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ABSTRACT

Introduction: Novel effective therapeutic strategies are necessary for treating erectile dysfunction secondary to
cavernous nerve injury (CNI).
Aim: To functionally evaluate the beneﬁts of long-term oral treatment with a phosphodiesterase type 5 inhibitor
on the potential capacity of intracavernosal cell therapy to recover erectile function after CNI.
Methods: Bilateral crush CNI (BCNI) was produced in anesthetized male rats. After BCNI, rats were treated with
the phosphodiesterase type 5 inhibitor tadalaﬁl (TAD; 5 mg/kg/d orally; BCNI þ TAD), a single intracavernosal
injection of bone marrowederived mesenchymal stem cells (BMSCs; BCNI þ BMSC), or dual therapy (BCNI þ
BMSC þ TAD). Ex vivo function of the corpus cavernosum (CC) and in vivo intracavernosal pressure responses to
CN electrical stimulation were evaluated 4 weeks after BCNI. Trichrome staining and terminal 20 -deoxyuridine50 -triphosphate nick-end labeling assay were used for ﬁbrosis and apoptosis determination, respectively, in the CC.
Main Outcome Measures: In vivo erectile responses in anesthetized rats, ex vivo evaluation of endotheliumdependent relaxation, neurogenic relaxation and neurogenic contraction in CC strips, and histologic evaluation
of ﬁbrosis and apoptosis in cavernosal tissue.
Results: BCNI resulted in a marked decrease of erectile responses that were partly recovered in the BCNI þ TAD and
BCNI þ BMSC groups. Complete recovery of erectile function was achieved only in the BCNI þ BMSC þ TAD
group. Endothelium-dependent and nitric oxide donor-induced relaxations of the CC were not altered by BCNI or the
treatments. BCNI resulted in enhanced neurogenic adrenergic contractions and impaired nitrergic relaxations of the
CC. The BCNI þ TAD group displayed diminished neurogenic contractions, whereas the BCNI þ TAD and BCNI þ
BMSC groups showed partly recovered nitrergic responses. In the BCNI þ BMSC þ TAD group, neurogenic contractions were decreased and nitrergic relaxations were normalized. Cavernosal apoptosis and ﬁbrosis were similarly
prevented in the BCNI þ TAD, BCNI þ BMSC, and BCNI þ BMSC þ TAD groups.
Conclusion: A dual strategy combining the intracavernosal injection of BMSCs and oral administration of TAD
was superior to individual approaches in normalizing neurogenic control of cavernosal tone and preserving
erectile function after CNI, suggesting the potential of this dual strategy in the future management of erectile
dysfunction after radical prostatectomy.
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INTRODUCTION
The treatment of reference for organ-conﬁned prostate cancer
in patients with a life expectancy of at least 10 years is radical
prostatectomy (RP). Despite the adoption of surgical procedures
aimed at sparing cavernous nerves (CNs), RP often causes
erectile dysfunction (ED), negatively affecting quality of life of
these patients. ED after RP typically results from injury to the
CNs that course along the posterolateral aspects of the prostate
and provide most of the autonomic input to the erectile tissue.
The scientiﬁc literature has yielded discrepancies concerning ratios of spontaneous recovery of erections after surgery, ranging
from 30% to 80% of patients.1,2 Considering the high incidence
of prostate cancer3 and the increasing survival of patients,4 the
problem affects a substantial number of men. In addition, patients with ED after RP represent a group with the poorest
response to the conventional treatment of ED, namely phosphodiesterase type 5 (PDE5) inhibitors. Intracavernosal injections of prostaglandin E1 constitute the alternative therapeutic
option but the rare acceptance of injections causes low adhesion
rates, and last-instance treatment is penile prosthesis implantation. The search for therapeutic tools increasing the efﬁcacy of
oral treatment of ED after CN injury (CNI) represents an
outstanding challenge.
PDE5 inhibitors represent ﬁrst-line therapy for the treatment
of ED. In animal models of ED induced by CNI, long-term
administration of PDE5 inhibitors has resulted in enhanced
erectile responses to CN stimulation, achieving partial recovery
of erectile function5,6 and reversing corporo-veno-occlusive
dysfunction.7,8 Results obtained in rat models of CNI have
suggested that CNI causes structural and functional alterations in
erectile tissue through inducing hypoxia or ﬁbrosis, vascular
insufﬁciency, and/or neurologic degeneration.9e11 However,
there is limited information on the endothelium-dependent,
myogenic, and neurogenic functional responses of cavernosal
tissue from rats with CNI.12 The functional effects exerted by
PDE5 inhibitors seem to be related mainly to the prevention of
ﬁbrosis and apoptosis associated with CNI and the preservation
of endothelial cells and nitric oxide (NO) signaling, although
neural regeneration of the CN also has been described.6 In
humans, PDE5 inhibitors prevent the progression of ﬁbrosis13
and produce a positive effect on erectile function in patients
after RP, but the recovery of erectile function is obtained in a
limited percentage of patients.14e16
Stem cell therapy also has been evaluated for the recovery of
erectile function after CNI. Intracavernosal injection of neural
embryonic stem cells has resulted in partial recovery of erectile
responses in rats after bilateral CN crush.17 Adult mesenchymal
stem cells (MSCs) have been evaluated in ED models of CNI
and proposed as an alternative for the application of cell therapy,
with advantages over embryonic stem cells in greater availability
and easier manipulation.18e23 Because of the partial recovery of
erectile function by stem cell application in these models, the
combination of an additional therapeutic intervention directed to
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potentiate the efﬁcacy of stem cells in reversing ED is a
reasonable approach. A dual strategy involving cell therapy and
long-term PDE5 inhibition could achieve greater efﬁcacy in the
recovery of erectile function after CNI than individual approaches. This rationale is supported by the enhancing effects
exerted by PDE5 inhibition on progenitor cell function.24,25
Bivalacqua et al26 reported that potential activation of the NO
and cyclic guanosine monophosphate (cGMP) pathway with
adenoviral transfection of the endothelial NO synthase gene
increased the efﬁcacy of intracavernous injection of bone marrowederived MSCs (BMSCs) to reverse ED in aged rats.
Furthermore, although the combination of long-term low-dose
sildenaﬁl administration and skeletal muscleederived stem cells
showed no signiﬁcant advantage over individual therapies in
recovering erections in rats after resection of the CN,27 implantation of human adipose-derived stem cells treated with
brain-derived neurotrophic factor combined with udenaﬁl
resulted in a better outcome than separate strategies for preserving erectile responses in rats after CN crush injury.28
The aim of this work was to evaluate the inﬂuence of longterm oral treatment with a PDE5 inhibitor on the potential capacity of cavernosal implantation of MSCs to recover erectile
function after CNI. Special attention was focused on the impact
of CNI and a dual therapeutic strategy on corpus cavernosum
(CC) function.

METHODS
Experimental Animals
Male 12- to 16-week-old Wistar rats (Harlan, Barcelona,
Spain) maintained under 12-hour light-and-dark cycles with free
access to food and water were used for the experimental procedures. Female Wistar rats (200e250 g) were used as BMSC
donors. Animal studies were performed in accordance with the
Declaration of Helsinki and with the Guide for the Care and Use
of Laboratory Animals, as adopted and promulgated by the
National Institutes of Health, and were approved by the ethics
committees for animal experimentation of the Hospital Universitario Ramón y Cajal and the Hospital Universitario Puerta
de Hierro (Madrid, Spain).

Nerve Crush Procedure
Animals were anesthetized with isoﬂurane (1%e4%) by induction in a closed chamber and then by continuous ﬂow
inhalation (2% at a ﬂow of 2 L/h). No preanesthetic medications
were used. When the appropriate depth of anesthesia was
reached, animals were fastened to a pad in the supine position.
Through a lower midline incision, the major pelvic ganglion on
the dorsal prostate and the CN emanating from the ganglion
were identiﬁed using a Zeiss operating microscope. For the CN
crush injury, 5 mm distal to the major pelvic ganglion, a number
7 Dumont hemostat was applied to the CN for 30 seconds,
removed for 30 seconds, and then reapplied for another
J Sex Med 2016;13:1e11
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30 seconds. After bilateral CNI (BCNI), the abdominal incision
was sutured and animals received an intramuscular injection of
an analgesic (metamizol 200 mg/kg) and an antibiotic (gentamicin 10 mg/kg).

Isolation and Characterization of BMSCs
The BMSCs were obtained from the large bones of 10 donor
adult female Wistar rats and expanded in vitro for 4 weeks. Bone
marrow was mechanically dissociated to obtain a homogeneous
cell suspension that was passed through a 70-mm nylon mesh.
This sample was puriﬁed through a Ficoll-Hypaque gradient.
The obtained cells were washed and seeded in 75-cm2 ﬂasks for
tissue culture in a-minimal essential medium containing 20%
fetal bovine serum. After 3 days of incubation (37 C, 5% CO2),
nonadherent cells were removed by replacing the culture medium. BMSCs were identiﬁed by their mesenchymal
morphology and by cell surface expression of CD73, CD105,
SH4, and vimentin, being negative for CD34, CD45, CD3,
CD14, CD19, CD38, glycophorin A, and HLA II.29 One
million BMSCs were detached from conﬂuent cultures, suspended in a-minimal essential medium (10 mL), and slowly
injected into the rat CC (RCC).

Experimental Design
Sham-operated rats undergoing laparotomy and surgical access
to the prostate were used as controls (SHAM group). Rats with
BCNI were randomly assigned to receive intracavernosal injections of BMSCs (106; BCNI þ BMSC group) or the same
volume of cell culture medium (BCNI group) during the surgical
procedure. Tadalaﬁl (TAD) was administered to a portion of
animals in each group (BCNI þ TAD and BCNI þ BMSC þ
TAD groups). Treatment started the next day after CN crush
and was discontinued 3 days before the experimental procedures.
This washout period is reasonable to consider the animals free of
drug based on the reported half-life of TAD in rats, which is
notably shorter than in humans. TAD was administered by oral
gavage at a daily dose of 5 mg/kg on working days and dissolved
in tap water at a 0.25-mg/mL concentration for weekend
administration. The consumed volume was systematically
checked to maintain the correct dosing. Blinded functional and
histologic evaluations were performed 4 weeks after BCNI. This
observation period was based on previous reports using the same
model and on evidence showing no spontaneous recovery at this
time.30

Evaluation of Erectile Responses
Erectile responses in rats were determined as previously
described.31e33 Animals were anesthetized with intraperitoneal
ketamine (50 mg/kg) and diazepam (4 mg/kg). The left carotid
artery was catheterized with a heparinized polyethylene-50 tube
connected to a pressure transducer and an ampliﬁer and data
acquisition system (PowerLab, ADInstruments, Castle Hill,
Australia). This allowed for the recording of mean arterial
J Sex Med 2016;13:1e11

pressure (MAP) and heart rate in a computer with MacLab 3.5.6
Chart recording software (ADInstruments). At its junction with
the pubic arch, the ischiocavernous muscle was divided and the
tunica albuginea was visualized. Measurement of intracavernosal
pressure (ICP) was achieved by inserting a 25-gauge needle into
the crus of the penis. This needle was connected to an additional
transducer through a heparinized polyethylene-50 tube. The
original laparotomy incision was extended to the base of the
exposed penis. The CN was again localized and, after careful
manipulation, a stainless steel bipolar electrode with parallel
hooks (1 mm apart) was placed around the nerve, just distal to
the ganglion but proximal to the nerve injury area. The electrode
was connected to an electrical stimulator (CS-9, Cibertec,
Madrid, Spain). Stimulation parameters were a current intensity
of 1.5 mA and a pulse width of 0.3 milliseconds at 1-, 3-, 10-,
and 20-Hz frequencies for 60 seconds each. The maximal ICP
increase (DICP)/MAP and area under the curve of ICP (total
DICP)/MAP ratios were calculated.

Functional Evaluation of Cavernosal Tissues
Rats were killed by anesthetic overdose (ketamine plus diazepam) and exsanguinated by carotid artery section. The penises
were immediately excised and two strips of CC from each penis
were carefully dissected through the respective longitudinal incisions along the tunica albuginea. Strips of RCC were mounted
on force transducers in 8-mL organ baths (37 C) containing
physiologic salt solution continuously bubbled with a mixture of
95% O2 and 5% CO2 to maintain a pH of 7.4. Strips were
subjected to 0.3 g of resting tension. After a 60-minute equilibration period, tissues were exposed to Kþ 75 mmol/L and
contraction was measured. For relaxation experiments, strips
were contracted with phenylephrine (PE; 1 mmol/L) and relaxation responses were evaluated by cumulative additions of
carbachol (CCh; 1 nmol/L to 10 mmol/L) or sodium nitroprusside (1 nmol/L to 10 mmol/L) to the chambers. Electrical
ﬁeld stimulation (EFS) was applied through two platinum electrodes connected to a stimulator (Cibertec CS-9). Parameters of
stimulation were a current intensity of 50 mA and pulse duration
of 0.5 milliseconds in 20-second trains. Neurogenic contractions
were evaluated by the application of EFS at increasing frequencies from 0.5 to 48 Hz in strips under resting tension.
Neurogenic (nitrergic) relaxation was evaluated by the application of EFS (0.5e16 Hz) in strips contracted with PE and
previously treated with guanethidine 30 mmol/L (for inhibiting
adrenergic neurotransmission) and atropine 0.1 mmol/L (for
muscarinic receptor blockade).

Determination of Cavernosal Apoptosis and
Fibrosis
Histopathologic evaluation of penile tissues was performed
as described previously for human erectile tissue.34 Apoptosis
was determined by terminal 20 -deoxyuridine-50 -triphosphate
nick-end labeling assay in deparafﬁnized tissue sections (6 mm)
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Statistical Analysis

Table 1. Effects Of Treatments in MAP and HR
Treatment group

n

MAP (mm Hg)

SHAM
BCNI
BCNI þ TAD
BCNI þ BMSC
BCNI þ BMSC þ TAD

9
11
6
7
6

96.7
96.5
97.4
100.7
101.4

±
±
±
±
±

2.8
2.9
4.9
7.6
4.3

HR (beats/min)
330
328
338
342
325

±
±
±
±
±

8
10
10
10
14

Data are expressed as mean ± standard error of the mean. No signiﬁcant
differences among groups were obtained by one-factor analysis of variance
followed by the Student-Newman-Keuls post-test.
BCNI ¼ bilateral cavernous nerve injury; BMSC ¼ bone marrow-derived
mesenchymal stem cells; HR ¼ heart rate; MAP, mean arterial pressure;
TAD ¼ tadalaﬁl.

of CC. A ﬂuorescence-based commercial kit was used according
to the manufacturer’s speciﬁcations (Promega Biotech Ibérica,
Alcobendas, Spain). Percentage of apoptosis was calculated by
counting apoptotic cell nuclei (cells positive for terminal
20 -deoxyuridine-50 -triphosphate nick-end labeling) relative to the
total number of cell nuclei in six high-magniﬁcation visual ﬁelds
(400) for each sample. For determination of cavernosal
ﬁbrosis, deparafﬁnized tissue sections (6 mm) were stained with
Masson trichrome and the percentage of the area stained in blue
(ﬁbrotic tissue) in relation to the total area of high-magniﬁcation
visual ﬁelds (200; ﬁve per sample) was calculated using
morphometric software (Image J, National Institutes of Health,
Bethesda, MD, USA).

The expression pD2 is deﬁned as the -log mol/L of the concentration required to obtain 50% of maximal relaxation. For
comparison of complete frequency- or concentration-response
curves, two-factor analysis of variance was applied using
StatView for Apple (SAS Institute, Cary, NC, USA). This
statistical test compares frequency-response curves in their entirety, including all frequencies and concentrations in the analysis. All other data were compared by one-factor analysis of
variance followed by the Student-Newman-Keuls test using
InStat (GraphPad, San Diego, CA, USA). This post hoc
test minimizes the risk of obtaining false positive results
owing to multiple comparisons. Differences with a probability
less than 0.05 were considered signiﬁcant. Simple regression
analyses were performed with the mean values for each group
to determine the relation between cavernosal responses and
erectile function. For these analyses, GraphPad Prism software
was used.

RESULTS
Blood pressure and heart rate were not altered by CNI, oral
TAD administration, or intracavernosal cell implantation
(Table 1). Similarly, there were no signiﬁcant differences among
experimental groups with respect to the animals’ ﬁnal weight
(371.6 ± 10.4, 376.7 ± 8.4, 377.2 ± 12.0, 390.2 ± 19.7,
and 384.5 ± 11.9 g for SHAM, BCNI, BCNI þ TAD,

Figure 1. Erectile responses to cavernous nerve (CN) electrical stimulation (1e20 Hz) in rats 4 weeks after sham operation (SHAM) or
after bilateral CN crush injury (BCNI) and the effects of treating rats with BCNI with oral tadalaﬁl (5 mg/kg/d; BCNI þ TAD), intracavernosal
injection of bone marrowederived mesenchymal stem cells (BCNI þ BMSC), or dual therapy (BCNI þ TAD þ BMSC). (A) Mean ± standard
error of the mean of maximal increase in intracavernosal pressure (DICP) normalized by mean arterial pressure (MAP) at the time of
stimulation, irrespective of the frequency at which it was obtained. (B) Complete frequency-response curves, with erectile responses
expressed as mean ± standard error of the mean of the area under the curve of the DICP (total DICP) normalized by MAP at the time of
stimulation. n ¼ number of animals used for determinations. *P < .05, ***P < 0.001 vs sham; †P < .05, ††P < .01, †††P < .001 vs BCNI; §P < .05
vs BCNI þ TAD and BCNI þ BMSC by (A) one-factor analysis of variance followed by the Student-Newman-Keuls test and (B) two-factor
analysis of variance.
J Sex Med 2016;13:1e11
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BCNI þ BMSC, and BCNI þ BMSC þ TAD, respectively; P > .05
for any comparison).

Dual Therapy with Intracavernosal BMSCs and Oral
TAD Administration Is Superior to Individual
Therapies to Improve Erectile Responses After CNI
Four weeks after CNI, rats with BCNI displayed blunted
erectile responses to CN stimulation compared with the SHAM
group. This was observed when considering maximal ICP increase and when analyzing total DICP/MAP data in complete
frequency-response curves (Figure 1). Separate long-term oral
administration of the PDE5 inhibitor TAD (5 mg/kg/d) and
single intracavernosal injection of BMSCs caused a signiﬁcant
improvement of erectile responses in rats with BCNI but did not
completely prevent ED in these animals. However, the
improvement achieved after combination therapy of intracavernosal BMSCs and oral TAD therapy was signiﬁcantly
greater than individual therapies, resulting in erectile responses
that were not signiﬁcantly different from those obtained in the
SHAM group (Figure 1).

BCNI Does Not Result in Impairment of
Endothelium-Dependent or NO Donor-Induced
Relaxations of the CC
Exposure to the cholinergic agonist CCh (1 nmol/L to 10
mmol/L) caused concentration-dependent relaxations of RCC
that were markedly inhibited by pretreatment with the NO
synthase inhibitor, NG-nitro-L-arginine methyl ester (100 mmol/L;
maximal response (Emax) ¼ 70.0 ± 4.0% vs. 22.9 ± 2.9%,
respectively; n ¼ 6, P < 0.001). These endothelium-dependent
relaxations were preserved in rats with BCNI compared with
the SHAM group. In the same way, CCh-induced relaxations of
RCC were not inﬂuenced by any treatment (Figure 2A).

Similarly, relaxations induced by the NO donor, sodium nitroprusside (1 nmol/L to 10 mmol/L), were not altered in rats with
BCNI and were not modiﬁed by any experimental treatment
(Figure 2B).

Dual Therapy With Oral TAD and Intracavernosal
Injection of BMSCs Decreases Adrenergic
Hypercontractility and Improves Nitrergic
Relaxations in RCC After BCNI
Application of EFS (0.5e48 Hz) produced frequencydependent contractions of RCC that were adrenergic in nature
as demonstrated by the near complete abolition of EFS-induced
contractions with the a1,a2-adrenergic antagonist, phentolamine
(1 mmol/L; Figure 3A). RCC from rats with BCNI displayed
signiﬁcantly increased contractions to EFS compared with
SHAM animals. Such potentiation of neurogenic contractions
was not modiﬁed by intracavernosal injection of BMSCs but was
signiﬁcantly decreased by oral TAD administration alone or in
combination with BMSC injection (Figure 3B). Alterations in
neurogenic contractions were not due to modiﬁcations of contractile capacity because there were no signiﬁcant differences in
Kþ-induced contractions among groups (120.6 ± 15.3, 123.8 ±
10.3, 129.7 ± 14.1, 112.3 ± 7.7, and 134.1 ± 11.6 mg for
SHAM, BCNI, BCNI þ TAD, BCNI þ BMSC, and BCNI þ
BMSC þ TAD, respectively; P > .05 for any comparison).
Furthermore, there were no signiﬁcant differences in contractions induced by PE (1 mmol/L) in RCC strips obtained from the
different treatment groups (165.4 ± 21.7, 165.6 ± 9.3, 186.8 ±
8.5, 158.3 ± 11.9, and 183.2 ± 13.1 mg for SHAM, BCNI,
BCNI þ TAD, BCNI þ BMSC, and BCNI þ BMSC þ TAD,
respectively; P >.05 for any comparison).
In RCC strips treated with guanethidine (30 mmol/L) and
atropine (0.1 mmol/L) to nullify adrenergic and cholinergic

Figure 2. Endothelium-dependent relaxations in response to (A) carbachol (CCh; 1 nmol/L to 10 mmol/L) and (B) the nitric oxide donor,
sodium nitroprusside (SNP; 1 nmol/L to 10 mmol/L) in corpus cavernosum strips obtained from rats 4 weeks after sham operation (SHAM)
or after bilateral cavernous nerve crush injury (BCNI) and from rats with BCNI treated with oral tadalaﬁl (5 mg/kg/d; BCNI þ TAD),
intracavernosal injection of bone marrowederived mesenchymal stem cells (BCNI þ BMSC), or dual therapy (BCNI þ TAD þ BMSC). Data
are expressed as mean ± standard error of the mean of the percentage of maximal relaxation induced by papaverine (0.1 mmol/L). n ¼
number of animals used for determinations.
J Sex Med 2016;13:1e11
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Figure 3. (A) Representative tracings showing the adrenergic nature of neurogenic contractions induced by electrical ﬁeld stimulation
(EFS) in rat corpus cavernosum (RCC) strips that were abolished by treatment with the a1,a2-adrenergic antagonist, phentolamine (1 mmol/
L). (B) Representative tracings showing the nitrergic nature of neurogenic relaxations induced by EFS in RCC strips contracted with
phenylephrine (PE; 1 mmol/L) and treated with guanethidine (30 mmol/L) and atropine (0.1 mmol/L) that were abolished by inhibiting nitric
oxide synthase (NOS) with NG-nitro-L-arginine methyl ester (L-NAME; 100 mmol/L). (C) Quantiﬁcation of neurogenic adrenergic contractions and (D) neurogenic nitrergic relaxations in RCC strips obtained from rats 4 weeks after sham operation (SHAM) or after bilateral
cavernous nerve crush injury (BCNI) and from rats with BCNI treated with oral tadalaﬁl (5 mg/kg/d; BCNI þ TAD), intracavernosal injection
of bone marrowederived mesenchymal stem cells (BCNI þ BMSC), or dual therapy (BCNI þ TAD þ BMSC). Data are expressed as mean ±
standard error of the mean of the (C) percentage of contraction elicited by Kþ (75 mmol/L) and (D) the percentage of maximal relaxation
induced by papaverine (0.1 mmol/L). n ¼ number of animals used for determinations. *P < .05, **P < .01, ***P < .001 vs SHAM; †P < .05,
††
P < .01, †††P < .001 vs BCNI by two-factor analysis of variance.

neurotransmissions, respectively, and contracted with PE (1e3
mmol/L), EFS application (0.5e16 Hz) resulted in frequencydependent relaxations that were prevented by inhibiting NO
synthase with NG-nitro-L-arginine methyl ester (100 mmol/L;
Figure 3C), conﬁrming their nitrergic nature. Nitrergic relaxations were markedly decreased in RCC from rats with BCNI.
This profound nitrergic impairment was partly prevented by
separate therapy with oral TAD or BMSC intracavernosal injection. The improvement in nitrergic relaxation after dual
therapy with TAD and BMSCs was superior to individual
treatments and yielded near complete preservation of nitrergic
responses (Figure 3D).
As shown in Figure 4, neurogenic responses were determinant
for erectile function in this model. The erectile capacity in each
group (measured as maximal DICP/MAP) inversely correlated to
the maximum contractile response to neurogenic stimulation

(Figure 4B) and directly correlated to the maximum relaxation
response to nitrergic stimulation (Figure 4C). In contrast, no
signiﬁcant correlation was observed for endothelial relaxation
(pD2 for CCh; Figure 4A).

PDE5 Inhibition and Cell Therapy Prevents Penile
Apoptosis and Fibrosis Associated With BCNI
An increased ratio of apoptosis was observed in cavernosal
tissues from rats with BCNI. This increase was signiﬁcantly
attenuated by oral TAD administration or intracavernosal injection of BMSCs individually applied or given in combination
(Figure 5). Apoptosis in RCC from rats with BCNI treated with
BMSCs alone was similar to that in the other treatment groups
but remained signiﬁcantly increased compared with the SHAM
group (Figure 5F). Fibrosis, as determined by the ratio of cavernosal area occupied by collagen ﬁbers stained by Masson
J Sex Med 2016;13:1e11
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Figure 4. Correlations of maximal increases in intracavernosal pressure (DICP) normalized by mean arterial pressure (MAP) at the time of
stimulation with (A) pD2 values for carbachol (CCh), (B) maximal contraction to electrical ﬁeld stimulation (EFS), and (C) maximal EFSinduced relaxation. Data are expressed as mean ± standard error of the mean for (A) DICP/MAP and pD2 for CCh, (B) percentage of Kþinduced contraction, and (C) percentage of papaverine (0.1 mmol/L)-induced relaxation. Squared regression coefﬁcients (r2) are indicated.
Signiﬁcant correlations (P < .05) were obtained in B and C.
trichrome, also was signiﬁcantly increased in RCC from rats with
BCNI. Oral TAD and BMSC intracavernosal injection, individually or in combination, prevented the increment of ﬁbrotic
tissue detected in RCC after BCNI (Figure 6).

DISCUSSION
The present results suggest that a dual therapeutic strategy
combining cavernosal cell therapy and oral PDE5 inhibition is
superior to individual approaches in preserving erectile function after BCNI in rats. This beneﬁcial effect on erectile
function is related to the preservation of nitrergic relaxations,
the limitation of the enhancement of neurogenic contractions,
and the prevention of cavernosal apoptosis and ﬁbrosis caused
by BCNI.
Because of the high incidence of ED after RP and the lack of
adequate rates of success in the conventional treatment of ED
in these patients, the search for alternative strategies for the
treatment of this type of ED is deﬁnitely justiﬁed. Important
efforts have focused on the evaluation of cell therapy as a way
to recover or preserve erectile function in preclinical models of
J Sex Med 2016;13:1e11

CNI.35 Therapy with different types of stem cells has been
shown to be effective in improving erectile function in rats
after CNI.18e23
Moreover, long-term administration of PDE5 inhibitors has
shown a beneﬁcial effect on erectile function. This is supported
by preclinical studies performed in rats after CNI. Long-term
administration of different PDE5 inhibitors to these animals
right after CNI has resulted in improved erectile responses and
decreased ﬁbrosis and apoptosis in the CC.5,7,8 However, complete recovery and preservation of erectile function after BCNI is
not usually achieved.6 Penile rehabilitation with long-term PDE5
inhibitor administration to patients undergoing radical pelvic
surgery also has been evaluated in the clinical setting. This
therapeutic strategy has shown positive outcomes,14 but the recovery of adequate erectile function has been obtained in a
limited number of patients.16 Based on the positive effects of cell
therapy and long-term PDE5 inhibition on erectile function after
CNI, the combination of these two strategies for this condition
were evaluated to potentially achieve greater efﬁcacy in the recovery of erectile function. Supporting this idea, PDE5 inhibition augments the proliferation of neural stem cells,25 enhances
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Figure 5. (AeE) Representative ﬂuorescence images (400) of apoptosis determination by terminal 20 -deoxyuridine-50 -triphosphate
nick-end labeling assay in corpus cavernosum strips obtained from rats 4 weeks after (A) sham operation (SHAM) or (B) bilateral
cavernous nerve crush injury (BCNI) and from rats with BCNI treated with (C) oral tadalaﬁl (5 mg/kg/d; BCNI þ TAD), (D) intracavernosal
injection of bone marrowederived mesenchymal stem cells (BCNI þ BMSC), or (E) dual therapy (BCNI þ TAD þ BMSC). (F) Quantiﬁcation
of results expressed as mean ± standard error of the mean of the percentage of apoptotic nuclei relative to the total number of nuclei in
each preparation. n ¼ number of animals used for determinations. *P < .05, ***P < .001 vs SHAM; †††P < .001 vs BCNI by one-factor analysis
of variance followed by the Student-Newman-Keuls test.

neurosphere formation and neurogenesis in subventricular progenitor cells,36 and increases the number of circulating endothelial progenitor cells in men.24 In fact, the increase in
endothelial progenitor cells induced by TAD administration has
resulted in improved endothelial function in patients with ED.37
Moreover, TAD administration has been shown to improve
functional recovery in a stroke rat model by enhancing angiogenesis and neurogenesis38 and vardenaﬁl has been shown to
enhance blood ﬂow recovery and angiogenesis in ischemic hind
limbs in rats.39 The priming effect of cGMP increase by PDE5
inhibitors on stem cell function could be related to stimulation of
hypoxia inducible factor-1 and/or Akt pathways, but cGMPmediated protection of progenitor cells from oxidative stress
also has been suggested.40
The present results conﬁrm the positive effects on erectile
function after BCNI by intracavernosal implantation of BMSCs
or by long-term oral administration of a PDE5 inhibitor.
However, these strategies showed superior efﬁcacy when applied
in combination, resulting in complete preservation of erectile
responses in rats after BCNI. The improved effects of the
intervention on erectile function were not related to the
enhancing effects on endothelium or smooth muscle function
because endothelial relaxation and NO donor-induced relaxation
of RCC were not altered by BCNI and, in consequence, were not
modiﬁed by any of the treatments. Preservation of endothelial
and smooth muscle responses in the present BCNI model is

consistent with a recent functional evaluation of human CC and
penile arteries from men with ED secondary to RP that displayed
preserved relaxation to acetylcholine, sodium nitroprusside, or
sildenaﬁl.34 Moreover, consistent with observations in human
CC from patients with ED after RP,34 BCNI resulted in
enhanced neurogenic contractions and markedly decreased
neurogenic relaxations of RCC. The enhancement of neurogenic
contractions caused by BCNI was not modiﬁed by BMSC implantation but was signiﬁcantly prevented by TAD administration with or without BMSC application. In contrast, nitrergic
relaxations were partly improved by BMSC implantation or
TAD administration but this improvement was signiﬁcantly
superior when these interventions were applied simultaneously.
Although the marked improvement of erectile function driven by
the dual strategy of cell therapy and TAD administration was
accompanied by a signiﬁcant decrease of the increased ﬁbrosis
and apoptosis in RCC caused by BCNI, this effect was similar to
that exerted by individual application of BMSC or TAD therapies. This suggests that histologic analyses are less sensitive than
functional determinations in grading different degrees of erectile
function. In fact, the erectile capacity of the rats in response to
each treatment was signiﬁcantly correlated only to the neurogenic contractions (inversely) and to the nitrergic relaxations
(directly), highlighting the imbalanced neurogenic control of
cavernosal tone as the main target in the management of ED
after CNI. In a model of BCN resection in the rat, Kovanecz
J Sex Med 2016;13:1e11
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Figure 6. (AeE) Representative images (200) of ﬁbrosis determination by trichrome staining in corpus cavernosum strips obtained
from rats 4 weeks after (A) sham operation (SHAM) or (B) bilateral cavernous nerve crush injury (BCNI) and from rats with BCNI treated
with (C) oral tadalaﬁl (5 mg/kg/d; BCNI þ TAD), (D) intracavernosal injection of bone marrowederived mesenchymal stem cells (BCNI þ
BMSC), or (E) dual therapy (BCNI þ TAD þ BMSC). (F) Quantiﬁcation of results expressed as mean ± standard error of the mean of the
percentage of area occupied by collagen ﬁbers (blue and green staining) relative to the total tissue area (blue and green þ red staining) in
each preparation. n ¼ number of animals used for determinations. **P < .01 vs SHAM, †P < .05 vs BCNI by one-factor analysis of variance
followed by the Student-Newman-Keuls test.

et al27 evaluated the effects of long-term oral administration of a
low dose of sildenaﬁl in combination with intracavernosal injection of mouse skeletal muscle-derived stem cells. They did not
ﬁnd substantial functional improvement with the combination of
these therapies compared with each therapy separately. The lack
of agreement with the present results could be due to the lower
dose of PDE5 inhibitor or the greater severity of injury to the
CN or to the approach of calibrating the erectile function of the
animals because Kovanecz et al performed cavernosometry with
papaverine and determined the decreased rate in ICP, an
approach resembling intracavernosal injection therapy rather
than sexual stimulation. In fact, in patients with ED after RP, the
outcome of intracavernosal injection therapy does not seem to be
compromised.41 Using crush CNI, evaluating erectile responses
by CN electrical stimulation, and administering a high dose of
udenaﬁl (20 mg/kg/d), Jeong et al28 found improved preservation of erectile function when combining PDE5 inhibition with
application on injured the CN of brain-derived neurotrophic
factorehuman adipose tissue-derived stem cells compared with
separate approaches.
A limitation of the present study is that the mechanism of
implanted BMSCs after delivery was not elucidated. However,
this work aimed to provide functional evidence of the effects of
the evaluated therapies rather than to explore the interaction of
implanted BMSCs with the host tissue. In fact, the relevance of
J Sex Med 2016;13:1e11

this issue from a functional viewpoint weakens after considering
that the improvement in erectile responses obtained in a closely
related model with the implantation of intact adipose tissuederived stem cells was comparable to that obtained with lysatetreated adipose tissue-derived stem cells.20
In addition, extrapolation of the present results to the clinical
setting should be done with caution. According to the body
surface area method for extrapolating animal to human doses.42
the dose of TAD used in this study would be approximately
equivalent to 0.8 mg/kg in humans. This dose, although not
extremely high, is higher than that used for treating ED in men.
In fact, most studies in animals showing regenerative or protective effects by long-term TAD used similar or higher doses
than administered in the present study.27,38 Moreover, the
different regenerative capacity of humans and rats and the
variability in surgical procedures and baseline health status of
patients that is inherent to the clinical practice should be
considered.

CONCLUSION
The present results reinforce the idea that enhancement of
neurogenic adrenergic contractions and decrease of nitrergic relaxation of cavernosal tissue are the main therapeutic targets in the
management of ED after CNI. The dual strategy combining BMSC
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intracavernosal injection and oral long-term administration of TAD
seems to be superior to individual approaches in avoiding this
imbalance in neurogenic control of cavernosal tone and in preserving
erectile function after CNI, suggesting the potential of this dual
strategy in the future management of ED after RP.
Corresponding Author: Javier Angulo, PhD, Unidad de
Investigación Cardiovascular, Instituto Ramón y Cajal de
Investigación Sanitaria (IRYCIS), Hospital Universitario Ramón
y Cajal, Ctra. de Colmenar Viejo km 9.100, ES28034 Madrid,
Spain. Tel: þ 34-91-336-8481; E-mail: javier.angulo@hrc.es;
jangulo@ibercom.com.
Conﬂict of Interest: The authors report no conﬂicts of interest.

population based registries in 67 countries (CONCORD-2).
Lancet 2015; 385:977.
5. Lagoda G, Jin L, Lehrfeld TJ, et al. FK506 and sildenaﬁl
promote erectile function recovery after cavernous nerve
injury through antioxidative mechanisms. J Sex Med 2007;
4:908.
6. Mulhall JP, Müller A, Donohue JF, et al. The functional
and structural consequences of cavernous nerve injury
are ameliorated by sildenaﬁl citrate. J Sex Med 2008;
5:1126.
7. Ferrini MG, Davila HH, Kovanecz I, et al.Vardenaﬁl prevents ﬁbrosis
and loss of corporal smooth muscle that occurs after bilateral
cavernosal nerve resection in the rat. Urology 2006; 68:429.

Funding: This work was supported by a grant from the European
Society for Sexual Medicine.

8. Kovanecz I, Rambhatla A, Ferrini MG, et al. Chronic daily
tadalaﬁl prevents the corporal ﬁbrosis and veno-occlusive
dysfunction that occurs after cavernosal nerve resection.
BJU Int 2008; 101:203.

STATEMENT OF AUTHORSHIP

9. Leungwattanakij S, Bivalacqua TJ, Usta MF, et al. Cavernous
neurotomy causes hypoxia and ﬁbrosis in rat corpus cavernosum. J Androl 2003; 24:239.

Category 1
(a) Conception and Design
Juan I. Martínez-Salamanca; Mercedes Zurita; Carla
Jesús Vaquero; Joaquín Carballido; Javier Angulo
(b) Acquisition of Data
Juan I. Martínez-Salamanca; Mercedes Zurita; Carla
Eduardo Martínez-Salamanca; Argentina Fernández;
Castela; Javier Angulo
(c) Analysis and Interpretation of Data
Juan I. Martínez-Salamanca; Mercedes Zurita; Carla
Javier Angulo

Costa;

10. User HM, Hairston JH, Zelner DJ, et al. Penile weight and cell
subtype speciﬁc changes in a post-radical prostatectomy
model of erectile dysfunction. J Urol 2003; 169:1175.

Costa;
Angela

11. Mullerad M, Donohue JF, Li PS, et al. Functional sequelae of
cavernous nerve injury in the rat. Is there model dependency?
J Sex Med 2006; 3:77.

Costa;

12. Nangle MR, Keast JR. Reduced efﬁcacy of nitrergic neurotransmission exacerbates erectile dysfunction alter penile
nerve injury despite axonal regeneration. Exp Neurol 2007;
207:30.

Category 2
(a) Drafting the Article
Juan I. Martínez-Salamanca; Mercedes Zurita; Carla Costa;
Javier Angulo
(b) Revising It for Intellectual Content
Eduardo Martínez-Salamanca; Argentina Fernández; Angela
Castela; Jesús Vaquero; Joaquín Carballido
Category 3
(a) Final Approval of the Completed Article
Juan I. Martínez-Salamanca; Mercedes Zurita; Carla Costa;
Eduardo Martínez-Salamanca; Argentina Fernández; Angela
Castela; Jesús Vaquero; Joaquín Carballido; Javier Angulo

REFERENCES
1. Catalona WJ, Carvalhal GF, Mager DE, et al. Potency, continence and complication rates in 1,870 consecutive radical
retropubic prostatectomies. J Urol 1999; 162:433.
2. Rabbani F, Stapleton AM, Kattan MW, et al. Factors predicting
recovery of erections after radical prostatectomy. J Urol
2000; 164:1929.
3. Delongchamps NB, Singh A, Haas GP. The role of prevalence in
the diagnosis of prostate cancer. Cancer Control 2006; 13:158.
4. Allemani C, Weir HK, Carreira H, et al, the CONCORD Working
Group. Global surveillance of cancer survival 1995e2009:
analysis of individual data for 25,676,887 patients from 279

13. Iacono F, Prezioso D, Somma P, et al. Histopathologically
proven prevention of post-prostatectomy cavernosal ﬁbrosis
with sildenaﬁl. Urol Int 2008; 80:249.
14. Padma-Nathan H, McCullough AR, Levine LA, et al, Study
Group. Randomized, double-blind, placebo-controlled study of
postoperative nightly sildenaﬁl citrate for the prevention of
erectile dysfunction after bilateral nerve-sparing radical prostatectomy. Int J Impot Res 2008; 20:479.
15. Montorsi F, Brock G, Lee J, et al. Effect of nightly versus ondemand vardenaﬁl on recovery of erectile function in men
following bilateral nerve-sparing radical prostatectomy. Eur
Urol 2008; 54:924.
16. Montorsi F, Brock G, Stolzenburg JU, et al. Effects of tadalaﬁl
treatment on erectile function recovery following bilateral
nerve-sparing radical prostatectomy: a randomized placebocontrolled study (REACTT). Eur Urol 2014; 65:587.
17. Bochinski D, Lin GT, Nunes L, et al. The effect of neural embryonic stem cell therapy in a rat model of cavernosal nerve
injury. BJU Int 2004; 94:904.
18. Kim Y, de Miguel F, Usiene I, et al. Injection of skeletal musclederived cells into the penis improves erectile function. Int J
Impot Res 2006; 18:329.
19. Fall PA, Izikki M, Tu L, et al. Apoptosis and effects of
intracavernous bone marrow cell injection in a rat model of
postprostatectomy erectile dysfunction. Eur Urol 2009;
56:716.
J Sex Med 2016;13:1e11

Tadalaﬁl and Cell Therapy for Neurogenic ED
20. Albersen M, Fandel TM, Lin G, et al. Injections of adipose
tissue-derived stem cells and stem cell lysate improve recovery of erectile function in a rat model of cavernous nerve injury.
J Sex Med 2010; 7:3331.
21. Kendirci M, Trost L, Bakondi B, et al. Transplantation of nonhematopoietic adult bone marrow stem/progenitor cells isolated
by p75 nerve growth factor receptor into the penis rescues erectile
function in a rat model of cavernous nerve injury. J Urol 2010;
184:1560.
22. Lin G, Albersen M, Harraz AM, et al. Cavernous nerve repair
with allogenic adipose matrix and autologous adipose-derived
stem cells. Urology 2011; 77:1509.e1.
23. You D, Jang MJ, Kim BH, et al. Comparative study of autologous stromal vascular fraction and adipose-derived stem
cells for erectile function recovery in a rat model of cavernous
nerve injury. Stem Cells Transl Med 2015; 4:351.
24. Foresta C, De Toni L, Magagna S, et al. Phosphodiesterase
inhibitor tadalaﬁl acts on endothelial progenitor cells by
CXCR4 signalling. Curr Drug Deliv 2010; 7:274.
25. Santos AI, Carreira BP, Nobre RJ, et al. Stimulation of neural
stem cell proliferation by inhibition of phosphodiesterase 5.
Stem Cells Int 2014; 2014:878397.
26. Bivalacqua TJ, Deng W, Kendirci M, et al. Mesenchymal stem
cells alone or ex vivo gene modiﬁed with endothelial nitric
oxide synthase reverse age-associated erectile dysfunction.
Am J Physiol Heart Circ Physiol 2007; 292:H1278.
27. Kovanecz I, Rivera S, Nolazco G, et al. Separate or combined
treatments with daily sildenaﬁl, molsidomine, or muscle
derived stem cells, prevent erectile dysfunction in a rat model
of cavernous nerve damage. J Sex Med 2012; 9:2814.

11
rats and improves NO-mediated responses in penile tissue
from diabetic men. J Sex Med 2009; 6:373.
32. Angulo J, Wright HM, Cuevas P, et al. Nebivolol dilates human
penile arteries and reverses erectile dysfunction in diabetic rats
through enhancement of nitric oxide signaling. J Sex Med
2010; 7:2681.
33. González-Corrochano R, La Fuente JM, Cuevas P, et al. Ca2þactivated Kþ channel (KCa) stimulation improves relaxant capacity of PDE5 inhibitors in human penile arteries and recovers
the reduced efﬁcacy of PDE5 inhibition in diabetes. Br J
Pharmacol 2013; 169:449.
34. Martínez-Salamanca JI, La Fuente JM, Fernández A, et al.
Nitrergic function is lost but endothelial function is preserved
in the corpus cavernosum and penile resistance arteries of
men after radical prostatectomy. J Sex Med 2015; 12:590.
35. Lin CS, Xin ZC, Wang Z, et al. Stem cell therapy for erectile
dysfunction: a critical review. Stem Cells Dev 2012; 21:343.
36. Wang L, Zhang ZG, Zhang RL, et al. Activation of the PI3-K/
Akt pathway mediates cGMP enhanced-neurogenesis in the
adult progenitor cells derived from the subventricular zone.
J Cereb Blood Flow Metab 2005; 25:1150.
37. Foresta C, Ferlin A, De Toni L, et al. Circulating progenitor cells
and endothelial function after chronic tadalaﬁl treatment in
subjects with erectile dysfunction. Int J Impot Res 2006;
18:484.
38. Zhang L, Zhang Z, Zhang RL, et al. Tadalaﬁl, a long-acting type
5 phosphodiesterase isoenzyme inhibitor, improves neurological functional recovery in a rat model of embolic stroke. Brain
Res 2006; 1118:192.

28. Jeong HH, Piao S, Ha JN, et al. Combined therapeutic effect of
udenaﬁl and adipose-derived stem cell (ADSC)/brain-derived
neurotrophic factor (BDNF)-membrane system in a rat model
of cavernous nerve injury. Urology 2013; 81:1108.e7.

39. Sahara M, Sata M, Morita T, et al. A phosphodiesterase-5
inhibitor vardenaﬁl enhances angiogenesis through a protein
kinase G-dependent hypoxia-inducible factor-1/vascular endotelial growth factor pathway. Arterioscler Thromb Vasc Biol
2010; 30:1315.

29. Vaquero J, Zurita M, Oya S, et al. Cell therapy using bone
marrow stromal cells in chronic paraplegic rats: systemic or
local administration? Neurosci Lett 2006; 398:129.

40. Curatola AM, Xu J, Hendricks-Muñoz KD. Cyclic GMP protects
endothelial progenitor cells from oxidative stress. Angiogenesis 2011; 14:267.

30. Kim HJ, Kim HY, Kim SY, et al. Spontaneous recovery of
cavernous nerve crush injury. Korean J Urol 2011; 52:560.

41. Domes T, Chung E, DeYoung L, et al. Clinical outcomes of
intracavernosal injection in postprostatectomy patients: a
single-center experience. Urology 2012; 79:150.

31. Angulo J, Peiró C, Cuevas P, et al. The novel antioxidant,
AC3056 (2,6-di-t-butyl-4-((dimethyl-4-methoxyphenylsilyl)
methyloxy)phenol), reverses erectile dysfunction in diabetic

J Sex Med 2016;13:1e11

42. Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from
animal to human studies revisited. FASEB J 2007; 22:659.

