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Clock gene oscillations are necessary for a successful pregnancy and parturition,
but little is known about their function during lactation, a period demanding from the
mother multiple physiological and behavioral adaptations to fulfill the requirements of
the offspring. First, we will focus on circadian rhythms and clock genes in reproductive
tissues mainly in rodents. Disruption of circadian rhythms or proper rhythmic oscillations
of clock genes provoke reproductive problems, as found in clock gene knockout mice.
Then, we will focus mainly on the rabbit doe as this mammal nurses the young just
once a day with circadian periodicity. This daily event synchronizes the behavior and
the activity of specific brain regions critical for reproductive neuroendocrinology and
maternal behavior, like the preoptic area. This region shows strong rhythms of the PER1
protein (product of the Per1 clock gene) associated with circadian nursing. Additionally,
neuroendocrine cells related to milk production and ejections are also synchronized to
daily nursing. A threshold of suckling is necessary to entrain once a day nursing; this
process is independent of milk output as even virgin does (behaving maternally following
anosmia) can display circadian nursing behavior. A timing motivational mechanism may
regulate such behavior as mesolimbic dopaminergic cells are entrained by daily nurs-
ing. Finally, we will explore about the clinical importance of circadian rhythms. Indeed,
women in chronic shift-work schedules show problems in their menstrual cycles and
pregnancies and also have a high risk of preterm delivery, making this an important field
of translational research.
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INTRODUCTION

Few studies have explored the relation between circadian rhythms and reproduction. Most of the
early works focused on lactation and maternal behavior (MB), largely in rodents. However, the
discovery of functional molecular clock machinery in reproductive tissues, and the use of clock
gene mutant models have revealed that such genes play a main role in orchestrating reproductive
processes in mammals. First, we will focus on circadian rhythms and clock genes in reproductive
tissues, from implantation through lactation, mainly in rodents. Then, we will focus on the rabbit,
a lagomorph with a striking circadian rhythm of lactation, unique to this class of mammals. Our
studies in this animal are revealing, entraining of behaviors and neuroendocrine processes in specific

Frontiers in Endocrinology | www.frontiersin.org 1

March 2018 | Volume 9 | Article 106


https://www.frontiersin.org/Endocrinology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2018.00106&domain=pdf&date_stamp=2018-03-15
https://www.frontiersin.org/Endocrinology/archive
https://www.frontiersin.org/Endocrinology/editorialboard
https://www.frontiersin.org/Endocrinology/editorialboard
https://doi.org/10.3389/fendo.2018.00106
https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:mcaba@uv.mx
https://doi.org/10.3389/fendo.2018.00106
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00106/full
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00106/full
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00106/full
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00106/full
https://loop.frontiersin.org/people/432785
https://loop.frontiersin.org/people/536208
https://loop.frontiersin.org/people/528545

Caba et al.

Clock Genes in Reproduction and the Rabbit Model

. Anﬁcipatory:
VTA, POA, NA,

temperature
+ Serum oxytocin and

8 hours after nursing
PER1 increased in:

OT cells of PVNand SON
+ Dopamine cellsin TIDA

Period length = 23:48 £ 21"

FIGURE 1 | Behavioral, physiological, and neural changes throughout circadian lactation in the rabbit doe. Abbreviations: A10vr, A10 ventral rostral; A10m,

A10 medial; A10p, A10 posterior; FOS, c-Fos protein; mPFC, medial prefrontal cortex; NA, nucleus accumbens; OT, oxytocin; PHDA, periventricular hypophysial
dopaminergic cells; POA, preoptic area; PVN, paraventricular nucleus of the hypothalamus; SON, supraoptic nucleus; TIDA, tuberoinfundibular dopaminergic cells;
VTA, ventral tegmental area. In non-pregnant, non-lactating females FOS protein rhythms reach a peak at different hours in different structures, but in lactating does
all of these rhythms shift to the hour of nursing. Figure derived from data previously published in Ref. (44, 49, 62-64, 66, 79, 80).

brain structures as a consequence of suckling by pups (Figure 1).
Finally, we will explore the translational importance of a “healthy”
circadian clock for proper rhythms in reproduction.

CIRCADIAN RHYTHMS AND CLOCK
GENES IN REPRODUCTIVE PROCESSES

Many physiological processes and behaviors in mammals are
rhythmic. The most evident daily change is the sleep/wake cycle,
but there are clear changes in the blood concentration of several
hormones and specific metabolites throughout the day (1).
These changes allow organisms to adapt to the environmental
light/dark cycle and consequently to the resources available at
specific times of day or night. These rhythms are controlled by an
endogenous molecular clock within the suprachiasmatic nucleus
(SCN), located in the forebrain of mammals, which is entrained
by the light/dark cycle. The molecular clockwork is composed of
a group of core clock genes, Per, Cry, Clock, and Bmall, organ-
ized in a transcription—-translation feedback loop that oscillates
every 24 h. Their oscillations are associated with self-sustaining
redox rhythms, known as nontranscriptional clocks as well as
metabolic rhythms in an organ-specific manner [Reviewed in
Ref. (1)]. Reproductive tissues have also functional molecular
clocks and, although at the top of the hierarchy are the SCN oscil-
lations, it is now recognized that the circadian system is organ-
ized along several axes of a redundant network that exchanges
bidirectional timing information among the components (2, 3).
An early study found that lesions to the SCN completely elimi-
nated phasic LH release (4), and in recent years much informa-
tion has accumulated to support the importance of the clockwork
mechanism in reproduction by using mutant mouse models with
various disruptions of the molecular clockwork. Recently, in

Clock/Clock mutant mice it was demonstrated that few of these
animals became pregnant, they had a high rate of fetal reabsorp-
tion and severe dystocia and the fetuses showed morphological
abnormalities (5, 6). However, it is possible that this is an effect
not only of the Clock/Clock mutation as Perl, Per2, and Bmall
knockout mice, but also shows several abnormalities during
pregnancy and parturition (7, 8). Very little is known about the
possible mechanisms involved. In Clock/Clock mutants, serum
progesterone levels are twofold lower and estradiol is significantly
lower in mid-pregnancy compared to wild-type females, differ-
ences that have been associated with a high incidence of pup
reabsorption (5). Indeed, impaired steroidogenesis appears to be
a common problem in clock gene mutants as pregnant Bmall
(—/—) mice also have lower progesterone serum levels than
Bmall (+/+) and reduced embryo implantation (9). Moreover,
in rats, deletion of ovarian Bmall gene affected genes critical for
progesterone production, leading to implantation failure; these
effects were reversed by the implantation of a single wild-type
ovary (10). Regarding Perl and Per2 mutants, although fertile,
they exhibit lower reproductive success than the control group,
as occurs in aged wild-type mice (7). Together, the above infor-
mation indicates that proper oscillations of the core clock genes
in reproductive tissues are necessary for successful ovulation,
embryo implantation, and steroidogenesis (11). In Table 1, we
summarize some effects on reproduction provoked by altera-
tions in specific clock genes. These reproductive disorders are
observed in clock gene-deficient animals. Thus, it remains to be
determined at which specific levels of control clock genes act,
as the functions described in Table 1 are complex and have a
multifactorial regulation. Moreover, as clock genes control
transcription in a tissue-specific manner and recently nontran-
scriptional metabolic clocks have been discovered [Reviewed in
Ref. (1)], the possibility exists that endocrine factors (i.e., specific
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TABLE 1 | Some effects in reproductive success by changes in clock genes genotype in mammals.

Clock gene Species Effect Reference

Gonads

Bmal 17~ Mouse QOvarian size reduced (S)]

Bmal 1-- Mouse Low testosterone and high luteinizing hormone in serum; reduction in esteroidogenic (12, 13)
genes in testes, reduced sperm count. Infertility

Clock Human polymorphism Semen volume reduction, low sperm motility, and idiopathic infertility. Alteration (14, 15)
in serum levels of testosterone and FSH

Cry1 Mouse KD Reduction of meiotic process and maturation in oocytes (16)

Bmal 1™/ Mouse Changes in phasic LH sensitivity of theca cells in ovary (17)

Bmal1™/™ Mouse Failure to mate with receptive females. Low secretion of FSH and GnRH. (18)
Tyrosine hydroxylase in brain decreased

Estrous and menstrual cycles

Clock'® Mouse Higher proportion of irregular estrous cycles (19-21)

Clock Mouseelock/clock Irregular estrous cyclicity and failure to have a coordinated LH surge on proestrus (22)

Bmal 1-/- Mouse KO Changes in daily pattern of estrogen receptor p in tissues implicated in female reproductive functions (28, 24)

Clock Human polymorphism Irregular menstrual cycles (25)

Gestational/parturition

Per 17/~ and Per 27- Mouse Successful parturition reduced (7)

Bmal 1/~ Mouse Lack of implantation and embryonic development. Impaired steroidogenesis, (8-10, 26)
low progesterone levels and embryo implantation reduced. Alterations in delivery times

Clock Mouseelock/elock Elevated rates of fetal reabsorption (5)

Bmal 1 Human polymorphism Miscarriages increased (27)

Postpartum success

Per 1=~ and Per 2/~ Mouse KO Number of pups weaned reduced (7)

Clock™® Mouse Postnatal mortality increased and low prolactin levels and reduced milk production (19, 28)

hormones) could play a main role in the expression of reprod-
uctive disorders related to clock gene disruption.

In rats, delivery occurs at daytime, i.e., during the rest period
[Reviewed in Ref. (29)], and destruction of the SCN disrupts
the timing of birth (30). Takayama et al. (31) explored the role
of the pineal gland hormone melatonin (MEL) and found that
pinealectomized rats gave birth at either day or night and that
MEL replacement at night (but not during the day), across
pregnancy, restored the timing of parturition during the day in
most subjects. Interestingly, in rodents, the placenta expresses
functional clock genes and also glucocorticoid receptors (32)
and MEL receptor MT1 (33), which are rhythmically expressed.
Thus, itis possible that maternal central hormonal secretions also
drive the activity of the placenta in pregnancy and parturition
(34). By contrast, in primiparous rabbits kept under laboratory
conditions (14 h light:10 h dark) parturition occurs throughout
the day, regardless of litter size delivered (35).

Regarding lactation, mother rats nurse more often during
the resting phase, i.e., across daytime (36, 37). In mice, maternal
crouching (nursing posture) peaks during the day and is less
frequent during the night and, concomitantly, prolactin serum
levels are higher during the day (28). By contrast, Clock mutant
mice do not have a significant peak of either crouching or
prolactin, and the amount of milk secreted from mutant mice is
lower (as calculated by a significant lower body weight of pups)
when compared to wild-type dams (28). Additionally, pups from
homozygous Bmall null mice are 30% lighter at weaning (8),
supporting the importance of a circadian molecular clock in
timing MB and lactation. In cows, the mammary gland’s demand
for nutrients in early lactation is several-fold increased over

that seen during pregnancy and this demand is not met just by
increasing food intake (38), a finding from which a compensatory
circadian mechanism was proposed. During the transition from
pregnancy to lactation, there is an upregulation of the positive
limb of the core clockwork as well as of clock regulatory genes
in specific metabolic pathways of the rat’s mammary gland, liver,
and adipose tissues to support the increased nutritional demands
of lactation [Reviewed in Ref. (39)]. Accordingly, in mice Perl
and Bmall, mRNA levels are elevated in late pregnant and lactat-
ing mammary tissues supporting their role in mammary gland
development and differentiation (40).

NURSING WITHIN A CIRCADIAN
CONTEXT: THE RABBIT MODEL

Doe rabbits nurse the young once a day, for approximately 3 min,
inside a nest constructed by the mother across pregnancy (41).
This invariability in the nursing pattern is observed throughout
lactation (ca. 30 days), despite a marked increase in milk output
across the first 20 days and a gradual decline thereafter (42).
Nursing occurs at night, under light:dark or continuous light
conditions, with circadian periodicity (43, 44). A threshold of
suckling stimulation is essential for this regulation as reducing
litter size below six kits disrupts the circadian expression of
nursing (35). Although deliveries occur throughout the day,
a population of parturient rabbits becomes synchronized to initi-
ate and maintain nursing at around the same time from lactation
day 1 onward. A Rayleigh analysis of the hour of nursing in the
population of studied does indicated that, despite the hour of
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delivery most nursing episodes occurred during the night, at
03:51 h, from postnatal days 1-15 (35). This adjustment is possi-
ble because a negative correlation exists between time of delivery
and time of nursing on lactation day 1, i.e., mothers giving birth
in the early morning show longer “parturition-nursing” intervals
than does delivering at later hours.

A normal duration of nursing bouts also depends on a thresh-
old of suckling as mothers given four kits or less spend longer
times inside the nest box (45). Yet, milk output per se is not essen-
tial to display a normal nursing behavior as virgins induced to
behave maternally (by lesioning the main olfactory system) can
enter the nest box, crouch over the litter, allow suckling, and exit
ca. 3 min later. This behavioral pattern is observed with circadian
periodicity in 55% of maternal virgins (46).

PER1 PROTEIN RHYTHMS SHIFT BY THE
TIMING OF NURSING

Suckling induces oxytocin (OT) secretion in all mammals
and, in rabbits, the amount secreted is directly related with the
number of suckling kits (47). Does OT participate in translating
the suckling stimulus received at the nipple to the brain regions
regulating nursing periodicity and duration? The number and
size of OT-immunoreactive (IR) neurons increases in the para-
ventricular hypothalamic nucleus (PVN) from estrus, through
pregnancy, and into lactation (48). Following suckling, the total
number of c-FOS-IR cells increases significantly in this structure
(49). Bilateral lesions to the PVN of lactating rabbits abolish or
disrupt the circadian display of nursing, but do not modify dura-
tion of suckling bouts (50). Although in rabbits no OT receptors
are evident in the PVN, they are abundant in the prefrontal cortex,
preoptic area (POA), and lateral septum [LS (51)], regions that
participate in regulating specific aspects of the doe’s MB (52, 53).

The doe’s circadian nursing pattern is, in turn, a timing signal
for the kits (54). By scheduling the hour of nursing we have
shown that this predictable event entrains rhythms of locomo-
tor behavior, metabolic parameters, plasma corticosterone
hormones, and also several brain structures in 7-9-day-old kits
(55-57). From these findings, we proposed that rabbit kits are
a natural model of food entrainment (57, 58). The synchroni-
zation of brain structures was determined by quantifying the
expression of the PER1 protein, product of the PerI clock gene.
The rhythm of this protein can be synchronized to a particular
stimulus, e.g., food cues, in specific brain regions (59). Thus,
while the clockwork oscillations of the SCN are synchronized
to the light/dark cycle, the rhythm of clock genes in peripheral
tissues and in the brain can be entrained by stimuli other than
light, like food (60, 61). From the findings that: (a) single or
multiple entrances to the nest depend on the number of suckling
kits (35, 45); (b) preventing suckling by kits on lactation days
7-9 significantly decreased the amount of PER1 protein at peak
time in both PVN and supraoptic nucleus (62, 63), we consider
that suckling can be an entraining signal for PER1 protein
rhythms on particular neuroendocrine populations, specifically
oxytocinergic and also in dopaminergic (DAergic) cells. Thus,
in estrous does maintained under light:dark conditions [12:12;

lights on at 07:00 = time (ZT) 0], PERI protein in the PVN
peaks at ZT15, as occurs in tyrosine hydroxylase (TH)-IR cells
that co-express PER1. By contrast, in lactating rabbits the peak
of PER1 and PER1/TH appears 4 h after the timing of scheduled
nursing. DAergic populations from the tuberoinfundibular and
periventricular hypophysial regions, related to the control of
prolactin release in the hypophysis, also shift their rhythm of
co-expression with PER1 protein according to the timing of
suckling. In contrast, no change was observed in incertohy-
pothalamic DAergic cells, which are not related to the control
of prolactin secretion (63). Therefore, our results suggest that
periodic suckling is a time signal for the synthesis and/or secre-
tion of OT and prolactin at a predictable time.

The daily spontaneous return of the mother to the nest coin-
cides with an increase in locomotor behavior (62), suggesting that
she is in a state of high arousal to access the kits. Indeed, DAergic
cells of the A10 mesolimbic system increase their cellular activity,
anticipating daily nursing, supporting the assumption that she
is in a high motivational state to visit the kits for nursing (64).
Moreover, timing the suckling stimulus also synchronizes the
POA and LS, essential for the expression of MB (65), as indicated
by rhythms of PER1 (66). These results, together with those of the
mesolimbic system (64), suggest the establishment of a “maternal
entrainable circuit” where suckling seems to be the entraining
signal. Taken together, the entraining of PER1 oscillations points
to the importance of the Perl gene in specific brain regions for
uncoupling their oscillations from the master clock to fulfill a
specific reproductive demand, the care, and nourishment of the
litter.

TRANSLATIONAL IMPORTANCE OF
CIRCADIAN RHYTHMS AND CLOCK
GENES DISRUPTION

Disruption of circadian rhythms has profound consequences
in humans. Light during the day is the main synchronizer
for our circadian rhythms and controls the timing of our
neuroendocrine system. For example, the hormone melatonin
is secreted only during the night and seems to be a humoral
entraining signal for peripheral organs to show proper circadian
rhythms (1). Epidemiological studies were the first to indicate
that the exposure to artificial light during the night, which
disrupts the normal secretion of melatonin (67), is associated
with circadian disruptions and to breast cancer [Reviewed in
Ref. (68)]. Regarding reproduction, women shift-workers (in
which the master clock is exposed to artificial light at night)
have an increased risk of endometriosis, irregular menstrual
cycles (with pain and unusual menstrual bleeding), delayed
ovulation, increased miscarriage rate, preterm delivery, and
infant low birth weight (69, 70). It has also been proposed that
MEL can be a zeitgeber for the timing of parturition in women
(29). The above evidence highlights the importance of central
signals from the master clock and pineal MEL to peripheral
reproductive organs for proper fetus development, as shown in
rats (71). Besides, other organs (e.g., placenta) may play a direct
role. Full-term placenta expresses circadian rhythms of Clock
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and Bmall (72), and clock gene polymorphisms are associated
with placental abruption (73) and even a single polymorphism
of Bmall is associated with an increase in miscarriages (27).
Finally, RNA microarray analysis of human milk fat globules
indicates differential daily expression of 7% of transcripts (74).
Moreover, there are daily changes in the concentration of anti-
bodies and complement proteins of the immune system among
several other cellular and soluble components of human milk
(75). Interestingly, baby milk formula and food enriched with
tryptophan (a precursor of MEL) helps to improve infant sleep
when consumed at night (76, 77). This is an emerging area of
research known as “chrononutrition” (78).

CONCLUSION

Clock genes in reproductive tissues, together with those in the
SCN and other brain structures, play a central role in orches-
trating circadian rhythms in all reproductive processes from
implantation to lactation. Lesion studies of the SCN as well as
alterations of the molecular clockwork using mutant mice models
have revealed multiple disruptions in all reproductive processes.
In contrast, very little is known about circadian rhythms and
reproduction in wild-type animals, except in the rabbit. This

REFERENCES

1. Butler MP, Karatsoreos I, Kriegsfeld L], Silver R. Circadian regulation of
endocrine functions. In: Pfaff DW, Joéls M, editors. Hormones, Brain, and
Behavior. Vol 1. Mammalian Hormone-Behavior Systems. G. Gonzdlez-Mariscal
(Vol. Editor). Oxford: Academic Press (2017). p. 345-69.

2. Brown SA. Circadian metabolism: from mechanisms to metabolomics and
medicine. Trends Endocrinol Metab (2016) 27:415-26. doi:10.1016/j.tem.2016.
03.015

3. Sellix MT. Clocks underneath: the role of peripheral clocks in the timing of
female reproductive physiology. Front Endocrinol (2013) 4:91. doi:10.3389/
fendo.2013.00091

4. Gray GD, Soderstein P, Tallentire D, Davidson JM. Effects of lesions in
various structures of the suprachiasmatic-preoptic region on LH regulation
and sexual behavior in female rats. Neuroendocrinology (1978) 25:174-91.
doi:10.1159/000122739

5. Miller BH, Olson SL, Turek FW, Levine JE, Horton TH, Takahashi JS.
Circadian clock mutation disrupts estrous cyclicity and maintenance of preg-
nancy. Curr Biol (2004) 14:1367-73. doi:10.1016/j.cub.2004.07.055

6. Miller BH, Takahashi JS. Central circadian control of female reproductive
function. Front Endocrinol (2014) 4:195. doi:10.3389/fend0.2013.00195

7. Pilorz V, Steinlechner S. Low reproductive success in Perl and Per2 mutant
mouse females due to accelerated ageing? Reproduction (2008) 135:559-68.
doi:10.1530/REP-07-0434

8. Boden M]J, Varcoe TJ, Voultsios A, Kennaway DJ. Reproductive biology of
female Bmall null mice. Reproduction (2010) 139:1077-90. doi:10.1530/
REP-09-0523

9. Ratajczak CK, Boehle KL, Muglia LJ. Impaired steroidogenesis and
implantation failure in Bmall—/— mice. Endocrinology (2009) 150:1879-85.
doi:10.1210/en.2008-1021

10. Liu Y, Johnson BP, Shen AL, Wallisser JA, Krentz KJ, Moran SM, et al. Loss
of BMALI in ovarian steroidogenic cells results in implantation failure in
female mice. Proc Natl Acad Sci U S A (2014) 111:14295-300. doi:10.1073/
pnas.1209249111

11. Shimizu T, Hirai Y, Murayama C, Miyamoto A, Miyazaki H, Miyazaki K.
Circadian clock genes Per2 and clock regulate steroid production, cell pro-
liferation, and luteinizing hormone receptor transcription in ovarian gran-
ulosa cells. Biochem Biophys Res Commun (2011) 412:132-5. doi:10.1016/j.
bbrc.2011.07.058

species offers an extraordinary opportunity for exploring this
issue, particularly during lactation as, in lagomorphs, nursing
usually occurs once a day with circadian periodicity, a unique
characteristic among mammals. Consequently, it is possible to
explore in neuroendocrine cells of this species the relevance of
particular components of the circadian clockwork with minimal
manipulations to the animals, as opposed to rodents, that nurse
several times a day. The translational importance of circadian
rhythms in reproduction was first recognized through studies of
women in shift-work and recently through the finding of differ-
ences in the components of breast milk across the circadian cycle,
results that could improve the health and well-being of infants.

AUTHOR CONTRIBUTIONS

MC, GG-M, and EM contributed to the writing of the manuscript
and approved the final version.

ACKNOWLEDGMENTS

This work was supported by DGDAEI of Universidad Veracruzana
to CA UVER-222. We gratefully acknowledge Manuel Hernandez
Pérez for their invaluable help in preparing Figure and Table.

12. Alvarez J, Hansen A, Ord T, Bebas P, Chappell PE, Giebultowicz JM, et al. The
circadian clock protein BMALI is necessary for fertility and proper testos-
terone production in mice. J Biol Rhythms (2008) 23(1):26-36. doi:10.1177/
0748730407311254

13. Kondratov RV, Kondratova AA, Gorbacheva VY, Vykhovanets OV, Antoch
MP. Early aging and age-related pathologies in mice deficient in BMALI, the
core component of the circadian clock. Genes Dev (2006) 20(14):1868-73.
doi:10.1101/gad.1432206

14. Zhang J, Ding X, Li Y, Xia Y, Nie J, Yi C, et al. Association of CLOCK gene
variants with semen quality in idiopathic infertile Han-Chinese males. Reprod
Biomed Online (2012) 25(5):536-42. doi:10.1016/j.rbmo.2012.07.018

15. Shen O, Ding X, NieJ, Xia Y, Wang X, TongJ, et al. Variants of the CLOCK gene
affect the risk of idiopathic male infertility in the Han-Chinese population.
Chronobiol Int (2015) 32(7):959-65. doi:10.3109/07420528.2015.1056305

16. Amano T, Matsushita A, Hatanaka Y, Watanabe T, Oishi K, Ishida N, et al.
Expression and functional analyses of circadian genes in mouse oocytes
and preimplantation embryos: Cryl is involved in the meiotic process inde-
pendently of circadian clock regulation. Biol Reprod (2009) 80(3):473-83.
doi:10.1095/biolreprod.108.069542

17. Mereness AL, Murphy ZC, Forrestel AC, Butler S, Ko C, Richards JS, et al.
Conditional deletion of Bmall in ovarian theca cells disrupts ovulation in
female mice. Endocrinology (2016) 157(2):913-27. doi:10.1210/en.2015-1645

18. Schoeller EL, Clark DD, Dey S, Cao NV, Semaan SJ, Chao LW, et al. Bmall
is required for normal reproductive behaviors in male mice. Endocrinology
(2016) 157(12):4914-29. doi:10.1210/en.2016-1620

19. Dolatshad H, Campbell EA, O’hara L, Maywood ES, Hastings MH, Johnson MH.
Developmental and reproductive performance in circadian mutant mice. Hum
Reprod (2006) 21(1):68-79. doi:10.1093/humrep/dei313

20. Kennaway DJ, Boden MJ, Voultsios A. Reproductive performance in female
ClockA19 mutant mice. Reprod Fertil Dev (2005) 16(8):801-10. doi:10.1071/
RD04023

21. Chappell PE, White RS, Mellon PL. Circadian gene expression regulates
pulsatile gonadotropin-releasing hormone (GnRH) secretory patterns in
the hypothalamic GnRH-secreting GT1-7 cell line. ] Neurosci (2003) 23(35):
11202-13.

22. Miller BH, Olson SL, Levine JE, Turek FW, Horton TH, Takahashi JS.
Vasopressin regulation of the proestrous luteinizing hormone surge in wild-
type and clock mutant mice. Biol Reprod (2006) 75(5):778-84. doi:10.1095/
biolreprod.106.052845

Frontiers in Endocrinology | www.frontiersin.org

March 2018 | Volume 9 | Article 106


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1016/j.tem.2016.
03.015
https://doi.org/10.1016/j.tem.2016.
03.015
https://doi.org/10.3389/fendo.2013.00091
https://doi.org/10.3389/fendo.2013.00091
https://doi.org/10.1159/000122739
https://doi.org/10.1016/j.cub.2004.07.055
https://doi.org/10.3389/fendo.2013.00195
https://doi.org/10.1530/REP-07-0434
https://doi.org/10.1530/REP-09-0523
https://doi.org/10.1530/REP-09-0523
https://doi.org/10.1210/en.2008-1021
https://doi.org/10.1073/pnas.1209249111
https://doi.org/10.1073/pnas.1209249111
https://doi.org/10.1016/j.bbrc.2011.07.058
https://doi.org/10.1016/j.bbrc.2011.07.058
https://doi.org/10.1177/
0748730407311254
https://doi.org/10.1177/
0748730407311254
https://doi.org/10.1101/gad.1432206
https://doi.org/10.1016/j.rbmo.2012.07.018
https://doi.org/10.3109/07420528.2015.1056305
https://doi.org/10.1095/biolreprod.108.069542
https://doi.org/10.1210/en.2015-1645
https://doi.org/10.1210/en.2016-1620
https://doi.org/10.1093/humrep/dei313
https://doi.org/10.1071/RD04023
https://doi.org/10.1071/RD04023
https://doi.org/10.1095/biolreprod.106.052845
https://doi.org/10.1095/biolreprod.106.052845

Caba et al.

Clock Genes in Reproduction and the Rabbit Model

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Cai W, Rambaud J, Teboul M, Masse I, Benoit G, Gustafsson JA, etal. Expression
levels of estrogen receptor p are modulated by components of the molecular
clock. Mol Cell Biol (2008) 28(2):784-93. doi:10.1128/MCB.00233-07

Byers M, Kuiper GG, Gustafsson JA, Park-Sarge OK. Estrogen receptor-p
mRNA expression in rat ovary: down-regulation by gonadotropins. Mol
Endocrinol (1997) 11(2):172-82. d0i:10.1210/mend.11.2.9887

Kim KH, Kim Y, Ha J, Shin DW, Shin YC, Oh KS, et al. Association between
the CLOCK gene 3111 T> C polymorphism and an irregular menstrual cycle
in Korean adolescents. J Psychosom Obstet Gynaecol (2015) 36(4):148-54.
doi:10.3109/0167482X.2015.1089229

Ratajczak CK, Asada M, Allen GC, McMahon DG, Muglia LM, Smith D,
et al. Generation of myometrium-specific Bmall knockout mice for parturi-
tion analysis. Reprod Fertil Dev (2012) 24(5):759-67. doi:10.1071/RD11164
Kovanen L, Saarikoski ST, Aromaa A, Lonngqvist J, Partonen T. ARNTL
(BMALIL) and NPAS2 gene variants contribute to fertility and seasonality.
PLoS One (2010) 5:¢10007. doi:10.1371/journal.pone.0010007

Hoshino K, Wakatsuki Y, Ligo M, Shibata S. Circadian clock mutation in
dams disrupts nursing behavior and growth of pups. Endocrinology (2006)
147:1916-23. doi:10.1210/en.2005-1343

Olcese J, Lozier S, Paradise C. Melatonin and the circadian timing of human
parturition. Reprod Sci (2013) 20:168-74. doi:10.1177/1933719112442244
Reppert SM, Henshaw D, Schwartz W], Weaver DR. The circadian-gated
timing of birth in rats: disruption by maternal SCN lesions or by removal
of the fetal brain. Brain Res (1987) 403:398-402. doi:10.1016/0006-8993
(87)90084-9

Takayama H, Nakamura Y, Tamura H, Yamagata Y, Harada A, Nakata M,
et al. Pineal gland (melatonin) affects the parturition time, but not luteal func-
tion and fetal growth, in pregnant rats. Endocr J (2003) 50:37-43. doi:10.1507/
endocrj.50.37

Waddell BJ, Wharfe MD, Crew RC, Mark PJ. A rhythmic placenta? Circadian
variation, clock genes and placental function. Placenta (2012) 33:533-9.
doi:10.1016/j.placenta.2012.03.008

Lee CK, Moon DH, Shin CS, Kim H, Yoon YD, Kang HS, et al. Circadian
expression of Mel (1a) and PL-II genes in placenta: effects of melatonin on
the PL-II gene expression in the rat placenta. Mol Cell Endocrinol (2003)
200:57-66. doi:10.1016/S0303-7207(02)00414-8

Boden MJ, Varcoe TJ, Kennaway DJ. Circadian regulation of reproduction:
from gamete to offspring. Prog Biophys Mol Biol (2013) 113:387-97.
doi:10.1016/j.pbiomolbio.2013.01.003

Gonzilez-Mariscal G, Lemus AC, Vega-Gonzélez A, Aguilar-Roblero A. Litter
size determines circadian periodicity of nursing in rabbits. Chronobiol Int
(2013) 30:711-8. doi:10.3109/07420528.2013.784769

Grota LJ, Ader R. Continuous recording of maternal behaviour in Rattus
norvegicus. Anim Behav (1969) 17:722. doi:10.1016/S0003-3472(69)80019-9
Pachon H, McGuire MK, Rasmussen KM. Nutritional status and behavior
during lactation. Physiol Behav (1995) 58:393-400. doi:10.1016/0031-9384
(95)00065-Q

Bell AW. Regulation of organic nutrient metabolism during transition
from late pregnancy to early lactation. JAnim Sci (1995) 73:2804-19.
doi:10.2527/1995.7392804x

Casey TM, Plaut K. Circadian clocks as mediators of the homeorhetic response
to lactation. J Anim Sci (2012) 90:744-54. doi:10.2527/jas.2011-4590

Metz RP, Qu X, Laffin B, Earnest D, Porter WW. Circadian clock and cell
cycle gene expression in mouse mammary epithelial cells and in the deve-
loping mouse mammary gland. Dev Dyn (2006) 235:263-72. doi:10.1002/
dvdy.20605

Gonzilez-Mariscal G, Caba M, Martinez-Gomez M, Bautista A, Hudson R.
Mothers and offspring: the rabbit as a model system in the study of mam-
malian maternal behavior and sibling interactions. Horm Behav (2016)
77:30-41. doi:10.1016/j.yhbeh.2015.05.011

Gonzélez-Mariscal G, Gallegos JA, Sierra-Ramirez A, Garza-Flores J. Impact
of concurrent pregnancy and lactation on maternal nest-building, estradiol
and progesterone concentrations in rabbits. World Rabbit Sci (2009) 17:145-52.
do0i:10.4995/wrs.2009.654

Jilge B. The ontogeny of circadian rhythms in the rabbit. ] Biol Rhythms (1993)
8:247-60. doi:10.1177/074873049300800307

Jilge B. Ontogeny of the rabbit’s circadian rhythms without an external zeit-
geber. Physiol Behav (1995) 58:131-40. doi:10.1016/0031-9384(95)00006-5

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

57.

58.

59.

60.

61.

62.

63.

64.

Gonzélez-Mariscal G, Toribio A, Gallegos-HuicocheaJA,Serrano-MenesesMA.
The characteristics of suckling stimulation determine the daily duration of
mother-young contact and milk output in rabbits. Dev Psychobiol (2013)
55:809-17. doi:10.1002/dev.21071

Gonzalez-Mariscal G, Lemus AC, Aguilar-Roblero R. Contribution of
suckling stimulation to the daily periodic display of nursing behavior in
non-lactating virgin rabbits. ] Neurol Neurophysiol (2015) 6:327. doi:10.4172/
2155-9562.1000327

Fuchs AR, Wagner G. Quantitative aspects of the release of oxytocin by
suckling in unanaesthetized rabbits. Acta Endocrinol (1963) 44:581-92.
doi:10.1530/acta.0.0440581

Caba M, Silver R, Gonzilez-Mariscal G, Jiménez A, Beyer C. Oxytocin
and vasopressin immunoreactivity in rabbit hypothalamus during estrus,
late pregnancy, and postpartum. Brain Res (1996) 720:7-16. doi:10.1016/
0006-8993(96)00036-4

Gonzélez-Mariscal G, Jiménez A, Chirino R, Beyer C. Motherhood and
nursing stimulate c-FOS expression in the rabbit forebrain. Behav Neurosci
(2009) 123:731-9. d0i:10.1037/a0016487

Dominguez M, Aguilar-Roblero R, Gonzalez-Mariscal G. Bilateral lesions of
the paraventricular hypothalamic nucleus disrupt nursing behavior in rabbits.
Eur ] Neurosci (2017) 46:2133-40. doi:10.1111/ejn.13656

Jiménez A, Young LJ, Triana-Del Rio R, La Prairie JL, Gonzélez-Mariscal G.
Neuroanatomical distribution of oxytocin receptor binding in the female
rabbit forebrain: variations across the reproductive cycle. Brain Res (2015)
1629:329-39. doi:10.1016/j.brainres.2015.10.043

Cano-Ramirez H, Hoffman KL. Activation of the orbitofrontal and anterior
cingulate cortices during the expression of a naturalistic compulsive-like
behavior in the rabbit. Behav Brain Res (2017) 320:67-74. doi:10.1016/j.
bbr.2016.11.022

Cruz ML, Beyer C. Effect of septal lesions on maternal behavior and lac-
tation in the rabbit. Physiol Behav (1972) 9:361-5. d0i:10.1016/0031-9384
(72)90160-6

Gonzalez-Mariscal G, Caba M, Hoffman KL, Melo Al Parental behavior.
3rd ed. In: Pfaff DW, Joels M, editors. Hormones, Brain and Behavior. (Vol. 1),
Oxford: Academic Press (2017). p. 83-116.

Caba M, Tovar A, Silver R, Morgado E, Meza E, Zavaleta Y, et al.
Nature’s food anticipatory experiment: entrainment of locomotor behavior,
suprachiasmatic and dorsomedial hypothalamic nuclei by suckling in rabbit
pups. Eur ] Neurosci (2008) 27:432-43. doi:10.1111/.1460-9568.2008.06017.x

. Morgado E, Meza E, Gordon MK, Pau FK, Juirez C, Caba M. Persistence of

hormonal and metabolic rhythms during fasting in 7-to 9-day-old rabbits
entrained by nursing during the night. Horm Behav (2008) 58:465-72.
doi:10.1016/j.yhbeh.2010.05.003

Morgado E, Juarez C, Melo Al, Dominguez B, Lehman MN, Escobar C, et al.
Artificial feeding sychronizes behavioral, hormonal, metabolic and neural
parameters in mother-deprived neonatal rabbit pups. Eur ] Neurosci (2011)
34:1807-16. doi:10.1111/j.1460-9568.2011.07898.x

Caba M, Gonzilez-Mariscal G. The rabbit pup, a natural model of nursing
anticipatory activity. Eur ] Neurosci (2009) 30:1697-706. doi:10.1111/.1460-
9568.2009.06964.x

Feillet CA, Mendoza J, Albrecht U, Pévet P, Challet E. Forebrain oscillators
ticking with different clock hands. Mol Cell Neurosci (2008) 37:209-21.
doi:10.1016/j.mcn.2007.09.010

Challet E, Mendoza J, Dardente H, Pevet P. Neurogenetics of food anticipation.
Eur ] Neurosci (2009) 30:1676-87. doi:10.1111/j.1460-9568.2009.06962.x
Damiola F, Le Minh N, Preitner N, Kornmann B, Fleury-Olela F, Schibler U.
Restricted feeding uncouples circadian oscillators in peripheral tissues from
the central pacemaker in the suprachiasmatic nucleus. Genes Dev (2000)
14:2950-61. doi:10.1101/gad.183500

Meza E, Juarez C, Morgado E, Zavaleta Y, Caba M. Brief daily suckling
shifts locomotor behavior and induces PER1 protein in paraventricular and
supraoptic nuclei, but not in the suprachiasmatic nucleus of rabbit does. Eur
J Neurosci (2008) 28:1394-403. doi:10.1111/j.1460-9568.2008.06408.x

Meza E, Waliszewski SM, Caba M. Circadian nursing induces PERI
protein in neuroendocrine tyrosine hydroxylase neurons in the rabbit doe.
] Neuroendocrinol (2011) 23:472-80. doi:10.1111/j.1365-2826.2011.02138.x
Aguirre ], Meza E, Caba M. Dopaminergic activation anticipates daily nursing
in the rabbit. Eur ] Neurosci (2017) 45:1396-409. doi:10.1111/ejn.13571

Frontiers in Endocrinology | www.frontiersin.org

March 2018 | Volume 9 | Article 106


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1128/MCB.00233-07
https://doi.org/10.1210/mend.11.2.9887
https://doi.org/10.3109/0167482X.2015.1089229
https://doi.org/10.1071/RD11164
https://doi.org/10.1371/journal.pone.0010007
https://doi.org/10.1210/en.2005-1343
https://doi.org/10.1177/1933719112442244
https://doi.org/10.1016/0006-8993
(87)90084-9
https://doi.org/10.1016/0006-8993
(87)90084-9
https://doi.org/10.1507/endocrj.50.37
https://doi.org/10.1507/endocrj.50.37
https://doi.org/10.1016/j.placenta.2012.03.008
https://doi.org/10.1016/S0303-7207(02)00414-8
https://doi.org/10.1016/j.pbiomolbio.2013.01.003
https://doi.org/10.3109/07420528.2013.784769
https://doi.org/10.1016/S0003-3472(69)80019-9
https://doi.org/10.1016/0031-9384
(95)00065-Q
https://doi.org/10.1016/0031-9384
(95)00065-Q
https://doi.org/10.2527/1995.7392804x
https://doi.org/10.2527/jas.2011-4590
https://doi.org/10.1002/dvdy.20605
https://doi.org/10.1002/dvdy.20605
https://doi.org/10.1016/j.yhbeh.2015.05.011
https://doi.org/10.4995/wrs.2009.654
https://doi.org/10.1177/074873049300800307
https://doi.org/10.1016/0031-9384(95)00006-5
https://doi.org/10.1002/dev.21071
https://doi.org/10.4172/
2155-9562.1000327
https://doi.org/10.4172/
2155-9562.1000327
https://doi.org/10.1530/acta.0.0440581
https://doi.org/10.1016/
0006-8993(96)00036-4
https://doi.org/10.1016/
0006-8993(96)00036-4
https://doi.org/10.1037/a0016487
https://doi.org/10.1111/ejn.13656
https://doi.org/10.1016/j.brainres.2015.10.043
https://doi.org/10.1016/j.bbr.2016.11.022
https://doi.org/10.1016/j.bbr.2016.11.022
https://doi.org/10.1016/0031-9384
(72)90160-6
https://doi.org/10.1016/0031-9384
(72)90160-6
https://doi.org/10.1111/j.1460-9568.2008.06017.x
https://doi.org/10.1016/j.yhbeh.2010.05.003
https://doi.org/10.1111/j.1460-9568.2011.07898.x
https://doi.org/10.1111/j.1460-
9568.2009.06964.x
https://doi.org/10.1111/j.1460-
9568.2009.06964.x
https://doi.org/10.1016/j.mcn.2007.09.010
https://doi.org/10.1111/j.1460-9568.2009.06962.x
https://doi.org/10.1101/gad.183500
https://doi.org/10.1111/j.1460-9568.2008.06408.x
https://doi.org/10.1111/j.1365-2826.2011.02138.x
https://doi.org/10.1111/ejn.13571

Caba et al.

Clock Genes in Reproduction and the Rabbit Model

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Olazabal DE, Pereira M, Agrati D, Ferreira A, Fleming AS, Gonzélez-
Mariscal G, et al. Flexibility and adaptation of the neural substrate that
supports maternal behavior in mammals. Neurosci Biobehav Rev (2013)
37:1875-92. doi:10.1016/j.neubiorev.2013.04.004

Meza E, Aguirre ], Waliszewski S, Caba M. Suckling induces a daily rhythm
in the preoptic area and lateral septum but not in the bed nucleus of the
stria terminalis in lactating rabbit does. Eur J Neurosci (2015) 41:196-204.
doi:10.1111/ejn.12776

Pevet P. Melatonin: from seasonal to circadian signal. ] Neuroendocrinol
(2003) 15:422-6. doi:10.1046/j.1365-2826.2003.01017.x

Stevens RG. Light-at-night, circadian disruption and breast cancer: assess-
ment of existing evidence. Int ] Epidemiol (2009) 38:963-70. doi:10.1093/ije/
dyp178

Gamble KL, Resuehr D, Johnson CH. Shift work and circadian dysregulation
of reproduction. Front Endocrinol (2013) 4:92. doi:10.3389/fendo0.2013.00092
Lohstroh PN, Chen J, Ba ], Ryan LM, Xu X, Overstreet JW, et al. Bone resorp-
tion is affected by follicular phase length in female rotating shift workers.
Environ Health Perspect (2003) 111:618-22. doi:10.1289/ehp.5878

Mendez N, Abarzua-Catalan L, Vilches N, Galdames HA, Spichiger C,
Richter HG, et al. Timed maternal melatonin treatment reverses circadian
disruption of the fetal adrenal clock imposed by exposure to constant light.
PLoS One (2012) 7:¢42713. doi:10.1371/journal.pone.0042713

Pérez S, Murias L, Ferdndez-Plaza C, Diaz I, Gonzilez C, Otero J, et al.
Evidence for clock genes circadian rhythms in human full-term placenta. Syst
Biol Reprod Med (2015) 61:360-6. doi:10.3109/19396368.2015.1069420

Qiu C, Gelaye B, Denis M, Tadesse M, Luque Fernandez MA, Enquobahrie DA,
et al. Circadian rclock-related genetic risk scores and risk of placental abrup-
tion. Placenta (2015) 36:1480-6. doi:10.1016/j.placenta.2015.10.005
Maningat PD, Sen P, Rijnkels M, Sunehag AL, Hadsell DL, Bray M, et al.
Gene expression in the human mammary epithelium during lactation:
the milk fat globule transcriptome. Physiol Genomics (2009) 37(1):12-22.
doi:10.1152/physiolgenomics.90341.2008

75.

76.

77.

78.

79.

80.

Franca EL, Nicomedes TR, Calderén IMP, Franca ACH. Time-dependent
alterations of soluble and cellular components in human milk. Biol Rhythms
Res (2010) 41:333-47. doi:10.1080/09291010903407441

Bravo R, Cubero J, Franco-Hernandez L, Sanchez-1L6épez CL, Rodriguez AB,
Barriga C. Components in formula milks that improve sleep. In: Preedy VR,
Patel VB, Le LA, editors. Handbook of Nutrition, Diet and Sleep. Wageningen,
Netherlands: Springer (2013). p. 416-25.

Cubero ], Franco L, Bravo R, Sanchez CL, Rodriguez AB, Barriga C.
Chrononutrition: improving infant sleep with tryptophan in food matrices.
J Sleep Dis Ther (2012) S7:001. doi:10.4172/2167-0277.S7-001

Johnston JD, Ordovas JM, Scheer FA, Turek FW. Circadian rhythms, metabo-
lism, and chrononutrition in rodents and humans. Adv Nutr (2016) 7:399-406.
do0i:10.3945/an.115.010777

Fuchs AR, Cubile L, Dawood MY, Jogensen FS. Release of oxytocin and
prolactin by suckling in rabbits throughout lactation. Endocrinology (1984)
114(2):462-9. doi:10.1677/j0e.0.0300217

Jilge B, Kuhnt B, Landerer W, Rest S. Circadian temperature rhythms in
rabbit pups and in their does. Lab Anim (2001) 35(4):364-73. doi:10.1258/
0023677011911831

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Caba, Gonzdlez-Mariscal and Meza. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Endocrinology | www.frontiersin.org

March 2018 | Volume 9 | Article 106


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1016/j.neubiorev.2013.04.004
https://doi.org/10.1111/ejn.12776
https://doi.org/10.1046/j.1365-2826.2003.01017.x
https://doi.org/10.1093/ije/dyp178
https://doi.org/10.1093/ije/dyp178
https://doi.org/10.3389/fendo.2013.00092
https://doi.org/10.1289/ehp.5878
https://doi.org/10.1371/journal.pone.0042713
https://doi.org/10.3109/19396368.2015.1069420
https://doi.org/10.1016/j.placenta.2015.10.005
https://doi.org/10.1152/physiolgenomics.90341.2008
https://doi.org/10.1080/09291010903407441
https://doi.org/10.4172/2167-0277.S7-001
https://doi.org/10.3945/an.115.010777
https://doi.org/10.1677/joe.0.0300217
https://doi.org/10.1258/
0023677011911831
https://doi.org/10.1258/
0023677011911831
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Circadian Rhythms and Clock 
Genes in Reproduction: Insights From Behavior and the Female Rabbit’s Brain
	Introduction
	Circadian Rhythms and Clock Genes in Reproductive Processes
	Nursing Within a Circadian Context: The Rabbit Model
	PER1 Protein Rhythms Shift by the Timing of Nursing
	Translational Importance of Circadian Rhythms and Clock Genes Disruption
	Conclusion
	Author Contributions
	Acknowledgments
	References


