed with 0.5% acetic acid water twice. Slides were evaluated
for total collagen content. Using normal light microscopy, Collagen I is located mainly in
the trabeculae and the tunica albuginea and consists of thick, bright red, transversely
oriented bundles. Collagen III is visible as less abundant, subendothelial, thinner reticular
meshwork of pink fibrils which are interwoven among the more abundant collagen I fibers
[31].

Digital Analysis of Sections—Three mid-penile tissue sections per animal were
included for statistical analysis. Slides were photographed and recorded using a Retiga 1300
digital camera (QImaging, Surrey, Canada) attached to a Nikon E300 microscope (Nikon
Instruments, Melville, NY, USA). Computerized histomorphometric analysis was performed
using Image-Pro Plus 5.1 software (Media Cybernetics, Bethesda, MD, USA). For statistical
analysis of neural nitric oxide synthase (nNOS) content, the ratio of the number of nNOS-
positive fibers per nerve over the total area of the nerve in pixels was calculated at a
magnification of ×400, and all the nerve branches of the dorsal nerve on each slide were
included in the analysis. For analysis of smooth muscle and collagen content, the corpus
cavernosum was photographed at a magnification of ×40, and the ratio between the area
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staining positive for α-smooth muscle actin (SMA) or collagen/total area within the tunica
albuginea was used for statistical analysis. The apoptotic index was expressed as the number
of TUNEL and DAPI-positive cells in 3 randomly chosen high-power fields (HPF, ×400) of
the corpus cavernosum per animal, which were photographed and digitally analyzed.

Statistical Analysis
The results were analyzed using Medcalc version 11.0.0.0 (Medcalc software, Belgium). To
test the difference between the means of multiple treatment groups, ANOVA and post-hoc
analysis with the Tukey-Kramer test was used. Results were considered statistically
significant if p<0.05. Data are shown as mean ± standard error of the mean (SEM).

Results
Erectile Function

The effects of injection of ADSC or lysate after bilateral CN crush injury on erectile
function are shown in figure 1. CN crush injury consistently resulted in erectile dysfunction.
This finding is reflected by markedly decreased ICP/MAP responses to electrostimulation in
the vehicle group compared to sham. Upon stimulation of the distal portion of the cavernous
nerve, partial recovery of the erectile response was seen both in the ADSC and the lysate
group. Both ADSC and lysate injections resulted in a significant increase of ICP/MAP ratio
compared to injured controls treated with vehicle. The MAP did not differ significantly
among groups. Furthermore, there was no significant difference in erectile function recovery
between the ADSC and lysate group.

nNOS Positive Nerve Fibers in the Dorsal Penile Nerve
The dorsal penile nerves were immunostained for β-III-tubulin to identify nerve fibers and
for nNOS to quantify nNOS content in the dorsal nerves. Representative images of each
group are shown in figure 2. There was a significant decrease in nNOS content of the dorsal
penile nerves after bilateral crush injury of the cavernous nerve. Following therapy with
ADSC or lysate the number of nNOS containing fibers was significantly higher in both
groups compared to vehicle treated injured controls.

Histomorphometric Analysis of the Corpus Cavernosum
Computerized histomorphometric analysis showed a statistically significant decrease in
smooth muscle content following CN crush injury. In the sham group, smooth muscle
volumetric density of the corpus cavernosum was 5.57 ± 0.59% compared to 3.20 ± 0.50%
after CN crush injury in the vehicle-treated group. Smooth muscle loss was mainly
attributable to a thinning of the layer of smooth muscle cells located in the subendothelial
space in the corpus cavernosum, as is shown in figure 3. After treatment with ADSC or
lysate, smooth muscle content restored to 5.39 ± 0.34% and 5.07± 0.44% respectively. Total
volumetric density of collagen was 84.12 ± 2.63% in vehicle treated rats, which was a
significant increase compared to sham operated rats (48.79 ± 2.55%), which seemed to be
attributed to an obliteration of the sinusoidal space with mainly collagen subtype III. After
treatment with ADSC or lysate, there was a significant decline in corpus cavernosum
fibrosis compared to injured controls, reflected by a collagen density of 67.74 ± 3.99% and
71.83 ± 2.78% respectively. Figure 3 shows the changes in the corpus cavernosum following
CN crush injury and the effects of treatment on the composition of the corpus cavernosum.
Fluorescence microscopy showed very few EdU-labeled cells in the cavernous tissue, which
were located in the subendothelial space lining the sinusoids.
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Quantification of Apoptosis
TUNEL staining showed nuclear colocalization with DAPI. Only cells positive for both
TUNEL and DAPI were considered positive for apoptosis. Apoptotic cells were located
predominantly in the close vicinity of the sinusoids in the endothelium and in the
subendothelial tissue (figure 4), indicating apoptosis of predominantly endothelial and
smooth muscle cells. Apoptosis was significantly more abundant in animals that underwent
crush injury compared to sham. Treatment with ADSC and lysate were able to reduce the
apoptotic index, although the differences with the injured controls treated with vehicle were
nonsignificant (figure 3).

Discussion
Previously, our group obtained promising results with the use of ADSC for erectile
dysfunction caused by diabetes or dyslipidemia [21,23]. In the present study we report
beneficial functional effects of ADSC therapy on erectile function after CN crush injury.
The beneficial functional effects were accompanied by increased nNOS content in the dorsal
penile nerve and reduced fibrosis in the corpus cavernosum when compared to injured
controls treated with vehicle.

This study was preceded by a small number of studies investigating other types of stem cells
in the treatment of ED following cavernous nerve injury. Kendirci and colleagues have
shown functional benefit of injection of a subpopulation of BMSC after CN injury [10], and
a recent study by Fall et al. showed functional improvement of erectile function and
reduction of penile apoptosis after bilateral cavernous nerve ablation in rats treated with
mononucleated bone-marrow cells [9]. In the study by Fall et al. the labeling dye was traced
in the erectile tissue; however, it was not clear whether the dye remained in the penis after
cell death and lysis, or whether the cells were incorporated, differentiated and alive [9]. In
the present study, we used EdU as a labeling azide, which is incorporated into the nuclear
DNA and therefore makes it easy to colocalize with DAPI [30]. By this tracking method, we
observed a very limited number of EdU-positive cells in the corpus cavernosum at 28 days
following injection. The paucity of EdU-expressing cells at 28 days after injection, argues
against sustained incorporation of ADSC into the host tissue. While we only studied one
time-point in this project, in a previous study, we observed a time-dependent decrease in the
number of ADSC in the corpus cavernosum following injection, suggesting that the
beneficial effects of ADSC therapy are established early after injection [21].

In recent years, there has been an increasing body of literature describing the trophic effects
of ADSC on cytoprotection, cell survival, immunomodulation and modulation of the
extracellular matrix of endogenous tissues [18]. These effects are closely related to a variety
of soluble factors secreted by ADSC. Molecules such as various growth factors,
hematopoietic factors, a number of interleukins, tumor necrosis factor-α (TNF-α), vascular
endothelial growth factor, and a variety of neurotrophins such as brain derived neurotrophic
factor (BDNF), neurturin, neurotrophic factor 3 (NT3) and nerve growth factor (NGF) have
been identified in the secretome of these stem cells [18,32]. The beneficial effect on erectile
function we observed in the ADSC group might be, in part, attributable to the presence of
neurotrophins. Various neurotrophins, such as NT3, BDNF, and NGF, have been shown to
enhance neuroregeneration of nNOS-expressing neurons in vivo and in vitro [2–4,33–35].
The neuroregenerative effects after intracavernous injection of these factors have been
attributed to retrograde axonal transport towards the MPG, where these molecules modulate
neuronal growth and survival [36]. The hypothesis that paracrine pathways are involved in
these effects is supported by our data showing a similar nNOS-content in the dorsal penile
nerve fibers in the rats treated with the lysate as in those treated with ADSC. Lysate
treatment exposes the tissues to soluble factors contained in ADSC, without allowing live
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cells to directly act on the host tissue [37]. Furthermore, we observed a comparable
preservation of corpus cavernosum architecture and reduction of the apoptotic index
between the two treated groups, suggesting a complimentary role for antifibrotic and anti-
apoptotic properties of ADSC-derived biomolecules, rather than replacement of apoptotic
endothelial, smooth muscle and mesenchymal cells. Perhaps the strongest argument
supporting the hypothesis that ADSC work in a paracrine fashion is provided by the fact that
the cell-free lysate therapy resulted in a comparable functional recovery as the ADSC
therapy did.

A multitude of studies demonstrate that ADSC engraftment into the host tissue and in-situ
survival is too limited to be therapeutically beneficial and enhance organ function [11,20–
23,37–39]. Furthermore, mesenchymal stem cells have been shown to induce acute
improvement in target organ function less than 72 h after injury, precluding differentiation
as a cause due to time required [11]. The third, and most convincing argument for the
paracrine pathway is that in-vitro and in-vivo research has revealed that the functional
improvement of injury seen in stem cell therapy can be replicated by utilizing either cell free
lysate, or conditioned stem cell culture media [37,40,41]. In our experience, we have been
able to show significantly improved neurite sprouting in MPGs that were co-cultured with
ADSC as compared to co-culture with smooth muscle cells [32]. Both lysate and
conditioned media contain a broad variety of cytokines, growth factors, and putatively also
microvesicles containing (micro)RNA, which are held responsible for the beneficial effects
seen with lysate and media therapy [42,43]. These data combined, suggest that stem cells
may improve injured organ performance and limit injury not via differentiation but rather
via complex paracrine actions.

Our study does have some limitations. First, although the injection of cell-free lysate
resulted in similar improvement as the ADSC-therapy did, we realize that these data only
provide us with indirect evidence supporting the paracrine pathway. Furthermore, we do not
know what the exact contents of the lysate are, and how these are responsible for the
observed functional improvement and structural preservation. Therefore, further
investigations aimed to identify the proteomic characteristics of the cell-free lysate should
allow us to gain further insight into the possible mechanisms of erectile functional
improvement. Different time points will also be studied to examine changes in the effects of
ADSC in time. Identification of the components of the lysate might have important
implications on the future development of novel stem cell based therapies including
enhancement of the secretory profile of stem cells by the overexpression of certain paracrine
signaling molecules. These investigations will be conducted in the near future to further
clarify the role of paracrine signaling in stem cell therapy for ED. Second, we observed a
paucity of ADSC in the corpus cavernosum. Although this finding also provides indirect
clues concerning the mechanisms of action of ADSC, further studies are indicated to
investigate the fate and the behavior of the ADSC after intracavernous injection. The
question remains whether these cells exert their effects by their demise, or whether they
home to other tissues to improve function indirectly instead of having direct effects on the
effector tissue, the corpus cavernosum. Studies involving the tracking of ADSC after
injection have been initiated to address these issues.

Conclusions
ADSC are easily accessible and abundant in adipose tissue and may therefore hold great
promise towards a cure for erectile dysfunction following radical prostatectomy and other
radical pelvic surgeries. The functional and histomorphometric benefits of both ADSC and
lysate injection over vehicle-treatment, support the hypothesis that ADSC act through
release of intracellular preformed substances or by active secretion of certain biomolecules.

Albersen et al. Page 7

J Sex Med. Author manuscript; available in PMC 2014 January 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The underlying mechanism of recovery appears to involve neuron preservation and
cytoprotection by inhibition of apoptosis.
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Figure 1.
Left panel: representative recordings of ICP-registration upon stimulation of the distal
cavernous nerve. Black bar represents one electrical stimulus of 50 s. Right panel: results of
ICP-measurement expressed as the ratio ICP/MAP. *: P<0.05 compared to vehicle-treated
group.
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Figure 2.
Left panel: representative images of the dorsal penile nerve of each group. Original
magnification ×400. Right panel: result of nNOS quantification expressed as the number of
nNOS-expressing fibers/area of the nerve (in pixel). *: P<0.05 compared to vehicle-treated
group.
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Figure 3.
Summary of the changes in the corpus cavernosum in each group. A: Changes in collagen
content following CN crush injury and treatment. Note the obliteration of the sinusoidal
spaces with reticular subtype III collagen (arrowheads) in the vehicle-treated group. Original
magnification ×100. B: smooth muscle content in the corpus cavernosum in each group.
Note the thinning of the subendothelial smooth muscle layer after CNI in vehicle treated rats
(arrows), and how this was prevented by treatment with ADSC or lysate. Original
magnification ×40. C: Graph summarizing the changes in the corpus cavernosum as relative
expression as compared to sham-operated animals. *: P<0.05 compared to vehicle-treated
group.
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Figure 4.
Representative images of a lacunar sinusoid (+) in the corpus cavernosum. Notice the
perisinusoidally located apoptosis at the endothelial and subendothelial tissue, and high-
power magnification of nuclear colocalization of DAPI and TUNEL-signals. Original
magnification: ×200, ×1000.
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