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Abstract

Background: The central molecular mechanisms of nonorganic erectile dysfunction
remains unknown.

Objective: This study aimed to investigate the association of dopaminergic neurons
projecting to the nucleus accumbens of male rats with nonorganic erectile dysfunction.
Materials/methods: Nonorganic erectile dysfunction was induced by chronic mild
stress. The sucrose consumption test, sexual behavior test, and apomorphine test were
carried out to select depression-like rats with erectile dysfunction. These rats were
considered as nonorganic erectile dysfunction model rats. Dopamine D1/D2 recep-
tor agonist/antagonist was infused into the nucleus accumbens to observe the effect
on sexual behavior. Dopaminergic projections to the nucleus accumbens were labeled
with both the retrograde tracer FluoroGold injected into the nucleus accumbens and
tyrosine hydroxylase. The expression level of tyrosine hydroxylase in dopaminergic
neurons projecting to the nucleus accumbens in the ventral tegmental area was mea-
sured. The expression levels of dopamine D1/D2 receptors and tyrosine hydroxylase in
the nucleus accumbens were also measured.

Results: Nonorganic erectile dysfunction was proved by the sucrose consumption test,
sexual behavior test, and apomorphine test in model rats. After central infusion of the
dopamine D2 receptor agonist into the nucleus accumbens, the recovery of erectile
function, sexual arousal, and motivation were indicated by increased intromission ratio
and decreased mount latency. Decreased expression levels of dopamine D2 receptors
and tyrosine hydroxylase in the nucleus accumbens and decreased expression level of
tyrosine hydroxylase in the dopaminergic neurons projecting to the nucleus accum-
bens were observed in model rats.

Discussion: These results suggest the impairment of dopaminergic neurons projecting
to the nucleus accumbens and dopamine D2 signaling in the nucleus accumbens, caus-

ing the suppression of erectile function, sexual arousal, and motivation.
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1 | INTRODUCTION

Nonorganic erectile dysfunction (nED) (also known as psychogenic
erectile dysfunction (ED)) is a medical condition characterized by the
inability to achieve and/or maintain a penile erection sufficient for suc-
cessful vaginal intercourse predominantly or exclusively owing to psy-
chological or interpersonal conditions.>2 Forty-five percent of patients
with ED are affected by nED.® nED is common in young adults. The
incidence of nED is 13%-85.2% in adult patients under 40 years with
ED, while the incidence in patients older than 40 years with ED is
about 40%.* Although the prevalence of nED is high, the central mech-
anism of nED remains to be explored. Recently, neuroimaging stud-
ies have revealed both structural and functional alternations in nED
patients.”~” However, the molecular mechanisms of these alternations
are poorly understood because human brain tissue is not easily acces-
sible for research.

Based on animal experiments (mainly rats), central neurotransmit-
ters and neuropeptides (including dopamine, oxytocin, serotonin, exci-
tatory amino acids, nitric oxide, adrenocorticotropin, and opioid pep-
tides) that control penile erection have been discovered.® Among these
neurotransmitters and neuropeptides, dopamine is one of the most
important neurotransmitter system for sexual excitation.” Chronic
and acute stressors (such as immobilization, electric foot shocks, and
immersion in cold water) were used to develop nED animal mod-
els. After exposure to these stressors, decreased intromission ratio
(IR), increased mount latency (ML), and changes in hormone (such
as corticosterone, testosterone, beta-endorphin, and gonadotropin-
releasing hormone) levels in plasma was observed.1%11 Wang et al.12
induced nED in rats with prenatal immobilization and observed
decreased copulatory activity. During exposure to estrous female rats,
no significant changes in dopamine release in the nucleus accum-
bens (NAcc) were observed in prenatally stressed male rats. How-
ever, in nED animal models, research on central nerve system is rather
limited.

In our previous study, we developed a nED rat model based on
chronic mild stress (CMS).13 Our rat model exhibited similar symptoms
of nED to human nED patients. The changes of brain activity observed
by functional magnetic resonance imaging in this rat model was also
similar to human patients. Lower expression levels of tyrosine hydrox-
ylase (TH) and the dopamine D2 receptor in the basolateral amygdala
were observed. Central infusion of a dopamine D2 receptor agonist
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Conclusion: These results suggest that the impaired dopamine D2 receptor pathway in
the nucleus accumbens may be one of the main pathway involved in the development

of nonorganic erectile dysfunction in the present model.

dopamine D2 receptor, nonorganic erectile dysfunction, nucleus accumbens, rat model, ventral

into the basolateral amygdala partially restored the impaired erectile
function. These results suggested decreased activity of dopaminergic
neurons, that originate in the ventral tegmental area (VTA).2* Partial
recovery of erectile function after central infusion also suggested the
existence of other central mechanisms of nED. Therefore, we hypoth-
esized that other dopaminergic neurons (such as projections to the
NAcc) originating in the VTA was also impaired in this nED rat model.
As dopaminergic neurons projecting to the NAcc is involved in sex-
ual motivation.?> In this study, we aimed to investigate the dopamin-
ergic neurons projecting to the NAcc in a nED rat model. To achieve
this goal, we induced nED with CMS in rats as previously reported.¢
Then, the sexual behavior of the nED rats after central infusion of a
dopamine D1/D2 receptor agonist/antagonist was observed. The activ-
ity of dopaminergic neurons projecting to the NAcc and the expression
levels of dopamine D1/D2 receptors in the NAcc were also measured

innED rats.

2 | METHODS AND MATERIALS

2.1 | Subjects

Male Wistar rats (6-7 weeks, 180-220 g) and female Wistar rats (6-
7 weeks, 160-180 g) (Nanjing Medical University, Nanjing, China) were
caged at 22°C and humidity 40%-60%, with lights on from 08:00 to
20:00 h. The male rats were housed in groups of five at first. One
week later, they were housed as singles until the end of the exper-
iment. The female rats were housed in groups of five. Three weeks
later, the female rats were ovariectomized bilaterally under isoflurane
(Sigma-Aldrich, Inc., St. Louis, MO, USA) anesthesia. A subcutaneous
injection of 20 ug of estradiol benzoate (Aladdin Co., Shanghai, China,
dissolved in 0.2 ml of sesame oil) 52 h before the sexual behavior test
and 1 mg of progesterone (Aladdin Co., dissolved in 0.2 ml of sesame
oil) 4 h before the sexual behavior test were given to female rats to
induce artificial estrous. During the sexual behavior test, the female
rats showing no proceptive or receptive behavior were replaced by
different female rats. All animal experiments were conducted accord-
ing to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the Experimental Animals Wel-
fare and Ethics Committee of Nanjing Medical University, Nanjing,
China.
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FIGURE 1 Atimeline of nonorganic erectile dysfunction (hED) modeling adopted from Chen et al.13

2.2 | Male rat sexual behavior

The sexual behavior tests adopted from Agmo?” started 2 h after the
onset of darkness in a quiet and dimly lit room. After the habitua-
tion of a male rat for 10 min in the testing cage (60 x 40 x 30 cm
with sawdust bedding), a receptive female was placed in the test-
ing cage. Then, the rats were allowed to copulate for 30 min. Dur-
ing copulation the following parameters were recorded: ML, the
latency to the first mount; intromission (vaginal penetration) latency
(IL), the latency to the first intromission; mount frequency (MF), the
number of mounts until the first ejaculation; intromission frequency
(IF), the number of intromissions until the first ejaculation; and IR
(IR = IF/(MF + IF)). The male sexual behavior test began when the
male rats reached 10 weeks. Any male showing no mount or intro-
mission throughout the whole experiment was excluded from the
experiment.

2.3 | nED modeling
The nED modeling procedure described by Chen et al.!® is shown
in Figure 1. CMS adapted from Wiborg!® (shown in Table 1) was
used to induce ED in male rats. The sucrose consumption test'8 was
used to assess the hedonic state. After food and water deprivation
for 14 h, the rats were exposed to 1.5% sucrose solution (in bot-
tles) for 1 h. The sucrose consumption test value was defined as the
weight of the consumed sucrose solution. The sucrose consumption
test was conducted twice per week during the first 5 weeks and
once per week during CMS exposure. The mean of the last three
tests before CMS exposure was considered the baseline value of each
rat.

The apomorphine (Medchemexpress, Shanghai, China) test was
used to assess erectile function.'? After 10 min of habituation in a test

cage (40 x 25 x 20 cm stainless cage) in a quiet observation room, the

TABLE 1 Stress protocol

Day Evening

Monday Intermittent No stress
illumination
Tuesday Water deprivation Cage tilting
Wednesday Strobe Wetting
Thursday No stress Food and water
deprivation

Friday No noise test Grouping
Saturday Food deprivation Cage tilting
Sunday Cage tilting Wetting

Note: Intermittent illumination: light on/off every 2 h; cage tilting: 45°;
strobe: stroboscopic lightning (5 Hz); wetting: wetting the bedding by pour-
ing water into the cage; grouping: pairing rats with unfamiliar partners.

rat was injected with apomorphine (100 ug/kg) subcutaneously on the
back of the neck. A digital camera underneath the test cage recorded
erections for 30 min.

Before CMS exposure, the apomorphine test was conducted three
times. Any rat showing no erection in any of these apomorphine tests
was excluded from the experiment. Then, based on baseline sucrose
consumption test values, the rats were divided into two matched
groups (control group: n = 20, CMS group: n = 70). The CMS group
was exposed to CMS for 6 weeks. After 6 weeks of CMS, the rats
with sucrose consumption test value lower than 70% of baseline were
regarded as depression-like rats. Rats with a low IR (<0.5) that showed
no erection in any of the three apomorphine tests after 6 weeks of
CMS were regarded as rats with ED. Depression-like rats with ED were
considered as nED rats (nED group) and divided into seven matched
groups for immunofluorescence analysis (two groups: nED-IF group,
for immunofluorescence analysis; nED-IFG group, central infused of
FluoroGold for immunofluorescence analysis) or central infusion of dif-
ferent drugs (five groups: nED-vehicle, nED-D1+, nED-D1-, nED-D2+,
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and nED-D2- groups) according to the IR. According to the IR, rats in
control group were divided into two matched groups: Con-IF group (for
immunofluorescence analysis) and Con-IFG group (central infused of
FluoroGold for immunofluorescence analysis).

2.4 | Surgery

Before central drug infusion, nED-vehicle, nED-D1+, nED-D1-, nED-
D2+, nED-D2-, nED-IFG, and Con-IFG groups were anesthetized by
intraperitoneal injection of ketamine (75 mg/kg, Merck KGaA, Darm-
stadt, Germany) and xylazine (10 mg/kg, Merck KGaA). The subjects
were fixed in a stereotaxic frame (1404, Kopf Instruments, Tujunga,
USA). Twenty-six gauge stainless steel guide cannulas (PlasticsOne,
Roanoke, VA, USA) were implanted bilaterally 1 mm above the NAcc
(1.6 mm anterior, +0.7 mm lateral, and 2.0 mm ventral to dura).2°
Acrylic resin and dental cement were used to secure the cannulas to
the skull. In order to prevent clogging, each guide cannula was sealed

with a stainless steel wire.

2.5 | The effect of drugs into the NAcc on sexual
behavior

Five days after surgery, sexual behavior before and after central infu-
sion was tested in nED-vehicle, nED-D1+, nED-D1-, nED-D2+, nED-
D2-, nED-IFG, and Con-IFG groups. All drugs were dissolved in vehi-
cle (saline), and 0.5 ul was injected in either side. The following drugs
were used for the different groups: the dopamine D1-like receptor
agonist D1+ SKF82957 (0.5 ug/0.5 ul/side, Merck KGaA) (nED-D1+
group, n = 9), the dopamine D1-like receptor antagonist SCH23390
(1 1g/0.5 ul/side, Merck KGaA) (nED-D1- group, n = 9), the dopamine
D2-like receptor agonist quinpirole (0.5 ug/0.5 ul/side, Merck KGaA)
(nED-D2+ group, n = 9), the dopamine D2-like receptor antagonist
raclopride (2.5 ug/0.5 ul/side, Merck KGaA) (nED-D2- group, n = 8),
vehicle (nED-vehicle group, n = 8), and FluoroGold (10 ug/0.5 ul/side,
Abcam, Cambridge, MA, USA) (nED-IFG group, n = 9 and Con-IFG
group, n = 10). The doses were adopted from previous research on
NAcc.22-25 The infusions were carried out 15 min before the sex-
ual behavior test. The stainless steel wire in the guide cannula was
removed before infusion. Then the drug or vehicle was infused bilat-
erally over a period of 2 min with injectors (33 gauge, PlasticsOne)
extended 1 mm beyond the tips of the guide cannula. These injec-
tor cannulas were connected by polyethylene tubing to 1-ul Hamil-
ton syringes. The injectors were left in the injection site for 1 min.
Then they were replaced by a stainless steel wire after the infu-
sion. Note that 0.5 ul of 2% Evans Blue was infused bilaterally into
the NAcc over a period of 30 s in nED-vehicle, nED-D1+, nED-D1-
, NED-D2+, and nED-D2- groups after the sexual behavior test. Five
days after infusion, 0.5 ul of 2% Evans Blue was infused bilater-
ally into the NAcc over a period of 30 s in nED-IFG and Con-IFG

groups.
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2.6 | Histology

Five days after infusion, rats from the Con-IF, Con-IFG, nED-IF, and
nED-IFG groups were selected for immunofluorescence. All rats were
deeply anesthetized with isoflurane and perfused intracardially with
200 ml of saline and 500 ml of 4% paraformaldehyde (pH = 7.2-
7.4). The brains were removed and stored in 4% paraformaldehyde.
The whole NAcc (bregma levels 0.48-2.7 mm, Con-IF and nED-IF
groups) and VTA (bregma levels -6.8 to -4.8 mm, Con-IFG and nED-
IFG groups) were acquired on a vibratome in the coronal plane.2¢
Ethanol and xylene were used to dehydrated tissue slices. Then, tis-
sue slices were embedded in paraffin. The tissues were incubated with
rabbit anti-TH (dilution 1:200, Abcam), rabbit anti-dopamine D1 recep-
tor (D1R, dilution 1:100, Abcam), or rabbit anti-dopamine D2 recep-
tor (D2R, dilution 1:200, Proteintech, Rosemont, IL, USA) antibodies
at 4°C overnight after they were blocked with 5% bovine serum albu-
min for 30 min. Then, the tissues were incubated with CY3/fluorescein-
conjugated goat anti-rabbit secondary antibody (dilution 1:300, Jack-
son, Bar Harbor, ME, USA) for 1 h at room temperature. 4,6-Diamidino-
2-phenylindole was used for nucleus staining. Images of the whole
brain were acquired by a fluorescence scanner (Pannoramic MIDI, 3D
HISTECH, Budapest, Hungary). NAcc and VTA were located according
to stereotaxic coordinates.2® FluoroGold labeling was detected with a
Zeiss LSM880 confocal microscope (Zeiss USA, Thornwood, NY, USA).
The whole NAcc/VTA in each section (five sections from each subject)
was analyzed. The cell bodies of dopaminergic projections to the NAcc
were located in the VTA while the axons were located in the NAcc.”2*
Therefore, for statistical analysis of the TH content in Con-IF and nED-
IF groups, the percentage of TH-positive area (the sum of five sec-
tions for each rat, in pixels) in the whole NAcc (the sum of five sec-
tions for each rat, in pixels) was calculated. For statistical analysis of
the D1R/D2R content in Con-IF and nED-IF groups, the percentage
of D1R/D2R-positive cells (the sum of five sections for each rat)/total
cells (the sum of five sections for each rat) in the whole NAcc was cal-
culated. Dopaminergic projections to the NAcc were labeled with both
the retrograde tracer FluoroGold injected into the NAcc and TH. For
statistical analysis of the TH content in Con-IFG and nED-IFG groups,
the percentage of cells labeled by both TH and FluoroGold (the sum of
five sections for each rat)/total cells (the sum of five sections for each
rat) in the whole VTA was calculated. The microinjection sites were
located according to stereotaxic coordinates by tissue slices that were

embedded in paraffin (shown in Figure 2B).

2.7 | Statistical analysis

Mann-Whitney U-test was used to analyze sexual behavior data after
CMS in control and CMS group to compare differences between the
groups. Kruskal-Wallis test was used to analyze sexual behavior data
after central infusion in all groups to compare differences among the
groups. Student’s t-test was used to analyze the immunofluorescence

data to compare differences between the groups. Data were presented
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FIGURE 2 (A) Intromission ratios from the control group for
immunofluorescence analysis (Con-1F), nonorganic erectile
dysfunction (nED)-vehicle, nED-D1+, nED-D1-, nED-D2+, and
nED-D2- groups after central infusion. “p < 0.05; "p < 0.005 different
from the nED-vehicle group (Con-IF group was not included in the
comparison). Whiskers: maximum and minimum. (B) Schematic
representation of the rat brain showing the position of the tip of the
cannula (filled circles) for drugs into the nucleus accumbens (NAcc)

as the mean + standard error of mean (SEM). p < 0.05 was considered
to be significant. Data were analyzed by spss 19 (SPSS Inc., Chicago, IL,
USA).

3 | RESULTS

3.1 | nED modeling

Sucrose consumption test values decreased in the CMS group after
6 weeks of exposure to CMS. The rats with sucrose consumption
test value lower than 70% of baseline were regarded as depression-
like rats. After 6 weeks of exposure to CMS, no rats exhibited erec-
tions during the apomorphine test. Depression-like rats with a low IR
(<0.5) that showed no erection in any of the three apomorphine tests
after 6 weeks of CMS were assigned to the nED group (n = 60). ML
(p<0.005) and IL (p < 0.005) were longer in nED group than the control
group (shownin Table 2). MF (p < 0.05), IF (p < 0.005), and IR (p < 0.005)

were lower in nED group than the control group (shown in Table 2).
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TABLE 2 Sexual behavior after 6 weeks of exposure to chronic
mild stress (CMS) (data from control and nonorganic erectile
dysfunction (nED) group)

Control group nED group

ML (s) 420 + 2.3 246.5 + 29.7
IL (s) 442 + 2.3 316.3 + 30.3""
MF 16.1 + 1.7 124 + 0.7*

IF 249 + 2.1 84 + 0.5
IR 0.611 + 0.014 0.398 + 0.006"*

Note:The data are presented as the mean + standard error of mean (SEM).
Abbreviations: | E jntromission frequency; IL, intromission latency; IR, intromis-
sion ratio; MF, mount frequency; ML, mount latency.

*p <0.05.

**p < 0.005 different from the controls.

3.2 | The effect of dopamine on sexual behavior
Sexual behavior was tested before and after central drug infusion.
Three of the 62 rats were excluded from analysis because of inaccurate
cannula placement or equipment failure. Comparing to sexual behavior
before surgery, no significant change in any parameters were observed
after surgery. Comparing to sexual behavior before central infusion,
no significant differences were observed after central infusion of the
vehicle (data not shown). These results indicated that surgery or cen-
tral infusion of the vehicle does not affect sexual behavior. After cen-
tral infusion of the dopamine D1/D2 receptor agonist/antagonist, a few
sexual parameters changed (shown in Table 3 and Figure 2A). After cen-
tral infusion, ML was shorter (p < 0.05) and IR (p < 0.05) was higher
in nED-D2+ group than nED-vehicle group. MF (p < 0.005) and IF
(p < 0.05) were lower in nED-D2- group than nED-vehicle group after
central infusion.

3.3 | Dopaminergic neurons and dopamine
receptors in the VTA and NAcc

The TH content in the NAcc was lower in the nED rats (nED-IF) than
in the control rats (Con-IF) (p < 0.005; Figures 3 and 4). No significant
difference was observed in the D1R content in the NAcc between the
nED-IF and Con-IF groups (p > 0.05). The D2R content in the NAcc
was lower in the nED-IF group than in the Con-IF group (p < 0.005;
Figures 3 and 4). The percentage of both TH- and FluoroGold-positive
cellsin the VTA was lower in the nED rats (nED-IFG) than in the control
rats (Con-IFG) (p < 0.05; Figures 5 and 6).

4 | DISCUSSION

In this study, CMS was used to induce nED. Depression-like behavior
was suggested by decreased values in the sucrose consumption test.
Impaired erectile function was suggested by the decrease in the IR

and failure in the apomorphine test. Depression-like male rats with
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TABLE 3 Effects of central drug infusion on sexual behavior (after central drug infusion)
Con-IF nED-vehicle nED-D1+ nED-D1- nED-D2+ nED-D2-
ML (s) 403 + 2.1 239.9 + 684 226.5 + 84.3 2493 + 72.2 52.9 + 8.7* 378.9 + 60.8
IL (s) 425 + 2.0 3034 + 78.8 312.6 + 86.8 3194 + 76.3 67.8 + 10.3 478.1 + 56.7
MF 164 + 1.6 139 + 1.3 121+ 14 111+ 0.8 148 + 1.6 8.1+ 03"
IF 254 + 3.0 9.5+ 10 94 + 1.6 77 + 11 213 + 15 30 + 0.3*
IR 0.610 + 0.014 0.403 + 0.016 0.426 + 0.018 0.393 + 0.024 0.595 + 0.018* 0.266 + 0.012

Note: The data are presented as the mean + standard error of mean (SEM).
Abbreviations: Con-IF, control group for immunofluorescence analysis; IF, intromission frequency; IL, intromission latency; IR, intromission ratio; nED, nonor-
ganic erectile dysfunction; MF, mount frequency; ML, mount latency.

*p < 0.05.

**p < 0.005 different from nED-vehicle group (control group was not included in the comparison).

(GY) (=)

FIGURE 3 The expression level of tyrosine hydroxylase (TH), dopamine D1 receptor (D1R), and dopamine D2 receptor (D2R) in the nucleus
accumbens (NAcc). Representative immunofluorescence staining of TH-positive axons ((A) control group for immunofluorescence analysis
(Con-IF), (B) nonorganic erectile dysfunction for immunofluorescence analysis (nED-IF)), D1R-positive neurons ((C) Con-IF, (D) nED-IF), and
D2R-positive neurons ((E) Con-IF, (F) nED-IF) (indicated by arrows). Scale bar indicates 50 um
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FIGURE 4 Semi-quantification results of tyrosine hydroxylase
(TH), dopamine D1 receptor (D1R), and dopamine D2 receptor (D2R)
expression levels. The percentage of TH-positive area in the whole
nucleus accumbens (NAcc) area (in pixels) was calculated. For the D1R
or D2R content analysis, the percentage of positive cells/total cells
was calculated. Expression levels are presented as fold-changes
relative to those of the control group for immunofluorescence analysis
(Con-IF). Whiskers: maximum and minimum. 'p < 0.05; ~p < 0.005
different from the Con-IF group

impaired erectile function were considered as nED rats. The role of
dopamine signaling within the NAcc in the development of nED in this
model was investigated by central drug infusion and histology.

The nED rats in this study exhibited increased ML and IL, indicating
suppression of sexual arousal and motivation. The decrease of IF and IR
indicated impaired erectile function,'”27-28 which was also proved by
apomorphine test. The suppression of erectile function, sexual arousal,
and motivation is similar to the symptoms of human nED patients.’ The
impaired erectile function following the induction of depression-like
behavior was similar to the etiology of human nED patients, as depres-
sion was one of the major psychiatric factors of nED.242? With similar-
ities in symptoms and etiology, the nED model in our study had good
face validity.3°

Dopamine agonists such as apomorphine have been reported to be
effective for nED treatment, indicating the impairment of dopamine
signaling in nED patients.3! However, the lack of effect on desire and
the side effect such as emesis remains to be problems.3%33 Therefore,
the specific site and subtype of dopamine signaling involved in the
development of nED can favor the treatment of nED. Neuroanatomy
and neurochemical studies have found that, in the paraventricular
nucleus of the hypothalamus, oxytocin modulate erectile responses
through oxytocinergic neurons projecting to extra-hypothalamic brain
areas (including the VTA) and the spinal cord.?43> Oxytocin released
in the VTA activates dopaminergic projections to the NAcc, leading to
an increase of extra-cellular dopamine concentration in the NAcc.1>2>
Dopamine released in the NAcc in turn activates neural pathways that
lead to the activation of incerto-hypothalamic dopaminergic neurons
projecting to the paraventricular nucleus. Then, incerto-hypothalamic
dopaminergic neurons stimulate paraventricular oxytocinergic neu-
rons projecting to the spinal cord which mediates penile erection.82°
In line with this mechanism, oxytocin antagonist injected into the VTA
before oxytocin, abolished the increase in extra-cellular dopamine con-

centration in the NAcc and penile erection induced by oxytocin.3¢
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FIGURE 5 The expression level of tyrosine hydroxylase (TH) in
FluoroGold-labeled cells in the ventral tegmental area (VTA).
Dopaminergic projections to the nucleus accumbens (NAcc) were
labeled with both the retrograde tracer FluoroGold injected into the
NAcc and TH. Representative immunofluorescence staining of
FluoroGold-positive neurons ((A) control group for central infused of
FluoroGold for immunofluorescence analysis (Con-IFG), (B)
nonorganic erectile dysfunction for immunofluorescence analysis
(nED-IFG)), TH-positive neurons ((C) Con-IFG, (D) nED-IFG), and
FluoroGold + TH-positive neurons ((E) Con-IFG, (F) nED-IFG)
(indicated by arrows). Scale bar indicates 20 um

Dopamine D2 receptor antagonist which was injected into the shell of
the NAcc reduced penile erection induced by oxytocin injected into the
VTA.2> These findings suggested the important role of dopaminergic
projections to the NAcc and dopamine D2 signaling in the NAcc in the
process of penile erection. Additionally, mesolimbic dopaminergic neu-
rons (including dopaminergic projections to the NAcc) play a key role
in the motivational and rewarding properties of stimuli, such as food,
water, and sexual activity.22 Particularly, dopamine released from these
neurons is thought to mediate motivational aspect of sexual activity to
reach reward and satisfaction.®”

In the present study, the expression level of TH in dopaminergic
projections to the NAcc (labeled with both TH and the retrograde

tracer FluoroGold injected into the NAcc) in the VTA was lower in
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nED rats than control. In the NAcc, the expression levels of TH and
D2R was lower in nED rats than control. These results suggest the
impairment of dopamine release system and D2R signaling in the NAcc.
The suppression of sexual arousal and motivation observed in sexual
behavior test in nED rats also suggests the impairment of mesolim-
bic dopaminergic neurons (including dopaminergic projections to the
NAcc). These results are consistent with previous study reporting
decreased dopamine release in the NAcc in response to motivational
stimuli in rats exposed to CMS than control rats.®8 After central infu-
sion of the D2R agonist, the decrease of ML suggests recovery of sex-
ual arousal and motivation while the increase of IR indicates recovery
of erectile function. After central infusion of the D2R antagonist, the
decrease of MF and IF indicates further impairment of erectile func-
tion. Particularly, IR after central infusion of the D2R agonist was close
to health control, indicating a nearly total recovery of erectile function.
These results suggest that D2R pathway in the NAcc may be the main
pathway involved in the development of nED in the present model.
Dopaminerelease decreased in the NAcc and D2R pathway in the NAcc

was inhibited in nED rats, causing the suppression of sexual arousal

=

(A)
1.0-

Expression level in VTA
(each group/Con-IFG group)

0.0

CondFG  nED-IFG

Bregma -5.2 mm

FIGURE 6 (A) Semi-quantification results of tyrosine hydroxylase
(TH) expression levels in FluoroGold-labeled cells in the ventral
tegmental area (VTA). The percentage of FluoroGold + TH-positive
cells/total cells was calculated. Expression levels are presented as
fold-changes relative to those of the control group for central infused
of FluoroGold for immunofluorescence analysis (Con-IFG). Whiskers:
maximum and minimum. "p < 0.05; "'p < 0.005 different from the
Con-IFG group. (B) Schematic representation of the rat brain showing
the position of the VTA (indicated by an arrow)
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and motivation. At the same time, neural pathways that lead to the
activation of incerto-hypothalamic dopaminergic neurons projecting
to the paraventricular nucleus were also inhibited, reducing dopamine
released in the paraventricular nucleus. Eventually, the activity of par-
aventricular oxytocinergic neurons projecting to the spinal cord was
down regulated, which lead to ED.

Previous study on nED rat model also reported lower expression
levels of TH and D2R in the basolateral amygdala. Central infusion of
a dopamine D2 receptor agonist into the basolateral amygdala par-
tially restored IR in nED model rats.'3 Combining these two studies,
our results suggest dopaminergic neurons originating in the VTA and
projecting to the NAcc and basolateral amygdala are impaired in nED
rats. Additionally, D2R pathways in the NAcc and basolateral amygdala
was inhibited in nED rats. The dysfunction of these dopamine pathways
contribute to the development of nED from erection, sexual arousal,
motivation, and information processing and transmission aspect.3?40

The present study had the following limitations. Before central
infusion, nED rats were divided into different matched groups accord-
ing to IR. However, other sexual behavior parameters such as ML,
IL, and IF varied among groups although no significant difference
was observed between groups before central infusion. This may
lead to the absence of statistical changes in these sexual behavior
parameters after central infusion. Further research on groups divided
according to other sexual behavior parameters should promote a
better understanding of development of nED. In our experiment, there
were some rats showed IR > 0.5 despite absence of erection during
apomorphine test after 6 weeks of exposure to CMS. Actually, during
the CMS exposure, the failure of apomorphine test occurred before
the decrease of IR. Erection during apomorphine test require normal
function of central dopamine pathway which was impaired in the
present nED rat model.? We thought normal IR in some rats may be
supported by the compensation of other central pathways such as
oxytocin and excitatory amino acids. Further studies on other central
pathways may provide a better understanding of central mechanisms
nED.

5 | CONCLUSION

To summarize, we induced nonorganic erectile dysfunction in rats with
chronic mild stress and observed decreased expression levels of tyro-
sine hydroxylase and dopamine D2 receptor in the nucleus accumbens
and decreased expression level of tyrosine hydroxylase in the dopamin-
ergic neurons projecting to the nucleus accumbens. After central infu-
sion of the dopamine D2 receptor agonist into the nucleus accum-
bens, the recovery of erectile function, sexual arousal, and motiva-
tion were observed. Our results suggest that the impaired dopamine
D2 receptor pathway in the nucleus accumbens may be one of the
main pathway involved in the development of nonorganic erectile dys-
function in the present model. Dopamine D2 receptor agonist can
recover the impaired erectile function, sexual arousal, and motivation
in the present nonorganic erectile dysfunction model. The impaired

dopamine D2 receptor pathway in the nucleus accumbens should be
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helpful for further research on the central mechanism and treatment
of nonorganic erectile dysfunction.
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