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ABSTRACT

Circadian clocks play essential roles in the timing of events in
the mammalian hypothalamo-pituitary-ovarian (HPO) axis. The
molecular oscillator driving these rhythms has been localized to
tissues of the HPO axis. It has been suggested that synchrony
among these oscillators is a feature of normal reproductive
function. The impact of fertility disorders on clock function and
the role of the clock in the etiology of endocrine pathology
remain unknown. Polycystic ovarian syndrome (PCOS) is a
particularly devastating fertility disorder, affecting 5%-10% of
women at childbearing age with features including a polycystic
ovary, anovulation, and elevated serum androgen. Approximate-
ly 40% of these women have metabolic syndrome, marked by
hyperinsulinemia, dyslipidemia, and insulin resistance. It has
been suggested that developmental exposure to excess androgen
contributes to the etiology of fertility disorders, including PCOS.
To better define the role of the timing system in these disorders,
we determined the effects of androgen-dependent developmen-
tal programming on clock gene expression in tissues of the
metabolic and HPO axes. Female PERIOD2::luciferase (PER2::-
LUC) mice were exposed to androgen (dihydrotestosterone
[DHT)) in utero (Days 16-18 of gestation) or for 9-10 wk (DHT
pellet) beginning at weaning (pubertal androgen excess [PAE]).
As expected, both groups of androgen-treated mice had
disrupted estrous cycles. Analysis of PER2::LUC expression in
tissue explants revealed that excess androgen produced circa-
dian misalignment via tissue-dependent effects on phase
distribution. In vitro treatment with DHT differentially affected
the period of PER2:LUC expression in tissue explants and
granulosa cells, indicating that androgen has direct and tissue-
specific effects on clock gene expression that may account for
the effects of developmental programming on the timing system.
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INTRODUCTION

The circadian timing system drives daily rhythms of
physiology and behavior [1]. Circadian oscillators play a
major role in endocrine physiology, particularly in the timing
of events in the female reproductive system [2]. The cell
autonomous molecular oscillator has been localized to each
tissue of the female hypothalamo-pituitary-ovarian (HPO) axis
and implicated in the processes of folliculogenesis, ovulation,
oocyte maturation, implantation, and steroid hormone synthesis
[3]. The most salient feature of the mammalian reproductive
cycle is the preovulatory rise in serum luteinizing hormone
(LH) [4-6]. In rodents, the LH surge occurs during the evening
of proestrus and dictates the timing of ovulation. The timing of
the surge depends on the activity of pacemaker neurons in the
central oscillator or suprachiasmatic nucleus (SCN) [7, 8] and
positive feedback from ovarian estradiol [9]. Lesions that
destroy the SCN or mutations that alter the timing or output of
SCN neurons are known to affect the timing of LH secretion,
block ovulation, and disrupt reproductive cycles [10, 11].
Recent evidence suggests that the timing of ovulation may also
depend on a critical period of sensitivity to LH defined by the
ovarian clock [12].

The substrate for circadian rhythms, often referred to as the
molecular clock, is a transcriptional/translational autoregulato-
ry feedback loop oscillator of interacting transcription factors
or clock genes (for extensive and detailed review, see [1]). The
activator BMAL1 forms a heterodimer with CLOCK and
drives expression of period (periodl, period2, and period3)
and cryptochrome (cryl and cry2) genes. PERIOD and CRY
dimerize, undergo posttranslational modifications including
phosphorylation by casein kinases (&/3), and translocate back
to the nucleus wherein they repress the activity of BMALI:-
CLOCK. A secondary loop including the activator RORa and
the repressor REV-ERBa adds stability to the oscillator by
regulating the timing and amplitude of bmall expression. In
addition to their role as clock gene activator, BMAL1:CLOCK
also regulate the expression of multiple clock-controlled genes
(CCGs) that act downstream of the clock in a cell- and tissue-
specific manner.

It is now widely accepted that the mammalian ovary
contains cell autonomous circadian clocks [3]. Moreover,
circadian clock gene expression has been reported at each level
of the HPO axis, including the hypothalamic gonadotropin-
releasing hormone neurons and the pituitary gonadotroph [13].
However, a functional role for the clock in these tissues,
particularly in regard to ovarian physiology and fertility, has
yet to be defined [3]. It has been reported that the ovarian clock
regulates the timing of sensitivity to endocrine signals,
including the rhythmic secretion of gonadotropins [14]. Others
have linked circadian clock function to reproductive physiol-
ogy, with particular emphasis on steroid hormone synthesis
[15, 16]. Mutations that suppress clock function have dramatic
impacts on fertility, including irregular LH secretion, abnormal
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cycles, and implantation failure [17, 18]. Clock function has
also been described in tissues of both the digestive and
cardiovascular systems, including the pancreas, adipose tissue,
and liver [19]. Disrupting rhythms of clock gene expression in
these tissues perturbs metabolic function, leading to impaired
insulin secretion, glucose homeostasis, and lipid metabolism
[20]. Chronodisruption, due to rotating shiftwork or chronic jet
lag, is commonly experienced by medical professionals or
long-haul flight crews and is associated with increased risk of
preterm birth, irregular menstrual cycles, and subfertility in
women [21]. Though less evidence supports a role for the
molecular clock in women, data do suggest that the central
clock controls the timing of LH secretion and that ovulation
occurs consistently within 5-15 h after the LH surge [22].
Thus, whereas it appears that circadian dysfunction may be
causative for metabolic and fertility disorders in rodents, a
functional relationship between the timing system and the
etiology of reproductive dysfunction in humans remains
unconfirmed.

Polycystic ovarian syndrome (PCOS) is a commonly
diagnosed endocrinopathy in women with primary symptoms,
including amenorrhea or oligomenorrhea, a polycystic ovarian
morphology, and excess circulating androgen [23]. According
to recent clinical consensus, a diagnosis of PCOS requires
confirmation of at least two of the three criteria [24]. PCOS is
commonly comorbid with a metabolic syndrome characterized
by hyperinsulinemia, dyslipidemia, reduced insulin sensitivity,
obesity, and increased risk of type 2 diabetes and cardiovas-
cular disease [25]. In addition to these reproductive and
metabolic deficits, women with PCOS are more commonly
diagnosed with sleep disorders, including abnormal REM sleep
architecture, independent of obesity and metabolic disease [26,
27]. Excess testosterone of follicular origin (hyperandrogene-
mia) is a common feature of PCOS [25, 28]. The exact etiology
of the disease as it relates to the timing of androgen exposure
remains a topic of some debate [29]. Data from primate, sheep,
and rodent models provide the strongest evidence that prenatal
exposure to excess androgen may be causative [30]. Evidence
also exists that excess androgen during late adolescence and
puberty is a significant factor in the development of PCOS
[31]. As a testament to these assertions, several animal models
of androgen-induced PCOS, most often using the nonaroma-
tizable androgen S5a-dihydrotestosterone (DHT), have been
developed in rodents [32, 33]. These include the prenatally
androgenized (PNA) mouse [34] and late-adolescent/pubertal
exposure models (pubertal androgen excess [PAE]) applied in
both rats and mice [35, 36]. Both models exhibit irregular
reproductive cycles, disrupted gonadotropin secretion, and
glucose intolerance without significant insulin resistance.
Unlike PNA mice, PAE-exposed animals develop a clear
polycystic ovarian morphology (fewer corpora lutea and more
large unhealthy cystic follicles), abdominal obesity (character-
ized by increased inguinal and retroperitoneal fat mass),
dyslipidemia, adipocyte hypertrophy, and elevated plasma
cholesterol [33].

Mutations of the core clock genes have been linked to
characteristics of the metabolic syndrome commonly associat-
ed with PCOS, including abdominal obesity [37]. However, the
connection between fertility, metabolism, and clock function at
the cellular level remains poorly understood. Metabolic
syndrome and obesity are commonly associated with a decline
in reproductive function, disrupted reproductive cycles, and
attenuated gonadotropin secretion [38, 39]. Conversely,
circadian disruption is known to increase the risk of obesity
and metabolic disease [20, 40]. Given the comorbid sleep and
metabolic disease prevalent among women with PCOS, it is

reasonable to presume that circadian disruption may be a
significant causative and/or permissive factor in the etiology of
the disease. We hypothesize that developmental programming
by androgen excess disrupts metabolism and reproductive
physiology in part by altering the normal activity of the timing
system. The ensuing internal circadian disorganization or
misalignment contributes to the progression of disease and may
underlie comorbidities, including sleep disorders.

To test this hypothesis, we exposed PER2::luciferase
(PER::LUC) transgenic mice to excess androgen during sexual
development. The goals of the present study were 1) to
determine the impacts of androgen-dependent developmental
programming on the circadian timing system in mice (both
PAE and PNA) and 2) to isolate the potential influence of
obesity by comparing and contrasting the impacts of excess
androgen on the timing system in lean (PNA) and obese (PAE)
models of PCOS [33]. To that end, we measured the timing of
PER2::LUC expression in tissue explants of the reproductive
tract from PNA and PAE mice, including the SCN, oviduct,
pituitary, and ovarian follicle. Furthermore, we measured the
same in liver, lung, and white adipose tissue (WAT) as
components of the metabolic axis.

MATERIALS AND METHODS

Animals

Female PER2::LUC transgenic mice (originally from Dr. Joseph Takahashi,
University of Texas Southwestern Medical Center, Dallas, TX) from our local
colony were used for all experiments. Unless otherwise noted, animals were
reared under a standard 12L:12D photoperiod with constant temperature and
humidity. Food (standard chow) and water were made available ad libitum. All
handling and procedures were in compliance with the guidelines for the care and
use of animals outlined by the University Committee on Animal Resources at the
University of Rochester School of Medicine and Dentistry and in accord with the
National Institutes of Health Guidelines for the Care and Use of Animals.

Generation of PAE Mice

Weanling (age, 4 wk; body wt, 11.49 * 0.62 g) female PER2::LUC
transgenic mice (congenic on a C57BL6/j background) were anesthetized with
isoflurane gas, and a small incision was made in the intrascapular region.
Animals received a subcutaneous placebo pellet (a chemical matrix containing
cholesterol, stearates, lactose, cellulose, and phosphates minus the active
steroid) or a 90-day continuous release pellet (Innovative Research of America)
containing 5 mg of DHT (daily dose of 55 ng, or ~5 pg/g/day) as described
previously [36] with slight modification. This treatment is intended to produce
androgen levels approximately 1.7- to 2-fold higher than normal, which is
equivocal to the hyperandrogenemia in patients with PCOS [35, 41]. After
recovery, animals were placed within our light-tight boxes in a 12L:12D
photoperiod and provided food and water ad libitum. Body weight was
measured weekly, and reproductive cycles were monitored by vaginal smear for
a minimum of 17 days. Only those control animals showing at least two
consecutive 5- to 7-day cycles were included in our experimental analyses and
were euthanized on the afternoon of diestrus to avoid the potential impact of
elevated ovarian steroids on circadian organization [42]. All animals were
euthanized 9-10 wk after pellet surgery, and tissues were recovered for
luminescence recording as described below.

Generation of PNA Mice

Adult (age, 3-6 mo) female PER2::LUC transgenic mice (congenic on a
C57BL6/j background) were used in all experiments. Mice were housed under
a standard 12L:12D photoperiod with food and water available ad libitum.
Females were paired with congenic PER2:LUC homozygote males and
checked for copulatory plugs daily. Pregnant dams were given daily
subcutaneous injections of DHT (250 pg) in 50 pl of sesame oil or sesame
oil vehicle on Days 16-18 of gestation [34]. Adult (age, 3—6 mo) female
offspring from DHT- and oil- treated dams were used for experiments. Mice
were transferred to our light-tight chambers, housed under a 12L:12D
photoperiod, and provided food and water ad libitum. Body weight was
measured weekly, and reproductive cycles were monitored by daily vaginal
smear for a minimum of 17 days. Only those oil-treated control animals
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showing at least two consecutive 5- to 7-day estrous cycles were included in
our experimental analyses and were euthanized on the day of diestrus to avoid
the confounding effects of ovarian steroids on phase synchrony among
oscillators. Both PNA and control mice were euthanized at 3—6 mo of age, and
tissues were recovered for luminescence recording as described below.

Behavioral Analysis

Wheel-running activity by PNA, PAE, and control mice (placebo pellet or
oil vehicle) was recorded using ClockLab (Actimetrics). Because we did not
detect a significant difference in free-running period between control groups
(pellet or oil), only placebo-pellet mice were included as controls in our
behavioral analyses. To determine the potential effect of developmental
programming on circadian rhythms of activity, PNA (n =6), PAE (n=4), and
control (placebo pellet, n=4) mice were kept under a 12L:12D photoperiod for
at least 1 wk before being placed in constant darkness for 14 days. The period
(1) of locomotor activity was determined during the 2 wk in constant darkness
using a chi-square periodogram (ClockLab). Behavioral analyses were done on
a smaller cohort of mice from each group that were not included in subsequent
analyses, including tissue luminescence recording, due to the potential
confounding effect of wheel running on circadian organization.

Tissue Explant Culture and Bioluminescence Recording

Adult female PNA (n = 15), oil vehicle (n=38), PAE (n=17), and placebo
(n = 8) mice of the PER2::LUC strain or untreated, random-cycling adult
female PER2::LUC mice (for androgen treatment in vitro, n = 8) were
euthanized 3 h before lights-off by excess CO, exposure. Every effort was
made to recover tissues on diestrus (PNA, PAE, and controls) to avoid the
potential confounding effects of the estrous cycle on phase cohesion [42]. The
brain, pituitary, ovary, and portions of the liver, lung, kidney, and WAT were
collected in sterile Hanks balanced salt solution (HBSS). The brain was
sectioned in the coronal plane with a vibrating microtome (WPI, Inc.) at a
thickness of 300 pm. A section containing the bilateral SCN near the midpoint
of the rostrocaudal extent was recovered, and a minimum of tissue including the
paired SCN was removed. The ovary was isolated from the oviduct, and
individual large follicles with a clear antrum were isolated. The pituitary was
cultured intact. For all other tissues (liver, lung, kidney, WAT, and oviduct),
individual 5- to 7-mm? tissue explants were collected. Tissues were placed in
35-mm culture dishes with 1.2 ml of culture medium (Dulbecco modified Eagle
medium supplemented with B27 [Gibco], 10 mM HEPES, 352.5 pg/ml of
NaHCO,, 3.5 mg/ml of p-glucose, 25 U/ml of penicillin, 25 pg/ml of
streptomycin, and 0.1 mM luciferin [Promega]). Our medium was serum-free
and devoid of all but a minute level of progesterone (<10 fM) present in the
B27 supplement. For steroid treatment experiments, DHT (in 100% EtOH) at
the appropriate concentration (100 nM, 500 nM, 1 puM, and 10 uM) or EtOH
vehicle was added to the culture medium (to a final EtOH concentration of
0.1%). Cultures were sealed with coverglass and maintained at 35°C in a light-
tight incubator. Luminescence was recorded for 1 min every 10 min with an
automated luminometer (LumiCycle; Actimetrics). Data are presented as
luminescence counts per second.

Granulosa Cell Culture and Bioluminescence Recording

Weanling (age, 3—4 wk) female PER2::LUC mice maintained with food and
water ad libitum and reared under a 12L:12D photoperiod were injected with
equine chorionic gonadotropin (5 IU; Sigma) between 4 and 6 h after lights-on
to induce follicular development. Forty-eight hours later, animals were
euthanized with CO,, and the ovaries were quickly removed and placed in
chilled HBSS supplemented with antibiotics. Ovaries were separated from
peritoneal fat and oviducts, rinsed in clean HBSS, and placed in 0.6 ml of
chilled culture medium (as above). Granulosa cells (GCs) were recovered as
described previously [43] with slight modification. Cells were harvested by
manual puncture of follicles with a 23-gauge needle followed by application of
gentle pressure. Cells were dissociated using gentle trituration, washed once by
centrifugation in fresh media at 4°C for 10 min (1000 X g), and resuspended for
cell counting and viability assessment. Cells were diluted to a density of 5 X
10 cells/ml in our serum-free culture medium supplemented with 10 ng/ml of
ovine follicle-stimulating hormone (Dr. Albert Parlow, National Institute of
Diabetes and Digestive and Kidney Diseases) and plated in 35-mm cell cultures
dishes (vacuum gas plasma-treated; BD Falcon). A total of three or four
cultures were recovered from each mouse on average. Cultures were incubated
at 37°C in a 95% 02/5% CO2 incubator for 48 h. On Day 3, cells were
synchronized with fresh medium containing 200 nM dexamethasone (Sigma)
for 30 min [44]. Following synchronization, fresh medium containing luciferin
(0.1 mM; Promega), DHT (100 nM, 500 nM, 1 pM, or 10 uM; Sigma), DHT (1

uM), Bicalutamide (BIC; 100 nM; Sigma), or EtOH vehicle (0.1% final
concentration) was added, and cultures were sealed with glass and sterile
vacuum grease. Cultures were then placed in our luminometer (Lumicycle), and
luminescence was recorded for a minimum of 6 days.

Data Analysis

Raw luminescence traces were detrended (24-h moving average) and
smoothed (2-h moving average), and the peak of PER2::LUC expression on the
first full 24 h in culture was recorded (Origin Pro 8.5; OriginLabs). The peak
phase was recorded as relative Zeitgeber Time (ZT) with reference to the
photoperiod before euthanization (ZTO = lights-on during the day of
euthanasia, and ZT12 = lights-off during the day of euthanasia). The peak
phases of PER2::LUC expression for each tissue were converted from relative
ZT to angles (e.g., ZT12 = 180°), plotted on circular Rayleigh plots, and
analyzed using circular statistics (Oriana; Kovach Computing Services). Phase
distribution among tissues within a group was analyzed using the Rayleigh test
and considered to be ‘‘tight”” at P < 0.05. A tight phase distribution is generally
considered to be a group of oscillators that peak within 2-3 h on either side of
the group mean, whereas dispersed tissues peak more than 3—4 h away from the
mean. Phase synchrony is defined as the phase of an oscillator or group of
tissues relative to the phase of a Zeitgeber (e.g., the photoperiod) or another
oscillator (e.g., liver vs. SCN). Both are influenced by the number of tissues
from a given animal peaking at a phase significantly different from the mean,
such as a liver clock peaking in the middle of the day when the majority of liver
tissues peak during the night. To visualize the impact of androgen on circadian
organization, the phases of PER2::LUC expression in tissues from the same
animal were plotted on horizontal phase ‘““maps’” with all those of other animals
in that group (Origin Pro). To determine significant differences in mean phase
between treatments, data were analyzed with a Watson-Williams F-test
(Oriana), with a level for significance of P < 0.05.

The period of PER2::LUC expression was measured as described previously
[42]. Briefly, 5 days of luminescence data, excluding the first 12 h to avoid the
effects of culture preparation artifacts, were analyzed with a damped sin-fit using
Lumicycle Analysis software (P < 0.001; Actimetrics). The percentage of time
spent in each day of the estrous cycle was analyzed as a function of treatment
using a one-way ANOVA followed by a Bonferroni post-hoc statistical test. The
period of free-running locomotor activity in PNA, PAE, and control mice was
analyzed with a two-tailed Student #-test. Body weight data were analyzed as a
function of age and treatment using a two-factor ANOVA followed by a
Bonferroni post-hoc analysis. The effects of DHT in vitro on the period of
PER2::LUC expression were analyzed as a function of concentration using a one-
factor ANOVA followed by Student-Newman-Keuls test for individual
comparisons. For all analyses, results were considered to be significant at P <
0.05. Unless otherwise noted, all data are presented as mean = SEM.

RESULTS

Developmental Programming by Excess Androgen
Differentially Affects Body Weight, Behavior, and
Reproductive Cycles in Female Mice

As shown in Figure 1a, PAE resulted in an increase in body
weight relative to that of mice given a placebo pellet (effect of
treatment: F = 30.07, df = 1, P < 0.001; effects of age: F =
29.16, df = 10, P < 0.001, at 14 wk old or 10 wk after pellet
implant). We did not detect a significant increase in body
weight of PNA mice relative to controls (Fig. 1b). As we have
reported in female rats [45], PAE did not affect the period of
locomotor activity in mice ([controls: T=23.38 £ (.08 (n =4)]
vs. [PAE: 1=23.59 £ 0.05 (n=4)], t=2.24,df=6, P > 0.05)
(Supplemental Fig. S1, available online at www.biolreprod.
org). We also did not detect an effect of PNA relative to controls
on the period of wheel-running activity in mice (PNA: t=23.5
*0.07;n=61t=1.099, df =8, P > 0.05; data not shown). As
expected, both methods of androgen exposure disrupted
reproductive cycles in mice (Fig. 1, ¢ and d). When analyzed
as the percentage of time spent in each day of the cycle, it
became clear that PNA and PAE mice spent a majority of their
time in metestrus or diestrus (Fig. 1, e and f). PNA and PAE
mice displayed on average less than one proestrous and estrous
day during the 17-day recording period before euthanasia. In
this analysis, a single proestrous day amounted to 5% of the
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FIG. 1.

Developmental programming by excess androgen produces metabolic and reproductive features of PCOS in PER2::LUC mice. a) Weekly body

weights of PER2::LUC mice exposed to PAE or placebo pellet and fed a standard diet ad libitum. PAE mice (n = 8) gained more weight over the course of
treatment than controls (n = 8). b) Weekly body weights of PNA mice (n = 18) or controls (n = 14) fed a standard diet ad libitum. ¢ and d) Estrous cycle
patterns from representative PAE and controls (c) or PNA mice and vehicle-treated animals (d). PNA and PAE mice displayed intermittent or irregular
cycles marked by persistent metestrus (M) or diestrus (D). e and f) Reproductive cycles from PNA (n =18), oil control (n = 14), PAE (n = 8), and placebo
pellet (n = 8) mice analyzed as a percentage of total time spent in each day of the 4-day cycle. Both PNA and PAE mice spent more time in M and D
relative to controls. PNA mice, but not PAE mice, displayed a significant drop in the percent time spent in estrus (E) and proestrus (P; P < 0.05 for both).
Data in a, b, e, and f are presented as the mean = SEM. In a, *P < 0.001; in e and f, *P < 0.05.

total time period measured. As shown in Figure 1, e and f, both
PNA and PAE mice exhibited one or less proestrous or estrous
day on average (~5%), whereas controls had 2-3 (~10%-12%)
on average. Though this effect was only statistically significant
in PNA mice, the plots in Figure lc are representative of the
near-complete acyclicity detected in PAE mice.

Gestational Androgen Excess Differentially Affects
PER2::LUC Expression in Central and Peripheral
Oscillators, Resulting in Internal Circadian Misalignment

We have previously determined that PAE in rats reduces
internal circadian organization marked by phase misalignment

between the SCN and peripheral oscillators, including the liver,
ovarian follicles, and WAT [45]. Because the PAE-treated rat
model is an obese model of PCOS [35], we were unable to
isolate the effects of androgen from the known impact of
obesity on the timing system using this model. To address this
concern we have now determined the influence of PNA, a
model of lean PCOS, on the timing system in female mice.
Adult female mice exposed to oil vehicle in utero showed
characteristic phase coordination marked by a spread of 2-3 h
around the mean (Fig. 2a, top). This phase clustering was
apparent among ovarian follicles, oviduct, WAT, and liver
explants (P < 0.05, Rayleigh test). In contrast, PNA mice
showed reduced phase cohesion among ovarian follicles,
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WAT, and liver cultures (P > 0.05 for all three), with several
explants peaking at least 3—4 h away from the mean (follicle, 8/
15; WAT, 6/10; liver, 7/14). In comparison, only one of six
follicles, one of five WAT explants, and none of the liver
explants from control mice peaked more than 4 h away from
the mean. Though phase cohesion among oviduct explants was
significant (P < 0.05, Rayleigh test), several tissues peaked
more than 3—4 h away from the mean phase (n=5/15 vs. 1/8 in
controls) (indicated by vector in Fig. 2a, bottom). This increase
in phase distribution among tissues resulted in internal
circadian misalignment (Fig. 2, b vs. ¢) [46]. We did not
detect a significant affect of PNA on the phase distribution of
pituitary, lung, or kidney cultures (Fig. 2c).

Excess Androgen During Adolescence and Puberty Affects
Phase Synchrony Among Central and Peripheral
Oscillators, Resulting in Internal Circadian Misalignment

As previously stated, we have shown circadian misalign-
ment in an obese rat model of PCOS. To accurately draw
comparisons between the obese (PAE) and nonobese/lean
(PNA) mouse models of PCOS, it is also necessary to examine
the effects of PAE on the timing system in female mice. As
shown in Figure 3, tissues recovered from mice receiving a
placebo pellet showed significant phase clustering around the
mean. This cohesion was significant among individual follicles
(P < 0.05), oviduct (P < 0.05), WAT (P < 0.05), and liver (P
< 0.05) explants (Fig. 3a, left). Exposure to excess androgen
for 9—10 wk beginning at 4 wk of age resulted in a significant
increase in phase distribution among follicles and WAT tissues
(P > 0.05) (Fig. 3a, right) characterized by several explants
(follicle, 11/15; WAT, 4/11) peaking 3—4 h away from the
mean. In comparison, fewer follicle (1/7) and WAT (1/8) tissue
explants from placebo-treated mice peaked more than 4 h away
from the mean. We did not detect a significant increase in
phase distribution among liver explants from PAE mice (Fig.
3a, bottom right). Surprisingly, the mean phase of peak
PER2::LUC expression in ovarian follicles was significantly
advanced (~ZT7) in mice exposed to a placebo pellet
compared with mice exposed to oil vehicle during gestation
(~ZT15; Watson-Williams F-test: F =31.92, df=20, P <
0.001) (Figs. 2a vs. 3a). Again, though statistically cohesive, an
increase in the number of oviduct cultures peaking more than
4-6 h away from the mean was clearly observed (PAE, 5/17;
control, 0/8) (Fig. 3a). As with PNA mice, phase dispersion
among these oscillators resulted in internal circadian misalign-
ment (Figs. 2c vs. 3c).

Androgen Exposure In Vitro Has Tissue-Specific Effects on
the Period of PER2::LUC Expression in Isolated Central and
Peripheral Oscillators

Both PNA and PAE differentially affect the timing of clock
gene expression in select tissues, producing internal circadian
misalignment that corresponds with reproductive dysfunction.
The mechanism whereby excess androgen can alter the timing
of the clock remains to be determined, though it likely results
from a direct influence of ligand-bound androgen receptor
(AR) on clock gene expression [47, 48]. To address this
hypothesis, we treated tissue explant cultures of liver, lung,
pituitary, ovarian follicles, oviduct, WAT, and SCN from adult
female PER2::LUC mice (congenic on C57BL6/j) with several
concentrations of DHT (100 nM to 1 pM). As shown in Figure
4, we observed tissue-dependent effects of DHT on the period
of PER2::LUC expression in isolated tissue explant cultures.
DHT had dose-dependent effects on the period of PER2::LUC

expression (effect of DHT: F =5.89, df =15, P < 0.05) in the
liver. Treatment with 100 nM DHT had no effect, whereas 500
nM DHT lengthened the period of PER2::LUC expression (P
< 0.05 vs. control). This effect was not apparent at the highest
concentration of DHT (1 uM) applied. Regardless of
concentration applied, DHT did not affect the period of
PER2::LUC expression in lung (F = 1.31, df =15, P =0.31)
(Fig. 4b) and pituitary (F = 1.19, df = 16, P = 0.35) (Fig. 4c)
explants.

We also detected a significant effect of DHT on the period
of PER2::LUC expression in ovarian follicle cultures (effect of
treatment: F = 11.61, df =19, P < 0.001) (Fig. 4d). DHT at
500 nM (P < 0.05) and 1 uM (P < 0.05), but not at 100 nM,
significantly lengthened the period of PER2:LUC expression in
ovarian follicles. Among oviduct explants, DHT shortened the
period of PER2:LUC expression (effect of treatment: F =
10.49, df = 15, P < 0.01), with the most significant effects
observed at 100 nM (P < 0.05 vs. control) and 1 pM (P < 0.05
vs. control) (Fig. 4e). We did not detect a significant effect of
DHT treatment on the period of PER2::LUC expression in
cultures of WAT (F =2.26, df =15, P=0.133) (Fig. 4f). In the
SCN, we did not observe an overall effect of DHT treatment (F
= 3.5, df = 13, P = 0.06). Though we did not detect a
significant difference between vehicle and any of the DHT
treatments, post-hoc tests did confirm a small shortening of the
PER2::LUC rhythm in the SCN following treatment with 500
nM DHT when compared to treatment with 100 nM DHT (P <
0.05).

Androgen Dose-Dependently Alters the Period of
PER2::LUC Expression in Cultured Ovarian GC

It is apparent that androgen can affect the timing of the
clock in multiple peripheral oscillators, but whether the
pathophysiological levels of androgen present in ovarian
follicular fluid (FF) influences the timing of the clock in GCs
remains to be seen. To address this issue, we exposed isolated
GC monolayer cultures from primed, juvenile PER2::LUC
mice to various concentrations of DHT. Our data revealed that
DHT exposure has considerable dose-dependent effects on the
timing of PER2::LUC expression in isolated mouse GCs (effect
of treatment: F =7.8, df=4, P < 0.001) (Fig. 5, a and b).
Treatment with DHT at 500 nM (P < 0.05), 1 uM (P < 0.01),
and 10 uM (P < 0.001) significantly shortened the period of
PER2::LUC expression in GC cultures (Fig. 5b).

These data revealed that DHT has dose-dependent effects on
the period of PER2::LUC expression in isolated GCs (Fig. 5b).
These effects likely are due to a direct impact of the activated
AR on clock gene promoters, but it is possible the effects are
indirect and/or unrelated to AR-mediated changes in clock
gene expression. To address this issue, we repeated the
experiment above in the presence of the AR antagonist BIC
[49]. We treated a separate cohort of GC cultures with 1 uM
DHT, a concentration shown above to shorten the period of
PER2::LUC expression by approximately 1.5 h (Fig. 5b). As
above, we detected a significant shortening of the PER2::LUC
rhythm in the presence of 1 uM DHT (effect of treatment: F =
4.88, df =2, P < 0.01) that was nearly reversed in the presence
of 100 nM BIC (P > 0.05 vs. both vehicle control and DHT
alone).

DISCUSSION

The circadian timing system plays a significant role in
reproductive physiology and metabolism. The molecular clock
is localized to tissues of the female reproductive tract,
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FIG. 2. Gestational androgen excess has tissue-dependent effects on the phase of PER2::LUC expression in central and peripheral oscillators. a) Rayleigh
plots showing the peak phase of PER2::LUC expression within individual explant cultures from control (top row) and PNA (bottom row) mice. Each gray
dot plotted at the edge of the outer circle in a represents the peak phase of a different tissue explant. The outer circle represents the 24-h day, with ZT0
(lights-on) located at 1200 h and ZT12 (lights-off) located at 0600 h. The inner circle represents the statistical threshold for significant phase cohesion (P <
0.05). The vector in each plot represents the arithmetic mean phase of each group of tissues. Only when this vector crosses the significance threshold is the
group of oscillators considered to have significant phase synchrony (indicated by asterisks). The numbers inside each plot indicate how many cultures for
that tissue were included in the analysis. b and c) Phase distribution maps for individual tissues from control (b) and PNA (c) mice. Individual symbols
represent tissues from different animals. The gray area indicates the 12-h dark phase. Dashed lines connect tissues from the same mouse.

including the ovary, and has been shown to regulate hormone
secretion, follicular growth, and ovulation [3]. As in other
physiological systems, synchrony between central and periph-
eral oscillators appears to be critical for reproductive function
[46]. We hypothesized that developmental programming by
abnormal hormone environments represents a novel and
significant form of environmental circadian disruption (ECD)
that, like other forms of ECD (e.g., shiftwork), leads to
considerable deficits in physiological function. We have
previously determined that synchrony among oscillators is
disrupted in female rats following exposure to excess androgen
during late adolescence and puberty [45]. These data imply that
abnormally high androgen in circulation—a feature of several
disorders of sexual development, including PCOS—disturbs
fertility and metabolic function in part by reducing synchrony
among oscillators. A caveat to this interpretation is that
pubertal androgen produces a metabolic phenotype marked by
abdominal obesity, dyslipidemia, and elevated serum choles-
terol—a physiological landscape that by itself influences the
timing system [50, 51]. In an attempt to isolate the impact of
androgen, we measured the effects of developmental program-
ming by either fetal (PNA mouse) or pubertal (PAE mouse)
DHT exposure on the timing system of female mice. Our goals

were to determine the impacts of androgen-dependent
developmental programming on the circadian timing system
in mice and to isolate the potential influence of marked
abdominal obesity by comparing and contrasting the impacts of
DHT in lean (PNA) and obese (PAE) mouse models of PCOS
[33]. Neither PNA nor PAE affected the free-running circadian
rhythm of locomotor activity, indicating that developmental
programming did not influence certain aspects of central clock
function. This result is consistent with our previous experiment
[45]. The distribution of peak PER2:LUC expression in
peripheral tissues across the 24-h day, synchronization between
peripheral clocks, and the phase relationship between peak
PER2::LUC expression in select tissues, the SCN, and the
photoperiod cycle were affected by both PNA and PAE.
Furthermore, treatment with androgen in vitro also affected the
period of PER2::LUC expression in several tissues, including
the liver, oviduct, and intact follicles. Treatment with DHT
shortened the period of PER2:LUC expression in isolated
GCs, an effect that was attenuated by cotreatment with a
specific AR antagonist. These data suggest that circadian
disruption arises due to androgen-dependent developmental
programming. Furthermore, these effects are mediated by AR-
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Excess androgen during late adolescence and puberty has tissue-dependent effects on the phase of PER2::LUC expression in central and

peripheral oscillators. a) Rayleigh plots showing the peak phase of PER2::LUC expression within individual explant cultures from control (top row) and
PAE (bottom row) mice. Each gray dot plotted at the edge of the outer circle in a represents the peak phase of a different tissue explant. The outer circle
represents the 24-h day, with ZT0 (lights-on) located at 1200 h and ZT12 (lights-off) located at 0600 h. The inner circle represents the statistical threshold
for significant phase cohesion (P < 0.05). The vector in each plot represents the arithmetic mean phase of each group of tissues. Only when this vector
crosses the significance threshold is the group of oscillators considered to have significant phase synchrony (indicated by asterisks). The numbers inside
each plot indicate how many cultures for that tissue were included in the analysis. b and ¢) Phase distribution maps for individual tissues from control (b)
and PAE (c) mice. Individual symbols represent tissues from different animals. The gray area indicates the 12-h dark phase. Dashed lines connect tissues

from the same mouse.

dependent influence on tissue-specific patterns of clock and
CCG expression.

Both PNA and PAE are commonly utilized as animal
models of PCOS. Though each model recapitulates key
features of the disease, both have been criticized for their
deficiencies [32]. Some consider PNA mice to more accurately
reflect the developmental origins of the disease, but these mice
do not become obese and develop dyslipidemia, hypercholes-
terolemia, or a polycystic ovarian phenotype, all common
features of clinical PCOS [33]. The PNA mouse can thus be
considered a nonobese or ‘‘lean’”’ model of PCOS. Because
nearly 50% of women with PCOS do not present with
comorbid obesity/metabolic disease, this model represents a
large proportion of the patient population. Conversely, PAE
mice develop more significant metabolic dysfunction (marked
by dyslipidemia, hypercholesterolemia, and weight gain) and
polycystic ovarian morphology [33] in parallel with marked
circadian misalignment. These caveats aside, both models
present with the fertility deficits, including irregular reproduc-
tive cycles, LH hypersecretion, and anovulation [52]. Our
intent was to compare and contrast the effects of androgen in
nonobese (PNA) and obese (PAE) models of PCOS to establish
a common influence of androgen-dependent programming on

the timing system. We hypothesized that the effects of
androgen-dependent developmental programming on clock
function are largely independent of obesity and/or dyslipide-
mia. While our results support the notion that obesity per se is
not causative for misalignment, these data must be interpreted
with caution, because we have not explicitly confirmed
increased fat mass, dyslipidemia, or hypercholesterolemia in
our PAE mice. That said, excess pubertal androgen in C57BL6/
j mice is known to produce increased abdominal obesity,
adipocyte hypertrophy, liver adiposity, and elevated serum
cholesterol [33]. Though our PAE mice gained significant
weight relative to controls (~25%), we did not detect circadian
desynchrony among liver explants, as we had previously
observed in PAE rats [45]. This is surprising given that others
have shown glucose intolerance, dyslipidemia, and liver
steatosis in PAE mice and rats [33]. Considerable evidence
suggests that obesity influences the timing of clock gene
expression in central and peripheral oscillators [50, 53]. Unlike
PAE, which can cause marked obesity and dyslipidemia [33],
PNA mice fail to develop obesity and can be considered a
“lean” model of PCOS. That said, PNA also produces
circadian misalignment, with particular influence on oscillators
associated with reproductive function (follicles) and metabo-
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FIG. 4. Treatment with DHT in vitro has tissue-specific and dose-dependent effects on the period of PER2::LUC expression in central and peripheral
oscillators. The effects of DHT on the period of PER2::LUC expression in isolated tissue explants of the liver (a), lung (b), pituitary (c), ovarian follicles (d),
oviduct (e), WAT (), and SCN (g). Significant effects of DHT were detected in liver, follicle, and oviduct. A small but significant period shortening was also
detected among SCN explants between 100 and 500 nM DHT. For a-g, n = 3-5 per treatment group. In each graph, differing letters above bars indicate
differences between adjacent treatment groups (e.g., 100 nM DHT vs. 500 nM DHT), and an asterisk indicates differences between vehicle- and DHT-

treated explants (both P < 0.05).

lism (WAT and liver). In mice exposed to vehicle, we observed
robust phase cohesion marked by a tight distribution of peak
PER2::LUC expression around a central mean. The majority of
tissues in PNA mice peaked within 2-3 h of the mean phase. In
contrast, PNA reduced phase cohesion such that several
animals had tissues peaking 4-8 h out of phase with the group
mean. In the most dramatic instances, this resulted in peripheral
oscillators that normally peaked during the middle of the
relative night showing peak PER2::LUC expression at midday.

Assuming the oscillator driving PER2 expression (the
BMALI1:CLOCK complex, REV-ERBa, RORuo, etc.) is also
consistently out of alignment, all clock-dependent processes
likely are similarly misaligned. Transgenic reporter models,
like our PER2::LUC mice, have been successfully used to
interrogate the effects of environmental perturbations on
circadian clock function and internal circadian organization
[46]. It is possible that the effects we observed in both PNA
and PAE mice are limited to the phase of PER2 expression
alone. It will be critical to examine the pattern of other clock

genes and CCGs in each of these tissues to confirm the full
impact of androgenization on the timing system. Though
evidence is limited, adaptive phase synchrony among oscilla-
tors is widely believed to be a critical facet of physiological
homeostasis and a defining feature of the timing system [1, §,
54]. ECD leads to dissociation of oscillators (misalignment)
primarily due to variable tissue-specific rates of resynchroniza-
tion or disruption of clock gene expression rhythms in target
tissues [55]. It has been suggested that a persistent condition of
oscillator desynchrony in the presence of a normal photoperiod
underlies the pathophysiology of circadian disruption [55].
Internal circadian disorganization is implicated in the negative
effects of ECD on immune, cognitive, and metabolic function
[55, 56]. Circadian disruption can also negatively influence
reproductive function in women [46, 57]. In mammals, phase
coordination among central and peripheral oscillators is
mediated by a complex network of humoral and neural cues
driven by the pacemaker in the SCN [54]. Considerable
evidence supports a role for the timing of adrenal glucocor-
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FIG. 5. Dose-dependent effects of DHT on period of PER2::LUC expression in cultured ovarian GCs are attenuated by an AR antagonist. a)
Representative luminescence traces of PER2::LUC expression in isolated GCs. The timing of peak PER2::LUC expression in both the 100 nM DHT- and 1
uM DHT-treated cultures peaked later on the first full day in culture but appeared to have an advancing peak, indicative of a short period, such that the
treated cultures peaked at the same time as (or earlier, for 100 nM DHT) than the control. b) The period of PER2::LUC expression as a function of
treatment. DHT dose-dependently shortened the period of PER2::LUC expression relative to vehicle-treated controls. c) The effects of DHT on the period
of PER2::LUC expression were attenuated when DHT was added in the presence of the AR antagonist BIC (100 nM). In b and ¢, *P < 0.05. Inb, n=4-8

cultures per treatment group, and in ¢, n = 5-8 per treatment group.

ticoid secretion in maintaining circadian organization [58].
Reports also suggest that dynamic titers of ovarian steroid
hormone secretion during the reproductive cycle can affect the
timing of clock gene expression in target tissues [42]. Thus,
any disorder that alters or abolishes normal patterns of
hormone secretion might be expected to have significant
detrimental effects on circadian organization. The inverse
relationship has already been established—that is, mutations
affecting the circadian clock have been shown to alter steroid
hormone synthesis and secretion [15, 59]. Our results provide
further evidence that internal circadian misalignment may be a
critical factor in the etiology of complex disorders affecting
both reproduction and metabolism. While our intent was to
systematically analyze the effects of developmental program-
ming by excess androgen on the timing system, many
endocrine disorders, including obesity, metabolic syndrome,
and diabetes, negatively affect both metabolic function and
fertility. It remains to be seen if reduced internal circadian
organization is a common feature of these conditions.
Though data from PNA and PAE mice suggest androgen-
dependent influence on the timing of clock gene expression, we
endeavored to assess the direct impact of androgen on the clock
in select tissues. Serum levels of androgen in patients with
PCOS can be roughly 2-fold higher than normal, amounting to
a level of free androgen ranging between 1.7 and 2 nM [60].

However, the level of testosterone and testosterone metabolites
in FF isolated from women with PCOS are reportedly as high
as 5-10 puM [61, 62]. The level of testosterone or its
metabolites (e.g., dihydroepiandrosterone) and the threshold
for their effects in other peripheral tissue (e.g., liver and
oviduct) are unknown. Furthermore, the threshold for the
effects of androgens on clock gene expression have not been
established, though some evidence suggests a potent effect in
the nanomolar range [47, 48]. We attempted to determine if
androgen can affect the timing of PER2::LUC expression at a
level several-fold higher than that found in serum from women
with PCOS. We did not detect a significant effect of DHT on
the period of PER2::LUC expression in SCN explants (DHT
vs. vehicle) with the exception of a small shortening of the
period between explants treated with 100 nM DHT and 500
nM DHT (Fig. 4g). We also did not observe a significant effect
of DHT, regardless of concentration, on PER2::LUC expres-
sion in lung and pituitary explants. This result is unsurprising
given that none of these tissues responded to either PNA or
PAE exposure. A significant dose-dependent effect of DHT on
PER2::LUC expression was detected in liver, oviduct, and
ovarian follicular cultures. Interestingly, the directionality of
the effect varied as a function of tissue. In both liver and
follicle cultures, it appears that DHT lengthens the period of
PER2::LUC expression (follicles, from ~21.5 to 28 h; liver,
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from ~23 to 26 h), albeit at a lower concentration in the liver.
In contrast, DHT shortened the period of the oscillator in
oviduct tissue. As described above, we detected the most
appreciable effects of PNA and PAE on liver, follicles, oviduct,
and WAT explants. Thus, our in vitro experiments largely
corroborate our in vivo experiments and suggest that internal
circadian misalignment following androgen-dependent devel-
opmental programming is in fact due to the direct effect of AR
signaling on the timing of clock gene expression in target
tissues. Though our culture medium was serum-free, the
neurobasal B27 supplement did contain a minute (<10 fM)
amount of progesterone. Thus, we cannot rule out an influence
of this steroid on the response to DHT in vitro, particularly in
light of the known interaction between progesterone and the
AR [63].

Because we determined that circadian alignment among
ovarian follicles was consistently affected by androgen-
dependent developmental programming, we measured the
direct effect of DHT on ovarian GC cultures. Our goal was
to examine the response of the clock in GCs to androgen levels
similar to those reported in the FF of women with PCOS. As
detailed above, the measured concentration of androgen in
serum varies greatly in the literature [64, 65], but the level of
testosterone metabolites in FF (primarily androstenedione)
isolated from women with PCOS is reportedly as high as 5-10
uM [61, 62]. DHT dose-dependently shortened the period of
PER2::LUC expression in isolated GCs, and this effect could
be attenuated by the addition of the AR antagonist BIC. The
effects of DHT on the period of PER2::LUC expression were
apparent at DHT concentrations as low as 500 nM. As
mentioned above, androgen levels in FF can approach 5-10
UM in anovulatory women with PCOS [61, 62]. Our data
suggest that androgen at 5- to 10-fold lower concentrations can
alter the timing of clock gene expression in GCs. It is
interesting to note that the direction of DHT effects on period
were opposite between intact follicles (lengthened) and isolated
GCs (shortened). Though we cannot provide evidence to
explain this contrast, other cells in the intact ovary (e.g.,
stromal cells and thecal cells) and/or paracrine influences lost
after isolation of GCs in monolayer culture likely account for
this discrepancy. To that end, evidence indicates that paracrine
interactions between cells in the follicle are critical for
maintaining robust oscillator function [44]. Whereas BIC was
able to reverse the effects of DHT, suggesting that AR actively
binds to and regulates transcription of PER2, we have yet to
define the molecular interaction between AR and the PER2
promoter. Reports suggest that AR interacts with PER1 and
regulates the expression of the per/ mRNA in prostate cancer
cell lines [47]. It is possible that AR influences PER2
expression indirectly by influencing other clock genes.
Ligand-bound AR may interact with the BMAL1:CLOCK
enhancer complex or auxiliary loop members like REV-ERBa.
Though the molecular dynamics of ligand-bound AR interac-
tions with clock genes and clock gene promoters are unknown,
our data reveal a decline in circadian organization due to
developmental programming that may depend in part on
ligand-dependent activation of the AR.

Neither PNA nor PAE affected the free-running rhythm of
wheel-running activity, though we did observe a modest (<1-
h), dose-dependent effect of DHT on the period of PER2::LUC
expression in SCN explants. ARs are expressed in SCN
pacemaker neurons, and testicular androgens affect circadian
rhythms of locomotor activity in males [66—68]. Gonadectomy
reduces activity levels and produces fragmented activity with
variable onset. Each of these effects of gonadectomy can be
reversed by androgen replacement [66—68]. ARs are only

sparsely expressed in the SCN of female mice, and testosterone
or DHT treatment following ovariectomy increased activity
levels and restored onset precision but had no effect on the
period of the free-running activity rhythm [69]. These data,
along with the present results, suggest that the amplitude of
activity, light sensitivity of the pacemaker, and behavioral
precision may be influenced by androgen but that the period of
the oscillator and the timing of its output are not. This
conclusion is also based on the observation that phase
synchrony is robust among SCN explants from PNA and
PAE mice. One caveat to our interpretation relates to the
potential difference between in vitro and in vivo DHT
exposure. Comparisons between in vivo exposure (PNA and
PAE) during various stages of sexual development (organiza-
tional vs. activational) and in vitro exposure must be
considered in light of possible developmental effects (e.g.,
epigenetic modifications) that might not be expected following
acute DHT exposure.

Given the established and significant influence of androge-
nization on the HPO axis, we were surprised to find that the
effects of PNA and PAE were rather limited, consistently
affecting only the ovarian follicle and WAT. Equally surprising
is that circadian misalignment among ovarian follicles does not
necessarily correlate with polycystic ovarian morphology. That
is, whereas we endeavored to recover only the largest antral
follicles, large cystic follicles may have been recovered from
PAE mice [36]. The ovarian cysts common to patients with
PCOS are fluid filled, with a hypertrophied thecal cell layer and
reduced GC layer [70]. Though certainly possible, this alone
does not explain the circadian disorganization we observed, as
we have detected similar misalignment among follicles in PNA
mice that fail to develop a polycystic ovarian phenotype.
Unlike ovarian follicles, we recorded only minor, if any, effects
of PAE and PNA on the distribution of circadian clocks in the
pituitary gland. This is surprising given that both forms of
developmental programming are known to affect the rhythm
and amplitude of LH secretion [35, 36, 52], though this has
largely been attributed to neuroendocrine deficits. Clock
function has been described in several pituitary cells, being
implicated in the control of cell signaling, gene expression, and
hormone secretory activity [71]. Because the pituitary was
cultured intact, we cannot with any clarity define the effects of
androgenization on individual hormone-producing pituitary
cell types.

Taken together, our data reveal a significant decline in
internal circadian organization associated with the development
of a complex condition affecting both reproduction and
metabolism. These findings extend our previous work in rats,
further strengthening the view that developmental program-
ming by excess androgen, a critical factor in the etiology of
PCOS, disrupts internal circadian organization by altering
phase synchrony among select tissues of the metabolic and
reproductive axes. Moreover, our comparison between PNA
and PAE models suggests that the timing of androgen-
dependent developmental programming disrupts reproductive
function and differentially affects circadian organization
independent of significant weight gain. Internal circadian
misalignment is unlikely to be a unique feature of androgenic
programming. Rather, it may represent a common feature of
endocrine disease, particularly arising from exposure to an
abnormal hormonal milieu of environmental or genetic origin
during sexual development. If this presumption holds, it would
suggest an exciting new avenue for translational medicine: the
clinical application of clock-modifying compounds or chrono-
biotics to improve reproductive function in those suffering
from these debilitating and costly diseases.
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