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animal research of the Tokyo University. Strepto-
zotocin (STZ; 50 mg/kg body weight; Sigma-
Aldrich) was dissolved in citrate buffer (pH 4.5)
and injected in the tail vein of male Wistar rats (6
weeks old; Charles River, Wilmington, MA, USA).
Blood glucose level was measured 4 weeks later to
confirm that these rats had become diabetic. Aden-
ovirus suspension diluted in saline up to 200 pL
was injected into the penis 6 weeks after STZ
injection. Adenovirus expressing green fluorescent
protein  (AdGFP), adrenomedullin  (AdAM),
angiopoietin-1 (AdAng-1), or vascular endothelial
growth factor-A (AdVEGF-A) was injected into
the penis (10 rats per group). Furthermore, AdAM
plus AdAng-1 or AAVEGF-A plus AdAng-1 was
injected into the penis (10 rats per group). Four
weeks after adenovirus injection, rats (16 weeks
old) were subjected to intracavernous pressure
(ICP) measurement. The penis was also harvested
for histochemical analysis and Western blot analy-
sis at this time point. The penises isolated from six
rats per group were subjected to ICP measure-
ments, and then Western blot analysis. The
penises isolated from the remaining four rats per
group were used for histochemical analysis.
AdGIFP-injected diabetic rats were used as nega-
tive controls, and age-matched nondiabetic Wistar
rats were used as positive controls in this study.

ICP Measurement

[CP measurement was performed in the same way as
we previously reported [16]. Rats were anesthetized
with ketamine (100 mg/kg body weight) injected
intraperitoneally. The left carotid artery was exposed
and cannulated with a PE-50 polyethylene tube to
continuously monitor mean arterial pressure
(MAP). The penis was denuded of skin and the pelvic
nerve and cavernous nerve were isolated. The right
cavernous nerve was hooked with stainless platinum
bipolar electrodes (Unique Medical Co., Tokyo,
Japan) and connected to a nerve stimulator (Nihon
Kohden Co., Tokyo, Japan). Unilateral electrical
field stimulation of the cavernous nerve was per-
formed for 10 seconds using a square wave stimula-
tor. 'The magnitude of the electrical voltage was
5.0 V with a pulse duration of 2 msec, and the fre-
quency of the stimulation was 20 Hz. The right
cavernous body was cannulated with a 23-gauge
needle connected to a pressure transducer to con-
tinuously monitor ICP. Area under the curve (AUQ)
of ICP traces as well as the ratio of peak ICP to MAP
(ICP/MAP) were used to evaluate erectile function.
AUC was measured from the point when ICP
started to increase from the base line values after
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electrical stimulation to the point when ICP
decreased and reached a plateau. ICP x time was
integrated every 0.2 second to caleulate AUC.

Protein Extraction and Western Blot Analysis

The penis was homogenized in a cell lysis buffer
(50 mM Tris-HCI [pH 8.0], 150 mM WNaCl, 1%
NP-40) containing 2 pg/mL aprotinin, 2 pg/mL
leupeptin, and 1 mM phenylmethylsulfonyl fluo-
ride. Western blot analysis was performed as pre-
viously described [17]. To detect type I collagen,
we performed electrophoresis under nondena-
tured conditions, because the anti-type I collagen
antibody used in this experiment recognizes non-
denatured protein. Sodium dodecyl sulfate (SDS)
and B-mercaptoethanol were left out from the
loading dye, and samples were loaded on polyacry-
lamide gel without boiling. SDS was also omitted
from the polyacrylamide gel, electrophoresis
buffer, and transfer buffer. The expression of
VE-cadherin, SMA, and type T collagen was nor-
malized by calculating the ratio of the expression
of those proteins to that of B-actin.

RNA Extraction and Real Time PCR Analysis

Total RINA was extracted using TRIZOL Reagent

(Gibco-BRL, Rockville, MDD, USA) according to

the instructions provided by the manufaceurer. To

extract total RNA from the rat penis, the penis was

homogenized in the TRIZOL Reagent. Total

RINA was subjected to reverse transcription using a

ReverTra Ace qPCR RT Kit (Toyobo, Osaka,

Japan). Expression of rat AM, Ang-1, VEGF-A

and glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) was examined by real-time PCR using

an SYBR Green dye (Thunderbird SYBR qPCR

Mizx, Toyobo). Primers used were as follows:

RatAMsense, 5'-GCAGTTCCGAAAGAAGTG
GAAT-3’

RatAMantisense, 5'-GCTGCTGGACGCTTGT
AGTTC-3

RatAng-lsense, 5-CAGGAGGTTGGTGGTT
TGATG-3’

RatAng-lantisense.
TAGAACATT-3

RatVEGF-Asense, 3'-GAGTATATCTTCAAGC
CGTCCTGTGT-3

RatVEGF-Aantisense, 3-TCCAGGGCTTCAT
CATTGC-3

RatGAPDHsense, 3-GTATGACTCTACCCAC
GGCAAGT-3

RatGAPDIIandsense, 5-TTCCCGTTGATGA
CCAGCTT-3

S-TTTGCCCTGCAGTG

J Sex Med 2013:10:1707-1719
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Real-time PCR was performed using an ABI
PRISM 7000 sequence detection system (Applied
Biosystems, Foster City, CA, USA). Io confirm
that no significant amounts of primer dimers were
formed, dissociation curves were analyzed.

Histochemistry

The penis was fixed by perfusing it with 4%
paraformaldehyde and then processed for paraffin
embedding. Cross sections (5 im) were cut, depar-
affinized, rehydrated, and subjected to Elastica van
Gieson stain to visualize collagen and elastin fibers
in the trabeculae of the cavernous body. For
immunohistochemistry, sections were incubated
with a primary antibody reactive to VE-cadherin
and SMA. Scctions were then incubated with
biotinylated secondary antibody and finally horse-
radish peroxidase-labeled streptavidin according
to the instructions provided by the manufacturer

(DAKO, Cambridgeshire, UK).

Construction of Adenovirus that Expresses YEGF-A
Replication-defective adenovirus that expresses rat
VEGF-A was constructed according to the
method described previously using an AdMax kit
(Microbix Biosystems Inc., Ontario, Canada) [18].
The coding region of rat VEGF-A was amplified
by PCR and subcloned into the pDC516 vector.
The primer sequences used for PCR were as
tfollows:

RatVEGF-Asense primer: 5-ATGAACTTTCT
GCTCTCTTGGGT-3"
RatVEGF-Aantisense primer: 5’-TCACCGCCT
TGGCTTGTCACAT-3’
The result of DNA sequencing analysis showed
that the VEGF-A isolated in this study was rat
VEGF-A164 corresponding to human VEGF-
A165, in which amino acids 141 to 164 were
missing by alternative splicing. The expression
plasmid pDC516 that expresses rat VEGF-A164
was cotransfected into HEK293 cells with
pBHGHfredelE13FLP to construct an adenovirus
expressing rat VEGF-A164 (AdVEGF-A). Con-
struction of adenovirus that expresses rat AM
(AdAM) [4] and rat Ang-1 (AdAng-1) [19] has been
reported  clsewhere. Recombinant adenovirus
that expresses GFP (AdGFP) was obtained from
Quantum Biotechnologies (Montreal, Canada).
These adenoviruses were purified before in vivo
use with the Adeno-X Maxi Purificaton Kit
(Takara Bio Inc., Tokyo, Japan) according to the
manufacturer’s instructions.
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Enzyme-Linked Immunosorbent Assay

Rat VEGF-A in culture medium was measured
with an enzyme-linked immunosorbent assay kit
(Abcam, Cambridge, UK) according to the
methods provided by the manufacturer.

Statistical Analysis

The values are expressed as the mean = SEM. Sta-
tistical analyses were performed using analysis of
variance followed by the Student—Neumann—
Keuls test. Differences with a P value of <0.05
were considered statistically significant.

Resulis

Characterization of AdVEGF-A

We first examined whether AAVEGF-A-infected
cells produced VEGT-A using an ELISA kit for
rat VEGF-A. We infected NRK-52E cells with
AdVEGF-A and measured the VEGF-A content
in the culture medium. Although we expected that
the NRK-52E cells did not produce endogenous
VEGF-A, they produced a significant amount
of VEGF-A (Figure 1). However, AIVEGF-A-
infected NRK-52E cells produced a more signifi-
cant amount of VEGF-A (approximately fivefolds)
compared with the AdGFP-infected and nonin-
fected control NRK-52E cells, confirming that the
AdVEGF-A used in this study produced VEGF-A

protein. Previous studies have reported that
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Figure 1 Production of VEGF-A by AdVEGF-A. NRK-52E
cells were cultured in 24-well plates and infected with
AdGFP or ADVEGF-A for 3 days. After washing the wells
with phosphate-buffered saline (PBS), medium was
replaced with serum-free DMEM, and incubated for 2 hours.
VEGF-A accumulated in the medium was measured with an
ELISA kit. Noninfected NRK 52E cells were also used as
the control (Gontrol). 1 P<0.001 vs. control and AJdGFP
infection (n= 6 each)
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AdAM produces rat AM protein [4] and AdAng-1
produces rat Ang-1 protein [19].

Expression of Adenovirus in the Penis

To confirm that adenovirus injected into the penis
expressed AM, Ang-1, and VEGF-A in the penis,
AdGFP, AdAM, AdAng-1, or AAVEGF-A were
injected into the penis of STZ-induced diabetic
rats, and the penis was harvested 7 days after aden-

oviral infection for real-time PCR analysis.
Penises injected with AdAM, AdAng-1, and
AdVEGF-A  expressed elﬂ'mﬁcantlv higher

amounts of AM, Ang-1, and VEGF- A, respec-
tively, than those m]ected with AAdGFP. This result
sugqested that adenovirus injected into the penis
remained and those cytokines were therefore
expressed (Figure 2).

Effects of Administration of AdAM, AdAng-1, and
AdVEGF-A on ICP

We infected AdAM, AdAng-1, and AdVEGF-A
into the cavernous body at the glans of STZ-
induced diabetic rats and measured ICP 4 weeks
after the infection. We confirmed in a previous
study that AAGFP infection did not affect ICP or
histology in STZ-induced diabetic rats [4]. We
analymd not only ICP and AUC of ICP traces, but
also Tmax and Ty, Tmax is defined as a period
from when ICP starts to increase after electrical
stimulation to when ICP reaches maximal level
(Figure 3A). T’y is defined as a period from when
TCP starts to increase after electrical stimulation to
when ICP decreases to the 50% level of its
maximal value (Figure 3A). Tnfection of the penis
with AdAM, AdAngl, AJAM plus AdAng-1,
AdVEGF-A, and AJVEGF-A plus AdAng-1 all
restored ICP significanty compared with AdGFP
infection in the diabetic rats (Figure 3B). Infection
with AdAM plus AdAng-1, AAVEGF-A, and
AdVEGF-A plus AdAng-1 restored ICP to a level
similar to that obscrved in age-matched Wistar
rats (positive control). Infection with AdAM,
AdAngl, AdAM plus AdAng-1, AAVEGF-A, and

AdVEGF-A plus AdAng-1 also increased AUC of

the ICP traces significantly compared with
AdGFP infection in the diabetic rats (Figure 3C).
Intection with AdAM plus AdAng-1 restored AUC
most significantly. rmax in the AdGFP-infected
group was significantly elongated compared with
the positive control group (Figure 3D), and Tmax
in the AdAng-l-infected group tended to be
retarded, and there was no significant difference in
Tmax between the AdGFP-infected gr oup and the
AdAng-1-infected group. These results suggested

AM/GAPDH
Fold induction
nN
L

AdGFP AdAM

Ang1/GAPDH
Fold induction

AJGFP _ AdAng1

VEGF/GAPDH
Fold induction

AdGFP AdVEGF

Figure 2 Expression of adenovirus in the penis. AdAM,
AdAng-1, or AAVEGF-A was injected into the penis of STZ-
induced diabetic rats, and the penis was isolated 7 days
after adenoviral injection for real-time PCR analysis. AAGFP
was also injected into the penis as a negative control.
Expression of AM, Ang-1, and VEGF-A (VEGF) was nor-
malized by that of GAPDH (n=4 each). *» P<0.01 vs.
AdGFP infection

that blood filling into the cavernous body occurred
more slowly in the AdGFP-infected and AdAng-
I-infected diabetic rats than the age- -matched
Wistar  rats.  Interestingly, Tmax in the
AdVEGF-A- and AdVEGF-A plus AdAng-1-
infected groups was significantly shortened com-
pared with the positive control group, suggesting
that blood filling into the cavernous body occurred
faster in these groups than the positive control.
Tmax in the AdAM- and AdAM plus AdAng-1-
infected groups was similar to that in the positive
control group. T/, in the AdGFP- and AdAng-1-
infected groups was significantly elongated com-
pared with the positive control (Figure 3E). T, in
the AAVEGF-A- and AJVEGF-A plus AdAng-1-

infected groups was significantly shortened

J Sex Med 2013;10:1707-1719
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Figure 3 Effects of AdAM, AdAng-1, and AAVEGF-A infection on erectile function. These adenoviruses were infected into the
cavernous body of STZ-induced diabetic rats. Age-matched Wistar rats were used as the positive control (PC). (A) Schematic
representation of ICP traces. The dashed box indicates the timing and duration of electrical stimulation. The dotied area
represents AUC. Tmax was defined as the period from when [CP started to rise to when ICP reached its peak level. Ti, was
defined as the period from when ICP started to rise to when it fell to the 50% of its peak level. (B) Bar graphs comparing
ICP/MAP among the groups (1= 6 each). *: P < 0.001 vs. AdGFP infection and 1: P < 0.001 vs. PC. (C) Bar graphs comparing
AUC/MAP among the groups (n=6 each). * P<0.001 vs. AdGFP infection, and 1 and t1: P<0.01 and P< 0.001,
respectively, vs. PC. (D) Bar graphs comparing Tmax among the groups (n= 6 each). *: P < 0.001 vs. AAGFP infection and
T and t1: P<0.05 and P <0.001, respectively vs. PC. (E) Bar graphs comparing Tz among the groups (n=#6 each).

* P < 0.001 vs. AdGFP infection and 1: P < 0.001 vs. PC

compared with the positive control group. T in
the AdAM- and AJAM plus AdAng-1-infected
groups was similar to that in the positive control
group. Collectively, infection with AdAM,
AdAngl, AdAM plus AdAng-1, AdVEGF-A, and
AAVEGF-A plus AdAng-1 all restored erectile
function significantly. The effect of AdAM plus
AdAng-1 infection was most significant, and the
erectile function in this group was similar to that in
the positive control group. The speed of rise and
fall of TCP after electrical stimulation was
decreased in the AAGFP- and AdAng-1-infected
groups compared with the positive control group.
The speed increased in the AAVEGF-A- and
AdVEGF-A plus AdAng-1-infected groups com-
pared with the positive control group. The speed
did not change significantly in the AdAM- or

J Sex Med 2013;10:1707-1719

AdAM plus AdAng-1-infected group compared
with the positive control group. Thus, ICP traces
in the AdAM plus AdAng-1-infected group mostly
mimicked those in the positive control group.

Effects of Administration of AdAM, AdAng-1, and
AdVEGF-A on Histology of the Cavernous Body

To examine the mechanisms by which these aden-
oviral infections restored erectile function, we
examined the morphology of the cavernous body
by Elastica van Gieson staining. The trabeculae of
the cavernous body at the root of the penis in the
AdGFP-infected diabetic rats were smaller than
those in the positive control Wistar rats (Figure 4).
Infection with AdAM and/or AdAng-1 restored
the size of the trabeculae of the cavernous body.
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PC

AdAM

AdAM+
AdAng1

Figure 4 Histological analysis of the
cavernous body after adenoviral infec-
tion. Elastica van Gieson staining of
the cavernous body isolated from age-
matched Wistar rats (PC), and STZ-
induced diabetic rats infected with
AdGFP, AdAM, AdAng-1, AdAM plus
AdAng-1, AAVEGF-A (AdVEGF), and
AdVEGF-A plus AdAng-1. The histol-
ogy of the root portion of the penis
(longitudinal section) is shown. Bars
are 300 pm.

AdVEGF+
AdAng1

Interestingly, the trabeculae of the cavernous body
were rather enlarged and densely distributed in
the cavernous body in the AIJVEGF-A- and
AIVEGF-A  plus  AdAng-l-infected  groups
compared with the positive control group. We
next cxamined the distribution of SMA and
VE-cadherin by immunochistological analysis. The
SMA layer around the trabeculae of the cavernous
body in the AdGFP-infected diabetic rats looked
thinner than that in the other adenovirus-infected
groups and the positive control group (Figure 5).
The VE-cadherin-positive  endothelial  layer
around the trabeculac of the cavernous body was
observed in all groups (Figure 6), and the ratios
of trabeculae covered with VECs to those uncov-
ered with VECs seemed to be similar among
the groups, although the total amount of the
endothelial layer might be different among
the groups hecause the size and the density of
the trabeculac of the cavernous body differed
among the groups. Interestingly, we observed a
VE-cadherin-positive tube-like structure in the
trabeculae of the cavernous body in the AdVEGE-
A-infected group (Figure 6), suggesting that an
aberrant angiogenesis occurred in the AdVEGE-
A-infected group.

AdGFP

AdAng1

AdVEGF

Effects of Administration of AdAM, AdAng-1, and
AdVEGF-A on the Expression of VE-Cadherin, SMA,
and Type | Collagen

To quantify the expression of SMA and
VE-cadherin, we performed Western blot analysis
(Figure 7). Infection with AJAM or AdAng-1
increased SMA expression slightly but significantly
compared with AdGFP _infection. Infection
with AdAM plus AdAng-1, AAVEGF-A, and
AdAVEGF-A plus AdAng-1 increased SMA expres-
sion more significantly, and the expression level
was similar to that in the age-matched positive
control group. Infection with AdAM or AdAng-1
significantly increased VE-cadherin expression
compared with AAGFP infection. Infection with
AdAM plus AdAng-1 increased VE-cadherin
expression more significantly, and the expression
reached a level similar to that in the positive
control group. The expression of VE-cadherin in
the AdVEGF-A- and AdVEGF-A plus AdAng-1-
infected groups rather surpassed the expression
level observed in the positive control. We also
examined the expression of type I collagen as a
marker to quantify the content of collagen fibers in
the trabeculae of the cavernous body, because we
found that the trabeculae were “hypertrophied” in

J Sex Med 2013;10:1707-1719
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Figure 5 Immunohistochemical ana-
lysis of the cavernous body isolated
from age-matched Wistar rats (PC)
and STZ-induced diabetic rats infected
with AAGFP, AdAM, AdAng-1, AdAM
plus AdAng-1, AAVEGF-A (AdVEGF),
and AAVEGF-A plus AdAng-1. SMA
was stained to visualize the smooth
muscle layer in the cavernous body.
The longitudinal section of the cavern-
ous body at the root of the penis is
shown. Bars are 300 pm.

Figure 6 Immunohistochemical ana-
lysis of the cavernous bhody isolated
from age-matched Wistar rats (PC)
and STZ-induced diabstic rats infected
with AdGFP, AdAM, AdAng-1, AdAM
plus AdAng-1, AdVEGF-A (AdVEGF),
and AdVEGF-A plus  AdAng-1.
VE-cadherin was stained to visualize
the endothelial layer in the cavernous
body. Area of aberrant angiogenesis
observed in the trabeculae of the cav-
ernous body of AAVEGF-A infected
penis was boxed and enlarged in the
white box. The longitudinal section of
the cavernous body at the root of the
penis is shown. Bars are 100 um.
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Figure 7 Western blot analysis of the expressions of SMA,
VE-cadherin, and type | collagen in the penis. (A) AdGFP,
AdAM, AdAng-1, AdAM plus AdAng-1, AdVEGF-A
(ADVEGF), and ADVEGF-A plus AdAng-1 were infected in
the cavernous body of STZ-treated diabetic rats, and the
penis was isolated for protein extraction 4 weeks after aden-
oviral injection. Age-matched Wistar rats were used as the
positive control (PC). The bloited membranes were incu-

“bated with anti-SMA antibody, anti-VE-cadherin antibody,

and then anti-B-actin antibody as the internal control. To
detect type | collagen, protein exiracts were electrophore-
sed on nondenatured SDS polyacrylamide gels, and blotted
membranes were incubated with anti-type | collagen anti-
body and then anti-B-actin antibody as the internal control.
(B) Histograms showing relative intensity of the bands
(n=4 each). * and **: P<0.05 and P<0.01 vs. AdGFP
infection, and 1 and 11: P < 0.05 and P < 0.01, respectively,
vs. PC.

&
<

the AAdVEGF-A- and AAVEGF-A plus AdAng-1-
infected groups. Fxpression level of type I collagen
in the AdGFP-infected diabetic rats was signifi-
cantly lower than that in the positive control.
AdAM and/or AdAng-1 infection significantly
restored the expression of type I collagen to a level
similar to that in the positive control. Infection
with AAVEGF-A and AAVEGF-A plus AdAng-1
further increased the expression of type T collagen,
and the expression level significantly exceeded that
in the positive control. Collectively, these results
suggested that the vascular networks of the cavern-
ous sinus were poorly developed in the AdGFP-
infected diabetic rats, and infection with AdAM,
AdAng-1, and AdVEGF-A restored the networks
significantly. However, AdVEGF-A infection
induced an excess amount of angiogenesis and syn-
thesis of collagen fibers, resulting in aberrant
angiogenesis in the trabeculae of the cavernous
body and “hypertrophy” of the trabeculae.

Blood Glucose Levels Before and After

Adenoviral Infection

To confirm that adenoviral infection did not affect
blood glucose levels, we measured the casual blood
glucose levels 4 weeks after STZ injection (before
adenoviral infection) and 10 weeks after STZ
injection (4 weeks after adenoviral infection).
Adenoviral infection did not significantly alter the
blood glucose levels, and the diabetic rats
remained diabetic after the infection. The blood
glucose levels of adenovirus-infected diabetic rats
were significantly higher than age-matched non-
diabetic rats (16 weeks old) (Supporting Informa-
tion Figure S1).

J Sex Med 2013:;10:1707-1719
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Discussion

In this study, we found that overexpression of AM,
Ang-1, and VEGF-A by adenoviral infection sig-
nificantly restored erectile functon in terms of
ICP, histology of the penis, and expression of
several proteins in the penis. Among several com-
binations, infection with AdAM plus AdAng-1
mostly mimicked the erectile functon in the age-
matched positive control. AdAM plus AdAng-1
infection restored ICP and AUC of the ICP traces
to a similar level ohserved in the positive control.
The pattern of the increase and decrease of ICP
after electrical stimulation was similar between the
AdAM plus AdAng-1-infected group and the posi-
tive control group. E:{presszon of SMA and
VE-cadherin was also similar between the AdAM
plus AdAng-l-infected group and the positive
control group. In contrast, although ICP rose suf-
ficiently after clectrical stimulation in  the
AAVEGF-A- and AJVEGF-A plus AdAng-1-
infected groups, the rise and fall of ICP occurred
more rapidly, as assessed by Tmax and Ty, result-
ing in a smaller value of AUC compared with
the AdAM plus AdAng-T-infected group and the
positive control. Infection with AdVEGF-A and
AAVEGF-A plus AdAng-1 induced “hypertrophy”
of the trabeculae of the cavernous body and over-
production of collagen fibers in the trabeculae.
Infection with AdVEGF-A induced aberrant
angiogenesis in the trabeculae. We propose the
following scenario about the effect of AAVEGF-A-
and AAVEGF-A plus AdAng-1-infection. Because
the trabeeulac of the cavernous body were “hyper-
trophied,” the area of the cavernous sinus was rela-
tively small in these rats. Therefore, once erection
started, blood filled in the cavernous sinus rapidly,
but once erection ceased, blood outflow from the
cavernous sinus also oceurred rapidly. Thatis why
the level of TCP rose and fell rvapidly in the
AIVEGF-A- and AdVEGF-A plus AdAng-1-
infected groups. Another possibilicy is that
AAVEGF-A infection did not sufficiently improve
corporal veno-occlusive dyshnctmn (CVOD). Tt is
well known that CVOD is the most prevalent
cause of ED. This disorder results from an inad-
equate relaxation of the corporal smooth muscle,
resulting in insufficient compression of the subtu-
nical veins against the tunica albuginea [20].
Decreases in the amount of smooth mucclﬁ cells
(5MC) and/or increases in the amount of collagen
in the cavernous body appear to result in dysfunc-
don of the corporal smooth muscle and CVOD
[21,22]. Infection with AdAM plus AdAng-1
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restored the amount of SMC in the cavernous
body without increases in the amount of collagen
fibers, whereas infection with AJVEGEF-A and
AAVEGE-A plus AdAng-1 increased the amount
of collagen as well as SMC. This may be the reason
why the blood flowed out of the cavernous body
rapidly after cessation of electrical stimulation
in AdVEGF-A- and AAVEGEF-A plus AdAng-1-
infected groups compared with the AdAM plus
AdAng-1-infected group.

Although VEGF are essential for vasculo-
genesis and have probably the most potent
proangiogenic activity, overproduction of VEGF
potentially causes a harmful effect on organ physi-
ology [12,13]. In fact, it was reported that the
VEGF-A gene transfer using the adeno-associated
virus into rabbit ischemic hind limb skeletal
muscles caused aberrant angiogenesis and fibrosis
in skeletal muscles [23]. Tt was also reported that
the blockade of the type 2 receptor for the VEGF
family resulted in attenuation of fibrosis in the
kidney in a unilateral ureteric obstructon model
[24]. Therefore, it appears that an appropriate
amount of VE(JT A is necessary for physiological
angiogenesis and that overproduction of VEGF-A
potentially causcs abcrrant angiogenesis, inflam-
mation, and fibrosis.

Ang-1 reportedly restored erectile function in
a diabetes model and a hyperlipidemia model
[11,25]. In addition to promwiocfenic activity,
Ang-1 appears to have an inhibitory effect on
1b109m Tt was shown that a variant of Ang-1 (car-
tlage Oilgomcnc matrix protein- r\ng—l) that is
stable and has a potent activity, inhibited fibrosis in
a unilateral ureteric obstruction model of the
kidney [26]. Furthermore, Ang-1 reportedly inhib-
its tissue inflammation via suppression of mac-
rophage infiltration and activation [27,28]. Thus,
it seems to be reasonable to use Ang-1 for the
treatment of ED.

AM was originally isolated from human pheo-
chromocytoma tissue and has potent natriuretic,
vasorelaxant, and proangiogenic activities [5-8].
We have shown that overproduction of AM in the
penis restares erectile function via stimulation of
the regeneration of the cavernous tissue and via
restoration of endothelial function [4]. Further-
more, it was reported that AM inhibited tissue
fibrosis in the heart and the kidney [29-31]. Thus,
AM also has proangiogenic and antifibrotic activi-
ties like Ang-1. In this study, we found that infec-
tdon with AdAM plus AdAng-1 in the penis
restored ercetile function more potenty than
infection with AdAM alone or AdAng-1 alone.
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Expression of SMA and VE-cadherin in the penis
increased more significantdy in the AdAM plus
AdAng-1-infected group than in the AdAM-
infected and AdAng-I-infected group without
overproduction of type I collagen. The expressions
of SMA and VE-cadherin in the AdAM plus
AdAng-1-infected group increased to a level
similar to that observed in the positive control
group. Thus, vascular networks in the cavernous
sinus appear to be restored more significanty by
AdAM plus AdAng-1-infection than by AdAM
infection alone or Adﬁmg—l infection alone. This
can be a mechanism whereby AM and Ang-1 addi-
tively restore erectile function. Another possible
mechanism is that AM and Ang-1 additively
restored vascular endothelial function. In fact, we
have reported that AM stimulates phosphorylation
and activation of endothelial nitric oxide synthase
(eNOS) in the penis [4]. Another study reported
that Ang-1 stimulates phosphorylation of eNOS in
the penis [11]. Furthermore, AM and Ang-1
reportedly inhibit the production of reactive
oxygen species (ROS) [32,33]. As it has been
shown that ROS are implicated in ED in diabetes
[34,35], AM and Ang-1 may restore erectile func-
tion via suppression of ROS production. There-
fore, it is possible that AM and Ang-1 additively
restores erectile function via improvement of vas-
cular endothelial function by activating eNOS
and/or suppressing ROS production in an additive
manner. Future studies are required to elucidare
these possibilides.

Limitations of This Study

Adenovirus was injected into the penis. Thus,
some portions of the injected adenovirus may have
entered the systemic cir culatmn and got trapped in
the tissues of organs such as the hvur which may
then have n'oduced AM, Ang-1, or VEGF- A,
These Cytokincs produced outside the penis may
have entered the systemic circulation and affected
the results of this study. However, we believe that
this effect was minimal, if present at all, because no
decline in blood pressure was observed after injec-
don of AJAM into the penis (data not shown).
Because AM has a potent vasodilator activity,
blood pressure should have deercased if systemi-
cally delivered adenovirus plaved a major role in
erectile funcdon.

AM, Ang-1, and/or VEGF-A may have also
improved erectile function through regenerative
effects on the autonomic nervous system. This
possibility should be addressed in a future study.
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Conclusions

Combination therapy with AM and Ang-1 addi-
tively restored erectile function to a level very
similar to that observed in the age-matched Wistar
rats. This combination therapy effectively regen-
erated vascular structure in the cavernous body
without inducing aberrant angiogenesis, overpro-
duction of collagens and “hypertrophy” of the tra-
beculae of the cavernous body. This combination
therapy will be useful to treat ED resulting from
old age and diabetes.
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Figure §1 Blood glucose levels before and after adenoviral infec-
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ABSTRACT

Introduction. Erectle dysfunctdon (ED) is a major healch problem. We have shown that adrenomedullin (AM)
restores erectile function in diabetic racs.

Aérn. The aim of this study is to explore a better treatment for ED, we examined whether combinaton of AM and
angiopoietin-1 (Ang-1) was more effective to treat ED than treatment with AM alone or Ang-1 alone. We also
compared the effect of the combination therapy with that of treatment with vascular endothelial growth factor-A
(VEGF-A).

Metbods. Nale Wistar rats were injected with streptozotocin (STZ) to induce diabetes. Adenoviruses expessing AM
(AdAM), Ang-1 (AdAng-1), and VEGEF-A (AIVEGF-A) were injected into the penis 6 weeks after STZ adminis-
tration. Frectile function, penile histology, and protein cxpression were analyzed 4 weeks after the injection of the
adenoviruses.

Muin Ouicomne Measures. Intracavernous pressure and mean arterial pressure were measured to evaluate erectile
function. The morphology of the penis was analyzed by Elastica van Gieson stain and immunohistochemistry. The
expression of g~smooth muscle actin (SMA), VE-cadherin and type I collagen was assessed by Western blot analysis.
Resulis. Tnfection with AdAM plus AdAng-1 more effectively restored erectile function than infecdon with AdAM
alone or AdAng-1 alone. This combination therapy restored erectile function to a level similar to that observed in
the age-matched Wistar rats. Expression of SMA and VE-cadherin increased more significantly in the AdAM plus
AdAng-1-treated group than in the AdAM- or AdAng-1-weated group. Although AJVEGF-A infection restored
erectile functon significantly, it also caused enlargement of the trabeculace of the cavernous body, aberrant angio-
genesis, and overproduction of type 1 collagen.

Conclusions. These results suggested that combination therapy with AM and Ang-1 potently restored erectile
function and normal morphology of the cavernous body compared with VEGF-A administration. This combination
therapy will be useful to treat ED patients with a severely damaged cavernous body. Nishimatsu H, Suzuki E,
Nomiya A, Niimi A, Suzuld M, Fujimura T, Fukuhara H, and Homma Y. Adrenomedullin and angiopoietin-1
additively restore erectile function in diabetic rats: Comparison with the combination therapy of vascular
endothelial growth factor and angiopoietin-1. J Sex Med 2013;10:1707-1719.

Key Words. Frectle Dysfunction; Adrenomedulling Angiopoictin-1; Vascular Fndothelial Growth Factor; Diabetes
And Erectile Function
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Introduction

E rectile dysfunction (ED) is a major health
problem that affects more than 10 million of
the Japanese male population. It is estimated to
affect approximately 75% of male patients with
diabetes [1]. Although selective phosphodiesterase
type § inhibitors (PDE-5) are w idely used to treat
ED, PDE-5 are less effective in patients with dia-
betes {2,3], pr ababiy because the cavernous body is
5evereiy damaged in these patients. To treat ED in
the elderly population and in patients with diabe-
tes whose cavernous body is profoundly damaged,
it is necessary to explore a novel method to regen-
erate the cavernous body.

‘We have shown that administration of adipose
tissue-derived stem cells (ASC), which are stem
cells derived from subcutaneous adipose tissue,
regenerated the cavernous body and restored erec-
tlk function in diabetic rats [4]. We have also dem-
onstrated that ASC regenerated the cavernous
body by secreting cytokines that stimulate angio-
genesis rather than by being integrated in the cav-
ernous body. Furthermore, we have shown that
adrenomedullin (AM), a vasoactive peptide that
has potent natriuretic, vasorelaxant, and proangio-
genic activities [5-8], was produced by ASC and
mediated ASC-induced restoration of erectile
function [4]. Although AM was effective in restor-
ing erectile function, its effect was apparently
weaker than that of ASC administration [4]. Tt is
therefore easily speculated that the combination of
several eywokines that ASC produce will further
improve erectile function. During the screening of
cytokines that ASC produce, we found that
angiopoietin-1 (Ang-1) was produced especially
when ASC were cultured in medium that contains
growth factors for vascular endothelial cells
(VECs) [9]. Due to the fact that Ang-1 is also a
potent proangiogenic factor [10], it is tempting to
speculate that AM and Ang-1 will cooperatively
stimulate the regeneration of the cavernous body.

Vascular endothelial growth factors (VEGF) are
essential for vasculogenesis and have a potent
proangiogenic activity. Among the VEGF family,
VEGF-A is the major plaver in angiogenesis. It is
therefore expected that VEGF-A also helps to
regenerate the cavernous body by stimulating
angiogenesis in the penis. In fact, it was repor&ed
that administration of VEGF-A restored erectile
function [11]. However, overexpression of
VEGF-A causes harmful effects in other organs. In
the wvascular restenosis model, VEGF-A was
expected to stmulate reendothelialization and in

J Sex Med 2013;10:1707-1719

Nishimatsu et al.

tarn inhibit neointimal formation after mechanical
injurv to the vascular endothelial layer via sdmu-
lating migration and prolifuation of VECs. Con-
trary to this expectation, several reports showed
that blockade of the endogenous VEGF family
rather than stimulation of VEGF-A expression
inhibited neointimal formation [12,13]. There are
several possible mechanisms by which VEGF-A
stimulates neointimal formation. First, VEGF-A
stimulates  the migradon of monocytes/
macrophages, because monocytes/macrophages
express Fle-1, the type 1 receptor for VEGF [14].
VEGF-A may also stimulate the migration of
monocytes/macrophages by increasing the perme-
ability of blood vessels [15]. Second, VEGF-A
stimulates the migradon and/or proliferation of
vascular smooth nscle cell (VSMCQC)-like cells
that reside in the neointimal laver, because these
VSMC-like cells reportedly express Fle-1 [12,13].
Thus, some proangiogenic factors such as
VEGF-A have proinflammatory activitdes. It is
therefore important to choose an appropriate
combination of proangiogenic factors to stimulate
regeneration of the cavernous body.

In this study, we examined whether administra-
tion of AM and Ang-1 would cooperatively restore
erectile function by stimulating regeneration of
VECs and VSMCs in the cavernous body. We also
compared the effect of coadministration of AM
and Ang-1 with that of VEGF-A and/or Ang-1.

Materizls and Methods

Reagents

Anti-VE-cadherin antibody used for Western blot
analysis, anti-c-smooth muscle actin (SMA) andi-
body, and anti-B-actin antibody were purchased
from Santa-Cruz Biotechnology Inc. (Santa-Cruz,
CA, USA). Anti-VE-cadherin antibody used for
immunohistochemical analysis was obtained from
LifeSpan BioSciences (Seattle, WA, USA). And-
type I collagen antibody was purchased from
Abcam (Tokyo, Japan).

Cell Culiure

NREK-32E cells, a cell line derived from rat renal
rubular cells, and HEK293 cells were obtained
from ATCC (Manassas, VA, USA) and cultured in
Dulbecco’s modified Eagle medium (DMEM)
containing 5% fetal bovine serum (FBS).

Animal Experiments
All procedures involving experimental animals
were approved by the institutional committee for



Combination Therapy of AM and Ang-1

animal research of the Tokyo University. Strepto-
zotocin (STZ; 50 mg/kg body weight; Sigma-
Aldrich) was dissolved in citrate buffer (pH 4.5)
and injected in the tail vein of male Wistar rats (6
weeks old; Charles River, Wilmington, MA, USA).
Blood glucose level was measured 4 weeks later to
confirm that these rats had become diabetic. Aden-
ovirus suspension diluted in saline up to 200 uL
was injwtcd into the penis 6 weeks after STZ
injection. Adenovirus expressing green Huorescent
protein  (AAGFP), adr Lnomtdu lin  (AdAM),
ancriopoietin 1 (AdAng-1), or vascular endothelial
growth factor-A (Ad\TGT~~\) was injected into
the penis (10 rats per group). Furthermore, AdAM
plus AdAng-1 or AAdVEGF-A plus AdAng-1 was
injected into the penis (10 rats per group). Four
weeks after adenovirus injection, rats (16 weeks
old) were subjected to intracavernous pressure
(ICP) measurement. The penis was also harvested
for histochemical analysis and Western blot analy-
sis at this time point. The penises isolated from six
rats per group were subjected to ICP measure-
ments, and then Western blot analysis. The
penises isolated from the remaining four rats per
group were used for histochemical analysis.
AdGFP-injected diabetic rats were used as nega-
tive contr o]s, and age-matched nondiabetic Wistar
rats were used as positive controls in this study.

ICP Measurement

1CP measurement was performed in the same way as
we previously reported [16]. Rats were anesthetized
with ketamine (100 mg/kg body weight) injected
intraperitoneally. The left carotid artery was exposed
and cannulated with a PE-50 polyethylene tube to
continuously monitor mean arterial pressure
(MAP). The penis was denuded of skin and the pelvic
nerve and cavernous nerve were isolated. The right
cavernous nerve was hooked with stainless platinum
bipolar electrodes (Unique Medical Co., Tokyo,
Japan) and connected to a nerve stimulator (Nihon
Kohden Co., Tokyo, Japan). Unilateral electrical
field sdmulation of the cavernous nerve was per-
formed for 10 seconds using a square wave stimula-
tor. The magnitude of the electrical voltage was
5.0V with a pulse duraton of 2 msec, and the fre-
quency of the stimulation was 20 Hz. The right
cavernous body was cannulated with a 23-gauge
needle connected to a pressure transducer to con-
tinuously monitor ICP. Area under the curve (AUC)
of ICP traces as well as the ratio of peak ICP to MAP
(ICP/MAP) were used to evaluate erectile function.
AUC was measured [rom the point when ICP
started to increase from the base line values after
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electrical stimulation to the point when ICP
decreased and reached a plateau. ICP x time was
integrated every 0.2 second to calculate AUC,

Protein Extraction and Western Blot Analysis

The penis was homogenized in a cell lvsis buffer
(50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1%
NP-40) containing 2 pg/mL aprotinin, 2 cr/mL
leupeptin, and 1T mM phelwlmed'lylsu]fonv] “Auo-
ride. Western blot analysis was performed as pre-
viously described [17]. To detect type 1 collagen,
we performed electrophoresis under nondena-
tured conditions, because the anti-type I collagen
antibody used in this experiment recognizes non-
denatured procein. Sodium dodeeyl sulfate (SDS)
and f-mercaptocthanol were left out from the
loading dye, and samples were loaded on polyacry-
lamide gel without boiling. SDS was also omitted
from  the pulvau*ylamule gel, eclectrophoresis
buffer, and transfer buffer. The expression of
VE-cadherin, SMA, and type 1 collagen was nor-
malized by calculating the ratio of the expression
of those proteins to that of f-actin.

RNA Extraction and Real Time PCR Analysis

Total RNA was excracted using TRIZOL Reagent
(Gibeo-BRL, Rockville, MD, USA) according to
the instructions provided by the manufacturer. To
extract total RINA from the rat penis, the penis was
homogenized in the TRIZOL Reagent. Total
RNA was subjected to reverse transcription using a
Rever'lra Ace qPCR RT Kit (Toyobo, Osaka,

Japan). Expression of rat AM, Ang-1, VEGF-A

and glyceraldehyde 3- phosphate dehydrogenase
(GAPDH) was examined by real-tme PCR using
an SYBR Green dye (Thundel bird SYBR qPCR
Mix, Toyobo). Primers used were as follows:
RatAMsense, 5-GCAGTTCCGAAAGAAGTG
GAAT-3
RatAMantisense, 57 GCTGCTGG‘\CGC '’GrT
AGTTC-3
RatAng-1sense,
TGATG-3"
RatAng-lantisense,
TAGAACATT-3’
RatVEGF-Asense, S -GAGTATATCTTCAAGC
CGTCCTGTGT-3
RatVEGF-Aantisense,
CATTGC-¥
RatGAPDHsense, 5'-
GGCAAGT-3
RatGAPDIHantisense,
CCAGCTT-¥

S-CAGGAGGTTGGTGGTT

Y-TTTGCCCTGCAGTG

5-TCCAGGGCTTCAT
GTATGACTCTACCCAC

S-TTCCCGTTGATGA

J Sex Med 2013;10:1707-1719
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Real-time PCR was performed using an ABI
PRISM 7000 sequence detection system (Applied
Biosystems, Foster City, CA, USA). To confirm
that no significant amounts of primer dimers were
formed, dissociation curves were analyzed.

Histochemistry

The penis was fixed by perfusing it with 4%
paraformaldehyde and then processed for paraffin
embedding. Cross sections (5 pm) were cut, depar-
affinized, rehydrated, and subjected to Elastica van
Gieson stain to visualize collagen and elastin fibers
in the trabeculae of the cavernous body. For
immunohistochemistry, sections were incubated
with a primary antibody reactive to VE-cadherin
and SMA. Sections were then incubated with
biotinylated secondary antibody and finally horse-
radish peroxidase-labeled streptavidin according
to the instructions provided by the manufacturer

(DAKO, Cambridgeshire, UK).

Construction of Adenovirus that Expresses YVEGF-A
Replication-defective adenovirus that expresses rat
VEGF-A was constructed according to the
method described previously using an AdMax kit
(Microbix Biosystems Inc., Ontario, Canada) [18].
The coding region of rat VEGF-A was amplified
by PCR and subcloned into the pDC516 vector.
The primer sequences used for PCR were as
follows:

RatVEGF-Asense primer: 5-ATGAACTTTCT
GCTCTCTTGGGT-3"
RatVEGF-Aantisense primer: 5-TCACCGCCT
TGGCTTGTCACAT-3’
The result of DNA sequencing analysis showed
that the VEGF-A isolated in this study was rat
VEGF-A164 corresponding to human VEGF-
Al165, in which amino acids 141 to 164 were
missing by altcrnative splicing. The cxpression
plasmid pDCS516 that expresses rat VEGF-A164
was cotransfected into HEK293 cells with
pBHG(rtdelE13FLP to construct an adenovirus
expressing rat VEGF-A164 (AdVEGF-A). Con-
struction of adenovirus that expresses rat AM
(AdAM) [4] and rat Ang-1 (AdAng-1) [19] has been
reported clsewhere. Recombinant adenovirus
that expresses GFP (AdGFP) was obtained from
Quantum Biotechnologies (Montreal, Canada).
These adenoviruses were purified before in vivo
use with the Adeno-X Maxi Purification Kit
(Takara Bio Inc., Tokyo, Japan) according to the
manufacturer’s instructions.
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Enzyme-Linked Immunosorbent Assay

Rat VEGF-A in culture medium was measured
with an enzyme-linked immunosorbent assay kit
(Abcam, Cambridge, UK) according to the
methods provided by the manufacturer.

Statistical Analysis

The values are expressed as the mean = SEM. Sta-
tistical analyses were performed using analysis of
variance followed by the Student—Neumann-
Keuls test. Differences with a P value of <0.05
were considered statistically significant.

Results

Characterization of AdVEGF-A

We first examined whether AADVEGF-A-infected
cells produced VEGF-A using an ELISA kit for
rat VEGF-A. We infected NRK-52E cells with
AdAVEGF-A and measured the VEGF-A content
in the culture medium. Although we expected that
the NRK-52E cells did not produce endogenous
VEGF-A, they produced a significant amount
of VEGF-A (Figure 1). However, AAVEGF-A-
infected NRK-52E cells produced a more signifi-
cant amount of VEGF-A (approximately fivefolds)
compared with the AdGFP-infected and nonin-
fected control NRK-52E cells, confirming that the
AdAVEGF-A used in this study produced VEGF-A

protein. Previous studies have reported that
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Figure 1 Production of VEGF-A by AdVEGF-A. NRK-52E
cells were cultured in 24-well plates and infected with
AdGFP or AAVEGF-A for 3 days. After washing the wells
with phosphate-buffered saline (PBS), medium was
replaced with serum-free DMEM, and incubated for 2 hours.
VEGF-A accumulated in the medium was measured with an
ELISA kit. Noninfected NRK 52E cells were also used as
the control (Control). *: P< 0.001 vs. control and AdGFP
infection (n= 6 each)
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AdAM produces rat AM protein [4] and AdAng-1
produces rat Ang-1 protein [19].

Expression of Adenovirus in the Penis

To confirm that adenovirus injected into the penis
expressed AM, Ang-1, and VEGF-A in the penis,
AdGFP, AdAM, AdAng-1, or AAVEGF-A were
injected into the penis of STZ-induced diabetic
rats, and the penis was harvested 7 days after aden-
oviral infection for real-time PCR analysis.
Penises injected with AdAM, AdAng-1, and
AAVEGF-A  expressed significantly  higher
amounts of AM, Ang-1, and VEGF-A, respec-
tively, than those injected with AdGFP. This result
suggested that adenovirus injected into the penis
remained and those cytokines were therefore
expressed (Figure 2).

Effects of Administration of AdAM, AdAng-1, and
AdVEGF-A on ICP

We infected AdAM, AdAng-1, and AdVEGF-A
into the cavernous body at the glans of STZ-
induced diabetic rats and measured ICP 4 weeks
after the infection. We confirmed in a previous
study that AdGFP infection did not affect ICP or
histology in STZ-induced diabetic rats [4]. We
analyzed not only TCP and AUC of TCP traces, but
also Tmax and T\,. Tmax is defined as a period
from when ICP starts to increase after electrical
stimulation to when ICP reaches maximal level
(Figure 3A). 'I' is defined as a period from when
ICP starts to increase after electrical stimulation to
when ICP decreases to the 50% level of its
maximal value (Figure 3A). Tnfection of the penis
with AdAM, AdAngl, AJAM plus AdAng-I,
AdAVEGF-A, and AdVEGF-A plus AdAng-1 all
restored ICP significantly compared with AdGFP
infection in the diabetic rats (Figure 3B). Infection
with AdAM  plus AdAng-1, AdVEGF-A, and
AdVEGEF-A plus AdAng-1 restored ICP to a level
similar to that observed in age-matched Wistar
rats (positive control). Infection with AdAM,
AdAngl, AdAM plus AdAng-1, AdVEGF-A, and
AdVEGF-A plus AdAng-1 also increased AUC of
the ICP traces significantly compared with
AdGFP infection in the diabetic rats (Figure 3C).
Infection with AdAM plus AdAng-1 restored AUC
most significantly. Tmax in the AdGFP-infected
group was significantly elongated compared with
the positive control group (Figure 3D), and Tmax
in the AdAng-l-infected group tended to be
retarded, and there was no significant difference in
Tmax between the AdGFP-infected group and the
AdAng-1-infected group. These results suggested

AM/GAPDH
Fold induction
N
1

AdGFP  AdAM

Ang1/GAPDH
Fold induction

VEGF/GAPDH
Fold induction
N
1

AdGFP AdVEGF

Figure 2 Expression of adenovirus in the penis. AdAM,
AdAng-1, or AAVEGF-A was injected into the penis of STZ-
induced diabetic rats, and the penis was isolated 7 days
after adenoviral injection for real-time PCR analysis. AJGFP
was also injected into the penis as a negative control.
Expression of AM, Ang-1, and VEGF-A (VEGF) was nor-
malized by that of GAPDH (n=4 each). *: P<0.01 vs.
AdGFP infection

that blood filling into the cavernous body occurred
more slowly in the AdGFP-infected and AdAng-
I-infected diabetic rats than the age-matched
Wistar  rats.  Interestingly, Tmax in the
AdVEGF-A- and AdVEGF-A plus AdAng-1-
infected groups was significantly shortened com-
pared with the positive control group, suggesting
that blood filling into the cavernous body occurred
faster in these groups than the positive control.
Tmax in the AJAM- and AJAM plus AdAng-1-
infected groups was similar to that in the positive
control group. Tip in the AdGFP- and AdAng-1-
infected groups was significantly elongated com-
pared with the positive control (Figure 3E). T’ in
the AAVEGF-A- and AIVEGF-A plus AdAng-1-

infected groups was significantly shortened

J Sex Med 2013:10:1707-1719
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Figure 3 Effects of AdAM, AdAng-1, and AAVEGF-A infection on erectile function. These adenoviruses were infected into the
cavernous body of STZ-induced diabetic rats. Age-matched Wistar rats were used as the positive control (PC). (A) Schematic
representation of ICP traces. The dashed box indicates the timing and duration of electrical stimulation. The dotted area
represents AUC. Tmax was defined as the period from when ICP started to rise to when [CP reached its peak level. T, was
defined as the period from when ICP started to rise to when it fell to the 50% of its peak level. (B) Bar graphs comparing
ICP/MAP among the groups (n= 6 each). *: P < 0.001 vs. AdGFP infection and 1: P < 0.001 vs. PC. (C) Bar graphs comparing
AUC/MAP among the groups (n=6 each). *: P<0.001 vs. AdGFP infection, and 1 and ft: P<0.01 and P<0.001,
respectively, vs. PC. (D) Bar graphs comparing Tmax among the groups (n= 6 each). *: P< 0.001 vs. AdGFP infection and
1 and t1: P<0.05 and P < 0.001, respectively vs. PC. (E) Bar graphs comparing T.» among the groups (n=6 each).

*: P < 0.001 vs. AdAGFP infection and 1: P < 0.001 vs. PC

compared with the positive control group. Ty, in
the AdAM- and AdAM plus AdAng-1-infected
groups was similar to that in the positive control
group. Collectively, infecton with AdAM,
AdAngl, AdAM plus AdAng-1, AdVEGF-A, and
AAVEGEF-A plus AdAng-1 all restored erectile
function significantly. The effect of AdAM plus
AdAng-1 infection was most significant, and the
erectile function in this group was similar to that in
the positive control group. The speed of rise and
fall of ICP after electrical stimulation was
decreased in the AAGFP- and AdAng-1-infected
groups compared with the positive control group.
The speed increased in the AdVEGF-A- and
AdVEGF-A plus AdAng-1-infected groups com-
pared with the positive control group. The speed
did not change significantly in the AdAM- or

J Sex Med 2013;10:1707-1719

AdAM plus AdAng-1-infected group compared
with the positive control group. Thus, ICP traces
in the AdAM plus AdAng-1-infected group mostly
mimicked those in the positive control group.

Effects of Administration of AdAM, AdAng-1, and
AdVEGF-A on Histology of the Cavernous Body

To examine the mechanisms by which these aden-
oviral infections restored erectile function, we
examined the morphology of the cavernous body
by Elastica van Gieson staining. The trabeculae of
the cavernous body at the root of the penis in the
AdGFP-infected diabetic rats were smaller than
those in the positive control Wistar rats (Figure 4).
Infection with AJAM and/or AdAng-1 restored
the size of the trabeculae of the cavernous body.
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AdAM

AdAM+
AdAng1

Figure 4 Histological analysis of the
cavernous body after adenoviral infec-
tion. Elastica van Gieson staining of
the cavernous body isolated from age-
matched Wistar rats (PC), and STZ-
induced diabetic rats infected with
AdGFP, AdAM, AdAng-1, AdAM plus
AdAng-1, AAdVEGF-A (AdVEGF), and
AdVEGF-A plus AdAng-1. The histol-
ogy of the root portion of the penis
(longitudinal section) is shown. Bars
are 300 um.

AdVEGF+
AdAng1

Interestingly, the trabeculae of the cavernous body
were rather enlarged and densely distributed in
the cavernous body in the AdVEGF-A- and
AAVEGF-A  plus  AdAng-l-infected  groups
compared with the positive control group. We
next cxamined the distribution of SMA and
VE-cadherin by immunohistological analysis. The
SMA layer around the trabeculae of the cavernous
body in the AdGFP-infected diabetic rats looked
thinner than that in the other adenovirus-infected
groups and the positive control group (Figure 5).
The VE-cadherin-positive  endothelial  layer
around the trabeculac of the cavernous body was
observed in all groups (Figure 6), and the ratios
of trabeculae covered with VECs to those uncov-
ered with VEGCs seemed to be similar among
the groups, although the total amount of the
endothelial layer might be different among
the groups because the size and the density of
the trabeculac of the cavernous body differed
among the groups. Interestingly, we observed a
VE-cadherin-positive tube-like structure in the
trabeculae of the cavernous body in the AAVEGEF-
A-infected group (Figure 6), suggesting that an
aberrant angiogenesis occurred in the AAVEGF-
A-infected group.

AdGFP

AdAng1

AdVEGF

Effects of Administration of AdAM, AdAng-1, and
AdVEGF-A on the Expression of VE-Cadherin, SMA,
and Type | Collagen

To quantify the expression of SMA and
VE-cadherin, we performed Western blot analysis
(Figure 7). Infection with AdAM or AdAng-1
increased SMA expression slightly but significantly
compared with AdGFP infection. Infection
with AdAM plus AdAng-1, AAVEGEF-A, and
AdVEGF-A plus AdAng-1 increased SMA expres-
sion more significantly, and the expression level
was similar to that in the age-matched positive
control group. Infection with AdAM or AdAng-1
significantly increased VE-cadherin expression
compared with AdGFP infecton. Infection with
AdAM plus AdAng-1 increased VE-cadherin
expression more significantly, and the expression
reached a level similar to that in the positive
control group. The expression of VE-cadherin in
the AdVEGF-A- and AdVEGF-A plus AdAng-1-
infected groups rather surpassed the expression
level observed in the positive control. We also
examined the expression of type I collagen as a
marker to quantify the content of collagen fibers in
the trabeculae of the cavernous body, because we
found that the trabeculae were “hypertrophied” in

J Sex Med 2013;10:1707-1719
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Figure 5 Immunochistochemical ana-
lysis of the cavernous body isolated
from age-matched Wistar rats (PC)
and STZ-induced diabetic rats infected
with AdGFP, AdAM, AdAng-1, AdAM
plus AdAng-1, AdVEGF-A (AdVEGF),
and AJVEGF-A plus AdAng-1. SMA
was stained to visualize the smooth
muscle layer in the cavernous body. -
The longitudinal section of the cavern-
ous body at the root of the penis is
shown. Bars are 300 um.

Figure 6 Immunohistochemical ana-
lysis of the cavernous body isolated
from age-matched Wistar rats (PC)
and STZ-induced diabetic rats infected
with AdGFP, AdAM, AdAng-1, AdAM
plus AdAng-1, AdVEGF-A (AdVEGF),
and AdVEGF-A plus AdAng-1.
VE-cadherin was stained to visualize
the endothelial layer in the cavernous
body. Area of aberrant angiogenesis
observed in the trabeculae of the cav-
ernous body of AAVEGF-A infected
penis was boxed and enlarged in the
white box. The longitudinal section of
the cavernous body at the root of the
penis is shown. Bars are 100 um.
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Figure 7 Western blot analysis of the expressions of SMA,
VE-cadherin, and type | collagen in the penis. (A) AdGFP,
AdAM, AdAng-1, AdAM plus AdAng-1, AdVEGF-A
(AdVEGF), and AdVEGF-A plus AdAng-1 were infected in
the cavernous body of STZ-treated diabetic rats, and the
penis was isolated for protein extraction 4 weeks after aden-
oviral injection. Age-matched Wistar rats were used as the
positive control (PC). The blotted membranes were incu-
bated with anti-SMA antibody, anti-VE-cadherin antibody,
and then anti-B-actin antibody as the internal control. To
detect type | collagen, protein extracts were electrophore-
sed on nondenatured SDS polyacrylamide gels, and blotted
membranes were incubated with anti-type | collagen anti-
body and then anti-B-actin antibody as the internal control.
(B) Histograms showing relative intensity of the bands
(n=4 each). * and " P<0.05 and P<0.01 vs. AdGFP
infection, and + and t1: P < 0.05 and P < 0.01, respectively,
vs. PC.

=
<

the AAVEGF-A- and AdVEGF-A plus AdAng-1-
infected groups. Expression level of type T collagen
in the AdGFP-infected diabetic rats was signifi-
cantly lower than that in the positive control.
AdAM and/or AdAng-1 infection significantly
restored the expression of type I collagen to a level
similar to that in the positive control. Infection
with AdVEGF-A and AdVEGF-A plus AdAng-1
further increased the expression of type T collagen,
and the expression level significantly exceeded that
in the positive control. Collectively, these results
suggested that the vascular networks of the cavern-
ous sinus were poorly developed in the AdGFP-
infected diabetic rats, and infection with AdAM,
AdAng-1, and AAVEGF-A restored the networks
significantly. However, AdVEGF-A infection
induced an excess amount of angiogenesis and syn-
thesis of collagen fibers, resulting in aberrant
angiogenesis in the trabeculae of the cavernous
body and “hypertrophy” of the trabeculae.

Blood Glucose Levels Before and After

Adenoviral Infection

To confirm that adenoviral infection did not affect
blood glucose levels, we measured the casual blood
glucose levels 4 weeks after STZ injection (before
adenoviral infection) and 10 weeks after STZ
injection (4 weeks after adenoviral infection).
Adenoviral infection did not significantly alter the
blood glucose levels, and the diabetic rats
remained diabetic after the infection. The blood
glucose levels of adenovirus-infected diabetic rats
were significantly higher than age-matched non-
diabetic rats (16 weeks old) (Supporting Informa-
tion Figure S1).
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