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ABSTRACT OF THE THESIS 

 

Prenatal Anti-Müllerian Hormone Treatment in Mice Increases Stress Reactivity Similar 

to PCOS Phenotype 

 

by 

 

Chengxian Shi 

Master of Science in Biology 

University of California San Diego, 2020 
 
 

Professor Pamela L. Mellon, Chair 
Professor Heidi Cook-Andersen, Co-chair 

 

 

Polycystic ovary syndrome (PCOS) is a complex infertility disorder affecting up to 10% 

of women in the U.S. and most commonly presents with anovulation and androgen excess. 

Previous research has shown that PCOS women have significantly higher levels of anti-Müllerian 

hormone (AMH) and psychiatric comorbidities. However, the effect of AMH on the 

neuroendocrine reproductive axis has not been fully characterized. Recently, a novel prenatal 

AMH (pAMH) mouse model of PCOS was developed to recapitulate reproductive phenotypes of 



 xi 

the disorder; but non-reproductive aspects, such as stress and anxiety, have not been explored. This 

project sought to investigate the effect of pAMH exposure on stress reactivity in two generations 

of offspring.  

We found that pAMH treatment led to increased response to psychosocial stress in both 

generations of female mice. The pAMH group had significantly increased novelty-induced 

defecation and urination, and also had an overall significant and prolonged increase in 

corticosterone (CORT) response to restraint stress. Notably, we also observed pAMH-induced 

transgenerational effects in male mice.  

Our findings suggest that in addition to reproductive phenotypes, pAMH mouse model is 

also a representative model of PCOS on non-reproductive measures. To our knowledge, this is the 

first study to address psychiatric domains of PCOS in a mouse model. Our results potentially shed 

light on a previously unknown action of AMH in the brain and could also have implications for 

psychiatric disorders within and beyond the context of PCOS. Further investigation is required to 

identify the neural circuitry involved in pAMH-mediated phenotypes.  
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INTRODUCTION 
 

Polycystic ovary syndrome (PCOS) is the most common cause for anovulatory infertility, 

affecting around 10% of women of reproductive age in the United States [1]. PCOS is a complex, 

heterogenous disorder with both reproductive and non-reproductive symptomology. Major 

reproductive phenotypes include those that contribute to one’s infertility, such as oligomenorrhea, 

the appearance of polycystic ovaries on ultrasound, and signs of androgen excess [2]. Common 

non-reproductive comorbidities include metabolic disruptions [3], as well as psychiatric disorders 

[4]. While perhaps not directly affecting the reproductive systems, these comorbidities could have 

profound indirect consequences on an individual’s fertility and quality of life. Understanding how 

these comorbidities interact with the neuroendocrine reproductive axis in PCOS is critical for 

understanding this complex disorder and developing optimal therapies.  

Previous mouse models of PCOS-like phenotypes have been shown to recapitulate 

reproductive and metabolic symptoms, but to date, there have been no investigations of PCOS-

like psychiatric phenotypes in these models. One recently established mouse model of PCOS found 

that prenatal exposure of anti-Müllerian hormone (pAMH) led to significant reproductive deficits 

later in life [5]. While classically considered a reproductive hormone produced by the gonads and 

with actions at on the gonads, there has been increasing evidence that AMH can exert direct and 

indirect effects at the level of the brain. In the present study, we demonstrated increased stress 

reactivity in the pAMH mouse model, thus providing the field with a tool to better understand the 

link between reproductive and psychiatric domains of PCOS.  
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The HPG axis and its dysregulation in PCOS 

 PCOS is a complex reproductive disorder and the regulation of human reproduction and 

fertility is mediated by the hypothalamic-pituitary gonadal (HPG) axis. In the hypothalamus, 

gonadotropin-releasing hormone (GnRH) neurons secrete GnRH in pulses to stimulate the anterior 

pituitary [6]. Upon stimulation, the anterior pituitary releases luteinizing hormone (LH) and 

follicle-stimulating hormone (FSH) that act on the gonads, which then produce sex hormones such 

as androgens and estrogens [7]. These sex hormones negatively feedback onto the hypothalamus 

and anterior pituitary to regulate production of upstream signaling molecules [6]. GnRH neurons 

themselves do not have androgen and estrogen receptors. Rather, hormones feedback onto 

upstream populations of hypothalamic neurons, including kisspeptin neurons, to regulate HPG axis 

activity [8].  

 In PCOS, this axis is dysregulated in several ways, leading to infertility. PCOS women 

commonly present higher LH and lower FSH secretion compared to healthy women [9]. This is 

thought to be responsible for the high androgen synthesis [10] and the accumulation of immature 

follicles that give the PCOS ovary its diagnostic “string of beads” appearance on ultrasound [11] 

 

Psychiatric disorders and stress in PCOS 

Numerous studies in the last decade or so have called attention to the link between PCOS 

and mental disorders. One research group has found that 57% of PCOS patients experience some 

degree of stress-related symptoms, highlighting the prevalence of this phenotype [12]. Meta-

analysis studies have demonstrated that PCOS patients have an increased risk of diagnosis of mood 

and psychiatric disorders including major depressive disorder, generalized anxiety disorder, 
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bipolar disorder, and obsessive-compulsive disorder [13, 14]. Women with PCOS are also at 

increased risk for social phobia and suicide attempts [15].   

There have additionally been investigations of altered neuroendocrine stress axis activity 

in PCOS. Stress is regulated by the hypothalamic-pituitary adrenal (HPA) axis. Upon exposure to 

a stressor, hypothalamic corticotropin-releasing hormone (CRH) neurons signal to the pituitary 

which releases adrenocorticotropic hormone (ACTH) to cause glucocorticoids (CORT; 

corticosterone in rodents, cortisol in humans) to be released from the adrenal glands [16]. CORT 

then negatively feedbacks to the brain and pituitary to regulate HPA axis activity. While mean 

cortisol measurements are not different in PCOS compared to controls, circadian patterns of 

cortisol secretion are altered [17] and there is evidence of exaggerated responsiveness of the HPA 

axis [18]. For example, PCOS patients have significantly elevated peak cortisol levels in response 

to the psychosocial stressor of public speaking [19].  

Despite the high prevalence of depressive and anxiety symptoms in PCOS women, there 

remains a lack of research on effective treatment options for those patients. Existing management 

strategies for depression and/or anxiety in women with PCOS have focused on behavioral lifestyle 

modifications, oral contraceptives, insulin sensitizers, laser hair removal, and talk therapy [20]. 

There is also limited evidence on the effectiveness and safety of antidepressants in the treatment 

of psychiatric aspects of PCOS [20, 21]. Elucidation of the etiology behind the increased risk of 

psychiatric disorders in PCOS would greatly aid in the development of novel effective therapies.  

 

Current mouse models of PCOS 

There is currently no consensus on the origin of the disease due to its wide range of clinical 

manifestations, making it extremely challenging to identify the underlying causes of biological 
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alterations in PCOS. Therefore, animal models that mimic aspects of phenotypes of PCOS are 

crucial tools to investigate mechanistic pathways in PCOS [22]. Mice are ideal models for 

reproductive research due to their relatively fast-reproductive cycles and short gestational periods 

[23]. Previous mouse models of PCOS have been developed to target specific phenotypes for 

further investigations. 

 One of the previously generated models is the prenatal androgen (PNA) exposure mouse 

model [24]. In this model, dihydrotestosterone (DHT), a non-aromatizable androgen, is 

administered to pregnant female mice at the end of gestation in order to generate a potent elevation 

of androgens in utero. The offspring in this model showed irregular estrous cycle, PCOS-like 

ovarian morphology, hyperandrogenism and reduced fertility. Offspring additionally present with 

advanced puberty and had normal body weight [25]. As the mice do not exhibit major metabolic 

disruptions, the PNA model characterizes aspects of reproductive phenotypes of PCOS.  

Another previously established mouse model induces increased androgen levels with 

letrozole, an aromatase inhibitor that blocks the conversion from androgens to estrogens [26]. In 

this model, letrozole is released from a pellet implanted postnatally at puberty producing five 

weeks of continuous treatment. During letrozole treatment, mice exhibit irregular estrous cycling 

and cystic ovarian morphology as well as elevated gonadotropins and testosterone [26]. These 

changes are consistent with the reproductive phenotypes seen in human PCOS patients. 

Additionally, mice in this model also have advanced puberty and present with increased body 

weight and insulin resistance [23, 26, 27]. This model therefore is amenable to the exploration of 

both reproductive and non-reproductive aspects of PCOS.  

Recently, a novel mouse model of PCOS was introduced, in which prenatal exposure to 

AMH recapitulated PCOS-like reproductive phenotypes [28]. AMH is a glycoprotein in the 
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transforming growth factor-ß (TFG- ß) superfamily that plays a key role in sexual differentiation 

and gonadal functions [29]. AMH binds to specific type-II receptors (AMHR2) and activates type-

I receptors (ALK 2/3/6) to ultimately regulate target gene expression [30]. In males, AMH plays a 

major role in the critical period of embryonic development and is the determining factor for male 

internal genitalia [31]. In females, AMH is known to be expressed in the ovary and secreted into 

circulation from birth until menopause [32]. Its plasma level is considered an accurate marker for 

ovarian reserve and follicle growth [33]. AMH is produced in the early stages of follicular 

development, and it inhibits the initial recruitment of primary follicles from the pool of primoradial 

follicles in order to regulate the process of maturation [33]. Outside of reproductive organs, the 

AMH receptor, AMHR2, is also expressed in a significant subset of hypothalamic GnRH neurons 

in both humans and mice. Therefore, AMH can directly bind and activate GnRH neurons to 

increase LH pulsatility and secretion, which in consequence, leads to high androgen production 

[34].  

In the pAMH mouse model, AMH is injected at the end of gestation in order to induce high 

levels of androgens in utero. PAMH offspring showed significantly disrupted estrous cyclicity, 

decreased fertility and hyperexcitable GnRH neurons which in turn mediated high pulses of LH 

secretion and increased androgen production [28]. PAMH treatment also resulted in 

masculinization of the sexually dimorphic nuclei in the brains of female mice and increased 

GABAergic input to GnRH neurons [28], demonstrating the ability of pAMH exposure to have 

lasting effects on neuronal networks.  

Different animal models of PCOS allow researchers to investigate diverse molecular and 

physiological aspects of the disease. To our knowledge, none of the previous mouse models have 

investigated the psychiatric domains of PCOS. We chose to use this novel pAMH model to study 
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stress phenotypes of PCOS, because early evidence in this model suggested potential effects on 

neuronal networks.  

 

Hypothesis 

Because of its recent introduction, the pAMH model requires full characterization of its 

reproductive and non-reproductive PCOS-like phenotypes. Our lab has previously extended the 

characterization of the reproductive phenotypes, but non-reproductive comorbidities in this model 

have not been explored. The purpose of this project is to characterize the psychosocial stress 

response of pAMH exposure in mice, as well as to examine whether any treatment effect is 

transgenerational. We hypothesize that pAMH mice have an increased stress reactivity to 

psychosocial stressors, and that this effect will also be seen in the second-generation offspring. By 

studying stress-related phenotypes induced by pAMH exposure, we may then shed light on a 

previously unknown action of AMH in the brain, which could have implications of psychiatric 

disorders within and beyond the context of PCOS.  
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MATERIALS AND METHODS 
 

Mice 

 All animal experiments were performed following regulations by the Institution Animal 

Care and Use Committee at the University of California, San Diego. An in-house breeding colony 

of Per2::Luc transgenic mice on C57BL/6 background (founder from Jackson Laboratories, Bar 

Harbor, ME) were used in all experiments. This transgenic line is completely reproductively 

normal and have not been found to exhibit any altered behavioral phenotypes [35]. All mice were 

group-housed with 12-h light/dark cycle and ad libitum access to food and water in a temperature-

controlled room.  

 

Prenatal anti-Müllerian hormone (pAMH) treatment 

 Adult females (3-4 months old) were paired with C57BL/6 wildtype males and checked 

for copulatory plug as indication for embryonic day (E) 0. Timed-pregnant dams were randomly 

assigned to receive intraperitoneal injections from E 16.5 to 18.5 of either vehicle (VEH) or 0.12 

mg/kg/day AMH (recombinant human MIS/AMH protein, R&D Systems, #1737-MS). AMH was 

reconstituted in stocks of 100 µg/ml according to manufacturer’s instructions (4 mM HCl + 0.1% 

BSA) and diluted into 0.01 M PBS pH 7.4. Dams received different volume injections based on 

weight (100µl/10g). Female and male offspring from both dam groups were born into either the 

first generation experimental pAMH group or VEH control group and weaned at postnatal day (P) 

21 to begin reproductive phenotyping. 
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Creation of second-generation offspring 

 Female offspring from first generation of VEH and pAMH groups were paired with naïve 

C57BL/6 control males for a period of 3 months. Litters from these matings (n=4) were born into 

second generation VEH and pAMH groups and weaned at P21 to begin reproductive phenotyping.   

 

Simple stress response test 

 Mice were removed from their home cages and placed individually in paper containers 

with vented lids on for 10 minutes (Webstaurant Store, #760SOUP32WPA). The procedure room 

was kept quiet to minimize extra stressors. After 10 minutes, the mouse was removed from the 

container and returned to its home cage. The number of fecal boli left in the container was counted, 

and a binary measure of whether or not the mouse urinated was also recorded.   

 

Restraint stress tail bleed assay 

 A cohort of first-generation mice (3-4 months old) was handled daily for 5 weeks prior to 

the assay to acclimate them to the stress of tail sampling. During handling, each mouse was 

removed from its cage and placed on a clean cage lid. The mouse was gently restrained by the base 

of its tail and the ventral side of the tail was firmly stroked from base to tip for 15 minutes. All 

handling and restraint experiments were conducted between 07:00 am and 12:00 pm to avoid 

normal circadian differences in hormone levels throughout the day. On the day of the assay, mice 

were transferred to individual testing cages at 07:00 am (the time of day when corticosterone 

(CORT) levels are expected to be near the nadir), and approximately 10 µL of tail blood was 

collected using a capillary (Drummond Scientific, Broomall, PA;  # 1-000-0400) from each mouse 

at each timepoint. To minimize the number of times that the mice’s tail was cut for repeated blood 
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collection, cuts from previous timepoints were re-opened with cotton swab soaked in saline. The 

first 5 samples (-75 min, -60 min, -45 min, -30 min, -15 min) were taken to give baseline reaction 

to the stress of sampling, and then each mouse was put in a Broome rodent restraint device 

(Harvard Apparatus, Holliston, MA) for 2 hours. Because CORT levels in response to 

psychosocial stressors are expected to peak around 45-60 minutes following exposure, sample 

collection in the restrainer occurred every 15 minutes for the first hour to capture the peak rise (0 

min, 15 min, 30 min, 45 min, 60 min). Sampling then continued every 30 minutes to determine the 

duration of elevation (90 min, 120 min). After 2 hours, mice were released from the restrainers 

and returned to their home cages. Serum from all tail blood samples was isolated, and serum CORT 

levels were measured using ELISA.  

 Tail bleed samples were also collected from separate cohort of first-generation offspring. 

This cohort did not receive an acclimation period of handling prior to the experiment. Tail blood 

collection procedure was the same as described above, but instead of 15-minute increments, blood 

was collected every 30 minutes. The mice were placed individually in restrainers and blood was 

immediately collected, followed by collection at 30 min, 60 min, 90 min, and 120 min. The animals 

were released from the restrainers after the last timepoint and returned to their home cages. Serum 

from all tail blood samples was isolated, and serum CORT levels were measured using ELISA. 

 This non-handling experimental timeline was also repeated for a cohort of second-

generation offspring. 

 

Sample processing and serum hormone analysis 

 After tail-blood collection, samples were incubated at room temperature for 90 minutes to 

allow for blood clotting, and then centrifuged at 2,000 rpm for 20 minutes. Separated serum was 
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pipetted into microcentrifuge tubes and stored at -20°C until the ELISA assay was performed. 

Corticosterone levels from sample blood serum were measured using the DetectX Corticosterone 

Enzyme Immunoassay kit (Arbor Assays, Ann Arbor, MI, USA; #K014-H5) following the 

manufacturer’s protocol. For each measurement, 4 µL of blood serum were used and diluted to 

1:400. The plate was read using a microplate reader (iMarkTM Microplate Reader, Bio-Rad). Final 

concentrations of corticosterone were calculated and adjusted using the standard curve generated 

by following the manufacturer provided protocol. Assay sensitivity for this ELISA was determined 

to be 18.6 pg/mL.  

 

Statistical Analysis 

 Normality of fecal boli data was determined using the Shapiro-Wilk test, then followed by 

unpaired t-test if parametric, and Mann-Whitney test if non-parametric in GraphPad (Prism v8.4.1). 

Percent urination data were analyzed using Fisher’s exact test. CORT data were analyzed using 

mixed-effects two-way ANOVA, and significant interactions between variables were resolved 

using Sidak’s multiple comparison’s test in GraphPad.  

 Significance was set at p<0.05. Individual data points are shown in relation to the mean 

and error bars denote standard error of the mean (SEM).  
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RESULTS 
 

 To generate the pAMH model of PCOS, we injected pregnant dams with either VEH or 

AMH during the late gestational period (E16.5-18.5) (Figure 1). After being weaned at P21, first 

generation offspring were subject to a variety of measures including: simple stress response tests 

at P30 and P60 and restraint stress paradigm (Figure 1). VEH and pAMH females from first 

generation were then paired with C57BL/6 control males to produce second generation offspring 

(Figure 1). After weaning, they were subject to simple stress response test at P30, and only the 

second-generation females were measured for CORT levels under restraint stress at 3 months of 

age (Figure 1). 

Figure 1: Schematic of AMH experiment design. Pregnant dams were randomly subject to either 
VEH or AMH i.p. injections during late gestational period (E16.5-E18.5). First generation 
offspring were examined for simple stress response at P30 and P60; CORT response to restraint 
stress was measured at 3-4 months. VEH and AMH females were then paired with naïve adult 
C57BL/6 control males to generate second generation offspring. They were measured for simple 
stress response at P30 and the females were subject to restraint stress test for CORT levels at 3 
months of age. 
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CHAPTER I: PAMH treatment increased stress reactivity in first-generation female mice 
 

 We first sought to characterize stress reactivity in first-generation female mice in response 

to psychosocial stress. This was measured both behaviorally and hormonally. We hypothesized 

that female mice from the pAMH mouse model would recapitulate PCOS phenotypes and have 

increased stress reactivity.  

 
 
First-generation female mice had increased response to mild novelty-induced stress 
 
 In the simple stress response test, mice are introduced to a novel environment and then the 

degree of defecation and urination is recorded. Increased defecation and urination are indicators 

of an increased stress response [36]. At P30, VEH and pAMH mice were individually placed in 

containers with vented lids and whether or not the mouse urinated and the number of fecal boli 

produced during the stressor were recorded (Figure 2A). We found that the number of fecal boli 

produced and the percent urination were both significantly higher in pAMH female offspring than 

that in VEH female offspring at P30 (Figure 2B, 2C). This assay was repeated at P60 to see if 

these effects would persist into the post-pubertal period. There was still a significant difference 

between the two measures in the VEH and pAMH groups (Figure 2D, 2E). This illustrated that 

prenatal treatment of AMH in female mice lead to a robust increase in stress response to restraint. 
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Figure 2: PAMH treated female mice had increased response to simple stress. Panel A shows 
the schematic of the simple stress test. Mice were individually placed in the novel environment of 
a paper container for 10 minutes and the degrees of defecation and urination were recorded. Panels 
B and C show fecal boli data and percent urination measured at P30. Panels D and E show data 
from these same measures at P60. VEH group: n=24; pAMH group: n=41. Individual data points 
are shown in relation to the mean and error bars denote SEM. Fecal boli data were first determined 
to be non-parametric by Shapiro-Wilk test, then analyzed with Mann-Whitney analysis. Urination 
data were analyzed with Fisher’s exact test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  
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PAMH treatment induced increased response to restraint stress  

 Next, we aimed to study the effect of prenatal exposure to AMH on hormonal stress 

response. In the first cohort, we handled VEH and pAMH mice for five weeks to accustom the 

mice to the stress of tail sampling (Figure 3A). On the day of the experiment, five tail blood 

samples were taken as a baseline, followed by sample collection every 15 minutes while the mice 

were in restraint in order to capture the peak of CORT elevation (Figure 3A). Two more samples 

were collected to measure the duration of elevation (Figure 3A). In the beginning of the 

experiment, baseline CORT level measured at -75 minutes were similar for both the pAMH and 

VEH group (Figure 3B). CORT level then rose and peaked 45 minutes after the first sample for 

both groups and decreased after peaking (Figure 3B). At time 0 when the mice were placed in 

restrainers, the VEH group’s CORT had returned to baseline level, whereas the CORT level for 

the pAMH group’s CORT remained visibly elevated (Figure 3B). As expected, CORT level 

elevated and peaked around 45-60 minutes after restraint for both the pAMH group and VEH 

group. After peaking, CORT level of the VEH group started decreasing and returning to baseline, 

by the 120-minute timepoint. In contrast, the pAMH group had yet to return to baseline by the end 

of the experiment (Figure 3B). Overall, the pAMH group had both an elevated peak and a 

prolonged duration of rise in CORT levels in response to restraint stress. 

 The restraint stress paradigm was repeated in a separate cohort of VEH and pAMH mice, 

but this time without the handling acclimation period. On the day of testing, the mice were placed 

in restraint tubes at time 0 and tail blood was taken immediately and every 30 minutes for two 

hours (Figure 3C). The results showed that there was an overall significant elevated CORT level 

from the pAMH group mice (Figure 3D). As expected, CORT level peaked at 60 minutes after 

the beginning of restraint for both groups, but compared to the previous experiment with handling, 
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the peaked level was higher in this experiment (Figure 3B, 3D). After peaking, the VEH group 

CORT level began to decrease while that of the pAMH group stayed persistently high until the 

end of the experiment (Figure 3D). This illustrated that the handling acclimation period was not 

necessary to observe the pAMH-induced prolonged elevation in CORT response to restraint stress.  

  



 17 

 
 

 

 

Figure 3: PAMH treated female mice had increased reactivity in restraint stress paradigm. 
Panel A shows the schematic of the CORT restraint stress experiment with handling. VEH and 
pAMH mice were handled for five weeks. On the day of the experiment, five tail bleeds were taken 
as baseline before the mice were placed in restraint tubes. Tail bleeds were then collected every 
15 minutes for one hour, followed by two more collections 30 minutes apart for a total of two 
hours of restraint. Panel B shows the level of CORT measured by ELISA from the serum of tail 
blood. VEH group: n=8; pAMH group: n=6. Panel C shows the schematic of the CORT restraint 
stress experiment without handling. VEH and pAMH mice were placed in restraint tubes, and tail 
bleeds were collected every 30 minutes for two hours. Panel D shows the level of CORT measured 
by ELISA from the serum of tail blood. VEH group: n=9; pAMH group: n=23. Data represent 
group averages and error bars denote SEM. Data were analyzed by mixed-effects two-way 
ANOVA. *P<0.05. 
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Figure 3: continued. 
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CHAPTER II: Stress reactivity in second-generation female mice demonstrated that the 

effect of PAMH treatment was transgenerational  

 

 We next sought to investigate whether the effect of exposure to prenatal AMH treatment 

would also be seen in the offspring of the first-generation female mice, i.e. the second-generation 

offspring. We again performed both behavioral and hormonal assays. We hypothesized that the 

increased stress reactivity phenotype seen in first-generation females would be transgenerational 

and that the second-generation offspring would also have increased stress response.  

 

Second-generation female mice had increased response to mild novelty-induced stress 

 To measure behavioral stress response, the simple stress test was performed using the same 

protocol as in previous chapter. Our results showed that at P30, pAMH second-generation female 

mice had a significantly increased number of fecal boli produced as compared to the VEH group 

(Figure 4A). We also found a significant difference in percent urination between the pAMH and 

VEH groups (Figure 4B). Thus, our experiments showed a transgenerational increased stress 

reactivity phenotype in second-generation female mice. 
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Figure 4: Second-generation female mice had increased simple stress response. PAMH and 
VEH offspring from first-generation females were subject to 10 minutes of restraint. The number 
of fecal boli produced and the percent of urination were recorded. Panels A and B show fecal boli 
and urination data collected at P30. VEH group: n=21; pAMH group: n=20. Individual data points 
are shown in relation to the mean and error bars denote SEM. Fecal boli data were first determined 
to be non-parametric by Shapiro-Wilk test, followed by Mann-Whitney analysis. Percent urination 
data were analyzed with Fisher’s exact test. *P<0.05. 
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PAMH-treated second-generation female mice had increased stress reactivity in restraint stress 

paradigm 

 We then subjected the second-generation female offspring to restraint stress paradigm at 

2-3 months of ages to assess their CORT level in response to stress. Because our experiments in 

the first generation determined that a handling acclimation period was not necessary to observe 

pAMH-induced changes, VEH and pAMH female mice were not handled prior to the experiment. 

On the day of testing, tail bleeds were taken every 30 minutes while in restraint for two hours. Our 

results showed that the pAMH group had an overall significantly elevated CORT level as 

compared to the VEH group (Figure 5). There was also a significant interaction between treatment 

and time (p=0.0224), and Sidak’s multiple comparison’s test revealed that the pAMH group had 

significant higher level of CORT than the VEH group at time 60 (Figure 5). As seen in first-

generation female mice, CORT levels stayed persistently high until the end of the experiment in 

the pAMH group (Figure 5). Our results in the second generation illustrate that exposure to 

prenatal AMH increases hormonal stress reactivity and that this effect is transgenerational.  
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Figure 5: Second-generation female mice had increased CORT response to restraint stress. 
No prior handling was done before the day of the experiment. VEH and pAMH second generation 
offspring were placed in restraint tubes for two hours. Tail bleeds were taken every 30 minutes. 
VEH group: n=11; pAMH group: n=10. Data represent group averages and error bars denote SEM. 
Data were analyzed by mixed-effects two-way ANOVA, followed by Sidak’s multiple 
comparison’s test. **P<0.01. 
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CHAPTER III: The effect of prenatal AMH treatment in first- and second-generation male 

mice  

 After characterizing the stress phenotypes of first- and second-generation female mice, we 

wanted to examine behavioral and hormonal stress response in male offspring. We hypothesized 

that since male mice already had higher levels of androgens, prenatal treatment of AMH would 

not significantly induce stress reactivity in those animals.  

 

PAMH treatment resulted in increased simple stress response in first- and second-generation 

male mice 

 We performed the simple stress response protocol as described previously on VEH and 

pAMH male of both first and second generation. Our results showed that first generation male 

mice had significantly robust increase in the number of fecal boli produced and percent urination 

at P30 as compared to the VEH group (Figure 6A, 6B). At P60, the number of fecal boli produced 

and percent urination in the pAMH group were still significantly higher than that of the VEH group 

(Figure 6C, 6D). In the second generation, same treatment effects were seen with the pAMH group 

having significantly higher number of fecal boli produced and percent urination than the VEH 

group at P30 (Figure 6E, 6F). This illustrated that prenatal AMH treatment had a robust effect on 

behavioral stress reactivity not only in first-generation female mice, but also in male mice, and 

that this effect was transgenerational.   
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Figure 6: First- and second-generation male mice had increased simple stress response. VEH 
and pAMH male mice from first generation were subject to simple stress response at P30 and P60, 
and the second generation were subject to the same test at P30. Panels A and B show data from 
first-generation male mice measured at P30. VEH group: n=24; pAMH group: n=38. Panels C 
and D show data from first-generation male mice measured at P60. VEH group: n=24; pAMH 
group: n=41. Panels E and F show data from second-generation male mice measured at P30. VEH 
group: n= 23; pAMH group: n=31. Individual data points are shown in relation to the mean and 
error bars denote SEM. Fecal boli data were first determined to be non-parametric by Shapiro-
Wilk test, followed by Mann-Whitney analysis. Percent urination data were analyzed with Fisher’s 
exact test. *P<0.05, **P<0.01, ****P<0.0001. 
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PAMH treatment did not increase the stress reactivity of first-generation male mice in restraint 

stress paradigm 

 Finally, we examined whether first-generation male mice also had increased hormonal 

stress response. We performed CORT restraint stress paradigm as described previously, both with 

and without handling in two experiments. In both experiments, there was no significant difference 

observed between the VEH and pAMH group (Figure 7A, 7B). Notably, the VEH male mice did 

not exhibit the rise in CORT following restraint stress that was seen in females, with or without 

handling (Figure 7A, 7B). We were thus unable to detect an increase in hormonal stress reactivity 

to restraint stress in pAMH male mice. Because we did not see an effect in the first generation, we 

did not perform the same experiment in the second-generation male mice.  
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Figure 7: PAMH treatment did not increase CORT response of first-generation male mice 
to restraint stress. Panel A shows average CORT level measured by ELISA from the serum of 
tail blood collected from restraint stress experiment with handling. VEH group: n=3; pAMH group: 
n=6. Panel B shows average CORT level measured by ELISA from the serum of tail blood 
collected from restraint stress experiment without handling. VEH group: n=13; pAMH group: 
n=22. Error bars denoted SEM. Data were analyzed by mixed-effects two-way ANOVA. 
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DISCUSSION 
 

The complex, heterogenous nature of PCOS makes it challenging to uncover the 

mechanisms of its etiology. Previous mouse models of PCOS have nicely recapitulated 

reproductive and metabolic phenotypes of the disease [5, 25, 26]. However, little is known about 

psychiatric phenotypes in these models. To our knowledge, the current study is the first study 

investigating stress-related symptoms of PCOS in a mouse model.  

Our results show that in the first-generation female mice, pAMH offspring had a robust 

increased response in simple stress measures compared to VEH at both P30 and P60. In the 

restraint stress paradigm, pAMH females showed an increased peak CORT level followed by a 

prolonged elevation period. We also found that the effect of pAMH treatment was 

transgenerational in that the second-generation pAMH female offspring also had an increased 

response in simple stress test, as well as a significantly elevated and prolonged CORT level rise 

following restraint stress test. In males, both first- and second-generation pAMH offspring 

exhibited increased simple stress reactivity, but there was no significant difference between the 

pAMH group and VEH group in the level of CORT during restraint stress paradigm.  

We also found significant disruptions in reproductive phenotypes, consistent with the 

initial publication of the pAMH model (data not shown). Because we explored both stress-related 

and reproductive phenotypes, we are able, for the first time, to explore how these two domains 

may interact in a PCOS-like mouse model.  
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Effects of androgen excess on PCOS and stress 

One of the most significant hallmarks for PCOS is hyperandrogenism, which is present in 

60% of PCOS patient [37]. In addition to being an important diagnostic marker, hyperandrogenism 

is hypothesized to also play a causal role. Cultured ovarian cells from human PCOS patients 

demonstrated increased activity of the rate-limiting enzyme in androgen synthesis [38]. Genetic 

studies comparing PCOS patients to controls have identified polymorphisms in the genes encoding 

androgen receptor (AR) and aromatase, which converts androgens to estrogens [39, 40]. Clinically, 

anti-androgenic drug treatments improve symptoms, not only hirsutism and acne, but also GnRH 

pulse-generation sensitivity to hormonal feedback [41, 42].  

There is also evidence that suggests androgens may mediate psychiatric comorbidities in 

PCOS. Cross-sectional studies in PCOS women with borderline personality disorder showed that 

patients with borderline personality disorder have higher than expected serum androgen levels and 

is hypothesized to be at the root of the mechanism underlying the comorbidity [43]. Indeed, high 

levels of androgens have been shown to increase stress and anxiety in PCOS women [44]. One 

study of hirsute women with oligomenorrhea and high androgen levels found that hirsute women 

performed worse at reasoning tasks during the experimentally induced stress compared to control 

women and are significantly more prone to anxiety during personality measurements [45].  

We suspect that the increased levels of circulating androgens in pAMH mice (data not 

shown) are at the root cause of our observed increased in stress activity. In preclinical rodent 

studies, androgen-excess in rats during pregnancy results in anxiety-like behavior in offspring 

during adulthood [46]. Chronic exposure to high androgens has been shown to increase CRH 

which then increases stress and anxiety in rats [46]. Together, the link between high levels of 

androgen and psychiatric disorders in PCOS suggests that pAMH-induced rise in androgens could 
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be mediating our observed effects. However, direct probation of androgen-mediated effects is 

required.  

 

Direct effects of AMH on stress 

Another possibility as to the cause of the increased stress reactivity in pAMH mice could 

be due to direct effects of AMH. While AMH has been shown to not cross the placenta [5], pAMH 

offspring nevertheless exhibit increased AMH levels in adulthood (data not shown). AMHR2 is 

expressed in the bed nucleus of the stria terminalis (BNST) region of the brain in mice [47]. The 

BNST region plays a significant role in anxiety and addiction, both of which are considered 

disorders triggered by stress [48, 49]. Rats with BNST lesions had significantly lower CORT level 

in response to fear stimuli as compared to rats with sham lesions, indicating that BNST region was 

important to process stress response to fear stimuli [50]. Therefore, in our study, it is possible that 

higher level of AMH leads to increased stimulation of the BNST region, resulting in higher levels 

of CORT. Overall though, central action of AMH remains vastly unexplored. In the dissection of 

the mechanisms underlying the pAMH mouse, it will be critical to distinguish whether phenotypes 

arise from direct effects of AMH or from the increased levels of androgens. 

 

Behavioral effects of pAMH exposure  

Novelty-induced defecation and urination have long been known to indicate an increased 

stress response in rodents [36]. Exposure to novel environment is a commonly used mild stressor 

to induce psychosocial stress because it avoids invasively harming the animals [51]. In our study, 

the increased number of fecal boli produced and urination when placed in a novel paper container 

was indicative of an increased stress response. While this simple stress test was optimal as an 
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initial inquiry into neuropsychiatric phenotypes [52], other behavioral assays are necessary to 

further probe this phenotype. Commonly used assays that have been well validated as measures of 

stress responsiveness, as well as anxiety-like behaviors in mice include: the open field test, light-

dark transition test, elevated plus maze test, learned helplessness, and novelty-suppressed feeding 

[53-55]. These tests are particularly notable as males have been reported to show increased 

susceptibility on them relative to females. On other tests like the restraint test, forced swim test, 

tail suspension test, chronic mild stress paradigm, and social isolation paradigms, females have 

been reported to have increased susceptibility. Because pAMH female mice have elements of 

masculinization in the brain [28], it would be interesting to see how they would perform on a 

diverse panel of sex-specific behavioral assays. 

We demonstrated that pAMH treatment led to significantly higher stress reactivity than the 

VEH group at the peri-pubertal P30. Because sex hormones increase with the onset of puberty, we 

also investigated stress responsiveness at the post-pubertal timepoint of P60 to see whether the 

mice would be more or less sensitive to the same stressors. While stress responsiveness in mice 

has been previously been shown to decrease with transition to young adulthood [56], we found 

that the pAMH group male and female mice still had increased stress reactivity compared to VEH 

at P60. To date, there has been one study in rats that that demonstrated prenatal exposure to 

androgens also increased anxiety-like behaviors [46], similar to the effects of the current study. 

Both sexes were affected, although the males had a much milder phenotype, with a trend towards 

increased behavioral stress response [46]. Future studies could explore whether the robust 

behavioral changes in pAMH mice are due to developmental programming of neural circuits vs. 

being sustained by altered sex hormones. This could have meaningful implications for the 

treatment of stress and anxiety phenotypes seen in PCOS patients.  



 32 

Effects of pAMH exposure on CORT 

We then sought to assess whether the increased behavioral stress reactivity also translated 

into an increased hormonal response. CORT is released upon stress-induced activation of the HPA 

axis and thus is used as a hormonal marker for the level of stress experienced [57]. Significantly 

elevated CORT in response to psychosocial stress has been reported in a rat model of PCOS [58]. 

In the current study, CORT level was measured to determine whether the pAMH-treated mice had 

increased hormonal stress reactivity to restraint stress. Since handling stress is a well-recognized 

source of unexplained variation between studies [59], we first handled the mice prior to the 

experiment in order to acclimate them to the stress of tail handling. We saw an exaggerated rise in 

peak CORT level followed by a prolonged elevation in first-generation female mice that were 

handled for 5 weeks. We then performed the same CORT restraint stress response test in a separate 

cohort of mice but without prior handling. We found that CORT level was still overall significantly 

higher and prolongedly elevated in first- and second-generation female mice compared to the VEH 

group’s response. This finding demonstrated that handling is not required to detect significant 

pAMH-induced changes. 

 Our finding that pAMH treatment lead to both significantly increased CORT levels and 

increased behavioral markers of stress is consistent with literature connecting CORT and 

psychiatric disorders. The level of CORT in patients with mood disorders is significantly higher 

than that in healthy individuals, showing a hyperactivity of the HPA axis [60]. More specifically, 

patients with anxiety and depressive disorders usually present with hypersecretion of the CRH 

from the hypothalamus that results in high level of circulating CORT [61]. In addition, risks of 

developing psychiatric disorders are higher in those that are prescribed with CORT medications 
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[62]. Therefore, high CORT levels seen in pAMH mouse model due to stress is consistent with the 

psychiatric aspect of PCOS.  

 

Effects of stress on reproduction 

Excess CORT plays a critical role in stress-associated reproductive disturbances. Indeed, 

increased CORT reactivity could be contributing to infertility in PCOS. CORT regulates the HPG 

axis at multiple levels. In the hypothalamus, glucocorticoid receptors are expressed in GnRH 

neurons and can directly inhibit the secretion of GnRH [63]. CORT can also secondarily effect on 

the pituitary to decrease the level of LH in circulation [64], as well as modulate steroidogenesis 

and gametogenesis from the gonads [65, 66].  

It is important to note that there exists conflicting evidence regarding the level of LH in 

PCOS patients who experience stress symptoms. High levels of LH secretion is a classic feature 

of PCOS [67]. However, PCOS patients who present with psychiatric disorders have higher CORT 

levels [61], which would be expected to inhibit the release of LH from the pituitary [68]. Perhaps 

the HPG axis in PCOS is desensitized, not only to negative feedback from sex hormones, but also 

to negative regulation by stress-related glucocorticoids.  

Previous research has also shown that baseline levels of cortisol is similar in PCOS patients 

and healthy individuals [18]. Our data are consistent with this finding that the pAMH and VEH 

groups had similar basal CORT level before the introduction of stressors. Thus, the increased 

CORT is a manifestation of stress reactivity under exposure to acute stressors, rather than 

representing a chronic endogenous hypersecretion of CORT.  

While it appears clear that the HPG and HPA axes interact to contribute to PCOS 

pathophysiology, further research is required to elucidate the mechanisms of that interaction. 
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Hormonal response differences in male and female mice  

We found that pAMH treatment had an effect on males in the simple stress test. However, 

in both handling and non-handling CORT restraint stress experiments, first-generation pAMH 

male mice did not show any difference in CORT level as compared to the VEH group. Notably, 

the VEH group male mice did not show any stress reactivity. Female rodents have previously been 

shown to have increased susceptibility to restraint stress paradigms [54]. This may be due to sex 

differences at the level of neuronal activation, with females having increased sensitivity to the 

initiation and termination of stress [69]. Because of these baseline sex differences in response to 

the assay, it is not unreasonable that while we observed a robust stress phenotype in pAMH female 

mice, there was no effect in males. The CORT restraint assay may not be the appropriate assay to 

detect male hormonal response to restraint stress. As a potential alternative, salivary CORT levels 

have been shown to detect rises in male mice following restraint stress [70]. 

 

Transgenerational effects of pAMH exposure 

We found that the pAMH-induced increases in stress reactivity was present in both first- 

and second-generation female mice. PCOS is highly heritable, although only a small fraction of 

this heritability can be explained by loci identified in genetic studies to date [71]. A recent study 

using the PNA mouse model found that PNA exposure during gestation had profound 

transgenerational impacts on PCOS-like phenotypes in the first, second, and third generations [72]. 

Perhaps it is the altered hormone levels present in each generation that causes consistent 

phenotypes, or perhaps it is the single insult of the prenatal hormone exposure that persists and is 

passed on across generations. Epigenetic modifications are common in the development and 

inheritance of many diseases [73]. In PNA mice, sequencing of single metaphase II oocytes from 
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first, second, and third generations identified gene expression changes common across all 

generations [72]. Another study in rats showed alterations in mRNA expression and methylation 

of genes in granulosa cells following prenatal androgenization, which potentially contributed to 

ovarian dysfunction [74]. Prenatally-androgenized rhesus monkeys have also shown altered DNA 

methylation patterns in visceral adipose tissues, suggesting that excess androgens may predispose 

offspring to PCOS phenotypes via alterations of the epigenome [75]. There could similarly be 

epigenetic changes that gave rise to the transgenerational increase in stress reactivity in the second-

generation pAMH offspring. Again, it will be important to determine if direct effects of AMH, the 

resulting rise in androgens, or both, are mediating potential epigenetic changes in the pAMH model.   

 

Conclusion 

PCOS patients have been shown to have significantly higher AMH levels than healthy 

individuals [76-78]. AMH can directly activate GnRH neurons, which contributes to increased LH 

and androgen levels in PCOS women [34]. The hyperandrogenism that commonly presents in 

PCOS women can lead to increased stress and anxiety, which also can negatively impact fertility 

and the reproductive axis [44]. The present study showed, for the first time in a mouse model, that 

pAMH exposure recapitulated stress phenotypes similar to that in PCOS. Our results mark one of 

the first steps toward building knowledge of the interaction between AMH and psychiatric 

phenotypes in PCOS. We showed that the pAMH mouse model can be used as a valuable tool to 

investigate underlying mechanisms of many aspects of PCOS etiology, with potential implications 

for novel therapeutics. Furthermore, our findings also pose the possibility of a role for AMH in 

psychiatric disorders outside the context of PCOS. Future studies should aim to distinguish 
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androgen effects from direct action of AMH in the model. In addition, the transgenerational effect 

of pAMH exposure is worth exploring to identify the exact mechanisms of action.  
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