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Abstract
Aim: (1) Simulating vaginal delivery and menopause to establish a mouse model of PGAD; (2) screen out a set of detection methods for
quantifying and evaluating mouse sexual function; (3) further explore the relationship and possible mechanism of vaginal microvascular injury
and PGAD.

Methods: Animal study about established a PGAD mouse model with vaginal dilation and ovariectomized, and ligated vaginal microvascular to
compared effects of blood �ow on sexual behavior with sham. Animals: C57/B6J mice. Intervention: 8-week-old post-childbirth mice were
vaginal dilation and ovariectomy and reared for 1 or 2 months. In addition, ligated microvascular around the vagina to build a vaginal ischemia
model.

Main Outcome Measures: Video cameras continuously recorded the mice's sexual behavior, vaginal temperature and lubricating were observed
by thermometer and water absorption test paper, vagina surface tension was observed by multi-channel physiological recorder. Various stains
were used to observe the vaginal morphology, blood vessels, nerves, muscles and �bers of vaginal tissue.

Results: (1) Different modeling methods and time will cause atrophy in the vagina and uterus in different groups (F=169.4, p<0.01; F=114.3,
p<0.01), among which VD2H has less effect, while OVX and VD4H have more. The in�uence of the two methods combination makes the
atrophy more obvious. (2) Vaginal dilation had no signi�cant effect on E2, T and DA (F=147.6, p>0.05), but the contents of these three
hormones decreased after ovariectomy (F=480.9, p<0.01). (3) Except for VD2H, the acceptance of sexual response in other groups were
decreased (F=58.4, p<0.01), the aggressive was increased (F=121.1, p<0.01), and the lordosis were also decreased (F=67.9, p<0.01). Besides,
the vaginal lubrication and vaginal contractions were decreased (F=61.3, p<0.01), but the vaginal temperature did not change signi�cantly in
each group (F=38.4, p>0.05). (4) Different modeling methods caused different damage and atrophy in the vaginal tissue, which showed that
the thickness of epithelial and muscle layer was reduced, the �brosis was deepened, the content of muscle, nerve �bers and glycogen were
reduced. The above phenomenon was most obvious in the OVX&VD4H group, and the VD2H group was the least. Compared with 1 month, the
vaginal tissue had restored at 2 months in most groups. (5) Ovariectomy and vaginal dilation both decreased the number of vaginal
microvascular (F=5.4, p<0.05), and the contents of VEGF and MMP-9 decreased (F=367.9, p<0.01; F=121.3, p<0.01), particularly, VD4H
decreased more than VD2H (F=117.3, p<0.01), OVX&VD4H was more than OVX&VD2H (F=413.3, p<0.01), and in 2 months, their levels all
increased to varying degrees. (6) Vaginal atrophy occurred after blood �ow occlusion, manifested as uniform atrophy of the entire vaginal
thickness and aggravated �brosis. The weights of vagina and uterus were both lower than sham group (F=13.7, p<0.01; F= 12.1, p<0.01), the
estrous cycle was disturbed, and these manifestations were more obvious in bilateral blood �ow occlusion than unilateral occlusion. (7) The
number of microvascular in the vaginal tissue were decreased after blood �ow occlusion (F=16.4, p<0.01), and the contents of VEGF and MMP-
9 also decreased (F=669.1, p<0.01; F=793.1, p<0.01), in which bilateral blockade was more obvious than unilateral blockade. After WB
experiment, it was found that the contents of VEGF and ERK decreased after blood �ow blockade, and the decrease in bilateral blockade group
was more than that in unilateral blockade group.

Conclusion: By simulating different modeling methods and time, we believe that a stable and novel PGAD mouse model can be established
after ovariectomy combined with vaginal dilation for 2 hours (OVX&VD2H) and rearing for 1 month. In addition, through a large number of
experiments, we screened that sexual behavior, vaginal lubricating, vagina surface tension can be used to detect sexual function in mice
objectively and accurately, but vaginal temperature not suitable for the detection of mouse sexual function. Finally, we further veri�ed that
microvascular injury can signi�cantly appeared in the model, and the VEGF-ERK signaling pathway is a possible mechanism involved in
microvascular injury.

Introduction
Persistent genital arousal disorder (PGAD), a condition of unwanted, unremitting sensations of genital arousal, is associated with a signi�cant,
negative psychosocial impact that may include emotional lability, catastrophizing, and suicidal ideation1. Although PGAD is not an pressing
disease, it will bring extreme discomfort to the patient, and will seriously threaten the sexual health, even 10.4% of patients will be
accompanied by these symptoms lifelong2. Previous studies generally believed that PGAD may only be a mental and psychological disease
without genital damage3, but with the deepening of research, we found that central and peripheral neuropathy, vascular damage, abnormal sex
hormones, and the related lesions caused by end-sex-organ damage are all involved in the occurrence of PGAD, especially, the events related to
vaginal vascular damage may be the most relevant one4–9. However, the current research on the role of blood �ow in PGAD is analogous to the
mechanism of male penile erection10,11, the relationship between blood �ow and PGAD is currently unclear, so we speculate whether the
vaginal microvascular damage caused the occurrence of PGAD, or the PGAD affects vaginal blood perfusion, these requires us to further
explore.
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Animal models are important tools in medical research. Female sexual response is a complex process, which involving various mechanisms
such as blood vessels, nerves, endocrine and psychological12,13. Previous researchers have established many PGAD models through
continuous exploration, such as behavioral models of sexual desire and motivation, sexual arousal models, orgasm models(genital strip organ
bath) and even cell model(genital smooth muscle cell culture)14–16. These models are all for a single type of sexual disorder, which lack of
integrity and comprehensiveness, cannot represent the actual clinical manifestations of PGAD. In previous clinical practice, we found that the
decline of sex hormones and vaginal damage during childbirth are closely related to the PGAD17–21. Therefore, if an animal model can be
established to simulate vaginal injury during childbirth and menopause, it will be the closest to the pathophysiology and clinical characteristics
of PGAD. In addition, the above models also lack a set of objective and novel detection methods to evaluate sexual dysfunction, based on
these reasons, establishing a reliable animal model and screening out the comprehensively detection indicators that can evaluate the
characteristics of sexual response is a scienti�c problem that needs to be studied urgently.

To summarize, the aim of the present work was to establish a comprehensive female mice model of PGAD by vaginal dilation and
ovariectomized, and further to screen out a comprehensively detection methods for quantifying and evaluating mouse sexual function.
Besides, we also intended to investigate the relationship and possible mechanism of vaginal microvascular injury and PGAD.

Materials And Methods
The experiment is divided into two parts. As shown in Fig. 1, in the �rst place, we established a novel PGAD mouse model through vaginal
dilation and ovariectomized. Then, screened out objective indicators for quantifying mouse sexual behavior and other parameters through a
variety of detection methods. Finally, we used this novel model to verify the causal relationship between microvascular injury and PGAD.

Animal recruitment

Experiments were conducted in 118 gravid female C57BL6J mice (Laboratory Animal Center of Ningxia Medical University, Yinchuan, Ningxia,
China) weighing 8 weeks old. All mice were randomized the day after giving birth to sham (sham operation), VD2H (vaginal dilation for 2
hours), VD4H (vaginal dilation for 4 hours), OVX (ovariectomy), OVX& VD2H (Vaginal dilation administered at 2 hours following ovariectomy),
OVX&&VD4H (Vaginal dilation administered at 4 hours following ovariectomy). The above groupings have 1-month and 2-month time
gradients.

This study was reviewed by the Ethical Review Committee of Ningxia Medical University (IACUC-NYLAC-2021-052). All experiments were
performed in accordance with relevant Laboratory Animal Welfare and Ethics guidelines and regulations. And we con�rmed that complied with
the ARRIVE guidelines.

Methods and materials used.

Ovariectomized: Made a 2cm incision above the pubic symphysis to expose the uterine horns, �nd the ovaries along both sides of the uterus,
ligated the ovarian arteries and removed the ovaries. Vaginal dilation: Used 8Fr urinary catheter (Zhanjiang Shida Industrial Co., Ltd.,
Guangdong Province, China), applied lubricant and inserted it into the vagina, injected 0.6ml warm saline into the water bladder, the urinary
catheter is sutured to the vaginal opening with 4 − 0 sutures, and a 30 g weight is suspended from the end of the catheter to hold the catheter
under tension (in order to allow the bladder to fully expand the vaginal tissue and not get stuck on the pubic symphysis). Changes before and
after vaginal dilation are shown in Supplementary Fig. 1A-C. Vascular occlusion: As indicated by Supplementary Fig. 2, we isolated the blood
vessels on both sides of the vagina, and then used high frequency electro tome to divide these vessels into unilateral and bilateral severing.

Sexual behavior and other related sexual responses measured

In this part of the experiment, we refer to the method of Snoeren E and Hernández-Munive A.22,23. The process of sexual behavioral analysis
can be stated with two conditions to made mice sexually aroused: One with intraperitoneal hormone therapy (24 hours before the test, 3 mg per
mouse of estradiol benzoate subcutaneously; followed by progesterone, 1 mg per mouse subcutaneously, 4 hours before the test), and second
with nerve stimulation. After then testing sniff in the �rst 5 minutes, receptive behavior (called lordosis, which refers to the dorsi�exion of the
spinal cord), preceptive behaviors (hopping, darting, and ear wiggling) and aggressive behaviors (boxing, bites and lateral postures) in 30
minutes. In addition, we also recorded the return latencies, de�ned as the time the female needs to return to the male’s chamber after an exit,
and the time that the female spends in the male’s compartment. All tests were conducted between 1:00 PM and 5:30 PM during the dark cycle
in a glass box (80×60×60cm) that had a door and black covering cloth. Attach a remote-controlled camera to the side wall of the cage, and
after 5 minutes, place an 8-week-old male C57BL6J mouse with normal sexual function.

Vaginal lubrication test
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In this part, we innovatively used our own absorbent paper (0.3*1.0cm) to directly observe the changes in the degree of vaginal lubrication
(Supplementary Fig. 1F). Cut the scaled absorbent paper into 0.3cm*1cm lengths, inserted into the same depth at the proximal end of the
vagina, and the mice were arti�cially sexually aroused by stimulating the vaginal branch of the pelvic nerve (Supplementary Fig. 2), each
stimulation was 10 seconds, and the interval was 1 minute, observe for 10 minutes.

Vaginal temperature test

The room temperature was always kept at 36.0°C, an electronic thermometer (unit: 0.1°C) was inserted into the vagina, the mice were sexually
aroused by stimulating the vaginal branch of the pelvic nerve, and the reading was waited for 1 minute (Supplementary Fig. 1E). After three
consecutive measurements, the average value was taken as the temperature of the vagina when the mice were sexually aroused.

Vaginal surface tension

Use the MD3000 biological information acquisition system (Beijing Zhimo Duobao Biotechnology Co., Ltd. China) to detect the surface tension
of the vagina, give electrical stimulation with the corresponding pulse width, frequency, and energy (The stimulator voltage was 6V, the pulse
interval was 0.8ms, the stimulation duration was 30s, the stimulation frequency was 10 Hz, and the stimulation interval was 5 minutes), and
slowly place the vaginal recording electrode in the center of the mouse channel, adjust the electrode position to make the metal probe close to
the vaginal wall, to stimulated the vaginal branch of the pelvic nerve and observe changes in vaginal surface tension.

Vaginal morphology

We use different staining, including H&E staining, Masson staining, Glycogen dyeing, Glycine silver staining and transmission electron
microscopy to observe the effect of vaginal dilation and ovariectomy on vaginal morphology.

Immunological staining

Immunological chemical analysis: The dehydrated tissue was �rst subjected to antigen retrieval (boiled with 0.01mol/L sodium citrate buffer
for 15min in a microwave oven), and incubated with 0.3% Triton-x 100 for 15min. The serum working solution was blocked at room
temperature for 1 hour, and the antibody CD31(1:200, Abcam, USA), VEGF-A (1:200, Abcam, USA), MMP-9(1:500, Cell Signaling, Beverly, MA,
USA) was added dropwise, overnight at 4°C; on the second day, rewarmed for 30-60min, added Rabbit anti-mouse IgG/HRP (Beijing Zhongshan
Golden Bridge Biotechnology Co., Ltd., China), incubated at 37°C for 30min, and then incubated with DAB developer solution.
Immuno�uorescence: Except that the secondary antibody uses Goat Anti-Rabbit IgG H&L, other experimental methods and reagents are similar
to immunological chemical analysis.

Enzyme-linked immunosorbent assay (ELISA)

Blood was drawn from the heart, centrifuged at 12000 r/min for 10 min, serum was separated, and ELISA detection kit (Wuhan Elite
Biotechnology Co., Ltd. China) was used. The serum to be tested in each group was added to the reaction well, 100µl per well, and 4 duplicate
wells were set for each group, and incubated at 37°C. 90 min, discard the liquid in the well, add 100 µL of biotinylated antibody working
solution, incubate at 37°C for 60 min, discard the liquid in the well, wash 3 times, then add 100 µL of enzyme conjugate working solution,
incubate at 37°C for 30 min, then discard remove the liquid in the wells, wash 5 times, add 90 µL of substrate solution to each well, incubate at
37°C for 15 min, add 50 µL of stop solution, detect at 450 nm wavelength, and calculate the content of T, E2 and DA in the serum of mice in
each group according to the standard curve.

Western blot

Anterior vagina tissue protein samples were prepared by homogenizing in RIPA lysis buffer. Equal protein (20µg/lane) was electrophoresed on
10% SDS-PAGE and then transferred to polyvinylidene �uoride membrane (Millipore Corp, Bedford, MA, USA). Western blot was performed with
antibodies against MMP-9 (1: 1000) (Abcam, Cambridge, MA, USA), VEGF (1:1000) (Abcam, Cambridge, MA, USA), CD31(1: 1000) (Abcam,
Cambridge, MA, USA) and β-actin(1:1000) (Santa Cruz Biotechnology, CA, USA).

Estrous Cycle Determination

This part of the experiment is only in the experiment of the relationship between blood �ow and PGAD. Starting from the �rst day, testing every
3 days until the day before the end of the experiment, a daily vaginal smear was collected (13:00–14:00 PM) and examined under a light
microscope to determine the stage of the estrous cycle. The estrous cycle phase was characterized by vaginal cytologic study based on Cora M
24.

Statistics
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The statistical analysis is made using SPSS23.0 software. The results were expressed as the mean ± SD. The normal distribution of the data
was checked with the Kolmogorov-Smirnov test. This study was a mixed within/between design, One-Way ANOVA analysis of variance was
used for comparison between groups and Tukey Post Hoc test is used to perform multiple comparisons, and use the two-way ANOVA with
repeated measures with one within (test-time) and six between (sham, VD2H, VD4H, OVX, OVX&VD2H, OVX&VD4H) factors. Means were
considered signi�cantly different at P < 0.05.

Results
Effects of vaginal dilation and ovariectomy on sex organs and sex hormone levels

In the study, there is bleeding on the vaginal surface after vaginal dilation, and the vagina is pouch-like dilation (Fig.2-A). The appearance of the
vagina after OVX is similar to the sham group, but there is atrophy and hemorrhage when the vagina after OVX & VD, these changes of the mice
in each group were the most obvious at 1 month, and in 2 months this damage was less than 1 month, which may be related to self-healing.
These phenomena are more pronounced in animal tissues (Supplementary Fig. 3). Further statistics on vaginal and uterine weight and organ
index, we also obtained a similar result (Fig.2 B-E): different modeling methods can reduce the weight of vagina (F=164.2, p<0.01) and uterine
(F=115.4, p<0.01), among which OVX&VD4H mice lost the most, and there were differences between 1 month and 2 months (F = 390, p < 0.01).
In terms of sex hormones, simple vaginal dilation had little effect on estrogen(E2), testosterone(T) and dopamine (DA), but the contents of the
above three hormones decreased after ovariectomy. The change of E2 was also affected by vaginal dilation, OVX&VD4H decreased more than
OVX&VD2H (F=546.4, p<0.01), while T and DA were only affected by oophorectomy (F=112.6, p<0.01; F=36.5, p<0.01). Expansion had little
effect on T and DA, and there was no signi�cant difference between feeding for 1 month and 2 months (F=0.01337, p=0.9135). (Fig.2 F-H).

Effects of vaginal dilation and ovariectomy on the sexual behavior

In the experiment, we arti�cially induced sexual arousal in mice by intraperitoneal injection of estrogen and progesterone, and then observed
the changes in the sexual response of different groups of mice under normal and aroused states. In table 1, at 1 month, the number of sniff (in
the �rst 5 minutes) and proceptivity (hops, ear wiggling, and darting) decreased except VD4H, OVX and VD2H&OVX groups. Aggressive (the
number of boxing, bites and lateral postures) increased in VD4H, OVX, VD2H+OVX and VD4H+OVX (F=98.3, p<0.01). While the return latencies
only increased statistically in the VD4H+OVX group (F=177.9, p<0.01). Compared the 1 month and 2 months, we found that except for
VD4H&OVX, the sniff and proceptivity of mice in other groups were lower than sham group, and there was no signi�cant difference between the
different modeling groups and the sham group. 

Effects of vaginal dilation and ovariectomy on the sexual response

We stimulated the vaginal branch of the pelvic nerve to achieve sexual arousal in mice after anesthesia, and then measured changes in vaginal
temperature, vaginal lubrication and vaginal surface tension. Vaginal lubrication showed great differences between different groups.
Compared with the sham group, the vaginal lubrication was reduced in all groups except for VD2H, and the decrease was more obvious in
OVX&VD4H (F=94.3, p<0.01), but there is no signi�cant difference between 1 month and 2 months (F=1.301, p=0.3177) (Fig.3A). There was no
statistical difference in the changes of vaginal temperature (F=0.485, P=0.7834) (Fig.3B). In terms of lordosis (Fig.3C-D), the effect of VD2H is
not very distinctively, but the VD4H, OVX, OVX&VD2H and OVX&VD4H are obviously descending, besides, the lordosis score and lordosis
quotient of each group have different degrees of recovery at 2 months. In vaginal surface tension, we found that the sham mice exhibited
regular contractions when stimulated, and regular contraction peaks could be detected (Fig. 3-E), but in OVX or VD4H mice, this contraction
became irregular, and the effective contraction peak was also reduced, which was more obvious in ovariectomy combined with vaginal dilation
mice, and particular in OVX&VD4H mice, there was irregular vaginal tremor, and no effective contraction peak appeared.

Morphological analysis after vaginal dilation and ovariectomy

We observed the difference in the gross morphology, collagen �bers, nerve �bers and glycogen in vaginal tissue by different staining methods
(Fig.4). Through H&E staining, we found that the vagina of OVX OVX&VD2H and OVX&VD4H mice showed obvious signs of atrophy, the
epithelial layer was thinned. VD2H did not show obvious changes, but the epithelial layer appeared loose and broken, which was most obvious
in VD4H. Except for the OVX&VD4H group, the vaginal morphology of the other combination groups improved at 2 months. In Masson staining,
VD2H or OVX had no signi�cant effect on vaginal �brosis, but when VD4H OVX&VD2H,OVXVD4H was present, the vaginal epithelium appeared
keratinized, muscle �bers (red) were signi�cantly reduced, and collagen �bers (orange) increased, indicating that the degree of �brosis was
aggravated. And the degree of �brosis was further aggravated when vaginal dilation combined with ovariectomy, particularly, OVX&VD4H was
more obvious than OVX& VD2H. We used glycogen staining to observe the glycogen content in vaginal tissue: we found that ovariectomy had
a greater effect on glycogen content than vaginal dilation, neither VD2H nor VD4H had a signi�cant effect on glycogen content, but after
ovariectomy, the glycogen was signi�cantly reduced, and the reduction was more obvious after vaginal dilation and ovariectomy. Except for
OVX&VD4H, the glycogen content of the other groups of mice recovered at 2 months. Finally, we stained the nerve �bers in the vaginal tissue
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and found that there was no obvious change after oophorectomy, but the nerve �bers were signi�cantly broken and reduced after vaginal
dilation, especially after VD4H. At 2 months, the number of nerve �bers in VD2H, OVX and OVX&VD2H all recovered, while VD4H and
OVX&VD4H were similar to 1 month without signi�cant change.

Effects of vaginal dilation and ovariectomy on vaginal ultrastructure

We further observed the ultrastructural changes of vaginal tissue after vaginal dilation and ovariectomy by transmission electron microscopy.
We found that, compared with the sham group, the vaginal epithelium became looser after vaginal dilation, the cell-to-cell space became larger,
and there was extensive fusion between adjacent cells (Fig.5). However, after ovariectomy, the space between the epithelial cells did not
change signi�cantly, but the glycogen content in the cytoplasm was signi�cantly reduced compared with the vaginal dilation group. When
vaginal dilation was combined with oophorectomy, the normal structure of the vaginal epithelium was destroyed, and the content of glycogen
in the cytoplasm was also reduced. At 2 months, the injured vaginal tissue recovered to varying degrees, but the recovery of VD4H and
OVX&VD4H was not obvious.

Microvascular and MMP-9 changes after vaginal dilation and ovariectomy

As shown in the Figure 6, VD2H has little effect on vaginal microvascular, VD4H and OVX are signi�cantly reduced, and the combination of the
2 methods will make the reduction more obvious. At 2 months, the number of microvascular in the VD2H, OVX, OVX&VD2H groups all
increased signi�cantly (F=91.8, p<0.01, Fig.6B), but the VD4H and OVX&VD4H did not recover signi�cantly (F=311.5, p<0.01). In addition to
CD31, we also found that different modeling methods (F=36.91, p<0.01) had effects on VEGF, although VD2H and OVX were reduced at 1
month, they recovered signi�cantly at 2 months. VD4H and OVX&VD4H both were signi�cantly lower than the sham group, and the recovery
was not obvious at 2 months (Fig.6C). Similar changes were also found in MMP-9: both vaginal dilation and ovariectomy increased MMP-9
levels to varying degrees, and this change was statistically signi�cant (F=167.9, p<0.01), at 1 month, except for the VD2H group, MMP-9 levels
in other groups were signi�cantly increased, but at 2 months, MMP-9 in all groups were signi�cantly recovered except OVX and OVX&VD4H
(F=311.5, p<0.01) (Fig.6D).

Changing of sexual organs and sexual behavior by vaginal vascular injury

In order to verify the effect of vaginal blood on PGAD, we observed the changes in sexual organs and behavior by unilaterally or bilaterally
blocking blood vessels around the vagina. We found that the vagina showed signs of atrophy through blood �ow occlusion after 1 month, and
bilateral occlusion was more pronounced than unilateral occlusion (Fig.7A-C) (p < 0.05). However, the effect of blood �ow occlusion on the
uterus should not be obvious. The weight of the uterus was not signi�cantly different between unilateral and bilateral occlusion (p < 0.05)
(Fig.7D-E), only the uterine organ index after bilateral occlusion was lower than sham group (p >0.05). Regarding the sexual behavior, blood
�ow changes did not have an effect on lordosis quotient, either unilaterally or bilaterally (p>0.05), only bilaterally blocked had lower lordosis
scores than sham group (p<0.01) (Fig.7F-G). We also found that when the blood �ow was blocked, the estrous cycle of the mice gradually to be
disordered. The estrous cycle of the mice with unilateral blockade appeared to be disordered to varying degrees, while the estrous cycle with
bilateral blood �ow blockage gradually stayed in estrus (Fig.7H-I). 

Effects of blood �ow occlusion on vaginal histomorphology and VEGF-ERK signaling pathway

Through H&E staining, we found the vagina had obvious atrophy after blocking the vaginal vessels. This atrophy is showed uniform atrophy of
the whole thickness of the vagina (Fig.8A). About Masson staining, we found that after vaginal blood occlusion, vaginal tissue �brosis
appeared, and this �brosis was more obvious in bilateral occlusion than unilateral occlusion. Similarly, immunohistochemical staining showed
that after blood occlusion, the number of microvascular in the vaginal muscle layer was signi�cantly less, and bilateral occlusion was more
obvious than unilateral occlusion (Fig.8B). Correspondingly, the content of MMMP-9 serotonin also decreased with blood �ow occlusion, and
bilateral occlusion decreased more than unilateral occlusion (Fig.8C). We further analyzed the protein expression levels of VEGF, ERK and p-
ERK in vaginal tissue of mice in each group. (Fig.8D-E). We found that after blood �ow occlusion, the levels of proteins associated with
angiogenesis such as VEGF, ERK and p-ERK were all reduced, similarly, bilateral occlusion decreased more than unilateral occlusion.

Discussion
Sexual health is one of the important aspects in women's physical and mental health today, Due to the increasing incidence of PGAD25, it is
urgent to clarify the pathogenesis. In the early stage, many researchers have continuously explored the PGAD model: Scientists initially used
genital smooth muscle cell culture, genital strip organ bath from rabbits and rats to study the physiology and pharmacology of peripheral
female genital arousal responses26, but we know that sexual response is an integral activity of the whole body27, individual organs or cells lack
integrity which is di�cult to re�ect the essential characteristics of sexual behavior; Subsequently, some researchers according to the
characteristics of different types of sexual dysfunction to established sexual motive dysfunction28, sexual Arousal dysfunction29 and orgasm
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dysfunction15. However, women's sexual response process is not staged and unidirectional, there is no sequence that sexual desire, sexual
arousal and orgasm are often mixed together, so this model cannot re�ect the real process of sexual response. At present, most researchers are
accustomed to using ovariectomized female rats as the objection of PGAD22, this only represents the sexual dysfunction caused by
menopause, and cannot represent the characteristics of premenopausal30,31. Because of these, we need a comprehensive animal model which
can fully re�ects the sexual characteristics of PGAD patients.

Previously, by analyzing a large number of clinical cases, we found that menopause and birth trauma are the main causes of PGAD, which are
the direct factors leading to genital sexual dysfunction except to psychological factors and social in�uences32. Most patients are prone to
PGAD in postpartum, and this is closely related to the mode of delivery (natural delivery or cesarean section) and the number of births33.
Relevant studies have pointed out that the incidence of PGAD before pregnancy is 1–38%, and it increases to 49–83% after childbirth34, with
the advent of menopause, the structure and function of the pelvic �oor are further relaxed due to lack of hormone nutrition35. And under the
joint cooperation of the above reasons, it leads to the abnormality of female sexual function organs, sex hormones, and nerves, and �nally
induces the occurrence of PGAD36. Therefore, we plan to simulate birth trauma and menopause to establish a representative PGAD model.

The etiology had been largely conceptualized as a psychogenic model leaving little room for physiological evaluation in treating sexual
dysfunction of women with PGAD. Under sexual stimulation, women will show clitoral erection, labia congestion and swelling, vaginal
lubrication, regular vaginal muscle contraction and perineal heat sensation due to the action of neurovascular27,37, so we also need a set of
indicators that can comprehensively assess and quantify sexual behavior and response in this model. Referring to the performance of normal
women during sexual response and the clinical characteristics of PGAD patients, we measured the changes in vaginal temperature, vaginal
lubrication, and vaginal smooth muscle tension through behavioral, functional, morphological and electrophysiological aspects. Based on the
above detection, OVX&VD2H and rearing for 1 month are the best modeling method of PGAD for mice.

In the experiment, we found that the temperature of the vagina of mice did not change signi�cantly before and after sexual arousal (Fig. 3).
After changing the method of sexual arousal (estrogen and progesterone treatment or stimulation of the pudendal nerve), and adjusting the
laboratory temperature, no signi�cant changes were found. Giuliano F's38 research found that through electrical stimulation of the pelvic nerve,
the vaginal temperature of rat continued to increase until the end of the electrical stimulation, which may be due to insu�cient intensity of our
stimulation, or this is because of the differences between rats and mice. But what excited us is that there are obvious differences in vaginal
lubrication between different groups, and inn this part, we also pioneered the use of self-invented absorbent paper with scale to detect the
vaginal lubrication, this method is more intuitive and easier to operate than the weight of cotton balls reported by Pei L 39, and avoid errors
caused by repeated weighing. Giuliano F's 38 studies have shown that the vagina of rats will contract regularly in sexual arousal, which is
consistent with the sexual response of women27. In this study, we also observed the changes of vaginal tension by stimulating the internal
pudendal nerve, such as Fig. 2E, vaginal dilation and ovariectomy will have varying degrees of in�uence vaginal contraction ability, among
which VD4H is too serious due to the damage to the vagina, and caused the contraction appears disordered and irregular.

Except to these manifestations of sexual behavior, we also assessed speci�c changes in sex organs in the model. After observing the general
shape and ultrastructure of the vagina, we found that vaginal dilation mainly causes mechanical damage to the vagina, breaks the connection
between cells and the muscle �bers, enlarges the cell space, which is similar to the damage caused by the prolongation of the second stage of
labor in women during childbirth40. In addition, the effect of oophorectomy on the vagina is mainly manifested as atrophy and glycogen
reduce., this mainly because the nutritional effect of estrogen is lost after oophorectomy41 (47). Usually, glycogen is regulated by the level of
estrogen and is mainly used to maintain the normal acidic environment, the content of glycogen can indirectly re�ect the function of the
vagina. Similarly, the nerve �bers distributed in the vagina play an important role in the regulation of sexual response42. Matrix
metalloproteinase 9(MMP-9) is a protein that can represent the content of extracellular matrix, which can well re�ect the degree of tissue
saturation or atrophy (40, 41). We also found that vaginal dilation and oophorectomy increased the content of MMP-9, among which
OVX&VD4H increased the most obvious and irreversible.

Most studies understanding the presentation of symptoms have undertaken a case wise analysis rather than an empirical model. This study
employs an animal model to replicate the occurrence of PGAD to investigate the role of vascular damage exclusively the signal pathway.
Preliminary studies have shown decreased vaginal perfusion both in PGAD patients and animal models43–45, and vaginal or clitoral blood �ow
can be increased by administering vascular-promoting drugs such as PDE-4 or PDE-546. During the experiment, we found that microvascular in
vaginal tissue were reduced after VD or OVX (Fig. 8), and OVX combined with VD had a synergistic effect on vascular damage. However, what
is the relationship between blood �ow and PGAD, whether there is a sequence and causal relationship between the two, and clarifying this may
provide an important reference for elucidating the pathogenic mechanism and clinical treatment of PGAD. Therefore, we examined the speci�c
relationship between PGAD and blood �ow by blocking microvascular entering the vagina. We dissected multiple mice and found the vascular
distribution around the mouse vagina as shown in Suplemment1. In order to fully block the blood �ow into the vagina, we divided the
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microvascular into the one side and two sides disconnection to create a blood �ow block model. We found that the sexual response of mice
after blood �ow occlusion was signi�cantly weakened, the vaginal lubrication and vaginal tension were signi�cantly lower than sham group,
and bilateral occlusion was more obvious than unilateral occlusion. From the morphological, after the blood �ow is blocked, the vaginal tissue
shrinks signi�cantly, which is caused by the loss of the nutrition from microvascular in the vaginal tissue. Furthermore, through protein
analysis, we found that changes in VEGF-ERK signaling pathway were involved in the reduction of blood vessels, and there was a close
relationship between VEGF signaling pathway and ERK signaling pathway, which could in�uence each other and participate in angiogenesis
together47,48.

Conclusion
In this study, we used a microscope to simulate vaginal birth and menopause to establish a scienti�cally reasonable, simple and reproducible
PGAD mouse model, and screened out a comprehensive set of methods for evaluating mouse sexual behavior. In addition, we further veri�ed
the causal relationship between PGAD and blood �ow, that is, microvascular damage and blood �ow changes are the main causes of PGAD,
and further clari�ed that the VEGF-ERK signaling pathway is a possible mechanism involved in microvascular reduction.

Strengths and Limitations:

In this work, we used a microscope to simulate vaginal birth and menopause to establish a scienti�cally reasonable, simple and reproducible
PGAD mouse model. In our experiments, we innovatively used a variety of assays to assess the sexual function, and screened out a
comprehensive set of methods for evaluating mouse sexual behavior

However, there are also some unavoidable limitations in this study. First, PGAD can be caused by pathophysiological, pharmacological and
psychological triggers. In this study, we only focused on PGAD caused by pathophysiological and did not take into account psychoactive and
social factors. Second, due to lack of advanced technology, we don’t have investigated the in�uence of vaginal blood �ow in different groups,
this leads us to lose one of the most intuitive data to detect changes in vaginal blood. What's more, we barely veri�ed the causal relationship
between microvascular injury and PGAD, and failed to further clarify the speci�c mechanism between them, which will be further explored in
our follow-up study.
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Tables
Tab 1. The number of Sniff in the �rst 5 minutes, Proceptivity, aggressive and the return latencies during 30 min test in different group.
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    Sniff in the �rst 5 minutes Proceptivity (hops, ear
wiggling, and darting)

Aggressive (boxing,
bites and lateral
postures)

Return latencies((sec))

    Normal Arousing Normal Arousing Normal Arousing Normal Arousing

Sham 1
month

77.3±13.3 81.7±9.6 134.3±31.2** 166.2±26.0 6.8±0.5 5.4±0.6 12.8±0.1 16.0±0.0

2
months

84.5±26.1 69.3±11.5 112.4±22.3 183.6±31.9 7.4±0.9 6.7±0.1 14.3±0.6 18.7±0.4

VD2H 1
month

91.7±7.9* 76.8±14.2* 137.2±11.1 156.4±14.1* 5.1±0.7 7.8±0.4 8.2±0.4* 11.2±0.1

2
months

132.8±34.3 92.3±21.4 124.1±26.9 115.3±18.7 7.2±0.5 9.1±0.7** 9.1±0.3 6.6±0.9

VD4H 1
month

66.2±18.7 89.6±6.9 134.3±31.4* 126.3±19.2 9.9±0.1* 8.0±0.8 9.6±0.8 9.2±0.8

2
months

81.4±8.6** 73.4±17.1 114.5±10.4 156.2±23.8** 7.9±0.2 7.0±0.7 13.5±0.3 11.3±0.7

OVX 1
month

61.5±5.6 83.3±13.5 127.3±14.9* 115.4±18.6 5.2±0.1 3.1±0.1 10.6±0.6 14.6±0.1

2
months

78.9±7.2 61.4±4.8 133.3±24.0 156.3±26.5 6.1±0.1 5.3±0.4 9.4±0.6 11.2±0.3**

OVX&VD2H 1
month

64.1±3.5* 72.6±13.2 109.4±13.9 136.4±22.7* 6.2±0.6 2..8±0.5 8.8±0.2 12.4±0.8

2
months

92.9±15.2** 87.6±19.1 124.3±13.6 133.7±15.5 4.2±0.4 2..3±0.2 4.3±0.1** 5.6±0.9

OVX&VD4H 1
month

59.4±4.3* 63.4±7.7 96.4±10.2 86.4±7.9 6.9±0.1 4.0±0.8* 9.6±0.8 9.2±0.8

2
months

75.6±7.2** 82 ± 9 104.4±11.2 116.3±25.1 5.6±0.2** 7.0±0.7 11.6±0.2 7.2±0.5

These analyses indicated that there was a signi�cant effect of different states (normal or rousing) and time (1 month or 2 month), as well as
the other between factors

at different modeling methods. *Indicates signi�cantly different effect of different modeling methods in 1 month, compared with sham. **
Indicates signi�cantly different effect of different modeling methods in 2 months, compared with sham.

Figures
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Figure 1

Flowchart from the creation of the process and overview of the research. VD: vaginal dilation; OVX: ovariectomized; PGAD: persistent genital
arousal disorder
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Figure 2

Effects of vaginal dilation and ovariectomy on sex organs and sex hormone levels. A. Effects of different time and methods on the vaginal
morphology. B. Vaginal weights of different groups(g) (Row factor: F=164.2, p<0.01; column factor: F=390, p<0.01). C. Vaginal organ index
(vaginal weight/body weight) in different groups. (Row factor: F=23.62, p<0.01; column factor: F=9.697, p=0.0357). D. Uterus weights of
different groups(g). (Row factor: F=115.4, p<0.01; column factor: F=736.2, p<0.01). E. Uterus organ index (Uterus weight/body weight) in
different groups. (Row factor: F=21.19, p<0.01; column factor: F=8.414, p<0.01). F. Serum estrogen levels in different groups(pg/ml). (Row
factor: F=546.4, p<0.01; column factor: F=71.7, p=0.0011). G. Serum testosterone levels in different groups(pg/ml). (Row factor: F=112.6,
p<0.01; column factor: F=57.2, p<0.01) H. Serum dopamine levels in different groups(pg/ml). (Row factor: F=36.51, p<0.01; column factor:
F=0.01337, p=0.9135). Note: sham: control group with sham operation; VD2H: vaginal dilation with 2 hours; VD4H: vaginal dilation with 4
hours; OVX: ovariectomized; OVX+VD2H: ovariectomy combined with vaginal dilation 2 hours; OVX+VD4H: ovariectomy combined with vaginal
dilation 4 hours; E2: estrogen; T: testosterone; DA: dopamine. Each bar depicts the mean (±SEM) from n=6-8 mice per group. *P <0 .05, **P <0
.001.

Figure 3
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Effects of vaginal dilation and ovariectomy on the sexual response. A. Vaginal lubrication of different groups(cm). (Row factor: F=94.3, p<0.01;
column factor: F=1.301, p=0.3177). B. The vaginal temperature in different groups (℃). (Row factor: F=0.485, p=0.7834; column factor:
F=0.6286, p=0.4722). C. Schematic diagram of lordosis. D. Lordosis score and lordosis quotient in different groups. (Row factor: F=38.63,
p<0.01; column factor: F=159.6, p<0.01). E. vaginal surface tension in different groups. Note: sham: control group with sham operation; VD2H:
vaginal dilation with 2 hours; VD4H: vaginal dilation with 4 hours; OVX: ovariectomized; OVX+VD2H: vaginal dilation with 2 hours combined
with ovariectomized; OVX+VD4H: vaginal dilation with 4 hours combined with ovariectomy; Each bar depicts the mean (±SEM) from n=6-8
mice per group. *P < 0.05, ** P <0 .01.

Figure 4

Effects of vaginal dilation and ovariectomy on vaginal morphology. In Masson staining, collagen �bers are blue and muscle �bers are red. In
Glycogen dyeing, glycogen present in the cytoplasm combines with leucoma magenta in Schiff's reagent to form a purplish red dye that is
deposited at the location of intracellular polysaccharides. In Glycine sliver staining, the axons of nerve �bers are argentophilic, so after being
treated with acidic formaldehyde solution, they react with glycine silver solution to deposit silver ions on the axons that are argentophilic,
making the axons black or brownish black. Scale bar=50μm.
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Figure 5

Effects of vaginal dilation and ovariectomy on vaginal ultrastructure. Scale bar=5μm

Figure 6

Effects of vaginal dilation and ovariectomy on the microvascular of mouse vaginal.A.CD31, VEGF and MMP-9
immunohistochemical/immuno�uorescence in different groups. In immunohistochemical, microvascular are clearly shown in the muscle �ber
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layer. In immuno�uorescence, Nuclei were labeled with 4,6-diamidino-2-phenylindole (DAPI, blue), MMP-9 were labeled with green staining. B.
Mean ROI of VEGF in different groups. (Row factor: F=36.91, p<0.01; column factor: F=1.529, p=0.2840). C. The number of CD31-labeled
microvascular in different groups. (Row factor: F=91.8, p<0.01; column factor: F=12.65, p=0.0237) D. Mean �uorescence intensity of MMP-9 in
vaginal tissues of mice in different groups. (Row factor: F=167.9, p<0.01; column factor: F=45.93, p=0.0025). VEGF: vascular endothelial
growth factor, MMP-9: matrix metalloproteinase-9. Each bar depicts the mean (±SEM) from n=6-8 mice per group. Scale bar, 50μm. *P <0 .05, **
P < 0.001.

Figure 7

Changing of sexual organs and sexual behavior in vaginal vascular injury. A. Effects of unilateral and bilateral blood �ow occlusion on vaginal
morphology in mice. B. Vaginal weights of unilateral and bilateral blood �ow occlusion(g). C. Vaginal organ index (vaginal weight/body
weight) of unilateral and bilateral blood �ow occlusion. D. Uterus weights of unilateral and bilateral blood �ow occlusion(g). E. Uterus organ
index (Uterus weight/body weight) of unilateral and bilateral blood �ow occlusion. F. Lordosis quotient of unilateral and bilateral blood �ow
occlusion. G. Lordosis score of unilateral and bilateral blood �ow occlusion. H. H&E staining of four different stages of the estrous cycle. I. The
proportion of each estrous cycle in different groups. Each bar depicts the mean (±SEM) from n=6-8 mice per group. *P <0 .05, ** P <0 .001.
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Figure 8

Effects of blood �ow occlusion on vaginal morphology, microvascular and MMP-9. A. H&E staining, Masson staining, CD31 and MMP-9
immunohistochemical in different groups. In Masson staining, collagen �bers are blue and muscle �bers are red CD31 immunohistochemical
labeled microvascular in different groups, MMP-9 immunohistochemical Used to display the content of MMP-9. B. The number of CD31-labeled
microvascular in different groups. C. Mean signal intensity of MMP-9 in different groups. D. VEGF immunohistochemical in different groups. E.
Expression of VEGF-ERK related protein in vaginal tissue of mice in each group detected by Western bloting. F. Mean signal intensity of MMP-9
in different groups. G. Relative expression levels of VEGF, ERK and p-ERK proteins in vaginal tissue of mice in each group. Note: sham: control
group with sham operation; BFO(Single): Unilateral blood �ow occlusion; BFO(Double): bilateral blood �ow occlusion; HE: hematoxylin-eosin
staining. Scale bar,50μm. Each bar depicts the mean (±SEM) from n=6-8 mice per group. *P < 0.05, ** P < 0.001.
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