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Estrogenicsignaling shapes and modifies daily and circadian rhythms, the disruption of which has been
implicated in psychiatric, neurologic, cardiovascular, and metabolic disease, among others. However,
the activational mechanisms contributing to these effects remain poorly characterized. To determine
the activational impact of estrogen on daily behavior patterns and differentiate between the contri-
butions of the estrogen receptors ESR1 and ESR2, ovariectomized adult female mice were administered
estradiol, the ESR1 agonist propylpyrazole triol, the ESR2 agonist diarylpropionitrile, or cholesterol
(control). Animals were singly housed with running wheelsin a 12-hour light, 12-hour dark cycle or total
darkness. Estradiol increased total activity and amplitude, consolidated activity to the dark phase,
delayed the time of peak activity (acrophase of wheel running), advanced the time of activity onset,
and shortened the free running period (1), but did not alter the duration of activity («). Importantly,
activation of ESR1 or ESR2 differentially impacted daily and circadian rhythms. ESR1 stimulation in-
creased total wheel running and amplitude and reduced the proportion of activity in the light vs the
dark. Conversely, ESR2 activation modified the distribution of activity across the day, delayed acrophase
of wheel running, and advanced the time of activity onset. Interestingly, T was shortened by estradiol
or either estrogen receptor agonist. Finally, estradiol-treated animals administered a light pulse in the
early subjective night, but no other time, had an attenuated response compared with controls. This
decreased phase response was mirrored by animals treated with diarylpropionitrile, but not propy-
Ipyrazole triol. To conclude, estradiol has strong activational effects on the temporal patterning and
expression of daily and circadian behavior, and these effects are due to distinct mechanisms elicited by
ESR1 and ESR2 activation. (Endocrinology 155: 2613-2623, 2014)

ircadian timekeeping systems use approximately 24-

hour endogenous rhythms to adapt and respond to
cyclically changing environments. Disruptions of these
rhythms are associated with increased incidence of chronic
and acute disease, including cancer, obesity, metabolic dis-
order, compromised immunity, cardiovascular disease,
sleep disorders, and a variety of psychiatric conditions
(1-7). There are sex differences in the manifestation of
these conditions. For example, cardiovascular disease and
hypertension are more prevalent among women subjected
to circadian disruptions than in men (8). This is perhaps
not surprising considering that sex differences in circadian
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rhythms are found across a variety of species (7, 9-12).
Importantly, daily and circadian rhythms are modulated
in part by shifts in hormone signaling during the perinatal
period, pregnancy, menopause, and throughout the re-
productive cycle (13-16), suggesting ovarian hormones
such as estradiol play a role in modifying circadian
rhythms.

Indeed, the maximum daily activity in intact female rats
and hamsters is observed during proestrus, corresponding
to peak serum estradiol levels (17). Removal of circulating
estrogens via ovariectomy (OVX) reduces total wheel run-
ning activity in female mice, rats, and degus (18-21), an
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Abbreviations: CTL, control; DD, constant darkness; DPN, 2,3-bis[4-hydroxyphenyl]-pro-
pionitrile; ESR1, estrogen receptor 1; LD, light/dark; OVX, ovariectomy; PPT, 4,4’,4"-(4-
propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol; SCN, suprachiasmatic nucleus; WT, wild-type;
ZT, Zeitgeber time.
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effect reversed by exogenous estradiol replacement (22,
23). Estradiol shortens the length of the free running pe-
riod (7) (18, 24-26) and advances the onset of wheel run-
ning activity in mice, rats, and hamsters (18, 27). It also
consolidates activity to the dark phase of the light/dark
(LD) cycle in mice (20, 21, 28). Female OVX hamsters
have greater variability in the timing of activity onset com-
pared with intact or estradiol-treated counterparts,
whereas the incidence of asynchronous or split wheel run-
ning rhythms in female OVX hamsters is reduced by es-
tradiol replacement (13). Furthermore, intact female
estrogen receptor knockout mice («ERKO) in which es-
trogen receptor 1 (ESR1) (formerly ER«a), but not ESR2
(formerly ERB) has been removed (29), exhibit a trun-
cated response to a light pulse given in the early subjective
night, but a more robust behavioral shift when the pulse is
administered in the late subjective night compared with
intact wild-type (WT) female mice (30). Taken together,
these data suggest that estrogens regulate both the mag-
nitude and timing of wheel running activity, strengthen
entrainment to LD transitions (31), and modulate behav-
ioral shifts in response to a photic cue.

The mechanisms underlying estradiol’s effects on cir-
cadian and daily activity rhythms, including the roles of
ESR1 and ESR2, have yet to be determined. Ogawa et al
(20) used «ERKO and BERKO mice to demonstrate that
ESR1, but not ESR2, regulates the estradiol-induced in-
crease in activity. The difference in total wheel running
between OVX WT and «ERKO, but not BERKO, females
treated with estradiol (20) suggests the predominance of
an activational, rather than organizational mechanism
that is dependent on ESR1. However, the use of global
knockout mice and the potential for developmental effects
of absent estrogen signaling confound the interpretation
of these previous studies. Moreover, total daily activity is
the only variable that has been shown to be under the
control of a specific estrogen receptor. To study the acti-
vational effects of estrogenic signaling on the expression of
daily and circadian activity rhythms, we pharmacologi-
cally manipulated the activity of ESR1 and/or ESR2 in
OVX WT female mice. We show here that receptor acti-
vation differentially modulates behavioral rhythmicity,
suggesting unique roles for ESR1 and ESR2.

Materials and Methods

Animals and housing

Circadian activity patterns in ESR1-knockout («ERKO;
—/—)and WT (+/+) littermates have been described previously
(30). To ensure this work would be comparable to previous stud-
ies, «ERKO heterozygotes (+/—) on the C57BL6/] background
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Figure 1. Methodological timeline. Abbreviation: Dieb. alt., every
other day.

were crossed, and the resulting WT female mice were used. Mice
were maintained in accordance with the University of Illinois
Urbana-Champaign Institutional Animal Care and Use Com-
mittee guidelines and the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Animals were main-
tained at a constant temperature (22°C) in 12-hour light, 12-
hour dark (LD) or constant darkness (DD) and were given food
and water ad libitum. Animals housed in DD were exposed to a
dim red light briefly each day (<5 minutes) to assess animal
health but otherwise were not exposed to any light.

Animals were fed Teklad 2016 rodent diet throughout the
study because it contains undetectable to 20 mg/kg levels of soy
estrogen isoflavones, including daidzein and genistein. Animals
were group-housed with same-sex littermates from weaning
(postnatal d 21 [p21]) until after sexual maturation (p50), at
which time they were singly housed in cages (28 cm long X 16 cm
wide X 12 cm high) outfitted with a metal running wheel (11 cm
diameter) affixed to the lid. During the light phase, the light
intensity measured at the top of the cage ranged from 220 to 360
lux (average 290 lux).

The experimental timeline is shown in Figure 1. Beginning on
p50, and continuing through 2 estrous cycles, daily vaginal cy-
tology was performed on each animal to confirm cyclicity before
OVX. Throughout the study, all vaginal cytology samples were
collected at varying times of day to avoid the introduction of a
confounding time cue. On p60, running wheels were removed,
and mice were anesthetized with ketamine/xylazine (100 and 10
mg/kg, respectively, ip) and maintained with isoflurane gas as
necessary. Ovaries were removed through bilateral incisions,
and the muscle/fascia and overlying skin were closed with sur-
gical silk and staples. Vaginal cytology was examined daily for
the next 8 to 10 days (Figure 1) to verify that animals were no
longer exhibiting signs of cyclicity. Wheels were returned after 5
days of recovery (Figure 1).

Drug pellets and administration

To manipulate estrogen receptor activity, we used specific
ESR1 and ESR2 agonists. The ESR1 agonist 4,4’,4"-(4-propyl-
[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT) has a higher relative
binding affinity for ESR1 over ESR2 and an estimated 1000 times
higher relative potency for ESR1 (32, 33). Conversely, the rela-
tive binding affinity and relative potent selectivity for ESR2 ex-
hibited by 2,3-bis[4-hydroxyphenyl]-propionitrile (DPN) are
70- and 170-fold greater than those observed for ESR1 (34).

DPN (rac-DPN) (1) was synthesized in the Katzenellenbogen
laboratory at the University of Illinois Urbana-Champaign as
described (34, 35). PPT was purchased from Orbiter Research.
Administered doses were as follows: 25 g estradiol (LowE), 50
pgestradiol (HighE), 2 mg PPT (LowPPT), 5 mg PPT (HighPPT),
2 mg DPN (LowDPN), and 5§ mg DPN (HighDPN). The estradiol
concentrations used were selected based on those that increased
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wheel-running activity, uterine weight, and the expression of
corneated vaginal epithelial cells; these changes occur predom-
inantly through the activation of ESR1 (30, 36-38). The phys-
iologic pattern of activated ESR1 and ESR2 throughout the
estrous cycle is unknown. Accordingly, doses of PPT or DPN
100-fold greater were chosen to align with previously reported
efficacious doses (37, 39-42) and to account for the reduced
transcriptional activity of these compounds compared with es-
tradiol (33, 34). Specifically, our doses were selected based on
studies that found PPT treatment caused estrous-like epithelial
cytology (43, 44) and uterine hypertrophy (37). DPN doses were
selected based on studies that found it reduced glucose-6-phos-
phate dehydrogenase and increased the expression of progester-
one receptor (PR) and androgen receptor (AR) message and pro-
tein without altering uterine size or the proliferation of luminal
epithelial cells (37, 43, 44). Each drug was compounded with
=99% cholesterol (Sigma-Aldrich) to produce a cholesterol
pellet with a total weight of 20 mg (45, 46). Control (CTL)
pellets contained 20 mg cholesterol alone. Approximately 10
days after OVX (~p70), experimental mice were anesthetized
under isoflurane gas, and pellets were implanted sc (Figure 1).
Mice were randomly assigned to treatment groups before pel-
let implantation.

To compare the efficacy of our doses with previously pub-
lished work, vaginal smears were examined for 8 to 10 consec-
utive days after pellet implantation. Mice implanted with LowE,
HighE, or HighPPT pellets exhibited vaginal cytology containing
exclusively, or nearly exclusively, corneated cells, whereas cy-
tology from CTL, LowDPN, or HighDPN-treated animals had
zero to very few corneated cells. Animals treated with LowPPT
pellets persistently exhibited a mixture of corneated cells, nucle-
ated cells, and leukocytes. Daily wheel running activity was
quantified from 10 days to 4 weeks after pellet implantation
(Figure 1), as previously described (20). During this experimental
phase, vaginal cytology was collected every other day at varying
times during the day to avoid providing a nonphotic cue. Cytol-
ogy for each mouse remained consistent throughout the study.
Uterine size was examined at the end of the study (Figure 1) to
further confirm sustained drug pellet efficacy. Consistent with
previous findings (37, 43, 44), mice administered either dose of
estradiol or PPT had increased uterine size compared with CTL,
LowDPN, or HighDPN mice.

Assessment of daily activity patterns and circadian
variables

Wheel revolutions were detected via a magnetic switch af-
fixed to each cage. All data were recorded in 10-minute bins
using VitalView and were visualized with ActiView (Mini Mit-
ter). An individual bin was considered active if the total amount
of activity during that period was equal to or exceeded at least
10% of the animal’s maximum daily activity. The following pa-
rameters were assessed in LD: average daily activity, the pro-
portion of activity in light vs dark (LD proportion), the distri-
bution of wheel running across the total 24-hour day as well as
the 12-hour dark phase, acrophase of wheel running activity,
amplitude, and phase angle of activity onset. The duration of the
free running period (7) and the active phase () were determined
in animals housed in DD. The first 3 days of DD data were
ignored to account for potential acute after-effects. To evaluate
the effect of estrogenic modulation on the responsiveness to light
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at different times of the subjective day, a modified Aschoff type
IT method (described below) was completed with light pulses at
times corresponding to the former Zeitgeber time (ZT) 4, 16, and
22 (ZT 0 and 12 = lights on and off, respectively). Where pos-
sible, animals were used for multiple analyses and were allowed
at least 1 week to re-entrain after a transition from DD to LD.

For parameters assessed in LD, animals were housed in 12:12
LD conditions for at least 1 week before data collection. Con-
sistent phase angle during the last 4 days of this period was
required to confirm entrainment (data not shown). Mean daily
wheel running activity was determined by averaging the number
of wheel revolutions per 10-minute bin for each animal over 3
consecutive days in LD. Data from each individual animal were
normalized to prepellet baseline, which was similarly calculated
by taking the mean activity for 3 days in LD after OVX and
prepellet implantation. Total wheel running activity for each
treatment group was then divided by the CTL group value to
determine fold change.

To analyze temporal patterning of daily activity across the
dark phase as well as in the light compared with dark phase, each
10-minute activity bin was averaged over 3 consecutive days,
summed into 1-hour bins, and plotted over time. To determine
the distribution of activity within the first and second halves of
the dark phase, the average wheel revolutions per 10-minute bin
over 3 days were grouped by treatment and then summed into
ZT12 to ZT18 and ZT18 to ZT24 bins. The LD proportion
describes the number of wheel revolutions completed during the
light phase (L) compared with the total amount in the light and
dark (D) and is defined as L/(L+D).

Acrophase of wheel running activity in LD corresponds to the
time (10-minute bin) of maximum activity. It was determined
using a cosine fitting function (Actiview) using 3 days of activity.
Amplitude reflects the difference between the largest activity
peak (10-minute bin) and mesor (47) observed from averaging 3
days of wheel running in LD. Subtracting the mesor from the
peak enabled us to compare the magnitude of the rhythm in
relation to each animal’s baseline activity. Phase angle of activity
onset was determined by measuring the difference in minutes
between lights off and the onset of activity across 5 consecutive
days in LD. Onset was defined as the first 10-minute bin of
activity that equaled or exceeded 10% of the maximum activity
peak that was not followed by more than 2 consecutive 10-min-
ute bins of inactivity (28).

The length of the free running period (7) was measured by
fitting a line of best fit through activity onset for the last 5 con-
secutive days in DD as previously described (48, 49). Minimally,
data from the first 3 days of DD were omitted from the analysis
to limit the contribution of transition effects. The length of the
active period («) was determined by averaging the duration be-
tween the time of activity onset and when activity stopped over
5 daysin DD. Activity cessation was defined as the last 10-minute
bin with wheel revolutions =10 % of peak activity before a break
in activity lasting 2 or more hours.

We determined the effect of estrogenic signaling on the be-
havioral shift in response to light pulses at varying times of day
(21). Briefly, animals entrained to 12:12 LD were placed in DD
for at least 24 hours. A pulse of light (~290 lux) was given for
1 hour at times corresponding to ZT4, ZT16, or ZT22 followed
by 4 to 6 days in DD. Shams were treated the same but were not
subjected to a light pulse. The phase shift was calculated as the
difference between the pre- and post-pulse onset of wheel run-
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Figure 2. Effects of estrogenic signaling modification on circadian wheel running activity. A,
Representative double-plotted actograms depicting the activational effect of differential estrogen
receptor stimulation on daily wheel running activity in OVX female mice measured for 5 consecutive
days in 12:12 LD (lights off at ZT12). White and black bars at the top indicate whether the lights were
on or off, respectively. Consecutive days are plotted on the y-axis, whereas the ZT over 48 hours is
shown on the x-axis. Each black bar represents a 10-minute bin, and the height indicates the amount
of wheel running occurring during the period. B-D, Quantified treatment effects on circadian activity
(mean = SEM), including total wheel revolutions per day in LD (B), LD proportion (C), and fractional
breakdown of total activity occurring during the first vs second half of the dark phase (relative activity
ZT12-Z124) (D). Sample size (n) is indicated below each bar. 4, O, ®, and 4, denote significantly
different comparisons made with CTL, LowE, HighE, and HighPPT respectively. In D, within-group
differences in relative activity ZT12 to ZT24 are indicated by asterisks: *, P < .05; **, P < .001. E,
Wheel running activity from 3 consecutive days in LD was averaged into 1-hour bins. 4 and 4 ¢,

P < .05 and .001, respectively, compared with CTL (two-way repeated-measures ANOVA). Sample
sizes per time points are as follows: CTL (n = 10-11), LowE (n = 9-10), HighE (n = 11-12), LowPPT (n =

8-9), HighPPT (n = 8), LowDPN (n = 7-8), and HighDPN (n = 7-9).

ning activity. This experimental design allowed us to use the
uniformity of the entrained animals’ subjective day before their
free running rhythms drifted (50).

Statistical analyses

Results are reported as mean = SEM. For total daily activity,
LD proportion, a, 7, phase angle, acrophase of wheel running
activity, and amplitude, between-group differences were as-
sessed using one-way ANOVA with treatment group (CTL,
LowE, HighE, LowPPT, HighPPT, LowDPN, and HighDPN) as
the independent variable, followed by Tukey’s post hoc tests as
appropriate. For phase response to light pulses, we used ANOVA
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to analyze differences across treatment
groups within each time point and to
identify differences between nonpulsed
and pulsed animals receiving the same
treatment. Distribution of activity across
the 24-hour day or the 12-hour dark
phase was assessed using two-way re-
peated-measures ANOVA with treat-
ment and time as independent variables.
All analyses were performed with Sigma-
Plot version 12.0 (Systat Software, Inc).
Comparisons resulting in an priori P
value <.05 were considered significantly
different.

Results

Estradiol increases total wheel
running activity through
activation of ESR1, but not ESR2

The effect of estradiol and selec-
tive estrogen receptor stimulation on
wheel running activity is shown in
Figure 2A, whereas total wheel run-
ning activity across all treatment
groups is quantified in Figure 2B.
Standardized post-pellet activity is
expressed as fold change compared
with pre-pellet CTL. ESR1 activa-
tion played a predominant role in the
increase in daily activity that oc-
curred after activational estradiol
treatment. Both the LowE (fold
change compared with CTL, 4.233 =
1.106; P < .001) and HighE doses
(fold change compared with CTL,
5.798 + 1.061; P < .001) increased
relative wheel running compared
with CTL (1.00 * 0.123). Like es-
tradiol, PPT administration in-
creased relative wheel running (fold
change compared with CTL, 3.012 =
0.459; P < .001). HighPPT animals
did not differ from LowE or HighE animals (P > .05 for
all comparisons between HighE, LowE, and HighPPT).
The magnitude of wheel running observed in the LowPPT,
LowDPN, and HighDPN treatment groups was not dif-
ferent from CTL and was significantly lower than estra-
diol-treated animals (P < .05).

07T 12-18
BZT 18-24

ESR1 stimulation mimics the estradiol-induced
consolidation of activity to the dark

All animals housed in LD were more active during the
dark phase than the light phase (Figure 2, A, C, and E). To
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determine whether activational estradiol is sufficient to
consolidate activity to the dark phase as reported previ-
ously (20, 21, 28), we calculated the LD proportion. Both
LowE (0.006 = 0.002; P = .02) and HighE (0.004 =
0.002; P = .008) significantly reduced the LD proportion
compared with CTL (0.05 + 0.01), indicating that nearly
all wheel running took place during the dark phase in these
mice. This effect was mirrored by administration of High-
PPT (0.006 = 0.002; P = .025). The LowDPN dose had
no effect compared with CTL, and nominal reductions
observed after either LowPPT or HighDPN administra-
tion were not significant (Figure 2C).

ESR2 activation results in a greater distribution of
activity across the dark phase

Wheel running increased rapidly after lights out in all
treatment groups (Figure 2, A and E). To further assess the
effect of estrogen receptor activation throughout the dark
phase, mean wheel revolutions per treatment group were
binned in 1-hour increments and plotted over time (Figure
2E). Two-way repeated-measures ANOVA revealed a sig-
nificant effect of time (F,; = 107.457, P < .001) and drug
treatment (Fg = 19.022, P < .001) as well as a significant
interaction (F, 3¢ = 8.706, P <.001). Overall, more wheel
revolutions were completed in the first 6 hours of the dark
phase compared with the later night. Additionally, mice
receiving LowE, HighE, or HighPPT pellets were more
active than CTL mice throughout most of the dark phase.
In contrast, LowPPT animals were only more active than
CTL animals from ZT14 to ZT17. HighDPN mice were
not more active than CTL animals overall but did com-
plete more wheel revolutions at ZT14, ZT15, and ZT20
compared with CTL mice. At no time were LowDPN mice
more active than their CTL counterparts.

Animals treated with estradiol had sustained activity
over a greater length of time than CTL animals, which
completed their maximum amount of wheel running
within the first 2 hours of darkness. Furthermore, al-
though HighPPT treatment statistically recapitulated the
estradiol-induced increase in total wheel running (Figure
2B), activity was consolidated to the early (ZT12-ZT18),
rather than later (ZT18-ZT24), subjective night (Figure
2A). To further assess this interaction, we investigated
whether ESR1 or ESR2 stimulation contribute to when
activity occurs during the dark phase. The total number of
wheel revolutions completed during the dark phase for
each treatment group was summed and set at 1.0 (100%).
The fraction of total activity completed during the first
(ZT12-AT18) and second (ZT18-ZT24) half of the dark
phase was determined and is shown in Figure 2D. In all
treatment groups, except LowDPN, two-way repeated-
measures ANOVA revealed that a greater amount of the
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total activity was completed from ZT12 to ZT18 than
from ZT18 to ZT24. Interestingly, compared with the
amount observed in the CTL group (ZT12-ZT18,0.77 *
0.03; ZT18-72T24, 0.23 + 0.03), both estradiol doses
(LowE: ZT12-7T18, 0.64 = 0.03, P = .007; ZT18-
ZT24, 0.36 = 0.03, P = .007; HighE: ZT12-7ZT18,
0.63 = 0.04, P = .007; ZT18-72T24, 0.37 £ 0.04, P =
.007) and DPN-treated animals (LowDPN: ZT12-7ZT18,
0.56 £ 0.07, P = .006; ZT18-2T124, 0.44 = 0.07, P =
.006; HighDPN, ZT12-ZT18, 0.64 + 0.05, P = .031;
ZT18-7ZT24,0.37 = 0.05, P = .031) completed a smaller
fraction of their total wheel running in the first half of the
night. Despite the difference in magnitude of activity be-
tween PPT and CTL (Figure 2B), there was no difference
in the temporal distribution of activity across the dark
phase between these 2 groups (Figure 2D).

Estradiol increases amplitude and delays
acrophase of wheel running activity through ESR1
and ESR2 activation, respectively

All of the mice tested demonstrated behavioral rhyth-
micity with clearly evident active and inactive periods (Fig-
ure 2A). To assess whether the timing and magnitude of
these activity patterns were manipulated by selective es-
trogen receptor stimulation, we compared both the phase
peak of activity (acrophase of wheel running activity) (Fig-
ure 3, A and C) and amplitude (Figure 3, B and C) across
treatments. We found that ESR2 activation via DPN
shifted the acrophase of wheel running activity, whereas
ESR1 activation via PPT increased amplitude. There was
a significant drug effect on acrophase of wheel running
activity (P = .002). The acrophase for wheel running be-
havior (Figure 3, A and C) was delayed in animals treated
with estradiol (LowE, ZT15.95 * 0.20; HighE,
ZT15.91 + 0.21) compared with CTL (ZT14.63 + 0.16;
P <.05 for both comparisons). Post hoc analysis revealed
a similar effect in animals treated with HighDPN
(ZT16.15 + 0.49; P < .05).

Amplitude (Figure 3, B and C) was higher in estradiol-
treated animals compared with CTL animals (CTL,
263.14 = 31.73 wheel revolutions; Low E, 449.06 =
30.91 wheel revolutions; P < .001; High E, 438.57 =
21.57 wheel revolutions; P < .001). This effect was reca-
pitulated by treatment with HighPPT (486.52 = 37.44
wheel revolutions; P < .001). Administration of LowPPT
(349.63 = 28.76 wheel revolutions) or either dose of DPN
(LowDPN, 276.61 = 32.34 wheel revolutions; High
DPN, 350.69 = 16.81 wheel revolutions) failed to modify
amplitude compared with CTL. However, the amplitudes
observed after these treatments were significantly differ-
ent from those induced by HighPPT (P < .05 for all com-
parisons) (Figure 3B). Similarly, the amplitude observed in

20z Iudy €2 uo 1senb Aq 20/EZH2/E192/2/SS L/SI0IME/OPUS/LI0D"dNO"OILISPEDE//:SARY W) PAPEOUMOQ



2618 Royston et al ESR1 and ESR2 Regulate Activity

Acrophase of Wheel .
A Running Activity B Amplitude
CTL » 600
LowE o] [
HighE @ee] S
LowPPT B4 s
HighPPT  ©¢ [
LowDPN —A— E 2
HighDPN —A—i[ee] 0
12 14 16 18
zZT

AHighDPN

Figure 3. Estradiol increases amplitude through ESR1 and delays
acrophase of wheel running activity via ESR2. A, Acrophase of wheel
running activity averaged over 3 days in LD across CTL, LowE, HighE,
LowPPT, HighPPT, LowDPN, and HighDPN OVX female mice. Plotted
between ZT12 and ZT18 (mean * S.E.M.), the sample sizes per group
are as follows: CTL (n = 10), LowE (n = 10), HighE (n = 11), LowPPT
(n = 8), HighPPT (n = 8), LowDPN (n = 8), and HighDPN (n = 9).

¢ ¢, P < .001 compared with CTL. B, Amplitude plotted as the
difference between the daily wheel running peak and mesor. Values
represent the mean = SEM. The number of mice (n) per treatment is
shown below the corresponding bar. ¢, O, @, and 4 denote
significant comparisons made with CTL, LowE, HighE, and HighPPT,
respectively; 1 symbol, P < .05; 2 symbols, P < .001. C, Polargram
representation of the effects of estradiol, PPT, and DPN administration
on acrophase of wheel running activity and amplitude. The radial axis
value intersected by a given treatment group’s vector corresponds to
the acrophase of wheel running activity. Both degrees and ZT are
shown. Vector length is indicative of amplitude magnitude. Variance is
shown in A and B.

estradiol-treated animals was greater than that observed
in LowDPN animals (P < .05). Overlapping the observed
amplitude and acrophase of wheel running activity for
each treatment group (Figure 3C) demonstrates the sim-
ilarity between estradiol treatment and ESR2 activation
with respect to acrophase of wheel running activity and,
conversely, the role of ESR1 in the increased amplitude
induced by LowE or HighE treatment.

Estradiol or DPN advances activity onset

We calculated the mean phase angle of activity onset for
each treatment group to determine the effects of selective
estrogen receptor stimulation (Figure 4). Compared with
CTL animals, in which activity began 20 = 4 minutes after
lights off, HighE mice became active significantly earlier
(9 = 1 minute after lights off; P = .0254). Similarly, both
LowDPN (6 = 3 minutes) and HighDPN pellets (2 = 2
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n:
HighDPN = 9
LowDPN == 8
HighPPT e 8
LowPPT e — 9
HighE Tis—e 12
LowE 3 10
CTL | = 1

0 10 20 30

Phase Angle (min after lights-off)

Figure 4. Phase angle of activity onset (mean minutes + SEM) for

CTL, Lowk, HighE, LowPPT, HighPPT, LowDPN, and HighDPN animals.
Sample size per treatment group is indicated on the right. 4 denotes
comparisons made with CTL; 1 symbol, P < .05; 2 symbols, P < .001.

minutes) significantly advanced the phase of activity onset
(P = .029 and .002, respectively). In contrast, selective
activation of ESR1 did not alter the phase angle compared
with CTL. Similarly, the low dose of estradiol had no effect
on phase angle.

Estrogen receptor activation shortens the total
period without altering the length of the active
period

Under free running conditions (DD), modulation of es-
trogen receptor activation altered period length (Figure
5A). A one-way ANOVA revealed a significant treatment
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Figure 5. Effects of estradiol, PPT, and DPN on 7and «. A, The mean
free running period (7) (= SEM). B, Average duration of the active
period (a) (= SEM). Both parameters were determined from 5 days of
data from animals housed in DD. Samples sizes for each group are
indicated below the corresponding bar. ¢, O, and @ and « denote
comparisons made with CTL, LowE, HighE, and Low DPN, respectively;
1 symbol, P < .05; 2 symbols, P < .001.
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effect (P < .001). The average period length of animals
treated with either dose of estradiol was shorter than that
observed in CTL animals (CTL, 23.85 * 0.07 hours;
LowE, 23.50 = 0.06 hours in LowE; HighE, 23.53 = 0.04
hours; P < .001 for both comparisons). A similar effect
was observed in animals treated with either dose of PPT
(LowPPT, 23.62 = 0.05 hours; P = .047 compared with
CTL; HighPPT, 23.55 *= 0.06 hours; P = .004 compared
with CTL). HighDPN (23.43 =+ 0.04 hours), but not
LowDPN, also decreased 7 compared with CTL (P <
.001). LowDPN administration had no effect on 7. How-
ever, these mice differed significantly from mice treated
with LowE (P = .021), HighE (P = .04), and HighDPN
(P =.002). One-way ANOVA revealed a significant drug
effect on the length of the active phase («a, P = .01) (Figure
5B). However, Tukey’s post hoc analysis found no differ-
ence between CTLs and any other group. The only differ-
ence observed across @ was that HighPPT animals had a
shorter o (482 = 38 minutes) than animals treated with the
lower dose of estrogen (702 * 17 minutes; P < .05).

Estradiol or ESR2 activation attenuates the phase
delay associated with a light pulse at ZT16

We sought to determine the impact of estradiol on be-
havioral phase response in response to photic stimuli.
Mice housed in DD were subjected to a 1-hour pulse of
light at ZT4, ZT16, or ZT22 or remained nonpulsed (Fig-
ure 6). A pulse delivered in the early subjective night at
ZT16 caused a phase delay of —81 * 8 minutes in CTL
animals. Relative to CTL mice, there was a significantly
dampened delay in animals administered LowE (=21 *
12 minutes; P = .002), HighE (=25 = 13 minutes; P =
.005), or HighDPN (=17 *= 8 minutes; P < .001). Al-
though PPT at either dose or LowDPN reduced the phase

BCTL
OLowE
OHighE
BLowPPT
BHighPPT
BLowDPN
BHighDPN

o

&
<)

Phase Response (min)

N
o
o

-150 - ZT4 ZT22

Figure 6. Photic phase response of OVX female mice treated with
estradiol, PPT, DPN, or CTL. Entrained animals were housed in DD for
24 hours and were either maintained in the dark (no pulse) or pulsed
with light for 1 hour at a time corresponding to the previous LD
schedule’s ZT4, ZT16, or ZT22. Values represent the average (+ SEM)
relative difference between the pre- and post-pulse onset of wheel
running activity. Negative values indicate a phase delay, whereas
positive values signify a phase advance. Sample sizes are shown for
each treatment group at each time point. ¢ denotes comparisons
made with CTL; 1 symbol, P < .05; 2 symbols, P < .001.

ZT16

No Pulse
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delay compared with CTL treatment, the differences were
not significant. Comparisons within each treatment group
revealed that CTL mice pulsed with light at ZT16 had a
significantly delayed activity onset compared with non-
pulsed CTL animals (P < .001). Similarly, LowPPT (P <
.001), HighPPT (P < .001), LowDPN (P = .01), and
HighE (P = .02) animals pulsed at ZT16 exhibited a sig-
nificant phase delay compared with their nonpulsed coun-
terparts. In contrast, the phase shift observed in LowE or
HighDPN animals was not different from that observed in
nonpulsed animals given the same treatment.

We did not find that estradiol, PPT, or DPN resulted in
a behavioral shift in response to a 1-hour light pulse ad-
ministered at other times. A light pulse during the subjec-
tive day (ZT4) induced phase advances that ranged be-
tween 26 and 63 minutes, but there was no treatment
effect, nor did pulsed animals differ from nonpulsed coun-
terparts. A 1-hour pulseat ZT22, corresponding to the late
subjective night, resulted in a relatively large phase ad-
vance across all groups of animals. Group means varied
from 108 to 141 minutes, but there were no significant
differences. Within each treatment group, the phase ad-
vance was significant relative to nonpulsed counterparts
(P < .001 for all comparisons). Because the innate free
running period in mice is less than the 24-hour day they are
entrained toin 12:12 LD housing conditions (51), the non-
pulsed sham animals were all slightly phase-advanced
(range, 11-25 minutes across groups). No difference was
observed between the treatment groups that did not re-
ceive a light pulse.

Discussion

We tested the hypothesis that estradiol exerts activational
control over daily and circadian rhythms in female mice.
Furthermore, we sought to differentiate between the roles
of ESR1 and ESR2 in these behaviors. We found that ESR1
primarily regulates estradiol-induced increases in activity
magnitude, whereas ESR2 controls phase and temporal
distribution of activity. The total amount and amplitude
of wheel running, as well as the LD proportion were mod-
ulated by estradiol through an ESR1-dependent mecha-
nism. Conversely, ESR2 activation delayed acrophase of
wheel running activity, distributed activity across the dark
phase, and advanced phase angle of activity onset. Inter-
estingly, mice exhibited a shorter T when either ESR1 or
ESR2 were stimulated. Furthermore, behavioral phase
shifts in response to a light pulse in the early subjective
night, but at no other time, was muted by activational
estrogen signaling through a mechanism involving ESR2.
These results provide novel insight into the activational
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effects of estradiol, increase our knowledge regarding their
underlying mechanisms, and provide evidence of the dif-
ferential roles played by ESR1 and ESR2.

Ogawa et al (20) demonstrated that ESR1, but not
ESR2, loss of function prevents the estradiol-induced in-
crease in wheel running activity in both males and females.
Here we expand upon this work and demonstrate that
ESR1 stimulation is sufficient to increase total daily wheel
running. Furthermore, we observed an increased activity
amplitude in mice administered estradiol or HighPPT. Be-
cause entrained mice exhibit clear peaks and troughs of
activity across a single day in LD, elevations in amplitude
are expected to coincide with increased total activity, as-
suming the animals remain rhythmic as they did here. It is
possible that ESR1 stimulation increases activity levels
overall, but due to masking effects, the increase is observed
only in the dark phase, thus altering LD proportion. We
also cannot rule out that increased wheel running itself is
enough to drive activity-mediated feedback that alters out-
puts of the master circadian clock, located in the supra-
chiasmatic nucleus (SCN) (52). Regardless of the locus for
controlling activity in the current study, these effects can
still be considered under the control of ESR1 because the
only difference across all mice tested was the drug they
received.

The phase angle of activity onset relative to the time of
lights-off is advanced in intact female rats on the day of
estrus when serum estradiol levels peak and progesterone
levels are at their minimum (17, 53). It is similarly ad-
vanced in female hamsters administered estradiol (27) but
is unaffected in female Octodon degus treated with pro-
gesterone (19). Although these data support the hypoth-
esis that increased estrogenic signaling strengthens en-
trainment to light (31), they do not rule out the possibility
that changes in progesterone signaling may also modulate
the phase angle of activity onset. Although changes in ac-
tivity corresponding to the stage of the estrus cycle are well
documented in rats and hamsters (17, 18, 24, 55), these
rhythms have not been observed in mice. Accordingly, we
did not anticipate that selective estrogen receptor stimu-
lation would alter phase angle of activity onset in our mice.
However, we found that estradiol advanced activity onset
by approximately 50% in female mice. Treatment with
DPN was sufficient to recapitulate this result, suggesting
thisis an ESR2-dependent mechanism. To our knowledge,
no previous report has outlined the relationship between
ESR2 and phase angle. Blattner and Mahoney (28)
showed that selective removal of classical estrogen recep-
tor signaling (mutation of the ESR1 estrogen response el-
ement-binding domain in NERKI mice) or complete loss
of ESR1 failed to alter phase angle, leading to the conclu-
sion that phase angle is not regulated by an ESR1-depen-
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dent mechanism. Our study also points to a role for ESR2-
dependent distribution of activity across the dark phase,
perhaps accounting for the delayed acrophase of wheel
running activity observed when this receptor subtype was
stimulated.

The length of the free running period under constant
lighting conditions is shorter in female rats, hamsters, and
humans than in males and is shorter still in females ad-
ministered exogenous estradiol (10, 18, 24, 56, 57). Re-
cent work using intact WT, «ERKO, and NERKI female
mice found no differences in 7, demonstrating that re-
moval of ESR1 signaling does not alter period length (28).
Interestingly, we show here that estradiol, both doses of
PPT, and HighDPN all shorten 7in a similar manner. Our
data suggest that stimulation of either ESR1 or ESR2 is
sufficient to shorten period and that this effect is activa-
tional. Although it is possible that the shortening of 7 in-
duced by estradiol is ESR1-dependent only and that the
dose of DPN administered was high enough to act on both
receptors, at no time did we observe physiologic evidence
of ESR1 activation in either LowDPN or HighDPN mice.
For example, we did not detect corneated vaginal cells or
uterine hypertrophy in mice treated with DPN. These data
allude to a common regulatory mechanism for ESR1 and
ESR2 control of period, but not other tested variables in
which differential results were produced. Although un-
likely, there also exists the possibility that a different es-
trogen-dependent pathway capable of using all 3 com-
pounds as ligands, but not directly tested here, is
responsible.

We also measured the length of the active period under
constant darkness. Although estradiol had no effect, the
higher dose of PPT shortened @ compared with LowE an-
imals. Interestingly, «ERKO mice have a longer « (28),
suggesting that the length of the active phase is at least
partially controlled by estrogenic signaling. However, in
the current study, a was not affected by circulating DPN
alone, a treatment that should have been similar to
aERKO animalsin that only ESR2 is acted on by estradiol.
Because the critical difference in these studies is the use of
transgenic mice compared with acute hormone receptor
activation, these data seem to support an organizational,
but not activational, role for estradiol in the regulation of
this circadian variable, but warrants future developmental
research.

We sought to determine whether estradiol exerts an
activational effect on the magnitude of light-induced be-
havioral phase shifting across the subjective day. We
found that a light pulse in the late subjective night (ZT22)
resulted in a large phase advance in all treatment groups,
whereas light pulses administered in the subjective day
(ZT4) had no effect (Figure 6). However, a light pulse in

20z Iudy €2 uo 1senb Aq 20/EZH2/E192/2/SS L/SI0IME/OPUS/LI0D"dNO"OILISPEDE//:SARY W) PAPEOUMOQ



doi: 10.1210/en.2014-1101

the early subjective evening (ZT16) resulted in a differen-
tial response dependent upon treatment. Because removal
of endogenous hormone signaling truncates the behav-
ioral phase delay in response to light in WT OVX (21) and
intact «ERKO females (30), we anticipated that mice
treated with PPT or estradiol would have a more robust
phase delay than CTL animals. Rather than a larger phase
delay, we found that estradiol-treated mice had a signifi-
cantly truncated response to a 1-hour light pulse at ZT16
relative to CTL mice. Animals treated with DPN also had
a reduced phase delay when pulsed at ZT16 compared
with CTL mice. These data suggest that estradiol exerts an
activational effect on phase response to light when the
pulse is administered in the early subjective night, but no
other time, and that this response is likely mediated by an
ESR2-dependent mechanism. Although these current
findings are somewhat incongruous with previous studies,
they do not take into account organizational effects that
may also be impacting photic phase responsiveness. Fu-
ture study is needed to determine the exclusively organi-
zational regulation.

It remains unknown how estradiol mechanistically en-
acts these effects on daily and circadian activity measures,
including whether estradiol acts directly or indirectly on
central oscillators. Multiple types of estrogen receptors are
expressed within structures that input directly or indi-
rectly onto the SCN (7, 58—-61) as well as within the SCN
itself. ESR1 and ESR2 are localized to the SCN in rats and
humans (62, 63), although their expression is relatively
small in mice (64). There is evidence that GABAergic neu-
rons within the SCN express estrogen receptors, especially
ESR2 (62), and that estradiol administration enhances
SCN neuronal excitability (66). Furthermore, pharmaco-
logic GABA , or GABA receptor agonists injected into the
SCN of nocturnal or diurnal rodents dampens phase shift-
ing in response to a light pulse in the early subjective night
(54, 65, 67). Although not directly tested here, these data
combined with our current findings support the possibility
that estradiol blocks the phase delay induced by a ZT16
light pulse through an ESR2-mediated mechanism that
drives excitability, resulting in greater GABA release, and
subsequent GABA , and GABA receptor binding. Further
work is needed to assess the validity of this model. Im-
portantly, the mechanism and the locus of action are likely
dependent on the specific measure being examined. For
example, previous work suggests that estradiol’s effect on
total wheel running involves the medial preoptic area (20,
63-65), but the involvement of additional structures and
downstream pathways in this and the other measures re-
ported upon here remain work for future study.
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Conclusions

We demonstrate here that estradiol increases total ac-
tivity and amplitude, reduces the LD proportion, delays
acrophase of wheel running activity, shortens 7, and
dampens the light pulse-induced phase shift in wheel run-
ning in the early subjective night. Importantly, activa-
tional stimulation of ESR1 or ESR2 differentially impacts
daily and circadian activity outputs. ESR1 regulates es-
tradiol-associated elevations in total wheel running activ-
ity and amplitude, while also consolidating activity to the
dark phase. Conversely, ESR2 stimulation more signifi-
cantly mediates the timing of activity, including sustaining
more constant levels of activity across the active period,
delaying acrophase of wheel running activity, advancing
phase angle, and occluding the phase response associated
with a pulse of light in the early subjective night. Together,
our data contribute to a more complete understanding of
the activational influence of estradiol on the expression of
daily and circadian rhythms in female mice. Furthermore,
we suggest, for the first time, distinct mechanisms by
which ESR1 and ESR2 activity shape biorhythmic
behavior.
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