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Abstract

Molecular and behavioral timekeeping is regulated by the circadian system which includes the
brain’s suprachiasmatic nucleus (SCN) that translates environmental light information into
neuronal and endocrine signals aligning peripheral tissue rhythms to the time of day. Despite the
critical role of circadian rhythms in fertility, it remains unexplored how circadian rhythms change
within reproductive tissues during pregnancy. To determine how estrous cycle and pregnancy
impact phase-relationships of reproductive tissues, we used PER2::Luciferase (PER2::LUC)
circadian reporter mice and determined the time of day of PER2::LUC peak (phase) in the SCN,
pituitary, uterus, and ovary. The relationships between reproductive tissue PER2::LUC phases
changed throughout the estrous cycle and late pregnancy and were accompanied by changes to
PER2::LUC period in the SCN, uterus, and ovary. To determine if the phase relationship
adaptations were driven by sex steroids, we asked if progesterone, a hormone involved in estrous
cyclicity and pregnancy, could regulate Per2-luciferase expression. Using an /n vitro transfection
assay, we found that progesterone increased Per2-luciferase expression in immortalized SCN
(SCN2.2) and arcuate nucleus (KTAR) cells. In addition, progesterone shortened PER2::LUC
period in ex vivo uterine tissue recordings collected during pregnancy. As progesterone
dramatically increases during pregnancy, we evaluated wheel-running patterns in PER2::LUC
mice. We confirmed that activity levels decrease during pregnancy and found that activity onset
was delayed. Although SCN, but not arcuate nucleus, PER2::LUC period changed during late
pregnancy, onset of locomotor activity did not correlate with SCN or arcuate nucleus PER2::LUC
period.

Graphical Abstract

Functional circadian rhythms are essential for fertility and successful reproduction. PER2::LUC
circadian reporter mice determined the relationships between circadian rhythms during the estrous
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cycle and pregnancy and how these rhythms were regulated by progesterone, a sex steroid
regulating reproductive function.
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Introduction

Circadian timekeeping plays an essential role in successful pregnancy, which requires the
precise coordination of a number of essential processes to occur, including ovarian follicular
development and maturation (Sellix and Menaker, 2010), ovulation (Hellier et al., 2018;
Simonneaux et al., 2017), mating behavior initiation (Hellier et al., 2018; Simonneaux et al.,
2017) and mature oocyte release (Sellix and Menaker, 2010; Simonneaux et al., 2017). Each
of these processes are controlled by a fine-tuned feedback mechanism in which the timing of
hormone release is synchronized with receptor expression throughout the female
reproductive system to ensure pregnancy success (Boden et al., 2013; Sen and Hoffmann,
2020). On a cellular level, circadian rhythms are generated by an autoregulated
transcription-translation feedback loop of molecular clock transcription factors, of which
Period 1/2 (Perl/2), Brain and Muscle ARNT-Like 1 (Bmall), Clock and
Cryptochromel/2/3, comprise the core mechanism, reviewed in (Ko and Takahashi, 2006).
To synchronize these cellular circadian rhythms to environmental conditions, a combined
mechanism encompassing both neural and hormonal signals is coordinated by the brain’s
primary circadian pacemaker, the suprachiasmatic nucleus (SCN) (Sellix and Menaker,
2010; Simonneaux et al., 2017; Zhang et al., 2016). The SCN’s principal role is to translate
environmental lighting information into neuronal and hormonal signals, allowing
synchronization of behavioral activity, hormonal release, and tissue sensitivity (Paul and
Brown, 2019). Despite the well-established role of day-length and circadian rhythms in
regulating reproductive status in seasonal breeders (Dardente et al., 2019; Robinson and
Follett, 1982; Robinson and Karsch, 1984; Wang et al., 2019), the luteinizing hormone surge
promoting ovulation (Kriegsfeld and Williams 111, 2012; Mosko and Moore, 1979; Smarr et
al., 2013; Williams I11 et al., 2010), and the circadian timing of labor onset (Backe, 1991;
Cagnacci et al., 1998; Olcese, 2012; Reppert, 1983), little is known about how pregnancy
impacts circadian rhythms and daily changes in behavior (Martin-Fairey et al., 2019, 2016).
A significant step towards understanding behavioral and circadian changes in pregnancy was
published by Martin-Fairey et al., 2019, who showed that pregnancy in both humans and
mice was associated with a reduction in locomotor activity and a shift in the timing of
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activity onset (Martin-Fairey et al., 2019), two behaviors known to be regulated by the SCN
(LeSauter and Silver, 1999; Schwartz and Zimmerman, 1991; Stephan and Zucker, 1972).

In addition to understanding the role of circadian changes in behavior during pregnancy,
metabolic and hormonal changes during pregnancy may be influenced by circadian rhythms,
although this remains largely unexplored. Pregnancy is associated with dramatic changes in
metabolism (Bell and Bauman, 1997) and hormone release patterns (Kumar and Magon,
2012), both of which maintain strong ties to circadian rhythmicity (Albers et al., 1981; Froy,
2009; Huang et al., 2011; Morin et al., 1977; Rutter et al., 2002; Takahashi and Menaker,
1980). Progesterone is a sex steroid which increases towards late pregnancy, and peaks
around gestation day (GD) 15-17 in mice (Barkley et al., 1977; Barkley and Geschwind,
1979; Virgo and Bellward, 1974). The primary role of progesterone during pregnancy is to
allow implantation (Bhurke et al., 2016; Bindon, 1971; Halasz and Szekeres-Bartho, 2013;
Moriyama and Sugawa, 1972) and to silence uterine contractions prior to labor onset.
Progesterone performs these functions through activation of both nuclear receptors,
progesterone receptor A and B (PRA and PRB, respectively), as well as membrane bound
progesterone receptors (Cabral et al., 1994; Garg et al., 2017; Grimm et al., 2016; Karteris et
al., 2006). During late pregnancy (beginning approximately at GD 17 in the mouse), a
reduction in progesterone in combination with PRA and PRB function allows for the
progression of parturition (Bhurke et al., 2016; Wu and DeMayo, 2017), initiation of
lactation (Cowie and Lyons, 1959; Hartmann et al., 1973; Lyons, 1958; Meites, 1954), and
maternal behaviors (Bridges, 1984; Bridges et al., 1978). It should be noted that the role of
progesterone in labor initiation varies between species (Nielsen et al., 2016). In addition to
the aforementioned roles, progesterone also acts as a regulator of metabolic function
(Kalkhoff, 1982). Recent work indicates this metabolic action of progesterone might be
regulated by the arcuate nucleus, a hypothalamic structure which express high levels of
progesterone receptors (Marraudino et al., 2018; Padilla et al., 2019; Stephens et al., 2015).

While it is known that disrupted circadian rhythms can be detrimental to reproductive
success (Dolatshad et al., 2005; Mahoney, 2010), it remains largely unknown how they
change from the non-pregnant state to pregnancy. Understanding the role of circadian
rhythms in regulating both behavior and tissue specific circadian function during the estrous
cycle and in pregnancy is an essential first step towards elucidating the underlying
mechanisms associated with infertility and pregnancy complications, which are more
prevalent in women with disrupted circadian rhythms (Goldberg et al., 2012; Nisa et al.,
2018; Pappa et al., 2013; Zornoza-Moreno et al., 2013). We hypothesize that circadian
timekeeping during late pregnancy influences mouse behavior and reproductive tissue
circadian function in preparation for labor. Here, we confirm locomotor activity changes
during pregnancy and describe the changes in molecular circadian time-keeping between the
estrous cycle and pregnancy using the circadian knock-in reporter mouse, PER2::Luciferase
(PER2::LUC). Finally, we explore the potential role of PRA/B in driving circadian rhythm
changes.
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Methods and Materials

Mice
All methods described here have been approved by the Institutional Animal Care and Use
Committee of Michigan State University and conducted in accordance with the Guide for the
Care and Use of Laboratory Animals. Period2::Luciferase (PER2::LUC) mice were
purchased from JAX (strain B6.129S6-Per2tm1Jt/J, #006852, https://www.jax.org/strain/
006852). Mice were housed under a 12 h light-dark cycle, lights on at 6AM (Zeitgeber time
0, ZT 0), with food and water ad /ibitum. Mice were sacrificed by isoflurane or CO,
overdose, followed by cervical dislocation. Experimental mice were 6-14 weeks of age at the
start of experiments.

Timed mating

Two females and one male were housed together at ZT 10-11 and vaginal plug formation
was checked at ZT 3-4 during the mating assay. On the day of vaginal plug identification,
the female was separated from the male. If no vaginal plug was found, mating pairs
remained co-housed for up to 5 days, and daily checks for vaginal plugs were continued.
Following vaginal plug identification, pregnancy was confirmed by a significant increase in
body weight, where a weight gain of >2 g from gestational day (GD) 1 to 10 was indicative
of pregnancy (Rugh, 1968). Gestational stage was further confirmed the day of tissue
collection, where embryo development was established using Theiler Stage (https://
www.emouseatlas.org/emap/emal/theiler_stages/StageDefinition/stagedefinition.html;
accessed January 2020). For wheel running behavior, timed mating was conducted as
described above, except that one female was mated with one male.

Wheel-running behavior

During timed mating, female and male mice were housed in light and temperature controlled
circadian cabinets (standard mouse circadian cabinet, Actimetrics, Wilmette, IL) within
polypropylene cages (33.2 x 15 x 13cm) containing a metal running wheel (11 cm
diameter). Males utilized for timed mating were individually housed in the same behavioral
cabinet as the females. Females were allowed 2-5 days acclimatization to running wheels
prior to experimental start. Female locomotor activity rhythms were monitored with a
ClockLab data collection system (Version 3.603, Actimetrics, Wilmette, IL) through the
number of electrical closures triggered by wheel rotations. Light intensity varied between
268-369 Lux inside the mouse cage with wheel. Cage changes were scheduled at 3-week
intervals. Wheel-running activity was analyzed using ClockLab Analysis (Actimetrics
Software) and complied into 5-minute bins by persons blind to experimental group. Activity
data collected during timed mating were not included in statistical analyses. Daily onset of
activity was defined as the first time when activity was counted for at least 1 h after at least 4
h of inactivity. Pregnant females were euthanized and gestation day assigned according to
timed mating and Theiler Stage as described in “Timed Mating”. Following euthanasia, ex
vivotissue explants were monitored for PER2::LUC bioluminescence as described in
“Monitoring of PER2::LUC bioluminescence”. To correlate locomotor activity onset with
SCN and PER2::LUC period, only PER2::LUC females used in the running wheel
locomotor activity set-up were used.
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Determination of estrous stage

To assess estrous stage, vaginal smears were performed at the time of euthanasia between
ZT 3-6 on female mice (3-6 months) by vaginal lavage (Hoffmann, 2018). Smears were
collected on glass slides and counterstained with 0.1% methylene blue (Spectrum, Gardena,
CA). Cell type was observed through bright field microscopy to determine the corresponding
stage of the estrous cycle, by persons blind to experimental group.

Monitoring of PER2::LUC bioluminescence

Mice were euthanized at ZT 3-6 or ZT 15-17. Data from mice euthanized at ZT15-17 were
not used in phase analyses. Following euthanasia, the uterus, ovary, pituitary and brain were
removed and placed in a semi-frozen 1x Hank’s buffered salt solution (HBSS, 14065-056,
Gibco). Using a dissection scope the ovary and pituitary were isolated and the uterus
dissected into pieces of ~ 4 mm?2 (~2 mm x 2 mm). To prepare the uterine pieces the whole
uterus was cleaned from fat, and the uterine segment surrounding the fetuses cut in the
longitudinal direction of the uterine horn. The uterine horn was opened into a sheet and
pinned down to a dissection dish. Using a ruler, 2 x 2 mm uterine strips were collected
midway between the cervix and the ovary near the placental attachment and placed with the
endometrium side down onto the MiliCell membrane (MilliCell, PICMORG50;
MilliporeSigma, Burlington, MA). Ice-cold brains were sliced coronally on a vibratome
(Leica VT 1200S) at 300 um. After sectioning on the vibratome, a dissection scope was used
to identify the appropriate brain regions. The SCN and arcuate nucleus were identified
through anatomical identification (Franklin and Paxinos, 2008). The SCN was dissected as
previously described Figure 1A (Landgraf et al., 2016; Welsh and Noguchi, 2012). For the
arcuate nucleus, the median eminence was removed, where after two bilateral scalpel
incisions allowed to isolate the arcuate nuclei Figure 1B. Both arcuate nuclei were placed
onto a MilliCell membrane. MiliCell membranes were placed in 35 mm dishes (Nunc,
Thermo Fisher Scientific, Rochester, NY) containing 1.5 ml of 35.5 °C recording medium
(Neurobasal, 1964475, Gibco) supplemented with 20 mM HEPES (pH 7.2), B27 supplement
(2%; 12349-015, Gibco), 1 mM luciferin (luciferin sodium salt; 1-360242-200, Regis,
Grove, IL), and antibiotics (8 U/ml penicillin, 0.2mg/ml streptomycin, 4mM L-glutamine;
Sigma-Aldrich). Dishes were sealed using vacuum grease and placed into a LumiCycle
(Actimetrics, Wilmette, IL) inside a light-tight 35.5 °C, 5% CO,, non-humidified
environmental chamber. Uterine tissue was treated with vehicle (1/50 dilution of diH,0O) or
water-soluble progesterone (P4, Sigma Aldrich #P7556, 50 nM and 100 nM, data was
pooled as no difference in effect was observed). The bioluminescence signal was counted
every ten minutes for 1.11 min for 6 days (day 1- day 6 of recording time). Data were
normalized by subtraction of the 24 h running average from the raw data and then smoothed
with a 1 h running average (Luminometer Analysis, Actimetrics) and analyzed blind to
experimental group. During the initial ~24 h (day 0) in the LumiCycle, the PER2::LUC
signal tends to decrease significantly prior to achieving a stable waveform. In our analysis of
PER2::LUC period, we exclude the first 24 h of recording to account for this. Incomplete
data sets, as caused by loss of data points, other technical problems, or explants failing to
show two PER2::LUC peaks (deemed arrhythmic as per (Landgraf et al., 2016)) were not
included in the analyses (Total of 6 SCN, 2 arcuate nucleus, 5 pituitary, 2 ovary and 1 uterine
explants). PER2::LUC phase was determined as the time-of-day of first PER2::LUC peak.
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PER2::LUC period was analyzed by the Luminometer Analysis software (Actimetrics) as
the time difference in hours between the two peaks, with LM fit (damped sin) as the
mathematical model. To determine the phase of the tissue, we utilized the time peak activity
on day 1 of recording (time of first peak). All phase data are reported in degrees and
reference to zeitgeber time (ZT) with time of lights on at ZT 0 from the day of euthanasia.

transfections, luciferase assays and hormone treatment.

NIH3T3 (mouse embryonic fibroblasts, American Type Culture Collection), KTAR (female
arcuate nucleus neurons, mouse) (Jacobs et al., 2016); and SCN2.2 cells (immortalized rat
suprachiasmatic nucleus neurons) (Earnest et al., 1999), were cultured in a humidified 5%
CO3 environment in DMEM (Corning/Mediatech), with 1% penicillin-streptomycin (Sigma
Aldrich) and 10% heat inactivated fetal bovine serum (Sigma Aldrich) or 10% charcoal
stripped fetal bovine serum (Gibco Cat#A33821), as indicated in figures. NIH3T3, KTAR,
and SCN2.2 cells were seeded into 24-well plates (Thermo Scientific) at 0.05x106 (NIH3T3
and KTAR) and 0.3x10% (SCN2.2) cells per well. Transfection of cells was performed 24 h
after the cells were plated. Transient transfections were performed using PolyJet™
(SignaGen Laboratories, Rockville, MD), following a previously published protocol
(Hoffmann et al., 2018, 2016). For luciferase assays, cells were transfected with 200 ng/well
mouse —1128 to +2129 bp Per2-luciferase reporter plasmid (pGL6 plasmid, Addgene.org)
(Yoo et al., 2004) and 100 ng progesterone receptor A, B or pcDNA empty vector (Lee et al.,
2013). Five ng/well pGL4.74 Renilla luciferase reporter plasmid (hRluc, Promega) was
added and served as an internal control. To equalize the amount of DNA transfected into
cells, we systematically equalized plasmid concentrations by adding the corresponding
plasmid empty vector. Twenty-four hours after transfection, culture medium was replaced
with DMEM containing 0.1% Bovine Serum Albumin (BSA, Fisher Scientific) and
progesterone (water soluble P4, 100 nM, Sigma Aldrich #P7556) or vehicle control (water
1/50 dilution). For luciferase assays, cells were harvested 48 h after transfection in 1x
Passive lysis buffer (Promega Dual-Luciferase Reporter Assay System Kit). Dual-Luciferase
assays were performed following manufacturers recommendations. Luciferase values are
normalized to hRIuc values to control for transfection efficiency. Values are normalized to
pGL3 and are expressed as fold change as compared to control plasmid as indicated in the
figure legends. Data represent the mean + SEM of at least four independent experiments
done in replicate.

Statistical analysis

Data were analysed using GraphPad Prism 8 (Graph Pad Software, La Jolla, CA).
Significant differences were designated as P < 0.05. Wheel running activity (total wheel
rotations) was analysed via a repeated measures mixed effects model. Correlation analyses
were completed using Pearson r. Wheel running onset, PER2::LUC period, and transient
transfection data were analyzed via one-way ANOVA. Post-hoc tests were completed using
Tukey’s multiple comparison test. PER2::LUC timing of first peak phase relationships were
analyzed via a One Criterion Analysis of Variance for Circular Data, followed by pairwise
comparisons, Watson’s Two Sample Test of Homogeneity using Bonferroni’s correction to
accommodate familywise error rate, where appropriate. Phase data were reported in degrees
and standard error (SE). All data passed normality testing. Statistical analyses for outliers
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(Grubbs’ test) were conducted on all data sets, and no outliers were identified. Using
G*Power software (Faul et al., 2007), we estimated the number of animals required for each
experiment. Based on the literature, we expected that pregnancy would dramatically reduce
locomotor activity (Martin-Fairey et al., 2019). Using the ANOVA repeated measures with
an effect size of 0.5, alfa-probability of 0.05, with a power at 0.95, with 6 measurements
(repeated measure of activity level) the experiment requires a total sample size of n = 8.

Late pregnancy impacts activity levels and activity onset independent of litter size

Pregnancy is associated with dramatic physiological changes, including great weight gain
(Abrams et al., 1995; School et al., 1995). Recent work showed that pregnancy caused a
reduction in activity levels of both humans and mice (Martin-Fairey et al., 2019). To
determine if the reduction in activity levels was directly associated with litter size, we placed
virgin female mice on running wheels for 15-20 days with light 12h:dark 12h (LD12:12) to
establish their baseline activity level Figure 2A, B (non-pregnant; NP). A male was
introduced to the chamber to allow pregnancy (timed mating). After positive identification of
male mounting (as evidenced by a vaginal plug), the male was removed and female running-
wheel activity monitored till late gestation (Gestation day 18-19; GD 18-19) Figure 2A, B.
In agreement with the previous study (Martin-Fairey et al., 2019), wheel running activity
decreased significantly during pregnancy, specifically during late gestation [GD 12-19, F
(2.20, 13.46) = 19.99, n = 6-8/time point p < 0.0001], Figure 2B. This decrease in wheel
running activity was not significantly correlated with the number of pups in each litter [r(8)
=0.052, n = 8, p = 0.902; RZ = 0.003], Figure 2C, or significantly correlated with percentage
of weight gain during pregnancy [r(8) = 0.321, n = 8, p = 0.44; R? = 0.11], Figure 2D.
Interestingly, females displayed a delayed onset in activity during mid pregnancy [GD 8-13,
F (1.026, 7.182) = 6.182, n = 8/time point, p = 0.037], Figure 2E. The changes to total
activity and onset timing were not accompanied with changes in wheel running period, for
non-pregnant (24.00 h + 0.02), early (GD 2-7; 24.06 h + 0.02), mid (GD 8-15; 24.06 h +
0.06), or late (GD 16-19; 24.06 h £ 0.2) pregnancy [F(1.09, 7.27) = 0.149, n = 7-8/time
point, p = 0.15]. Given the high variability in onset times during GD 14-19, we compared
onset times from GD 14-15, GD 16-17, and GD 18-19; however there were no differences
[F(1.604, 9.625) = 0.766, n = 7/time point, p = 0.46].

PER2::LUC period in the SCN and arcuate nucleus does not correlate with locomotor
activity onset in late pregnancy

To further understand the molecular mechanisms driving the changes in activity onset and
locomotor activity patterns in late pregnancy Figure 2, we used the validated circadian
reporter mouse, PER2::LUC to establish ex vivotissue circadian rhythms in non-pregnant
and pregnant females. It is well-established that PER2::LUC rhythms reliably recapitulate
SCN function and reflect on behavioral wheel-running patterns (Yoo et al., 2004). We
compared PER2::LUC period in the SCN from estrus (non-pregnant females), GD 14-15,
GD 16-17 and GD 18-19 females. There was a significant decrease in PER2::LUC period
between estrus and early (GD 14-15) and late (GD 18-19) pregnancy [F(3, 33) =5.61, n =
6-14/group, p = 0.003], Figure 3A, B. This suggests that changes to SCN period may be
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involved in the delayed locomotor onset in pregnancy. However, due to the large behavioral
variation in activity onset during late pregnancy Figure 2E, we established the correlation
between SCN PER2::LUC period and time of day of wheel running onset Figure 3C. These
correlation data [r(7) = 0.072, n = 7, p = 0.80; R% = 0.014], suggest the SCN probably does
not contribute to the delayed activity onset in pregnancy. Recent work identified the arcuate
nucleus as important in modulating metabolic status-driven locomotor activity changes
(Padilla et al., 2019). To determine if the molecular clock in the arcuate nucleus was
involved in changing locomotor onset during pregnancy, we recorded arcuate nucleus
circadian rhythms in our newly established arcuate nucleus slice preparation. The arcuate
nucleus presents a circadian expression of PER2::LUC Figure 3D, E. There were no
significant changes in PER2::LUC period between estrus and any of the studied gestation
days [F(3, 28) = 1.104, n = 6-13/group, p = 0.36], nor a significant correlation between
arcuate PER2::LUC period and time of day of wheel running onset [r(6) = 0.739,n=6,p =
0.44; R? = 0.16], Figure 3F.

Pregnancy alters reproductive tissue phase relationships

Changes in SCN output (as evidenced by changes in PER2::LUC period and behavioral
changes, Figures 2 and 3), might impact phase relationships between peripheral tissues. No
studies have, to our knowledge, addressed how phase relationships and circadian period
changes in normal pregnancy. We compared phase-relationships between reproductive
tissues during each stage of the estrous cycle and late pregnancy (GD 14-19) Figure 4A-C.
There were significant differences in the timing of PER2::LUC peak expression between the
different tissues during each stage of the estrous cycle [estrus: F(3,29) =21.7,n=33,p =
1.4e707: proestrus: F(3, 26) = 49.58, n = 34, p = 1.7e710; diestrus I/11: F(3, 36) = 20.17,n =
40, p = 7.7e708]. Specifically, during proestrus, pituitary peak PER2::LUC expression
(expressed in mean degrees + standard deviation; 217.51 degrees + 0.55, n = 10) was
significantly different from peak timing in the ovary (327.77 degrees + 0.48, n = 6; Watson’s
Two Sample Test of Homogeneity (referred to as Watson’s) = 0.32, 0.001 < p < 0.01), uterus
(47.30 degrees £ 0.89, n = 11; Watson’s = 0.41, p < 0.001), and SCN (300.16 degrees +
0.67, n =7; Watson’s = 0.21, 0.01 < p < 0.05). The ovary and SCN both exhibited a phase
difference from the uterus (ovary: Watson’s = 0.23, 0.01 < p < 0.05, and SCN: Watson’s =
0.24, 0.01 < p < 0.05), but did not differ from each other (Watson’s = 0.09, p > 0.10). During
estrus, SCN (270.02 degrees + 0.89, n = 10 ; Watson’s = 0.34, 0.001 < p < 0.01) and
pituitary (203.11 degrees + 0.80, n = 8; Watson’s = 0.30, 0.001 < p < 0.01), peak expression
occurred ~2-8 h later than in the uterus (46.97 degrees + 0.77, n = 8). The pituitary phase
also significantly differed from the ovary (277.30 degrees + 1.01, n = 7; Watson’s = 0.22,
0.01 < p <0.05) and uterus (Watson’s = 0.24, 0.01 < p < 0.05), with no differences between
ovarian peak expression and the SCN (Watson’s = 0.11, p > 0.10). Diestrus I/1l peak phase
analyses revealed that SCN and pituitary time of peak expression did not differ (SCN,169.95
degrees £+ 0.64, n = 11 vs pituitary, 300.29 degrees + 1.29, n = 9; Watson’s = 0.19, 0.01 <p
< 0.05), and both the pituitary (Watson’s = 0.36, 0.001 < p < 0.01) and SCN (Watson’s =
0.39, p < 0.001) exhibited peaks later in the day than peak expression in the uterus (35.10
degrees + 1.27, n = 8). DI/Il ovary phase (301.69 degrees + 0.37, n = 12) differed from the
pituitary (Watson’s = 0.26, 0.01 < p < 0.05) and uterus (Watson’s = 0.26, 0.01 < p < 0.05)
with no differences between the ovary and SCN (Watson’s = 0.09, p > 0.10) Figure 4A-C.
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To understand phase relationships during late pregnancy, we next analyzed phase
relationships across two-day periods from GD 14-19, Figure 4D. There were significant
differences in the timing of PER2::LUC peak expression between the different tissues during
each of the 2-day periods [GD 14-15: F(3, 22) = 16.86, n = 26, p = 6.5¢796; GD 16-17: F(3,
20) = 25.6,n = 24, p = 4.7e797; GD 18-19: F(3, 51) = 50.8, n = 55, p = 2.4e~15]. Specifically,
during GD 14-15, SCN PER2::LUC peaked (169.95 degrees + 0.64, n = 5) after peak timing
in the uterus (35.10 degrees + 1.27, n = 10; Watson’s = 0.29, 0.001 < p < 0.01), and ovary
(301.69 degrees = 0.37, n = 5; Watson’s = 0.23, 0.01 < p < 0.05), with no differences
between the SCN and pituitary (pituitary: 300.29 degrees + 1.29; n = 6; Watson’s = 0.18, 0.5
< p <0.10). GD 14-15 pituitary phase did not differ from peak phase in the uterus (Watson’s
=0.13, p > 0.10) or ovary (Watson’s = 0.07, p > 0.10), however, the ovary and uterus
exhibited different phases (Watson’s = 0.20, 0.01 < p < 0.05). For GD 16-17, the SCN
(173.68 degrees + 0.69, n = 6), again differed from the uterus (27.18 degrees + 0.68, n = 8;
Watson’s = 0.30, 0.001 < p < 0.01) and ovary (306.16 degrees + 0.70, n = 6; Watson’s =
0.26, 0.01 < p < 0.05), with no differences between the SCN and pituitary (pituitary: 276.54
degrees £ 1.47, n = 4; Watson’s = 0.15, 0.5 < p < 0.10). GD 16-17 pituitary phase differed
from the phase in the uterus (Watson’s = 0.24, 0.01< p < 0.05), but not the ovary (Watson’s
= 0.05, p > 0.10). During this time point, the ovary and uterus phases did not differ
(Watson’s = 0.14, p > 0.10). GD 18-19 peak phase analyses revealed that SCN time of peak
expression differed from all other tissues (185.36 degrees + 0.79, n = 14; ovary: Watson’s =
p < 0.001, uterus: Watson’s = 0.53, p < 0.001, pituitary: Watson’s = 0.37, 0.001< p < 0.01).
The ovary (310.97 degrees + 1.08 n = 14) and uterus (33.73 degrees + 0.89, n = 14) differed,
Watson’s = 0.30, 0.001 < p < 0.01, and there were no differences between the pituitary
(20.49 degrees £ 1.85, n = 13), compared to the ovary (Watson’s = 0.14, p < 0.10) or uterus
(Watson’s = 0.15, 0.05 < p < 0.10). There were no significant changes in PER2::LUC period
in the pituitary [F (3, 28) = 0.82 n = 5-13/group, p = 0.49], Figure 4E, F. However the
PER2::LUC period in the ovary was significantly different between estrus and GD 16-17 [F
(3, 28) = 3.10, n = 6-13/group, p = 0.042]. Uterine PER2::LUC period revealed a significant
change [F(3, 36) = 4.97, p = 0.006], with a lengthening of period from GD 16-17 to GD
18-19, Figure 4E, F. Correlation analyses between time of first peak and period revealed a
significant correlation in the ovary [r(50) = —0.324, p = 0.02; R? = 0.105], whereas no
significant correlations were seen in the pituitary [r(50) = 0.062, p = 0.67; R2 = 0.004], or
uterus [r(59) = 0.073, p = 0.58; R? = 0.005].

Progesterone regulates PER2::LUC period in uterine tissue in late pregnancy

Given the important role of progesterone in uterine function in preparation for parturition
(Brown et al., 2004; Zakar and Hertelendy, 2007), we examined the effect of progesterone
on PER2::LUC period of uterine tissue by treating ex vivo GD 18-19 uterine tissue with
either vehicle (water) or progesterone (50 and 100 nM) and following recorded the
PER2::LUC period. We found that progesterone significantly shortened PER2::LUC period
[Student’s t-test, t = 2.195, df = 20, n = 10-12, p = 0.040], Figure 5A, B.

Progesterone receptors regulate Per2-luciferase expression in vitro

The potential role of PRs in the SCN remains elusive (Kruijver and Swaab, 2002; Murphy et
al., 2013), whereas PRs in the arcuate nucleus are known to be important in regulating the
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negative feedback controlling the LH surge (Goodman et al., 2011). To determine if PRA
and/or PRB can regulate the mouse Per2-luciferase promoter /in vitro, we transiently
transfected NIH3T3 cells (control cell line), SCN2.2 (rat SCN cell line) and KTAR cells
(mouse arcuate nucleus cell line) with Per2-luciferase with and without PRA/B. As
progesterone levels change dramatically during the estrous cycle and pregnancy, we
compared the capacity of exogenous progesterone to regulate Per2-luciferase in NIH3T3,
SCN2.2 and KTAR cells cultured in heat-inactivated FBS (contains progesterone), and
charcoal stripped serum (depleted of progesterone) Figure 5C-E. In NIH3T3 cells,
progesterone (100 nM), enhanced Per2-luciferase expression through PRA/B, independent
of the type of media Figure 5C (NIH3T3). Interestingly, Per2-luciferase expression in
SCN2.2 cells responded differently to progesterone depending on the type of culture media,
where progesterone significantly enhanced Per2-luciferase expression in heat inactivated
FBS (Figure 5D, left), which was not the case in charcoal stripped media (Figure 5D, right).
In addition, in SCN2.2 cells Per2-luciferase expression increased in cells transfected with
PRB in absence of progesterone, suggesting this receptor might acquire constitutive activity
in this cell line Figure 5D. In the arcuate nucleus kisspeptin cell line (KTAR), progesterone
enhanced Per2-lucefase expression through PRA in charcoal stripped buffer (Figure 5E,
right), but had no effect in heat-inactivated FBS (Figure 5E, left).

Discussion

The precise timing of hormone release and downstream signaling is central to optimal
functioning of the reproductive axis (Miller and Takahashi, 2014; Sen and Hoffmann, 2020).
The SCN, pituitary, ovary, and uterus are all important components of female reproductive
function, where each of these tissues exhibit circadian rhythms which are necessary for
female fertility, including, but not limited to, ovulation (Loh et al., 2014; Mereness et al.,
2016) and embryo implantation (Liu et al., 2014; Ratajczak et al., 2009; Sellix, 2013).
Measures of circadian-alignment between reproductive tissues can be obtained using the
validated circadian reporter mouse, PER2::LUC, PCR, or western blot studies. Such
experiments have determined that phase of reproductive tissues changes throughout the
estrous cycle (Karman and Tischkau, 2006; Nakamura et al., 2010). During the estrous
cycle, the changes in circadian rhythms and tissue phase, are in part driven by steroid
hormone signaling, including progesterone (Murphy et al., 2013; Nakamura et al., 2010), a
central hormone in estrous cycling and pregnancy (Brown et al., 2004; Nadeem et al., 2016;
Wharfe et al., 2016). To further these studies, we assessed PER2::LUC period and phase
relationships between the SCN, pituitary, ovary, and uterus during the estrous cycle and GD
14-19. Throughout all stages of the estrous cycle, the uterus and pituitary displayed different
phases, ~10-12h apart, of peak timing in PER2::LUC expression. Interestingly, the SCN
exhibited phase relationships during proestrus that were different from estrus or DI/I1, which
suggests a possible role of progesterone on the phase of the SCN, due to the peak of
progesterone in proestrus, the estrous stage preceding estrus (Miller and Takahashi, 2014).
Specifically, during proestrus, the SCN exhibited a similar PER2::LUC peak to the uterus
and ovary. During both estrus and DI/II, the SCN was in phase with the pituitary and ovary,
while the uterine PER2::LUC peak occurred earlier in the day than the SCN and pituitary.
The fact that the SCN displays different phase relationships within estrous cycle stages
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supports its sensitivity to estrogen and/or progesterone, a mechanism supported in the work
presented here, where we found progesterone can regulate Per2-luciferase expression in
vitroin SCN cells. However, more work, including studies directly examining hormone
application to tissue explants, is needed to further understand the impact of estrogen and
progesterone on the circadian timing of these tissues. In pregnancy, progesterone and
estrogen levels also change dramatically, and, as such, these hormones could also change
circadian rhythms throughout the reproductive axis at this time of life. Indeed, we found that
progesterone can shorten PER2::LUC period in the ex vivo uterus during late gestation.
Further, during late gestation (GD 14-15, GD 16-17, and GD 18-19), we observed
significant differences between the phases of reproductive tissues at each studied timepoint.
Perhaps the most striking changes involve the relationships surrounding the pituitary. During
both GD 14-15 and GD 16-17, the pituitary is in phase with the SCN, however, during GD
18-19, the pituitary exhibits an approximate 13 h delay following SCN peak phase. It is
possible that these different relationships could be occurring in preparation for parturition,
potentially driven by the hormonal changes involved in the transition to labor, including
changes in oxytocin release, however more work is necessary to investigate this hypothesis.
It is important to note that while we examined phase relationships within each stage of
estrous and late pregnancy, we did not perform any statistical analysis of the phase
relationships of individual tissues between stages of estrous and pregnancy. We chose not to
run such statistical tests, as doing so would have greatly reduced our statistical power, given
the necessary additional p-value corrections required to examine the tissue phase across the
six time points. Nonetheless, given the dramatic changes in phase relationships within each
stage of estrous cycle and during late pregnancy, we believe these adaptations reflect upon a
combined effect of changes in hormone release and tissue sensitivity. This hypothesis is
supported by our finding that progesterone, a central sex steroid released from the corpus
luteum after ovulation, increases Per2-luciferase expression in SCN and kisspeptin cells /n
vitro, and shortens PER2::LUC period in uterine tissue in late gestation. Others have
explored similar ideas and demonstrated that individual changes in tissue phase occur
between proestrus and diestrus, and that such circadian changes can be regulated by sex
steroids and gonadotropins (He et al., 2007; Karman and Tischkau, 2006; Nakamura et al.,
2010; Yoshikawa et al., 2009). Examining the contribution of hormones involved in
reproductive function and metabolism in adapting these relationships through the estrous
cycle and pregnancy will be of interest.

With the multitude of hormonal and physiological changes occurring during late pregnancy;,
it is no surprise that behavioral activity patterns are altered during this time period. Others
have indicated a decrease in locomotor activity during pregnancy in a number of species,
including humans (Martin-Fairey et al., 2019), non-human primates (Honnebier and
Nathanielsz, 1994), and rodents (Albers et al., 1981; Martin-Fairey et al., 2019, 2016;
Rosenwasser et al., 1987). The work presented here confirms this decrease in locomotor
activity during pregnancy and suggests that this decline in activity occurs independently
from litter size and may be only modestly caused by weight gain. Importantly, others have
found that pseudopregnancy, which is associated with increased progesterone (Welschen et
al., 1975), causes decreased locomotor activity (Albers et al., 1981). This suggests that a
hormonal mechanism, and not metabolic changes or fetal signaling, is a plausible candidate
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driving the decrease in activity observed in pregnancy. In addition to decreases in locomotor
activity, the onset timing of locomotor activity is altered during pregnancy (Martin-Fairey et
al., 2019, 2016). Both our study and work by Martin-Fairey et al (2019) observed a change
in activity onset time during mid-pregnancy; however, their results differ from ours in
direction, where we observed a significant delay in onset of wheel running activity, while
they observed an advanced onset. These differences could be attributed to several factors,
including mouse strain, which has recently been shown to influence circadian wheel running
activity between C57BL6/N and C57BL6/J males under constant light (Capri et al., 2019),
as well as differences in locomotor activity analysis (5-min bins in our work versus 6-min
bins), and/or rodent housing, where we maintained males within the behavioral chamber
where the females were housed throughout the experiment. Even given these differences, it
is evident that circadian locomotor rhythms are highly influenced by pregnancy. As several
aspects of circadian rhythms, including period, timing onset, and length of activity combine
to produce specific rhythmic behavior patterns, it is important to consider how circadian
variables influence each other. One such relationship is an established correlation between
increased locomotor activity with advanced activity onset, whereas reduced locomotor
activity delayed activity onset in constant conditions (Edgar et al., 1991). This is supported
by our findings, where pregnancy dramatically decreased overall locomotor activity and
delayed activity onset. To further our understanding of the underlying mechanisms driving
the changes in onset timing and overall locomotor activity during pregnancy, we focused on
the known role of the SCN in regulating wheel running behaviors (LeSauter and Silver,
1999; Schwartz and Zimmerman, 1991; Stephan and Zucker, 1972). Using ex vivo SCN
explants, we found that PER2::LUC period was significant shortened during two timepoints
during late gestation, as compared to estrus. However, this change in PER2::LUC period did
not correlate with activity onset, suggesting the SCN is not a strong driver of this behavioral
change. That said, light can mask the effects of SCN function on locomotor activity (Morin
and Studholme, 2009), and, as such, future studies done in constant darkness are required to
understand if the changes in locomotor activity are driven by the SCN. A second limitation
of our study is the caveat induced by evaluating locomotor activity using running wheels.
Although wheel running is a standard measure of circadian locomotor activity, it does
possess limitations, such as its rewarding properties and the potential difficulty for a late-
pregnant mouse to climb onto the elevated wheel, due to the significant weight gain and
change in body proportions. Thus, it is possible that wheel running decreases, but overall
activity may not. To determine if this is the case, in house activity could be evaluated.

Aside from the SCN’s role in driving locomotor activity, recent work has implicated
kisspeptin neurons from the arcuate nucleus in modulating behavioral rhythms in addition to
the timing of food intake, sleep, and body temperature in female mice (Padilla et al., 2019).
Given the considerable metabolic changes occurring in the mother during pregnancy to
support the developing fetus (Lain and Catalano, 2007) and the strong ties to circadian
rhythmicity and metabolic state (Froy, 2009; Huang et al., 2011), is likely that such
metabolic changes play into the circadian time-keeping system. This made us examine how
PER2::LUC rhythms in the arcuate nucleus adapted to pregnancy. Our data did not reveal
changes to PER2::LUC period during late pregnancy, nor was there a positive correlation
between PER2::LUC period in the arcuate nucleus and activity onset. Despite these negative
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results, to our knowledge, this is the first record of PER2::LUC rhythms evaluated in the
arcuate nucleus, and shows this structure possess a molecular clock, which can easily be
studied using the PER2::LUC reporter mouse.

In conclusion, this work describes both behavioral and tissue-specific changes in circadian
rhythms that occur during the estrous cycle and pregnancy. Our findings suggest that
progesterone is involved in coordinating late pregnancy circadian rhythm function in the
SCN, arcuate nucleus, and uterus. These studies are a first step towards understanding how
the circadian time-keeping system adapts during pregnancy and will be instrumental in
elucidating the molecular pathways involved in pregnancy loss and pregnancy associated
complications.
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Significance Statement

Biological timekeeping is essential for the coordination of physiological processes and
behavior, including reproduction. To date, the influence of estrous cycle and pregnancy
on the circadian (~24 h) time-keeping system is not fully understood. To elucidate
circadian changes during the estrous cycle and pregnancy in reproductive tissues and the
brain, we examined the influence of circadian rhythms on behavioral and cellular
molecular function. This work provides a necessary step towards understanding the
temporal coordination of physiological functions essential for successful pregnancy and
lays the foundation for future studies examining the influence of circadian disfunction on
pregnhancy-associated disease pathologies.
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Figure 1. Diagram of SCN and arcuate nucleus dissections.
Representative diagram of dissected A.) suprachiasmatic nucleus (SCN) and B.) arcuate

nucleus (ARC) for monitoring of Per2::luciferase bioluminescence. Red lines indicate where
individual cuts were made in the tissue slices. Abbreviations are as follows: LA-
lateroanterior hypothalamic nucleus, SCN-suprachiasmatic nucleus, ME- median eminence,
ARC-arcuate nucleus.

J Neurosci Res. Author manuscript; available in PMC 2021 July 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Yaw et al.

Page 21

MBI ke, AN PR ] i Al
ROV T T T () WITTITI TV [T G TN
5 il n:lllll.u. YT T 1T _—
. T T T R Y T Lt Ty T ol &
) . Al sl M dAe o U AR R RN 1 1 al. c
> wmmu al. it ) e o))
© 10 | [T Lt bi. o)
a A LA A0 W MR ¢ ¢ ; FTTT AT T T TT T TV et
AN AN . MIARL AMUSILAR . join . o
MIARL AMUBIRAR . join .. 0 i i e J ) !
e il i ik 1 Attt MR N1 ) ), c
15 vy Li.‘ “‘M""'l,,m 2
- =
mun-.n‘i. . i it el L B e
Tlmed J - _.‘.I-:J..lnnu w:. —.. .J
- ot . s ub. AT T AR
Mating ﬁm i i
[THRN AT 1 bl
[72] 5 1 b * Hua
t>“~ Liaadile n ‘I Y - _‘.I.J 2
o : 'y S : [ =
c ) | I BT T T R, o]
o 10 : 1 eyl : im n c
— * YL i ) L o
= [ L 3 ini .
S : # ini : ukibl 4 o o
(7)) | B b RN Ak n_
[0} 15 ) ; ﬂ‘, ..l e - ‘& “I.Jl. .l‘.-:
O i oy i .
Ay . =
B £ 8000 C &
2 £
% 6000 —C' 151 R?=0 003, p=0.90
> * - —
[
¢ 4000 " §_10_ R ». .
T 2000 o a e
j = 5] L
; G J L) L L] \J L) L] L] L] L) 3 -
o MONDTOOLND o
E AN R T S ¥ SN —
e - > 0 20 40 60 80 100
Gestation Day Decrease in Wheel Running Activity (%)

D E

R%2=0.11, p = 0.44

D
o O

R

Weight Gain (%)
N B
o O O

o) 20 40 60 80 100
Decrease in Wheel Running Activity (%)

T

§20 o
S 18 o
£ 16

'514

Q

2

E T
© 10 .
E NP 27 813 14-19

Gestation day

Figure 2. Pregnancy impacts activity levels and activity onset independent of litter size.
A.) Representative double plotted actogram of wheel running in a female mouse before

pregnancy (Day 1-20), during timed mating (Day 21-22; dark blue-purple shading), and
during pregnancy [Gestation day (GD) 1-19; light gray shading]. B.) Total number of wheel
revolutions decrease beginning GD 12-13 and continued to decrease through late pregnancy.
Pearson correlation examining the relationship between the percentage decrease in wheel
running activity from non-pregnant to late pregnant levels (GD 14-19) compared to the
number of pups in each litter (C., n = 8, individual mice are shown as squares) and the
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percentage of weight gain during pregnancy (D., n = 8). R% and p values are indicated next
to linear regression lines. Dashed curves indicate 95% confidence intervals. E.) Timing of
activity onset is significantly delayed during mid pregnancy (GD 8-13), compared to non-
pregnant (NP), early (GD 2-7), and late pregnancy (GD 14-19). Individual mice are shown
as circles. Data were analyzed via repeated-measures one-way ANOVA followed by a Tukey
post hoc. *, p<.05; **, p<.01.
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Figure 3. SCN and arcuate nucleus PER2::L UC period do not correlate with locomotor activity
onset during late pregnancy.
A.) Example traces of representative SCN PER2::LUC recordings. B.) Histogram of

PER2::LUC period in the SCN during pregnancy (n = 6-14/group). C.) Pearson correlation
examining the relationship between the SCN PER2::LUC period and onset of wheel running
activity on the day of euthanasia (GD 16-19), n = 7. D.) Example traces of representative
arcuate nucleus PER2::LUC recordings, and E.) histogram of PER2::LUC period in the
arcuate nucleus during pregnancy (n = 6-13/group). F.) Pearson correlation examining the
relationship between the arcuate nucleus PER2::LUC period and onset of wheel running the
day of euthanasia (GD 16-19), n = 6. Period data (B., E.) were analyzed via one-way
ANOVA followed by a Tukey post hoc. *, p<.05. Individual values are indicated by circles
or squares, and n is indicated on the bars. R2 values and p-values are indicated next to linear
regression lines. Dashed curves indicate 95% confidence intervals.
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Figure 4. Reproductive tissue phase-relationships during estrous cycle and pregnancy.
Time of day of first PER2::LUC peak was used to establish the phase of the studied tissues

during the estrous cycle and during pregnancy. Phase-relationships during A.) estrus, n=
7-10/group, B.) proestrus, n=6-11/group, C.) diestrus I and Il (DI/11). n=8-12/group, and D.)
late pregnancy [gestation day (GD) 14-19], n =5-15/group, except GD 16-17 pituitary, n=4.
Mean time of first peak is indicated by the vector lines and symbols indicate individual data
points. Data were analyzed via circular ANOVA where different letters indicate significantly
different phases. E.) Representative PER2::LUC traces during estrus and GD 15-19 in the
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pituitary, ovary and uterus and F.) histogram of PER2::LUC period was compared between
the indicated days in the pituitary, ovary, and uterus. Data were analyzed via one-way
ANOVA followed by a Tukey post hoc. *, p<.05. For periods, individual values are shown as
circles and n is as indicated.
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Figure 5. Progesterone regulates Per 2-lucifer ase expression.
A.) Histogram and B.) example trace of PER2::LUC period in the GD 18-19 uterus in

response to progesterone (P4 50-100 nM) or veichle control. “PER2::LUC period was
analyzed with student’s t-test, N = 10-12, *p < 0.05”. C,-E.) Transient transfections of
NIH3T3 (mouse fibroblasts), SCN2.2 (rat SCN cells), and KTAR (mouse arcuate nucleus
kisspeptin neurons) with Per2-luciferase, PRA, PRB or empty vector (o)cDNA), cultured in
in heat inactive heat inactivated FBS (FBS, left side) or charcoal stripped serum (right side).
The capacity of progesterone (100 nM) or vehicle to drive Per2-luciferase expression was
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evaluated. Data is expressed as fold change as compared to control (pcDNA, vehicle). N=3-6
in duplicate. Statistical analysis by two-way ANOVA, followed by a Tukey post hoc. *,
p<0.05; **, p<.01; ***, p<.001, ns: non-significant.
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