






averaged melatonin concentration showed a maximum concentration
6 h after lights off. The result of nonlinear regression analysis
indicated a significant melatonin rhythm in SP (r2=0.99, P=0.015) of
6.56 h long with a peak onset estimate (w1) at ZT13.8 and an offset
estimate (w2) at ZT20.4. The maximal mean nocturnal melatonin
level measured was higher in SP (ymax=78.98±34.15 ng ml−1) as
compared with LP (ymax=41.99±20.74 ng ml−1).
In adult male MSM, all of the reproductive parameters varied

significantly between photoperiods (Fig. 1B–D), with significantly
smaller testis mass (P<0.05, t-test; not shown), testis/body mass ratio
(P<0.01, t-test; Fig. 1B), seminal vesiclemass (P<0.01, t-test; Fig. 1C)
and testosterone concentration (P<0.01, t-test; Fig. 1D) in SP than in
LP. Circulating FSH tended to exhibit lower levels in SP MSM mice
as compared with LP (17.17±1.98 ng ml−1 in LP versus 12.51±
1.68 ng ml−1 in SP; P=0.11, data not shown). Body mass remained
unchanged between LP- and SP-exposed MSM mice (P=0.24, t-test;
Fig. 1E). In C57 mice, all the physiological parameters measured
showed no photoperiodic variations (LP versus SP, P>0.05; t-tests;
Fig. 1B–E).
In MSM mice transferred from LP to SP, PT TSHβ expression

(P<0.01,Mann–Whitney test; Fig. 2A) and tanycytic dio2 expression
(P<0.001; t-test; Fig. 2B) significantly decreased by 5- and 3-fold,
respectively. Furthermore, TSHβ and dio2 mRNA levels were
strongly correlated in MSM mice (Pearson r=0.82, P<0.01). dio3
expression was hardly detectable in LP-exposed animals, but showed
a large increase in SP-exposed animals (P<0.01, t-test; Fig. 2D). The
number of rfrp-expressing neurons was markedly reduced after
transfer from LP to SP (P<0.001, t-test; Fig. 2E), but kiss1 expression

was not significantly different between LP and SP, albeit a tendency
to be lower in SP (P=0.07, t-test; Fig. 2F). In C57 mice, transfer from
LP to SP did not affect any of these investigated genes (Fig. 2).

Notably, in MSM mice only, strong correlations were observed
between dio2mRNA levels and the number of rfrp-expressing cells
(MSM: Pearson r=0.93, P<0.001; C57: Pearson r=−0.16, P=0.64;
Fig. 2G), as well as between the number of rfrp-expressing neurons
and testicular size (MSM: Pearson r=−0.77, P<0.01; C57: Pearson
r=−0.39, P=0.24; Fig. 2H).

Effects of gestational photoperiod on MSM physiology and
neuroendocrine gene expression
To explore the effects of photoperiodic exposure in utero, pregnant
MSM females were either maintained in LP or transferred to SP, and
pups were further maintained in the gestational photoperiod until
P50. At P50, female and male offspring gestated and raised in LP
showed approximately 1.2-fold larger body mass than those kept in
SP (P<0.001 for females, Mann–Whitney test; P<0.0001 for males,
t-test; Fig. 3A). Reproductive organ mass was also larger in LP- as
compared with SP-treated mice, in females showing 3-fold heavier
reproductive organs, and in males showing 1.3-fold heavier testis
mass in LP as compared with SP (P<0.0001 for uterus mass,
P<0.001 for testis mass, t-tests; Fig. 3B). As a result, GSI analysis
showed that the effect of SP exposure was more profound in females
than in males (P<0.05 for interaction between sex and photoperiod,
two-way ANOVA). In LP females, GSI was 2.5-fold larger than in
SP females (P<0.001; post hoc Tukey test; Fig. 3C), whereas it was
similar in males in both photoperiods (P=0.83, post hoc Tukey test).
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Fig. 1. Effects of photoperiodic exposure in melatonin profile and physiology in adult mice. (A) Pineal melatonin content (pg per pineal gland) at different
times of the day assayed by radioimmunoassay in adult male MSM mice kept in long (LP) or short (SP) photoperiod for 6 weeks. A significant rhythm was
observed in SP-exposed mice (nonlinear regression: r2=0.99, P=0.015; n=28 in SP, n=25 in LP). Data are means±s.e.m. of n=3–6 individual pineal
glands per photoperiod and time point. Zeitgeber time 0=lights on time.White and black bars designate the light and dark phase, respectively. (B) Gonadosomatic
index (GSI: testis mass/body mass), (C) seminal vesicle mass (mg), (D) blood testosterone levels (ng ml−1) and (E) body mass (g) of individual adult male MSM
andC57mice kept in LPor SP for 6 weeks (N=21; n=5MSM in LP, n=5MSM in SP, n=6C57 in LP, n=5C57 in SP). Data aremeans±s.e.m. **P<0.01 for LP versus
SP by two-tailed t-test.
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Although GSI was similar for males and females in LP (P=0.48,
post hoc Tukey test), it was 2.6-fold smaller in females as compared
with males in SP. Therefore, somatic and reproductive growth is
affected by different photoperiodic exposure from gestation in
MSM animals in both sexes, although there is a more profound
effect on female reproductive organs.

In P50 offspring, no sex differences were found in any of the
genes studied at the same photoperiodic state (not shown, two-way
ANOVA, factor sex: TSHβ: P=0.13; dio2: P=0.41; dio3: P=0.77;
rfrp: P=0.08); therefore, data from male and female offspring were
combined to increase the power for the photoperiodic analysis
(N=14). TSHβ gene expression in the PT was significantly higher in
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newborns and P50 offspring, and was higher also in dams exposed
to LP as compared with SP (P<0.0001 for P1; P<0.001 for P50;
t-tests; Fig. 4A,D). dio2 gene expression in the PVZ of the 3V and
the median eminence was significantly higher in LP than in SP at
P50 and P1, and was also higher in LP- than in SP-exposed dams
(P<0.01 for P1; P<0.001 for P50; t-tests; Fig. 4B,D). dio3 gene
expression in the PVZ was higher in dams exposed to SP and barely
detectable in those exposed to LP during pregnancy. In contrast,
dio3 gene expression was detected at very low levels with no
significant photoperiodic differences at P1 (P=0.12, t-test), and
was significantly higher in SP at P50 (P<0.05, Mann–Whitney
test; Fig. 4C,D). Hence, TSHβ and dio2 expression reflected the
photoperiod to which the mice were exposed in all groups, with a
strong positive correlation observed between the levels of dio2
and TSHβ expression in all dams and P50 animals combined
(Pearson r=0.75, P<0.001) and at P1 (Pearson r=0.67, P<0.01;
Fig. 4E).
The number of rfrp-expressing neurons tended to decrease in

dams transferred to SP as compared with those maintained in LP
during pregnancy (Fig. 4F). At P50, animals gestated and raised in
LP had more than two times more rfrp-expressing neurons than
those raised in SP (P<0.0001, t-test; Fig. 4F). At this age, dio2
mRNA levels and the number of rfrp-expressing cells showed a
positive correlation (Pearson r=0.75, P<0.01; Fig. 4G).

DISCUSSION
Seasonal rodents, in contrast to most mouse strains, show robust
photoperiodic changes in gene expression in the neuroendocrine
network comprising PT TSH and hypothalamic deiodinases, which
in turn modulate the central regulation of the reproductive and
metabolic axes. In the present study, we show that MSMmice exhibit
photoperiodic regulation of reproductive organ and body mass, and
testosterone levels in males, associated with corresponding changes
in the TSH/dio network as well as RFRP expression. Furthermore,
when exposure to different photoperiods in males and females starts
from gestation, the reproductive and mass effects on offspring are
more pronounced. These are the first results in M. musculus to show
an integration of the photoperiodic signal on reproductive
neuropeptides and gonadal development. Overall, the photoperiodic
response observed in MSMmice appears comparable, albeit of lesser
magnitude, to that in classical long-day breeders such as hamsters.
A 6 week exposure of male MSM mice to SP was sufficient to

reduce testis size by approximately 15%, as well as reduce
circulating testosterone and seminal vesicle mass, as compared

with mice maintained in LP, indicating that MSM mice integrate
photoperiod into the reproductive axis. Indeed, MSMmice exposed
to SP showed a large nocturnal peak in pineal melatonin content that
was markedly reduced under LP exposure, as previously observed in
plasma (Kasahara et al., 2010). The large SP-induced melatonin
production was accompanied by a robust decrease in PT TSHβ and
tanycytic dio2 expression and an increase in tanycytic dio3
expression, consistent with the conserved photoperiodic response
of these genes in vertebrates (Nakane and Yoshimura, 2014). These
results are in agreement with those obtained in other melatonin-
proficient mouse strains such as CBA or C3H, which display similar
photoperiodic changes in melatonin rhythms (von Gall et al., 2000)
mediating changes in expression of PT TSHβ and dio2/3 in
hypothalamic tanycytes (Ono et al., 2008; Yasuo et al., 2009).
Despite the different melatonin profiles in MSM mice, we have not
verified whether the changes observed in physiology and gene
expression in this study are indeed mediated by melatonin, as
confirmed in other photoperiodic mammals. As previously
observed, C57 mice that lack a melatonin rhythm and show
overall low levels of melatonin production (Ebihara et al., 1986;
Vivien-Roels et al., 1998) displayed no photoperiodic changes in
TSHβ and dio2/3. However, C57 mice remain responsive to
melatonin administration with similar changes in TSH and
deiodinase genes (Ono et al., 2008).

Both DMH/VMH RFRP3 and ARC Kp neurons have been
proposed to take part in the photoperiodic control of reproduction
(Ancel et al., 2012; Caraty et al., 2007; Klosen et al., 2013; Rasri-
Klosen et al., 2017; Revel et al., 2006a, 2008; Ubuka et al., 2012).
Here, we observed that the number of rfrp-expressing neurons was
markedly higher in LP- as compared with SP-exposed MSM mice,
but not in C57 mice. In addition, photoperiodic changes in dio2 and
rfrp expression were strongly correlated. Based on what has been
consistently observed in other seasonal species (Klosen et al., 2013;
Lomet et al., 2018; Revel et al., 2006b, 2008; Sáenz de Miera et al.,
2014; Ubuka et al., 2012), this result suggests that the photoperiodic
signal is transmitted to RFRP-expressing neurons via the melatonin-
regulated TSH/dio network also in MSM mice. Interestingly, the
level of rfrp expression was also correlated to testicular size in adult
male MSM mice, further suggesting a regulatory role of RFRP3
in the photoperiodic changes in gonadal growth. Although
photoperiodic changes in RFRP3 expression are highly
conserved, the functional role of RFRP3 in seasonal reproduction
is still discussed (Angelopoulou et al., 2019). In SP-adapted male
Syrian (Ancel et al., 2012) and Siberian hamsters (Ubuka et al.,
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2012) and in male mice (Ancel et al., 2017), central RFRP3 delivery
has been shown to stimulate luteinizing hormone (LH) secretion. In
female rodents, however, acute injection of RFRP3 inhibits the LH
surge (Ancel et al., 2017; Henningsen et al., 2017), whereas chronic
RFRP3 is able to restore ovarian activity in SP-adapted female
Syrian hamsters (Henningsen et al., 2017). On the contrary, ARC
kiss1 expression was similar in both photoperiods in both MSM and
C57 mice, despite a clear tendency to be lower in LP-kept MSM
mice, probably reflecting the negative feedback effect of increased
testosterone in these mice (Smith et al., 2005). Altogether, these data
suggest that in male MSM mice, the TSH-driven photoperiodic
change in dio2/3 regulates RFRP3 synthesis, which in turn may
impact testicular activity. Further experiments are required to
delineate whether the same regulation is observed in female MSM
and whether RFRP3 is able to mediate the photoperiodic change in
MSM reproduction.

Photoperiodic differences in maternal melatonin during gestation
are known to impact the metabolic and reproductive development of
Siberian hamster pups (Sáenz de Miera et al., 2017; Stetson et al.,
1986). Here, we observed that when different photoperiodic
exposure was applied on MSM mice from gestation to P50, male
and female offspring exhibited a larger SP-induced reduction in
reproductive organs, and a reduction in body mass, as compared
with adult-only SP exposure. This suggests that maternal exposure
to different photoperiods leads to a profound integration of the
photoperiodic message into both the metabolic and the reproductive
axes during development. Notably in females, prenatal SP exposure
led to a reduction of approximately 60% in reproductive organ size
as compared with prenatal LP exposure, possibly leading to an
impairment of fertility. Maintenance of female C57 in SP from
gestation has also been shown to delay the age of puberty through a
decrease in body mass (Bohlen et al., 2018), highlighting that cues
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alternative to melatonin-mediated photoperiodism may contribute
to seasonality under some circumstances.
SP exposure during pregnancy led to a large reduction in TSHβ and

dio2 expression in dams and in newborns as compared with LP
exposure, suggesting that the pups’ photoperiodic system is
responsive to maternal melatonin in utero, as we recently observed
in Siberian hamsters (Sáenz de Miera et al., 2017). Further, the lower
expression of these genes was maintained when the micewere kept in
SP until P50. dio3 expression was markedly increased in the dams
exposed to SP only during gestation, i.e. for 20–21 days, remained
low with no photoperiodic difference at birth, and was slightly higher
in SP again at P50. This large increase under short, but not prolonged
SPexposure, suggests a transitory dio3 response to SP. The prediction
is that dio3 expression would increase through mid-lactation in SP
maintained mice, as observed in hamsters (Sáenz de Miera et al.,
2017). Such a transitory regulation of dio3 expression is also
observed in Siberian hamsters under decreasing natural photoperiod
(Petri et al., 2016) or prolonged SP in laboratory settings (Milesi et al.,
2017). These results suggest that the dio3 effect in depleting
hypothalamic T3 is only temporarily required for the ‘winter’
transition in physiology (Sáenz de Miera, 2019). Alternatively, dio3
expression in MSM mice could be induced only after a transfer to a
shorter photoperiod, and thus may not have happened in the mice
born and raised in SP. These results do not allow us to distinguish
between both possibilities, and further studies are required to discern
the need of dio3 expression (i.e. of T3 local depletion) in the
transition to winter physiology.
In line with the inhibitory effect of SP exposure from pregnancy

to P50 on TSHβ and dio2 expression, the number of rfrp-expressing
cells was more than two times lower in SP- as compared with LP-
exposed mice. Interestingly, dams exposed to SP for only the
duration of pregnancy showed a trend, but not a significant decrease
in the number of rfrp-expressing neurons, confirming the slow
dynamic of photoperiod-driven change in RFRP3 expression
(Milesi et al., 2017; Revel et al., 2008).
Collectively, our results indicate that the TSHβ/DIOs/RFRP

pathway is photoperiodically regulated in MSM mice, as observed
in classical seasonal rodents. This regulation is associated with
significant, albeit minor, changes in gonadal size, notably when the
photoperiodic exposure starts in utero. Whether there is a
photoperiodic change in hypothalamic T3, consequent to the dio2/
dio3 switch, and whether this change by itself or through RFRP3
neurons is critical for the photoperiodic change in gonadal size
observed in MSM mice remain to be established. The present results
suggest that the ability to show photoperiodic responses in the
reproductive axis is present inM.musculus. In most laboratorymouse
strains, opportunistic strategies prevail, probably owing to artificial
laboratory selection for breeding efficiency in animal facilities under
a constant photoperiod or possibly reflecting their recent eco-
evolutionary history as commensals to humans (Bronson, 1979).
The existence of a physiological endpoint reflecting the

integration of the photoperiodic message highlights the value of
these mice as models for genetic manipulations of this system. The
use of genetic animal models has generated large advances in our
knowledge of neuronal circuits, developmental processes and
neuroendocrine integration (Elias, 2014). For the mammalian
photoperiodic response, transgenic TSHr and mt1r knockout on a
C57 background have served to establish the role of these receptors
in the PT/MBH processing of the melatonin message (Ono et al.,
2008; Yasuo et al., 2009). But owing to their lack of seasonal
phenotype, genetic analysis of downstream neuroendocrine
pathways and physiological consequences have been unexplored

in these lines. Because crossing of transgenic lines onto an MSM
background is readily feasible, it will now be possible to address this
gap, and to take genetic approaches to analyze the downstream
coupling of the PT/MBH axis.
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Ancel, C., Bentsen, A. H., Sébert, M.-E., Tena-Sempere, M., Mikkelsen, J. D. and

Simonneaux, V. (2012). Stimulatory effect of RFRP-3 on the gonadotrophic axis
in the male Syrian hamster: the exception proves the rule. Endocrinology 153,
1352-1363. doi:10.1210/en.2011-1622

Ancel, C., Inglis, M. A. andAnderson, G. M. (2017). Central RFRP-3 stimulates LH
secretion in male mice and has cycle stage-dependent inhibitory effects in
females. Endocrinology 158, 2873-2883. doi:10.1210/en.2016-1902

Angelopoulou, E., Quignon, C., Kriegsfeld, L. J. and Simonneaux, V. (2019).
Functional implications of RFRP-3 in the central control of daily and seasonal
rhythms in reproduction. Front. Endocrinol. 10, 183. doi:10.3389/fendo.2019.00183

Barrett, P., Ebling, F. J. P., Schuhler, S., Wilson, D., Ross, A. W., Warner, A.,
Jethwa, P., Boelen, A., Visser, T. J., Ozanne, D. M. et al. (2007). Hypothalamic
thyroid hormone catabolism acts as a gatekeeper for the seasonal control of body
weight and reproduction. Endocrinology 148, 3608-3617. doi:10.1210/en.2007-
0316
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