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Although there is evidence for a circadian regulation of the preovulatory LH surge, the contribu-
tions of individual tissue clocks to this process remain unclear. We studied female mice deficient
in the Bmal1 gene (Bmal1~'~), which is essential for circadian clock function, and found that they
lack the proestrous LH surge. However, spontaneous ovulation on the day of estrus was unaffected
in these animals. Bmal1~/~ females were also deficient in the proestrous FSH surge, which, like the
LHsurge, is GnRH-dependent. In the absence of circadian or external timing cues, Bmal1~/~ females
continued to cycle in constant darkness albeit with increased cycle length and time spent in estrus.
Because pituitary gonadotropes are the source of circulating LH and FSH, we assessed hypophyseal
circadian clock function and found that female pituitaries rhythmically express clock components
throughout all cycle stages. To determine the role of the gonadotrope clock in the preovulatory
LH and FSH surge process, we generated mice that specifically lack BMAL1 in gonadotropes
(GBmal1KO). GBmal1KO females exhibited a modest elevation in both proestrous and baseline LH
levels across all estrous stages. BMALT1 elimination from gonadotropes also led to increased vari-
ability in estrous cycle length, yet GBmal1KO animals were otherwise reproductively normal. To-
gether our data suggest that the intrinsic clock in gonadotropes is dispensable for LH surge reg-
ulation but contributes to estrous cycle robustness. Thus, clocks in the suprachiasmatic nucleus or
elsewhere must be involved in the generation of the LH surge, which, surprisingly, is not required
for spontaneous ovulation. (Endocrinology 154: 2924-2935, 2013)

link between a daily timer and the reproductive axis

has already been suggested by early work examining
the effect of barbiturate sedation on the expression of the
preovulatory LH surge in rats (1). Barbiturate treatment
during a critical time window on the afternoon of proes-
trus acutely suppressed the LH surge and delayed it by
exactly 1 day (1). Because barbiturates are short-acting
central nervous system depressants, it was postulated that
a daily neuronal signal triggers ovulation. Experimental
evidence for a key role of the circadian clock in LH surge
timing was also provided in ovariectomized (OVX) ro-
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dents supplemented with surge-permissive estradiol (E2)
levels (2). These animals exhibited a daily LH surge just
before lights off, mirroring the timing observed in intact
animals during proestrus (3). Importantly, this daily LH
rise continued even under conditions of constant darkness
(DD) and was stably phase-linked with the circadian
clock-controlled rest-activity cycle (4).

In mammals, the master circadian pacemaker resides in
the suprachiasmatic nucleus (SCN) located in the antero-
ventral hypothalamus. The SCN pacemaker is thought to
regulate physiological and behavioral rhythms through
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Abbreviations: CRY, cryptochrome protein; COC, cumulus-oophorus complex; CT, circa-
diantime; DD, constant darkness; DI, metestrus; DII, diestrus II; E2, estradiol; GnRHR, GnRH
receptor; GRIC, GnRHR-internal ribosome entry site-Cre; KO, knockout; LD, 12-hour light,
12-hour dark; OVX, ovariectomized; PER, period protein; gPCR, quantitative PCR; SCN,
suprachiasmatic nucleus; Tom, tdTomato; WT, wild-type; ZT, zeitgeber time.
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neurochemical and neurohumoral output pathways directly,
or indirectly by coordinating the oscillations of subordinate
clocks that are distributed throughout the body axis (3, 6).
The circadian clock is cell-autonomous and molecularly
characterized by transcriptional-translational feedback
loops. Atits core, BMAL1 forms a transcription factor dimer
with CLOCK or NPAS2, driving expression of the period
(Per) and cryptochrome (Cry) genes via E-box promoter el-
ements. Period proteins (PER) and cryptochrome proteins
(CRY) accumulate over time and then enter the nucleus to
repress their own transcription. As PER and CRY levels de-
crease, the cycle begins anew (5, 7).

SCN-lesioned animals are behaviorally arrhythmic and
fail to exhibit a coordinated LH surge (8 -10). The impor-
tance of SCN function in LH surge generation was ele-
gantly corroborated in behaviorally split OVX+E2 ham-
sters. Upon constant light exposure, these animals show
antiphasic molecular oscillations between the 2 SCN
hemispheres and concurrently 2 daily antiphasic activity
bouts (11). Both activity bouts are preceded by an LH
surge, suggesting that the phase of the SCN pacemaker
dictates surge timing (12).

Further support for the relevance of the circadian timing
system in reproduction has been provided by animals with
genetically perturbed clock function. Clock*!”A1?
which show locomotor period lengthening in DD that even-
tually leads to arrhythmia (13), are subfertile and are unable
to produce an LH surge (14, 15). Bmall ™'~ mice become
instantaneously arrhythmic in DD (ie, they do not exhibit a
discernable 24-hour component of locomotor activity under
constant conditions) and are infertile (16, 17). Their infer-
tility is thought to be due to impaired corpus luteum steroid-
ogenesis resulting in embryo implantation failure (16).

Circadian clock gene expression and rhythm genera-
tion are not restricted to the master SCN pacemaker but
are also observed in other tissues including structures of
the reproductive axis, raising the possibility that multiple
oscillators contribute to reproductive success (18, 19).
However, because the circadian rhythm mutants exam-
ined for reproductive deficits carry body-wide gene ma-
nipulations, the individual contributions of central and
peripheral pacemakers remain unclear.

A central player in the reproductive axis are the go-
nadotrope cells found in the anterior pituitary, which re-
lease LH and FSH into the circulation in response to
GnRH. Binding of GnRH to its cognate receptor, Gn-
RHR, raises intracellular calcium levels, triggering LH ex-
ocytosis from secretory granules, which causes the rapid
rise of circulating LH on proestrus (20, 21). The pituitary
is known to exhibit circadian rhythms in gene expression
at the whole-organ level (22, 23) and cultured gonado-
trope cells have been shown to upregulate period gene

mice,
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expression upon GnRH stimulation (24). Furthermore,
noncanonical E-box promoter elements have been de-
tected upstream of the GnRHR gene. and Bmall knock-
down in an immortalized gonadotrope cell line lowers
GnRHR transcript levels (25), raising the possibility that
an intrinsic clock in gonadotropes directly regulates
GnRH signaling. These findings together with the distinct
time-of-day dependency of the proestrous LH rise
prompted us to postulate that an intrinsic circadian clock
in gonadotropes contributes to LH surge regulation and
thus timing of ovulation.

To address this hypothesis, we created conditional knock-
out (KO) mice that lack the essential clock component
BMALT selectively in pituitary gonadotropes (GBmal1KO)
and tested them alongside Bmall ~'~ female mice for deficits
in LH surge generation and other reproductive functions.

Materials and Methods

Animals

Animals were housed either under a 12-hour light, 12-hour
dark (LD) cycle or in DD. Experiments were carried out in ac-
cordance with the protocol approved by the McGill University
Animal Care Committee. Bmall '~ (17), Bmall-Luc (26), and
PER2::LUC (23) mice were on a C57BL/6] genetic background,
whereas GBmal1KO mice (this study) were on a mixed
(C57BL/6] and 129Sv]) background. Unless stated otherwise, 2-
to 4-month-old female mice were used for experiments with lit-
termates serving as experimental controls.

Genomic and quantitative RT-PCR

For assessing tissue specificity of floxed Bmall allele recom-
bination, genomic DNA of selected tissues (see Supplemental
Figure 4D, published on The Endocrine Society’s Journals On-
line web site at http://endo.endojournals.org) was extracted by
standard methods (27). Multiplex PCR producing a 431-bp
(floxed allele) and a 572-bp (recombined allele) DNA fragment
was carried out with primers L1 (5'-ACTGGAAGTAACTT-
TATCAAACTG-3’) and L2 (5'-CTGACCAACTTGCTAA-
CAATTA-3’), which flank the downstream LoxP site at the
floxed Bmall locus (28), and primer R4 (5'-CTCCTAACTTG-
GTTTTTGTCTGT-3'), which is located upstream of the up-
stream LoxP site. For quantitative RT-PCR, pituitaries of
C57BL/6] females were collected and immediately flash-frozen
at 4-hour intervals. Total RNA was extracted with TRIzol re-
agent according to the manufacturer’s instructions (Life Tech-
nologies, Burlington, Ontario, Canada). cDNA was synthesized
from 1 ug total RNA using random hexamer primers and the High
Capacity reverse transcriptase kit (Applied Biosystems, Burlington,
Ontario, Canada). The cDNA equivalent of 25 ng total RNA was
used per 25 pl quantitative PCR (qPCR) mix (Quanta BioSciences,
Gaithersburg, Maryland). SYBR green-based qPCR was carried
out on a Real-Time Cycler ABI Prism 7500 (Life Technologies).
Relative transcript abundance was calculated using threshold cycle
number difference, normalized to Gapdh expression. Primer se-
quences are listed in Supplemental Table 1.
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Immunohistochemistry and histology

Mice were anesthetized with ketamine/xylazine and perfused
transcardially with 4% paraformaldehyde in 0.1M PBS. Tissues
were removed and postfixed for 24 hours, incubated overnight
with 30% sucrose in 0.1M PBS, embedded in optimal cutting
temperature compound (OCT, Tissue-Tek; Cedarlane, Burling-
ton, Ontario, Canada), and snap-frozen in dry ice/2-methylbu-
tane. The 18-um cryosections were mounted on SuperFrost Plus
glass slides and stored at —80°C until use.

For immunostaining, pituitary sections were incubated in
blocking solution (0.01% Triton X-100, 5% donkey serum in
PBS) for 1 hour at room temperature, followed by incubation
with primary antibody at 4°C overnight. LH and BMAL1 were
detected with goat anti-LH (1:1000; Santa Cruz Biotechnology,
Santa Cruz, California) and rabbit anti-Bmal1 (1:1000; Novus
Biologicals, Oakville, Ontario, Canada) antibodies, respectively.
Secondary antibodies were donkey antirabbit Alexa488 and
donkey antigoat Alexa568 (1:500; Invitrogen, Burlington, On-
tario, Canada).

For detection of PER1 in LH cells, pituitary sections were first
subjected to antigen retrieval using a pH 6 retrieval buffer (cat-
alog item S2031; Dako, Copenhagen, Denmark) as described by
the manufacturer. The procedure included a 5-minute treatment
of the sections submersed in retrieval buffer in a microwave oven
(900 W). Sections were then incubated overnight with rabbit
PER1 antibodies (code S298-5) (28) diluted 1:5000 together
with the goat LH antibodies described above. PER1 was visu-
alized using biotinylated donkey antirabbit antibodies (Jackson
ImmunoResearch Laboratories, Hamburg, Germany) in con-
junction with biotinylated tyramide (tyramide system amplifi-
cation; DuPont NEN Life Science Products, Dreieich, Germany)
and streptavidin dye light 488 (Jackson ImmunoResearch Lab-
oratories, Germany). For secondary detection of LH, donkey
antigoat Alexa 594 antibodies (Invitrogen) were used. For his-
tological examination, ovaries were dissected, fixed in Bouin’s
solution for 24 hours, and paraffin-embedded according to stan-
dard procedures. The 5-um-thick sections were obtained with a
microtome and stained with eosin-hematoxylin.

Luciferase assays

Luminescence recording of Bmal1-Luc pituitaries
Extraction and organotypic culture of pituitary tissue was car-
ried out as described previously (29). Briefly, animals were eutha-
nized by cervical dislocation, and the whole pituitary was quickly
extracted and submerged in ice-cold Hanks’ buffered saline solu-
tion before being transferred onto a membrane insert (PIC-
MORGS50, Millicell; Millipore, Billerica, Massachusetts) in a
35-mm petri dish with 1 mL recording medium and a final concen-
tration of 0.1mM luciferin (VivoGlo p-Luciferin salts; Promega, St
Laurent, Quebec, Canada). Dishes were hermetically sealed using
40-mm round coverslips (size 0; Harvard Apparatus, Holliston,
Massachusetts) and transferred into a Lumicycle (Actimetrics, Wil-
mette, Illinois) to record global tissue bioluminescence for several
days. Data were processed with the provided analysis software.

Luminescence imaging of PER2::LUC pituitaries

For ex vivo imaging of circadian rhythms in pituitary, we used
pituitaries isolated from heterozygous PER2::LUC mice. Pitu-
itary was gently removed from sella turcica and cultured at 37°C,
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5% CO, on a 0.4-pm Millicell-CM PTFE membrane (Millipore,
Billerica, Massachusetts) in DMEM (Invitrogen) supplemented
with luciferin (0.1mM). Luminescence was imaged with a LV200
imaging system (Olympus, Hamburg, Germany) and analyzed
using the Cell'M software (Olympus).

Reproductive phenotyping
Puberty onset and fertility

Animals were weaned at 3 weeks of age and inspected daily
for vaginal membrane breech, which was considered to be the
first sign of puberty onset in females. To assess fertility, we
housed animals in pairs: 1T WT or GBmal1KO female with 1
C57/BL6 male. To verify that mating occurred, females were
checked every morning for the presence of a copulation plug. The
first day of plug detection was considered to be gestation day 1.

Estrous cycle assessment

Estrous stage was monitored by daily vaginal lavage with
0.1M PBS and subsequent microscopic inspection of the shed
cells. Cycle length determination was based on estrous stage re-
currence. Acyclicity was calculated as percentage of days spent
noncycling per animal. A period was considered noncyclic if a
transition through proestrous/estrous stages did not occur for
more than 6 days. Bmall ™'~ animals were cycle-staged for 3
weeks under an LD cycle followed by 3 weeks in DD. Vaginal
lavage was carried out under a 15-W red safety light during DD.

Gonadotropin measurement

Blood from Ball '~ mice was collected on the day of proestrus
from the tail vein at 4 consecutive time points (zeitgeber time [ZT]
7,11,15,and 19 or ZT 11, 15,19, and 23). In case of GBmal1KO,
blood collection from tail vein was conducted on either 5 or 7 con-
secutive days 1 hour before lights off (ZT 11). Blood collection did
not exceed 50 uL per time point. Blood samples were placed at 4°C
overnight, centrifuged at 1000g for 10 minutes, and the retrieved
serum was stored at —80°C until use. Vaginal lavage was concur-
rently conducted to assess cyclicity. Mice were 3 to 6 months of age
during the time of experiment. The 8-uL serum aliquots were an-
alyzed for LH and FSH content employing xMAP technology (Lu-
minex) that is based on an ELISA-type fluorescence assay involving
magnetic beads. Analysis was carried out on a Luminex 200 platform
(Luminex, Toronto, Ontario, Canada) using a Milliplex rat pituitary
magnetic beads panel as described by the manufacturer (catalog item
RPT86K/RPTMAG-86K; Millipore, Mississauga, Ontario, Canada).
Assay limit of detection was 4.9 pg/mL for LH and 47.7 pg/mL for
FSH, and intra-assay coefficients of variance were <3.3%.

Sex hormone measurement

Blood was collected by cardiac puncture on the day of proes-
trus at ZT 11 and processed for serum retrieval as described
above. 17B-E2 and progesterone serum levels were measured by
RIA according to the manufacturer’s protocol (catalog item 07—
138102 and 07-170102; MP Biomedicals, Solon, Ohio). Limit
of detection was 6 pg/mL (17B-E2) and 0.1 ng/mL (progester-
one). Intra-assay coefficients of variance were 6.8% (173-E2)
and 8.7% (progesterone).
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Ovulation

To examine cumulus-oophorus complexes (COCs) that ac-
cumulated in the fallopian ampullae, oviducts were dissected at
ZT 21t022 on proestrus or ZT 2 to 3 on estrus and placed in 1X
PBS. COCs were gently released by rupturing the ampulla epi-
thelium using forceps.

Statistical analysis

Data were analyzed using GraphPad Prism statistical soft-
ware. Student’s # test was used to determine the significance of
difference between 2 distributions. Multiple groups were com-
pared using 2-way ANOVA followed by Bonferroni post hoc
comparison. Results were considered significant at P < .05.

Results

Circadian clock gene expression in the female
pituitary and gonadotropes

To ascertain that the female pituitary exhibits the prop-
erties of a tissue harboring circadian clocks, we first as-
sessed circadian gene expression across the estrous cycle

A

Proestrus Estrus
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by qPCR. Genes Bmall, Rev-erba, Cryl, and Dbp were
chosen because they represent clock or clock-controlled
genes (Dbp) that are known to exhibit robust transcrip-
tional oscillations in most tissues harboring circadian
clocks. When female mice were maintained under an LD
cycle, transcriptlevels of Bmall, Rev-erba, Cryl,and Dbp
all exhibited a daily rhythm, although these oscillations
varied between cycle stages with regard to amplitude and
phase (Figure 1A). On diestrus II (DII) and estrus, Dbp
showed peak levels at around the time of lights off (ZT
9-13), whereas the peak shifted to later hours on proes-
trus (ZT 17). Phases of peak expression for Rev-erba (ZT
9) and Bmall (ZT 21-1) did not differ between stages
(Supplemental Figure 1). However, Rev-erba transcript
oscillations showed a reduction in amplitude at proestrus
when compared with estrus and DII, as did Dbp. The ob-
served differences in clock gene expression on proestrus
versus estrus/diestrus suggest that pituitary rhythm gen-
eration is influenced by estrous stage, which has been also
reported for the uterus and the ovaries (18).

To further assess clock gene reg-

Bii ulation in the female pituitary, we

. . 20 - :i:,al]l used genetically engineered mice that

- ——Dbp either carry a luciferase transgene
% —=—Rev-Erba  driven by the Bmall promoter
g 107 20 1 20 (Bmall-Luc) (26) or a knock-in lu-
§ ciferase gene into the Per2 locus
=8 10 1 10 1 (PER2:LUC) (23). Pituitary ex-
plants derived from Bmall-Luc mice
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Figure 1. Rhythmic gene expression in female pituitary. A, Daily profiles of Rev-erbe, CryT,
Bmal1, and Dbp mRNA abundance in whole mouse pituitary on proestrus, estrus, and diestrus
measured by RT-qPCR. Profiles varied according to cycle stage. Relative transcript abundance
levels are plotted in arbitrary linear units. Values represent means = SEM; n = 3 for each time
point. B, Bioluminescence imaging of circadian PER2 rhythms in whole female pituitary explants
from PER2::LUC reporter mice. Top, Image of whole pituitaries at 10 and 22 hours after
explantation at ZT 4 to 5. Bottom, Traces of bioluminescence averaged across the pituitary
regions demarcated by dotted lines (upper image). Time of explantation is O hour. C,
Immunohistochemical examination of anterior pituitary sections of WT and Bmal7~'~ animals
using antibodies against BMAL1 and LH. Arrowheads mark BMAL1-positive LH gonadotropes.
Scale bar, 50 um. Abbreviations: AH, adenohypophysis; IL, intermediate lobe.

clock (Supplemental Figure 1E).
Consistent with this, biolumines-
cence imaging of pituitaries from
PER2::LUC mice revealed 24-hour
rhythms in reporter expression
throughout the pituitary, affecting
many if not all cell types (Figure 1B
and Supplemental Video 1). Interest-
ingly, the average bioluminescence
emission rhythm in the anterior pi-
tuitary was phase-advanced com-
pared with the intermediate lobe,
suggesting differences in intrinsic cir-
cadian clock phasing. To test
whether gonadotrope cells are also
clock cells, we immunostained pitu-
itary sections with antibodies against
LH and BMALI1. Although the pitu-
itaries of Bmall '~ mice did not ex-
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hibit BMAL1 immunoreactivity (Figure 1C, right col-
umn), examination of wild-type (WT) pituitaries revealed
that the great majority of LH cells express BMALT1 (Figure
1C, left column). In agreement with previous findings
(31), BMAL1 immunoreactivity was largely confined to
the nucleus, further corroborating that LH-expressing go-
nadotropes represent clock cells.

Estrous cycling and gonadotropin regulation in
Bmal1~'~ mice

We next tested Ball '~ mice for deficits in estrous
cycling and gonadotropin regulation. We found that
Bmall~'~ females spend more time in estrus compared
with WT (Figure 2, A and B), a feature that was enhanced
under DD conditions (Figure 2C and Supplemental Figure
2, A and B). Bmall '~ females also showed an increase in
overall cycle length in DD compared with LD or their WT
littermates (Supplemental Figure 2C), and a trend toward
acyclicity (Figure 2D).

Anincreased cycle length in Bmall '~ females has been
previously reported (16); however, these authors did not
report a bias toward the estrous stage, as has also been also
demonstrated for Clock®'”’1? females (14). We next as-
sessed the LH surge in Bmall '~ females, which generally
occurs just before the active period (ie, before lights off) on
the day of proestrus in nocturnal rodents (1, 3). Blood
samples were taken at 4 consecutive time points between
ZT 7 and 19 on the days of proestrus and estrus (Figure

A WT Bmal1™
E
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Figure 2. Estrous cycle characteristics of Bmal7~'~ under LD and DD.
A, Representative estrous cycling of individual WT and Bmal1~/~
females. Transition from LD to DD is indicated on the x-axis (red
triangle). B, Percentage of time spent in each estrous stage calculated
for the duration of the cycle staging experiment (6 weeks). Bmal1 =/~
females generally spent less time in DI/DIl and more time in estrus
compared with WT. C, Bmal1~/~ mice exhibit an increase in
consecutive days cornified in DD. D, Bmal1~/~ also showed a trend
toward increased acyclicity in DD, which, however, did not reach
significance (P = .072). B-D show mean values = SEM; n = 10 for WT
and n = 11 for Bmal1~'~. By ANOVA: *, P < .05; **, P < .01.
Abbreviations: E, estrus; PE, proestrus.
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3A). Serum analysis revealed the expected proestrous
surge around lights off (ZT 11) in WT animals (Figure 3,
A and C), whereas Bmall '~ females showed serum LH
concentrations at baseline levels throughout all proestrous
time points (Figure 3, A and D). An independent second
experiment with blood collected between ZT 11 and 23 on
the day of proestrus confirmed these results (Supplemental
Figure 3A). Throughout estrus, LH remained at baseline
levelsin Bmall ~'~ females, as was the case in WT controls
(Figure 3A and Supplemental Figure 3B). These data in-
dicate that the LH surge is neither delayed nor shifted to
the next day in Bmall ™~ animals.

Although serum FSH concentrations gradually in-
creased on proestrus in WT controls, they remained low in
Bmall~'~ females (Figure 3B, left). On estrus, however,
both groups exhibited a similar gradual decrease from rel-
atively high FSH concentrations at ZT 7 (Figure 3B, right).
Due to the blood collection time points we chose, the
proestrous/estrous FSH analysis likely revealed the up-
slope (proestrous data) of the primary FSH surge as well
as the downslope (estrous data) of the secondary FSH
surge (32, 33). These measurements thus indicate that
global elimination of clock function severely blunts or
even abolishes the primary FSH surge, whereas the sec-
ondary surge remains unaffected. These results are con-
sistent with previous findings suggesting that the primary
FSH surge, similar to the LH surge, is triggered by the
proestrous GnRH rise, whereas the secondary surge relies
on activin signaling that is cyclically inhibited by ovary-
borne inhibin (33, 34).

Clock®'”21? mice display a similarly blunted LH surge
but are nonetheless able to produce offspring (14), raising
the possibility that the proestrous LH rise is not essential
for ovulation. However, the ability to ovulate has not been
tested in cycling, nonmating Clock®'*’*'® females. This
leaves open the possibility that Clock®™*" and
Bmall ™"~ females may act only as induced ovulators, al-
though unable to spontaneously ovulate. In such a case,
ovulation would be triggered by copulation, and there-
fore, mutant females may not need to rely on a circadian
clock-driven LH surge (35). To determine whether
Bmall ™'~ females have lost their ability to spontaneously
ovulate, we examined the fallopian tubes in Bmall ™'~
females and their WT littermates in the late hours of the
night of proestrus (ZT 21-22). At this time, the COC har-
boring the ovulated ovum has typically already reached
the ampullae, a section of the fallopian tubes that initially
accumulate the COCs (36). All inspected Bmall ™'~ fe-
males (5 of 5) and most the WT controls (5 of 7) showed
distended ampullae (Figure 3F, arrows) yielding COCs
that were morphologically indistinguishable from one an-
other. These findings are consistent with the observation

202 Iudy Gz uo 1senB Aq €902 1Z/¥262/8/1S L /SIOIME/OPUS/LI0D"dNO"0ILISPEDE)/:SARY W) PAPEOUMOQ



doi: 10.1210/en.2013-1080

endo.endojournals.org 2929

binase selectively in GnRHR-posi-
tive cells. To confirm the suitability
of these knock-in mice, we crossed
GRIC mice to a tdTomato (Tom)-
based Cre reporter line (39) and ex-
amined sections of ovary, adrenal
gland, pituitary, and SCN from the
resulting mice (GRIC-Tom). Ovaries
and adrenals lacked specific Tom
fluorescence, whereas the pituitary,
as expected, exhibited numerous
Tom™ cells in the anterior lobe (Sup-
plemental Figure 4B). Consistent
with previous findings (40), we ob-
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served Tom™ cells scattered in the
hypothalamic parenchyma and else-
where in the brain, but little to no
specific Tom fluorescence was de-
tected in the SCN itself (Supplemen-
tal Figure 4B). Immunolabeling for
LH revealed that LH" cells invari-

Figure 3. Serum LH/FSH and spontaneous ovulation in Bmal1~'~ mice. A and B, Proestrous and

estrous levels of LH (A) and FSH (B) from ZT 7 to 19, respectively. C and D, Serum LH profiles on
proestrus of individual WT (C) and Bmal1~/~ (D) females. E, Averaged data of D. F, Photographs
of representative WT and Bmal1~~ fallopian tubes with distended ampullae (arrows) dissected
at ZT 22 on proestrus (left) and COCs harvested from ZT 22 ampullae (right) G, Hematoxylin-
eosin staining of representative ovary sections from WT and Bmal7~/~ animals. Scale bars, 100
wm (F) and 200 wm (G). Bar graphs represent mean = SEM; WT, n = 7; KO, n = 6. By ANOVA:
*, P<.05; **, P<.01; ***, P < .001. Abbreviation: CL, corpus luteum.

of corpora lutea in the ovaries of cycling Bmall ~'~ females
(Figure 3G) (37), because corpora lutea are generally
thought to result from ovulated follicles. We further con-
firmed our data on COCs with another cohort of animals
that were dissected 5 hours later on the morning of estrus
(ZT 2-3). Both genotypes again exhibited distended am-
pullae and COCs of indistinguishable gross morphology.
However, although WT females showed a similar inci-
dence ratio of distended ampullae (5 of 7 animals), fewer
Bmall™'~ females exhibited such distensions (2 of 5 fe-
males) compared with the first inspection 5 hours earlier.
On average, Bmall '~ females tended to yield fewer
COCs (6.0 = 0.4) than WT mice (7.3 = 0.5) (Supplemen-
tal Figure 3, C and D); however, this difference did not
reach significance (P = .070).

Gonadotrope-specific disruption of Bmal1

Given the evidence that pituitary gonadotropes repre-
sent clock cells and that expression of the essential circa-
dian clock component BMAL1 is required for proestrous
LH and FSH surges, we wished to examine the role of local
BMALT1 expression in pituitary gonadotropes. To this
end, we took advantage of GnRHR-internal ribosome en-
try site-Cre (GRIC) mice (38), which express Cre recom-

ably expressed Tom, whereas only a
few Tom™ LH™ cells could be de-
tected (Supplemental Figure 4C),
likely representing FSH*/LH™ go-
nadotropes (38).

To obtain animals that selectively
lack BMAL1 in pituitary gonado-
tropes (GBmallKO), we crossed
GRIC mice to mice carrying a floxed Bmall allele (Sup-
plemental Figure 4A) (41). GBmal1KO mice were ho-
mozygous for the floxed Bmall allele and heterozygous
for the GRIC allele, whereas WT controls carried only the
2 floxed alleles. To assess recombination of the mutant
Bmall alleles in GBmal1KO mice, we analyzed genomic
DNA from various peripheral tissues using PCR. Al-
though liver, heart, kidney, ovaries, and pituitaries all
showed a PCR product corresponding to the unrecom-
bined floxed Bmall allele, only the pituitary sample ad-
ditionally produced the band diagnostic for Bmall dis-
(Supplemental Figure 4D).
microscopic analysis of immunostained pituitary sections
then revealed that only 14% * 3% of the LH-positive
gonadotropes coexpressed BMAL1 in GBmal1KO ani-
mals, whereas this fraction was 90% =+ 3% in WT females
(Figure 4, A and B). Although Tom™ neurons were found
atvarious brain sites in GBmal1KO mice that additionally
carried the tomato reporter allele, they were all BMAL1-
positive, suggesting that recombination of the floxed
Bmall locus was ineffective in these cells (not shown),
reminiscent of SCN neurons, in which the floxed Bmall
allele is also inefficiently recombined (31). Next, we ex-

ruption Fluorescence
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Figure 4. Loss of BMAL1T and molecular rhythms in GBmal1KO
gonadotrope cells. A, Double immunolabeling for BMAL1 and LH of
anterior pituitary sections from WT and GBmal1KO females. Boxed
areas are shown enlarged underneath. B, Quantification of the fraction
of LH cells that immunoreacted with BMAL1 antibodies; n = 6 for WT
and GBmal1KO. By Student’s t test: *, P < .0001. C, Immunostaining
for PER1 and LH of anterior pituitary from WT and GBmal1KO females
at CT 9 and 21. In WT gonadotropes, PER1 staining is predominantly
cytoplasmic at CT 9, whereas it is largely nuclear at CT 21. GBmal1KO
gonadotropes did not exhibit a time-of-day dependence in PER1
subcellular localization. PER1 staining was mainly nuclear at both time
points, albeit more intense at CT21. Scale bars, 100 um (A, top row),
20 um (A), and 7 um (C).

plored the effect of Bmall ablation on PER1 subcellular
localization in gonadotropes (Figure 4C). At circadian
time (CT) 9, WT gonadotropes exhibited PER1 staining
predominantly in the cytoplasm, whereas at CT 21, PER1
was bright and restricted to the nucleus. In contrast,
GBmal1KO gonadotropes did not show a time-of-day
variation in PER1 localization. At both time points exam-
ined, PER1 staining was predominantly nuclear albeit
more intense at CT 21. These findings demonstrate that
GRIC-Cre is effective in disrupting Bmall and thus clock
function selectively in pituitary gonadotropes.

GBmal1KO females exhibit estrous cycle instability
and increased gonadotropin levels

To determine whether Bmall disruption in gonado-
tropes leads to estrous deficits, we examined vaginal cy-
tology in GBmal1KO females (Figure SA). The proportion
of time spent in each estrous stage did not significantly
differ from WT (Figure 5B), except for cycles that ex-
tended 5 days in which case GBmallKO females spent
more time in metestrus (DI)/II (Figure SC). However, we
found a significant increase in cycle length variance in
GBmal1KO females compared with their WT littermates
(Figure 5, D and E).
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Figure 5. GBmal1KO estrous cycle characteristics. A, Estrous cycling
in representative WT and GBmal1KO females. B, Proportion of time
spent per estrous stage. C, Time spent per estrous stage during cycles
with a length >5 days. By ANOVA: **, P < .03. D, Cycle length
distribution within groups. E, Mean cycle length variance. By Student’s
t test: **, P < .03. Shown are mean = SEM; n = 7 for WT and n = 14
for GBmal1KO. Abbreviations: E, estrus; PE, proestrus.

We next collected blood from tail vein for 5 to 7 con-
secutive days at ZT 11 to determine serum gonadotropin
levels (Figure 6, A and B). Both WT and GBmal1KO mice
exhibited LH surge levels on proestrus (Figure 6, A and D),
indicating that LH surge activation per se is not impaired
in GBmal1KO animals. However, closer examination of
serum content revealed that LH levels were significantly
higher at all cycle stages in GBmal1KO animals (Figure 6,
Cand D). The average overall serum LH baseline concen-
tration calculated from DI, DII, and estrous values was
207 = 41.1 pg/mL for GBmal1KO compared with 58.3 =
16.6 pg/mL for WT (Figure 6C). Similarly, the average LH
level at ZT 11 on proestrus was higher in GBmallKO
females (17.4 + 2.6 ng/mL) compared with WT (7.5 = 2.5
ng/mL) (Figure 6D). Due to this general offset, the fold
change representing the proestrous LH surge-to-baseline
ratio did not differ between genotypes (Figure 6E).

We also detected a gradual variation of FSH serum
levels along the estrous cycle in both genotypes, with
trough levels typically found at DI/DII and maximum val-
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Figure 6. GBmal1KO gonadotropin profiling. A and B, Serum LH levels (A,

levels (B, red trace) measured daily at ZT 11 over 5 or 7 consecutive days in individual females.
Gray traces indicate estrous stage. C, Baseline LH serum levels; dots indicate LH concentrations at
individual, nonsurge time points. By Student’s t test: *, P < .003. D, LH serum levels at ZT 11. By
Student's t test: *, P < .02. E, Fold change of serum LH levels expressed as ratio of proestrus
ZT11 level versus baseline minimum. F, FSH serum on DI/Il, proestrus, and estrus day; in case of
extended estrus, only the first day was considered.By ANOVA: *, P < .0002. Bars in dot plots
indicate mean *= SEM; n = 9 (WT) and n = 11 (GBmal1KO) for C-F. Abbreviations: E, estrus; PE,

proestrus.

ues on the day of estrus day (Figure 6B). Although DI/II
and proestrous FSH levels did not differ between geno-
types, estrous FSH was considerably elevated in
GBmal1KO females (Figure 6E), possibly indicating a dys-
regulation of the secondary FSH surge. Both LH and FSH

Table 1. Reproductive Assessment of WT and
GBmal1KO Female Mice®
WT GBmal1KO P Value
Puberty onset 31.7+0.72 31 +£0.32 .57
(postnatal day)®
Body weight 147 028 142 +022 >.05°
(postnatal day 35)°
Sex steroids®
Progesterone, pg/mL 80.0 = 27.4 106.8 £24.4 .16
E2, pg/mL 55.2 + 24,1 43.25 =294 .90
Reproductive
performance®
Day of copulation 1.8 0.3 2.3 *0.24 31
Gestation, days 19+0 18.75 = 0.13 .40
Litter size 73+066 7.8+ 042 48

@ P values were determined by Student’s t test unless otherwise
specified. Values are mean + SEM.

b For puberty onset, n = 24 WT and 27 GBmal1KO mice; for body
weight at postnatal day 35, n = 31 WT and 33 GBmal1KO mice.

€ ANOVA P value is based on postnatal days 25 to 85.

d Sex steroid serum levels were measured at ZT 11 on proestrus. For
serum progesterone, n = 7 WT and 14 GBmal1KO mice; for serum
estradiol, n = 7 WT and 9 GBmal1KO mice.

¢ For day of copulation, n = 7 WT and 14 GBmal1KO mice; for
gestation and litter size, n = 3 WT and 12 GBmal1KO mice.

Bmall deletion did not affect pro-
duction or secretion of these sex hor-
mones, at least not on the day of
proestrus.

Because body-wide Bmall knock
out females display delayed puberty
onset and infertility (16, 37), we in-
vestigated whether this is, at least in
part, due to the loss of Bmall expres-
sion in gonadotropes. The average time of puberty onset
was around postnatal day 31 in both GBmal1KO and WT
animals (Table 1), and GBmal1KO females were fertile
and produced viable offspring. There was no effect of ge-
notype on time to impregnation, gestation time, or litter
size (Table 1), which together suggests that GBmal1KO
females are reproductively normal.

blue trace) and FSH

Discussion

Failure to generate a proestrous LH surge has been pre-
viously reported in Clock®'”2! mice (14). It was cau-
tioned, however, that the catheter-based blood sampling
method employed in the study may have compromised LH
regulation, because some of the WT control females
lacked surges as well (37). Our results using Bmall '~
females and a less invasive blood sampling approach via
the tail vein now seem to confirm that disruption of the
positive limb of the core circadian feedback loop leads to
loss of the proestrous LH surge. It is theoretically possible
that the LH surge has escaped detection in Bmall '~ fe-
males due to the limited blood sampling. However, if the
LH surge had indeed shifted toward the early estrous (ZT
23-7) time span, which we did not sample, then one would
expect a corresponding shift in the timing of ovulation,
which did not occur. In fact, we found COCs in each of the
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Bmall ™"~ females that we inspected at ZT 21 to 22, which
precedes the time interval in question. If the LH surge had
shifted only slightly in Bmall '~ females, at least some
elevation at a flanking sampling time point would be ex-
pected, given that the tail of the WT ZT 11 surge can be
frequently detected at ZT 15 (see Figure 3C). However,
such a shift could have indeed escaped detection if it would
have been accompanied by a narrowing of the surge pro-
file and/or a reduction in surge amplitude.

Despite this evident lack of an LH surge, Bmall '~
females show estrous cycling and are able to ovulate, a
result challenging the widely held view that the proestrous
LH surge is an obligatory prerequisite for ovulation. Al-
though a surge might be dispensable, our data do not pre-
clude a requirement of LH per se for the ovulatory process.
Notably, even though proestrous LH serum concentra-
tions of Bmall ™'~ mice were 50- to 100-fold lower than
WT LH-surge levels, there was a trend toward slightly
higher LH abundance at ZT 11 in Bmall ™'~ females (Fig-
ure 3E). Given that oocytes are found at roughly the ex-
pected time and place within the oviducts on the day of
estrus, it is possible that this slight proestrous elevation of
LH provides a sufficient timing signal to trigger ovulation.
Alternatively, ovulation in Bmall '~ females might be
elicited by other neurohumoral pathways that do not in-
volve LH/FSH or by autonomous nervous system signal-
ing. It seems unlikely, however, that ovulation in
Bmall™"~ females can be triggered by ovarian signaling
pathways alone, given that barbiturate treatment on the
day of proestrus is capable of blocking not only the LH
surge butalso ovulation (1). Interestingly, there is evidence
that regulation of both serum cortisol levels and adrenal
clock phasing relies in part on direct neural input to the
adrenal gland (45, 46). Serum cortisol oscillations were
reported to persist in the absence of a rhythmic ACTH
signal, suggesting that the thoracic splanchnic nerve,
which innervates the adrenals, is able to transmit a 24-
hour signal from the SCN (45,47, 48). This view is further
supported by the finding that behaviorally split hamsters
show lateralization of clock gene rhythms in the paired
adrenal structure; ie, there is a distinct and stable phase
relationship between the clocks in the right and left adre-
nal glands and in the right and left SCN hemispheres that
can be plausibly explained only by non-humoral-based
entrainment (47). Interestingly, there are hints that a sim-
ilar neurohumoral pathway dichotomy may exist in the
context of ovulation; in rats, severing the superior ovarian
nerve, which provides sympathetic input to the ovary, di-
minishes the number of oocytes shed on estrus (49-51)
and ovarian noradrenalin levels rise concurrently with LH
on proestrus (52). Furthermore, it was recently reported
that heterotopically transplanted ovarian tissues encap-
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sulated in dialysis membranes to prevent renervation by
host nerves did not show signs of ovulation, whereas non-
encapsulated ovarian transplants did (53). These results
are consistent with the notion that sympathetic innerva-
tion plays an important role in the ovulatory process,
which could explain why the elimination of the proestrous
LH and FSH surge by disrupting Bmal1 is not sufficient to
prevent ovulation.

Bmall™'~ mice lack the increase in serum FSH on
proestrus, suggesting that both the LH surge and the pri-
mary FSH surge require an intact circadian timing system.
These data are in line with previous results demonstrating
suppression of the primary FSH surge by GnRH-antago-
nist treatment on proestrus noon in OVX-E2 rats (54) and
atime-of-day dependency of GnRH neuronal activation in
OVX+E2 hamsters (55). The primary FSH surge is
thought to induce cumulus expansion during the ovula-
tory process (56). However, visual inspection of the COCs
accumulation in the fallopian ampullae on estrus did not
reveal a decrease in the size or obvious morphological
change of the cumulus matrix surrounding the ova, sug-
gesting that the lack of the primary FSH surge in Bmall /'~
females did not overtly affect cumulus expansion.

We show that estrous cycling continues when
Bmall ™'~ mice are transferred to DD, an observation that
has also been made in Clock®'”"*'? and Vipr2 ™'~ females
(57). However, although Clock®'”*'” and Vipr2™'~ mice
typically exhibit rhythmic locomotor behavior for several
days or even weeks in DD, Bmall ~/~ mice are instanta-
neously arrhythmic when moved to DD, demonstrating a
complete lack of endogenous circadian rhythm generation
capacity in Bmall '~ animals. Yet, estrous cycling con-
tinues in Bmall ~'~ females, suggesting that it is governed
by a self-sustaining infradian oscillatory process that does
not require a 24-hour signal for its function. The estrous
oscillator may, however, react on daily cues provided by
the circadian clock and/or light to entrain their period to
exact multiples of 24 hours, thus ensuring that each es-
trous stage is stably and appropriately aligned with the
solar day. Interestingly, and in contrast to these findings,
the sperm maturation cycle exhibits a period length that is
generally not a multiple of 24 hours, and experiments with
hamsters exposed to non—24-hour days indicate that sper-
matogenesis is not influenced by the circadian timing sys-
tem or the light-dark cycle (58).

Given the complete loss of LH and primary FSH surge
production in Bmall '~ females, it appears plausible that
the intrinsic clock in gonadotropes takes part in the reg-
ulation or generation of these surges. Surprisingly, how-
ever, extensive disruption of Bmall within the gonado-
trope population affected neither amplitude nor timing of
the LH and primary FSH surges. Bmall ablation led to
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only a modest increase of baseline serum LH levels across
all estrous cycle stages and a proportionate increase in LH
surge levels. If we assume that the local gonadotrope clock
contributes to reproduction by gating or partly driving the
LH surge, then gonadotrope-specific Bmall disruption
would be expected to result in an alteration of amplitude
or phase or a general degradation of the 24-hour LH pro-
file. However, we detected only a slight general offset of
the estrous cycle LH profile in GBmal1KO females; ie,
surge and baseline levels were increased without a change
in surge amplitude, which is difficult to reconcile with a
circadian role for gonadotrope BMALT1 in LH regulation.
It should be noted that because we sampled only at ZT 11
on proestrus, we cannot rule out that Bmall ablation in
gonadotropes resultsin an altered proestrous LH profile in
addition to the observed elevation at ZT 11.

The detected increase in estrous cycle length variability
in GBmal1KO females may reflect destabilization of the
estrous process. Although LH and FSH serum levels seem
only mildly dysregulated in GBmal1KO females when
compared with Bmall ™'~ and Clock®”*1° it is never-
theless tempting to speculate that the estrous impairments
seen in all 3 genotypes are based, at least to some extent,
on gonadotropin dysregulation.

There is also evidence that local clock function in the
ovary contributes to reproductive performance. A time-
of-day dependency of the ovulatory response to LH has
been recently revealed in rats, suggesting thatlocal ovarian
clocks may gate LH receptor signaling (59). Although the
SCN with its vasopressin- and vasoactive intestinal pep-
tide-expressing neuronal populations seems to play a cru-
cial role in LH surge control (60-62), it is plausible that
clocks within the neural elements of the reproductive axis,
such as GnRH and kisspeptin neurons, also contribute
(30, 44, 55). Future research aimed at systematically ma-
nipulating clock function in individual cell types and tis-
sues along the hypothalamic-pituitary-gonadal axis will
likely be key for a comprehensive understanding of the
circadian influence on reproduction.
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