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Purpose: Neurogenic erectile dysfunction (ED) is a common side effect of radical prostatectomy (RP) because of cavernous
nerve damage. In these patients, the production of nitric oxide (NO), which is important for erection, is decreased in the cor-
pus cavernosum. Therefore, NO donors are useful for post-RP ED. However, short half-life and systemic side effects are prob-
lems of NO application in ED therapy. To avert these problems, we developed a red-light controllable NO releaser, NORD-1.
This study aimed to investigate the effect of NORD-1 and red-light irradiation on neurogenic ED using a rat model of bilateral
cavernous nerve injury (BCNI).

Materials and Methods: BCNI and sham operations were conducted on 8-week-old rats. After 4 weeks, erectile function was
evaluated using changes in intracavernous pressure (ICP) during electrostimulation of the cavernous nerve. ICP was measured
under three conditions; without NORD-1 and red-light irradiation, with NORD-1 and without red-light irradiation, and with
NORD-1 and red-light irradiation. SiR650 which absorbs red-light but does not release NO was used for the negative con-
trol. After the experiment, localization of NORD-1 was observed using a microscope.

Results: Erectile function in a BCNI rat model was significantly decreased compared to sham-operated rats (p<0.05). After
injecting NORD-1 into the penis, erectile function did not change without red-light irradiation. However, the combination of
NORD-1 and red-light irradiation significantly improved erectile function (p<0.05) without affecting systemic arterial pres-
sure. In contrast, when SiR650 was used, erectile function did not change in all three conditions. NORD-1 was detected only
in the corpus cavernosum and not in the urethra and dorsal vein.

Conclusions: NORD-1 combined with red-light irradiation is effective for ED induced by cavernous nerve injury. This treat-
ment may have low risks of hypotension and urinary incontinence, and it can replace the current treatment for post-RP ED.
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INTRODUCTION

Neurogenic erectile dysfunction (ED) frequently oc-
curs after radical prostatectomy (RP) due to cavern-
ous nerve damage [1]. Despite the advances in surgical
techniques, including nerve-sparing surgery, the preva-
lence of neurogenic ED following RP has not improved
[2,3]. Phosphodiesterase (PDE)-5 inhibitors are used as
first-line therapy for patients with post-RP ED. How-
ever, PDE-5 inhibitors have not completely restored
erectile function in these patients; therefore, more ef-
fective therapy is needed [4].

Nitric oxide (NO) is a colorless gas involved in impor-
tant chemical signaling in humans and other animals
[5]. NO activates soluble guanylyl cyclase (sGC), which
catalyzes the conversion of guanosine triphosphate
to cyclic guanosine monophosphate (cGMP). The NO-
sGC-cGMP signaling pathway regulates vasodilation
and smooth muscle relaxation; thus, NO plays an im-
portant role in maintaining an erection [6]. However,
it has been reported that NO production is reduced in
patients with post-RP ED; thus, NO donors are consid-
ered beneficial therapy for these patients [7]. However,
there are some critical problems with NO application
for ED therapy. First, it is difficult to control NO re-
lease in vivo because of its short half-life [8]. Second,
NO has systemic side effects such as headache and
hypotension. To solve these problems, we focused on
light-reactive NO releasers that could temporally and
spatially regulate NO release, thereby controlling the
beginning and the end of drug effects and preventing
systemic side effects. We have previously reported the
use of blue light-reactive NO releaser and yellowish-
green light-reactive NO releasers [9-11]. However, it
may be difficult to regulate erectile response because
these lights have low tissue permeability. Therefore,
we improved these NO releasers and developed NORD-
1, a red-light-reactive NO releaser. Red light has a lon-
ger wavelength and higher tissue permeability than
blue and yellowish-green light [12]. We have previously
reported that the combination of NORD-1 and red-light
irradiation increased intracavernous pressure (ICP),
indicating an increase in erectile function in intact
rats [13]. Thus, we hypothesized that NORD-1 would be
effective in treating neurogenic ED. In this study, we
aimed to investigate the effect of NORD-1 combined
with red-light irradiation in a neurogenic ED model rat
of bilateral cavernous nerve injury (BCNI).
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Fig. 1. The chemical structures of NORD-1 and SiR650. NORD-1 and
SiR650 were prepared as previously reported [13]. SiR650 was used
as negative reference compound because it does not release nitric
oxide (NO) by red-light irradiation.

MATERIALS AND METHODS

1. Ethics statement

These experiments complied with the National In-
stitutes of Health guidelines. The procedures used and
the care of animals were approved by the Institutional
Animal Care and Use Committee (IACUC) in Nagoya
City University (Approval No. H25-P-09).

2. Reagents

NORD-1 was prepared as reported previously [13]. In
this study, SiR650, the antenna moiety for NORD-1,
was used as the negative reference compound because
it absorbs red-light but does not release NO during red-
light irradiation. The chemical structures of NORD-1
and SiR650 are presented in Fig. 1.

3. Animals

Three experiments were performed in this study. In
experiment I, 8-week-old male Wistar-ST rats (Japan
SLC, Inc., Shizuoka, Japan) were used In experiment II
and III, 12-week-old male Wistar-ST rats were used. All
animals were housed in an environmentally (tempera-
ture and humidity) controlled room with a 12-h light
or dark cycle and free access to laboratory chow and
water.

4. Study design

The study design of experiment I is depicted in Fig.
2. In total, 24 rats were used in experiment I. Rats
randomly underwent sham or BCNI operations (n=12,
respectively). After 4 weeks, erectile function was
evaluated by measuring ICP. During the experiment,
NORD-1 or SiR650 was injected into the rats. Finally,
the rats were randomly assigned to one of four groups;
Sham+SiR650, Sham+NORD-1, BCNI+SiR650, and
BCNI+NORD-1 (n=6, respectively).
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5. BCNI procedure

Rats were administered 3% and 1.5% isoflurane (Pfiz-
er Inc, New York, NY, USA) to induce and maintain
anesthesia, respectively. The prostate was exposed, and
the cavernous nerve and major pelvic ganglion (MPG)
were identified. Reverse action tweezers (Fontax”, Pril-
ly, Switzerland; cat No.lx) held the cavernous nerve 5
mm distal to the MPG on both sides for 1 minute each,
causing BCNL In sham-operated rats, the prostate was
exposed without cavernous nerve injury. After 4 weeks,
erectile response was measured.

6. Evaluation of erectile function

Erectile function was assessed based on changes in
ICP followed by electrostimulation of the cavernous
nerves as previously reported [14,15]. Briefly, 3% and
1.5% isoflurane (Pfizer Inc.) were used to induce and
maintain anesthesia, respectively, in the rats. The ca-
rotid artery was cannulated to monitor arterial pres-
sure. The left crus of the penis was cannulated using
a 23-gauge needle to monitor ICP. Subsequently, elec-
trostimulation of the cavernous nerve was performed
at a site closer to the MPG than the injury site with
the following parameters: 1 minute at 5 V, 8 Hz, and a
square wave duration of 5 ms. Systemic arterial pres-
sure and ICP were recorded and analyzed with Lab-
Chart8 software (AD Instruments Pty. Ltd., New South
Wales, Australia). Erectile function was evaluated us-
ing the maximum ICP to mean arterial pressure (MAP)
ratio because ICP is influenced by systemic arterial

Sham+NORD-1
(n=6)

Fig. 2. Study design. BCNI: bilateral cav-
ernous nerve injury, ICP: intracavernous
pressure.

BCNI+NORD-1
(US)

BCNI+SiR650
(n=6)
pressure. In addition, the changes in arterial pressure
during electrostimulation were evaluated by the MAP
at the end of the electrostimulation (End-MAP) to the

MAP at the start of the electrostimulation (Start-MAP)
ratio.

7. Experimental protocol

The schematic image of the experiment is shown in
Fig. 3A. The experimental protocol for ICP measure-
ment is shown in Fig. 3B. ICP was measured during
electrostimulation for 1 minute at 8 Hz. Using a T-
shape stopcock, 100 pL (10" M) NORD-1 or SiR650
was injected into the penis via the same route for ICP
measurement. After few minutes, ICP was measured
during electrostimulation for 1 minute at 8 Hz. Finally,
ICP was measured during electrostimulation for 1 min-
ute at 8 Hz with the penis irradiated 630—690 nm light
(115 mW) at a distance of 2 cm using a MAX-302 xenon
light source (Asahi Spectra Co., Ltd., Tokyo, Japan). Im-
mediately after the experiment, penis samples were ob-
tained and frozen in the optimal cutting temperature
(O.C.T.) compound (Sakura Finetek Japan Co., Ltd., To-
kyo, Japan).

8. Localization of NORD-1 and cavernosum
smooth muscle
Ten-micron two-serial sections of penis samples were
cut and mounted on microscope slides separately. One
slide was observed using a BZ-X810 fluorescence micro-
scope (KEYENCE Cop., Osaka, Japan) to detect NORD-

www.wjmh.org 911
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Fig. 3. Schematic image and experimen-
tal protocol of intracavernous pressure
(ICP) measurement Schematic image of
ICP measurement experiment is shown
in (A). Light source was set at a distance
of 2 cm from the penis and red light was
irradiated during electrostimulation.
NORD-1 or SiR650 were injected into the
penis using a T-shape stopcock. Experi-
mental protocol is shown in (B). ICP was
measured in three conditions; without

Electro
stimulation

) (jCtING reagent and irradiating red-

Reagent () (+)
Light Q) )

1 or SiR650. NORD-1 and SiR650 emit fluorescence at
approximately 690 nm when undergoing light excita-
tion at approximately 650 nm. Therefore, a Cy5 filter
(excitation; 620/60 nm, emission; 700/75 nm) was se-
lected for the detection of NORD-1 or SiR650. Another
slide was used for immunofluorescent staining of al-
pha-smooth muscle actin (a-SMA). The slide was fixed
with 10% formaldehyde, blocked by treatment with
5% skim milk, and probed with anti-o-SMA (Abcam
plc., Cambridge, UK; cat. No.; ab5694; 1:5000 dilution).
Afterwards, slides were incubated with Alexa Fluor®
488 conjugate anti-rabbit secondary antibody (Cell
Signaling Technology Inc., Danbers, MA, USA; cat. No,;

912 www.wjmh.org

light, with reagent and without red-
*) light, and with reagent and red-light,
(+) continuously.

4412 1:5000 dilution) and visualized using a BZ-X800
fluorescence microscope. The images were analyzed us-
ing Photoshop CS4 (Adobe Systems Inc., San Jose, CA,
USA). The pixel numbers of stained with a-SMA and
whole cavernosum were analyzed. Smooth muscle con-
tent in the corpus cavernosum was evaluated by calcu-
lating the ratio of a-SMA area to cavernosum area.

9. Further evaluation of NORD-1 treatment
The detailed information was described in Supple-

ment File.
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10. Evaluation of the distribution of NORD-1 used and differences with p-values less than 0.05 were
injecting to penis throughout the body considered significant. All statistical analyses were
The detailed information was described in Supple- performed using EZR (version 1.55; Saitama Medical
ment File. Center, Jichi Medical University, Saitama, Japan) [16].
11. Red-light permeability experiment RESULTS
The detailed information was described in Supple-
ment File. 1. ICP measurement
Representative arterial pressure and ICP charts in
12. Statistical analysis the four groups are shown in Fig. 4A. The ICP/MAP
All data conform to normal distribution and results ratio in the four groups is shown in Fig. 4B. Before
are expressed as meanzstandard deviation. For com- injecting SiR650, ICP/MAP during 8 Hz electrostimu-
parisons between the four groups, analysis of variance lation in the BCNI+SiR650 group was lower than in

was carried out. If the results of the analysis of vari- the Sham+SiR650 group (p<0.01). Also before injecting
ance were significant, Bonferroni multiple t-tests were NORD-1, ICP/MAP in the BCNI+NORD-1 group was
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Fig. 4. Representative intracavernous pressure (ICP) and mean arterial pressure (MAP) results. Charts show ICP (blue line) and arterial pressure
(red line), in four groups, during electrostimulation without reagent and light, with reagent and without light, and with reagent and light (A). The
electrostimulation period is shown by the blue thicker bar along time axis. Red-light irradiation (630-690 nm, 115 mW) period is indicated by the
red background. ICP to MAP ratios in each group were measured (B). The ratio of MAP at the end of electrostimulation (End-MAP) to MAP at the
start of electrostimulation (Start-MAP) was calculated. End-MAP/Start-MAP ratios in three different conditions were expressed relative to without
reagent and light (C). Data are reported as meanzstandard deviation (n=6 per group). NS: not significant. *p<0.05, **p<0.01 using Bonferroni’s
multiple t-tests.
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lower than in the Sham+NORD-1 group (p<0.05). After
injecting SiR650 or NORD-1, ICP/MAP did not change
compared to those before injection in the four groups
in the condition without irradiating 630-690 nm light.
On the other hand, during 8 Hz electrostimulation
with the penis irradiated with 630-690 nm light, ICP/
MAP in the Sham+NORD-1 group was higher than
in the Sham+SiR650 group (p<0.01). ICP/MAP in the

A a—SMA Phase image

B NORD-1

C 0—~SMA

D NORD-1

914 www.wjmh.org
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BCNI+NORD-1 group was also higher than in the
BCNI+SiR650 group (p<0.01). Subsequently, we ana-
lyzed the changes in Start-MAP to End-MAP in three
different conditions (without reagent and light, with
reagent and without light, and with reagent and light).
We calculated the ratios of End-MAP to Start-MAP
(End-MAP/Start-MAP) in three different conditions,
and the results were expressed relative to without

Fig. 5. Localization of NORD-1. Repre-
sentative image of two-serial sections of
- erge _ the penis after NORD-1 injection into the

S SRS crura of the penis. In one slide, smooth
muscle was detected by immunofluores-
cence staining with antibody to alpha-
smooth muscle actin (a-SMA) (A, Q). In
another slide, NORD-1 was detected by
approximately 620 nm excitation light
(B, D). (A) and (B) reveal whole images of
the corpus cavernosum (scale bar: 200
um). (C) and (D) show enlargement im-
ages surrounded by yellow flame in (A)
and (B) (scale bar: 100 um).
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reagent and light (Fig. 4C). The End-MAP/Start-MAP
were not different among the three conditions in all
four groups.

2. Localization of NORD-1

Representative images of corpus cavernosum from
a rat after NORD-1 injection into the crura of the pe-
nis are provided in Fig. 5. In Fig. 5A, 5C, the smooth
muscle was detected by immunofluorescence staining
with antibody to a-SMA. In Fig. 5B, 5D, NORD-1 was
detected by approximately 620 nm excitation light.
Fluorescence of NORD-1 was detected only in the cor-
pus cavernosum, including cavernosum smooth muscle.
In addition, NORD-1 was not detected outside of tunica
albuginea, including the urethra and vein.

3. Evaluation of smooth muscle content in
corpus cavernosum
Representative images of the corpus cavernosum

stained with a-SMA in the four groups are shown in
Fig. 6A. The ratio of a-SMA area to whole cavernosum
area was not different among the four groups (Fig. 6B).

4. Further evaluation of NORD-1 treatment
Representative ICP and arterial pressure charts in
experiment II are provided in Supplement Fig. 1, 2. As
shown in Supplement Fig. 1, ICP was increased dur-
ing electrostimulation of cavernous nerve. Then, ICP
was further increased by irradiating red-light to penis.
When the red-light irradiation was stopped, ICP was
back to baseline. In addition, as represented in Supple-
ment Fig. 2, ICP did not change from baseline during
red-light irradiation without electrostimulation of cav-

Sham+SiR650 Sham+NORD-1 BCNI+SiR650

. ..

BCNI+NORD-1

o ....

Taiki Mori, et al: NORD-1 for Neurogenic Erectile Dysfunction I

ernous nerve.

5. Distribution of NORD-1 injected to penis
throughout the body
Representative images of penis and kidney samples
one hour after injecting NORD-1 into penis are pro-
vided in Supplement Fig. 3. NORD-1 fluorescent was
detected in both corpus cavernosum and in kidney.

6. Red-light permeability in muscle tissue

A table in Supplement Fig. 4 indicates red-light il-
luminance when the light source was turned off (base-
line), when 630-690 nm light was irradiated without
meat (0 cm), and when 630-690 nm light was irradi-
ated toward the meats whose thickness varied from
05 cm to 1.0 ecm. Although the illuminance was weak-
ened as the thickness of the meat increased, red-light
reached optical power meter partially even when the
thickness of the meat was 1.0 cm.

DISCUSSION

We previous reported NORD-1 combined with red-
light irradiation enhanced erectile function in intact
rats [13]. Thus, in this study, we investigated the effect
of NORD-1 treatment on erectile function in a rat mod-
el of cavernous nerve injury. Erectile function was sig-
nificantly decreased in the BCNI rat model compared
to the sham-operated rats. Therefore, the BCNI opera-
tion induced neurogenic ED. Erectile function did not
improve with NORD-1 injection, without red-light irra-
diation. However, the erectile function of the BCNI rat
model significantly improved to that of sham-operated

B
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+SiR650 +NORD-1  +SiR650 +NORD-1

Fig. 6. Evaluation of smooth muscle content in the corpus cavernosum. Representative images of the corpus cavernosum stained with alpha-
smooth muscle actin (a-SMA) in each group (A; scale bar: 200 um). The ratio of .-SMA area to the whole cavernosum area was evaluated (B).
Data are reported as meanzstandard deviation (n=6 per group). N.S. means not significant using Bonferroni’s multiple t-tests.
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rats with NORD-1 and irradiating red light. This indi-
cates that the combination of NORD-1 and red light is
effective for treating ED induced by BCNI. We evalu-
ated the systemic effect of this treatment by analyzing
the change in arterial pressure during electrostimu-
lation because NO induces vascular smooth muscle
relaxation, which sometimes results in hypotension. In
this study, NORD-1 and red-light irradiation localized
to the penis did not affect systemic arterial pressure,
implying that it may have no systemic effect. However,
this 1s limited under anesthesia. Therefore, further
studies should be performed to investigate whether the
combination of NORD-1 and red-light irradiation has
systemic effect under arousal.

In this study, the localization of NORD-1 after the
experiment was investigated. The result reveals that
NORD-1 was localized only in the corpus cavernosum
and reached the cavernosum smooth muscle. Impor-
tantly, NORD-1 was not detected in the urethra and
dorsal vein. These results indicate two things. First,
NORD-1, reaching the cavernosum smooth muscle, re-
leased NO by irradiating red light. Released NO is con-
sidered to activate sGC which increased cGMP levels
in cavernosum smooth muscle. Increased cGMP level
induced smooth muscle relaxation and thus, resulted
in the enhancement of erectile function. Second, it
may have a low risk of side effects induced by smooth
muscle relaxation in the urethra and dorsal vein, such
as urinary incontinence. However, as previously re-
ported, NORD-1 and red-light irradiation localized in
the urethra can cause smooth muscle relaxation [17].
This study did not investigate the effect of NORD-1
localized to the corpus cavernosum on urethral smooth
muscle. Therefore, further study should be conducted
to evaluate the possibility of urinary incontinence dur-
ing the treatment.

In this study, the smooth muscle content in the cor-
pus cavernosum was not different between four groups.
This result indicates that there might be no histological
difference between Sham+SiR650 and Sham+NORD-1
group, or BCNI+SiR650 and BCNI+NORD-1 group. In
addition, the smooth muscle content in the corpus cav-
ernosum in the BCNI rat model was not different from
sham-operated rats, although it has previously been
reported that the expression levels of a-SMA were
downregulated by cavernous nerve injury [18-20]. This
difference may be due to the method used for crush-
ing cavernous nerves. Chen et al achieved cavernous

916 www.wjmh.org
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nerve injury by crushing cavernous nerves with a sur-
gical clamp for 60 seconds [18]. Ouyang et al [19] and
Wu et al [20] crushed cavernous nerves of rats using
a hemostat clamp for 2 minute. On the other hand, in
this study, cavernous nerve injury was achieved by
crushing the cavernous nerve using a reverse action
tweezer for 1 minute. Thus, in this study, the dam-
age to the cavernous nerve is milder than previous
reports. It is considered that preserved smooth muscle
content in BCNI rat model may be one of the reasons
why the combination of NORD-1 and red-light irradia-
tion improved erectile function. However, it is unclear
whether the treatment is effective in a more severe rat
model of cavernous nerve injury.

In addition, we discuss about the efficacy of NORD-1
in a transected model rat. As indicated in Supplement
Fig. 2, ICP did not change from baseline during red-
light irradiation to penis without electrostimulation
of cavernous nerve. It may imply relaxation of only
corpus cavernosum is not enough to erect. In addition,
relaxation of arteries involved to erection is necessary
to induce erection. It is considered to be caused by cav-
ernous nerve stimulation. Therefore, it might be dif-
ficult for NORD-1 injection and red-light irradiation to
improve erectile function in the transected model.

In this study, the distribution of NORD-1 injected to
penis throughout the body was evaluated using penis
and kidney samples, given that kidney is one of the
organs with increased blood flow. As a result, NORD-
1 was detected in both corpus cavernosum and kidney
one hour after the injection. This indicates NORD-1
injected to penis may distribute throughout the body.
Therefore, further study should be conducted to inves-
tigate the effects of NORD-1 throughout the body.

It has been reported that longer wavelength light
has higher tissue permeability [12]. However, the soft
tissue permeability of red-light has not yet been inves-
tigated. Therefore, we investigated it using pork-shoul-
der meat. As a result, red-light penetrated the meat of
thickness 1.0 cm, although the illuminance was weak-
ened. This result may indicate red-light can penetrate
muscle tissues even if they have a considerable level of
thickness. In addition, smooth muscle in human penis
1s more abundant than that in rat penis [21]. Therefore,
it is expected that the treatment of NORD-1 and red-
light irradiation is effective not only in rats but also in
humans.

NORD-1 may have a risk of tissue damage because
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peroxynitrite, produced by the reaction between re-
leased NO and another free radical, interacts with lip-
1ds, DNA, and protein. These reactions trigger oxidative
injury, resulting in cell apoptosis [22]. Therefore, it is
necessary to evaluate negative effect of the treatment
in further study.

In this study, we could not measure NO concentra-
tions in corpus cavernosum. It is difficult to measure
NO because NO has short half-life [8]. It requires time
to extract penis samples after ICP measurement ex-
periment. Therefore, we should set another study to
measure NO concentration in vivo.

For further investigation of the effect of NORD-1
treatment, ICP was measured when red-light was ir-
radiated to penis in the middle of electrostimulation
of cavernous nerve. As a result, ICP increased during
red-light irradiation and returned to baseline when the
red-light irradiation was stopped. This indicates the
combination of NORD-1 injection and red-light irradia-
tion may not be used for sexual intercourse situation,
given that it is necessary to maintain erectile function
even after red-light irradiation has been stopped in
this situation. However, we propose that the NORD-1
injection and daily red-light irradiation will be expect-
ed to be applied for penile rehabilitation. Penile reha-
bilitation following RP involves using medicines and/or
devices to recover erectile function to pre-surgery level
[23]. The daily use of PDE-5 inhibitors has been widely
used for penile rehabilitation [24]. However, it has been
reported that no significant differences in erectile
function were noticed between nightly and on-demand
use of sildenafil in patients after RP [25]. Moreover,
the daily use of PDE-5 inhibitors commenced after RP
had no effect on drug-unassisted erectile function fol-
lowing the treatment [26,27]. In addition to these facts,
it has been reported that NO production in the corpus
cavernosum 1is decreased in patients with post-RP ED
[7]. Therefore, we suggest that NORD-1 and red-light
irradiation would be more effective than the current
treatment because it increases NO levels in the cor-
pus cavernosum. We conclude that the combination
of NORD-1 and red-light irradiation could be a new
standard treatment for penile rehabilitation. However,
this study revealed only the effect of on-demand use of
the treatment. Further studies should be conducted on
whether the daily use of the treatment is also effective
for ED-induced cavernous nerve injury.
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CONCLUSIONS

We conclude that NORD-1 combined with red-light
irradiation is effective for ED induced by BCNI. This
treatment could replace the current treatment for pa-
tients with post-RP ED.
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