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In wild mammals, offspring development must anticipate forthcom-
ing metabolic demands and opportunities. Within species, different
developmental strategies may be used, dependent on when in the
year conception takes place. This phenotypic flexibility is initiated
before birth and is linked to the pattern of day length (photoperiod)
exposure experienced by the mother during pregnancy. This pro-
gramming depends on transplacental communication via the pineal
hormone melatonin. Here, we show that, in the Siberian hamster
(Phodopus sungorus), the programming effect of melatonin is me-
diated by the pars tuberalis (PT) of the fetal pituitary gland, before
the fetal circadian system and autonomous melatonin production is
established. Maternal melatonin acts on the fetal PT to control ex-
pression of thyroid hormone deiodinases in ependymal cells (tany-
cytes) of the fetal hypothalamus, and hence neuroendocrine output.
This mechanism sets the trajectory of reproductive and metabolic
development in pups and has a persistent effect on their subsequent
sensitivity to the photoperiod. This programming effect depends on
tanycyte sensitivity to thyroid stimulating hormone (TSH), which is
dramatically and persistently increased by short photoperiod expo-
sure in utero. Our results define the role of the fetal PT in develop-
mental programming of brain function by maternal melatonin and
establish TSH signal transduction as a key substrate for the encoding
of internal calendar time from birth to puberty.

photoperiodism | developmental programming | hypothalamus |
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In mammals, the maternal uterine environment exerts long-term
influences on offspring phenotype, a phenomenon known as
maternal programming. This subject has received extensive atten-
tion because exposure to poor nutrition or to abnormal levels of
steroid hormones during pregnancy can lead to persistent metabolic
and reproductive dysfunction extending into adult life (1, 2). Ad-
ditionally, maternal programming effects may have adaptive value,
enabling the physiology of the offspring to predict forthcoming
environmental conditions based upon intrauterine experience (the
so-called “predictive adaptive response”) (3, 4). This response has
led to the concept that the observed deleterious effects of maternal
programming may derive from a mismatch between environmental
conditions as predicted in utero and the postnatal environment
eventually encountered (3). For example, a “thrifty phenotype”
established as a consequence of fetal malnutrition might preadapt
the organism for a nutrient-poor postnatal environment, but lead to
obesity and diabetes if subsequent food supply is plentiful. Hence
the study of evolutionarily adaptive programming may give mech-
anistic insights into the fetal origins of life-long disease.

Maternal photoperiodic programming (MPP) (i.e., the estab-
lishment of a sense of calendar time before birth), is the arche-
typical adaptive programming mechanism. This phenomenon is
best described in rodents, where it plays a major role in ensuring
that offspring reproductive development proceeds rapidly in
spring-born animals but is arrested to the following year in autumn-
born animals (4). MPP has also been described in larger mammals
(5) and is probably of broad adaptive significance for the setting of
growth and maturation trajectories. This programming, which de-
pends on the length of daily light exposure (photoperiod) experi-
enced by the mother being relayed to the fetus, sets initial postnatal
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developmental trajectories as well as postnatal sensitivity to sub-
sequent photoperiodic experience. This latter aspect is important
because intermediate photoperiods are experienced in both the
spring and in the autumn and need to be interpreted in the context
of photoperiodic history.

The mother’s production of the hormone melatonin is an es-
sential requirement for MPP (6, 7). Melatonin is produced by the
pineal gland under circadian control generated by the supra-
chiasmatic nuclei (SCN), with a profile that represents the duration
of the night. MPP does not occur if mothers are pinealectomized
before pregnancy, and manipulation of the mother’s endogenous
melatonin signal by melatonin injection during pregnancy alters
neonatal growth trajectories and the perception of photoperiodic
history (4, 6, 7). The pups themselves first become able to gen-
erate a nocturnal melatonin profile when efferent pathways from
the SCN to the pineal gland are established shortly before
weaning (8). Hence the interaction between gestational exposure
to maternal melatonin and photoperiodic experience of the pup
in the postweaning period determines MPP effects on growth and
reproductive development in rodents (9, 10).

In juvenile and adult mammals, melatonin controls reproductive
endocrine function through effects on the pars tuberalis (PT) of
the anterior pituitary gland. This tissue contains type 1 melatonin
receptor (MT1) expressing thyrotrophic endocrine cells (11),
which produce thyroid stimulating hormone (TSH) (12, 13). TSH
produced by the PT acts on ependymal cells in the neighboring basal
hypothalamus, known as tanycytes, which express TSH receptors
(TSHRs), and in turn regulate local thyroid hormone (TH) levels
through seasonal changing expression of TH deiodinase enzymes
(12, 13). Type 2 deiodinase (DIO2) generates active triiodothyronine
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(T3) from thyroxine (T4), whereas type 3 deiodinase (DIO3) gen-
erates inactive reverse T3 from T4, and degrades T3 to diiodo-
thyronine (14). Through this conserved pathway, lengthening
photoperiod increases the expression of dio2 relative to dio3,
producing an euthyroid state in the basal hypothalamus and
leading to expression of a spring/summer-like endocrine physiology
(e.g., increased body mass and reproductive activation in rodents).
Declining photoperiod is associated with the opposite effect (e.g.,
decrease in body mass, reproductive arrest, and hibernation in
rodents) through a relative increase in dio3 expression (15, 16).
Here, we investigated the effect of MPP on the function of the
TSH-DIO2/DIO3 axis in mediobasal hypothalamus (MBH) of
the Siberian hamster (Phodopus sungorus), manipulating the
interaction between prenatal and postweaning photoperiod ex-
posure. Our data demonstrate first that this axis provides a route
whereby the mother can influence offspring brain function via
the fetal pituitary gland, and second that this leads to persistent
changes in TSH sensitivity in the MBH, extending into adult life.

Results

We first examined pituitary and hypothalamic gene expression in
male newborn [postnatal day 0 (PO)] pups gestated under either
long photoperiod (LP, 16 h light/24 h) or short photoperiod (SP,
8 h light/24 h). Pups from the two groups were superficially similar
with no significant difference in birth weight. The high levels of
mt] mRNA present in the PT of these animals, were also un-
affected by the gestational photoperiod (Fig. 1). Contrastingly, we
observed a strong effect on the expression of RNA encoding TSH
pB-subunit (7SHP) mRNA expression in the neonatal PT, with el-
evated expression under LP and nearly undetectable expression in
SP (P < 0.001, Fig. 1). This observation indicates that the fetal PT
is responsive to maternal photoperiod mediated by the maternal
melatonin secretion pattern. In PO pups, T7SHr mRNA expression
was present in the MBH surrounding the base of the third ven-
tricle with no photoperiodic difference (Fig. 1), but in this region,
dio2 mRNA expression was four times higher in LP- than in SP-
gestated pups (P < 0.01). Contrastingly, in surrounding brain areas
lacking TSHr expression, we saw no effect of gestational photo-
period on deiodinase expression [dio2, subventricular zone of the
lateral ventricle: integrated optic density (IOD): LP = 157.6 =
14.6, SP = 119.8 + 13.64; dio3, amygdala: LP = 130.50 + 17.45,
SP = 127.5 + 14.85]. Because dio3 mRNA expression is barely
detectable in the MBH of PO animals, despite being clearly pre-
sent in other brain areas (Fig. 1), it is likely that maternal pho-
toperiod effects on hypothalamic TH status are initially dio2
mediated. Hence these data indicate that maternal photoperiod
acts through the maternal melatonin signal and the fetal PT to
determine dio2 status in the newborn hypothalamus.

We next examined pituitary and hypothalamic gene expression
after the first 2 wk of lactation, during which period we held litters
and nursing mothers on the same photoperiods as during gesta-
tion. This neonatal window constitutes a “dead zone” for photo-
periodic melatonin signaling because pups lose transplacental
access to the maternal melatonin signal before their own pineal
gland becomes sensitive to the photoperiodic information around
the time of weaning (8). By P15, the initial difference in dio2
expression between LP- and SP-gestated pups observed at PO had
disappeared (Fig. 1), despite TSHp expression remaining higher in
LP- compared with SP-gestated pups (P < 0.05). Conversely a
pronounced difference in dio3 mRNA appeared in this window,
with expression increasing strongly between PO and P15 in the
MBH of SP-gestated pups, but remaining low in their LP-gestated
counterparts (P < 0.01, Fig. 1). Associated with these photoperi-
odic history-dependent differences in deiodinase gene expression,
testes at P15 were more than a third heavier in relation to body
mass in LP- than in SP-gestated pups [LP gonadosomatic index
(GSI) = 0.22 + 0.01, SP GSI = 0.16 + 0.02; P < 0.05].

We next asked how maternal photoperiodic history affected
subsequent pup photoperiodic sensitivity from weaning until
puberty. Following exposure to either LP or SP from conception
to weaning 21 d after birth (P21), half of the pups from each group
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Fig. 1. Effects of maternal photoperiod exposure on brain and pituitary gene
expression in the neonatal period. Gene expression is shown at postnatal day
0 (PO, Left) and at P15 (Right). For each gene, representative images from in
situ hybridization are shown next to integrated optical density (IOD) mea-
surements. (Upper) Type 1 melatonin receptor (mt7) and thyroid stimulating
hormone subunit-f (TSHP) in the pars tuberalis; (Lower) TSH receptor (TSHr),
type 2 deiodinase (dio2) and type 3 deiodinase (dio3) in the tanycytes. Data are
mean + SEM of n = 6 individuals. Expression differs significantly between
groups. *P < 0.05, **P < 0.01, ***P < 0.001. (Scale bar, 0.5 mm.)

were transferred to intermediate photoperiod (IP, 14 h light/24 h,
giving rise to SP-IP and LP-IP groups as shown in Fig. 24), a well-
validated approach for studying photoperiodic history-dependent
effects (9, 17). The remainder continued on their gestational
photoperiods. The experiment then continued until pups reached
P50, with repeated body weight measurement and sampling for
testes weight at selected intervals.

This experiment revealed a strong history-dependent effect of IP
on somatic growth rate, which was markedly increased in SP-IP
pups compared with LP-IP pups (P < 0.001, Fig. 2B). In addition,
testicular growth was accelerated in SP-IP pups, but arrested in LP-
IP pups, and by P50, results showed markedly larger testes in the
former group, even after differences in somatic growth were taken
into account (P < 0.001 Fig. 2C). Moreover, histological exami-
nation of testes at P50 revealed clear differences (Fig. 2D), with LP
and SP-IP seminiferous tubules showing large lumen diameter and
many mature spermatids, indicative of gonadal activation, whereas
SP and LP-IP tubules had small lumens and lacked mature sper-
matids, indicative of reproductive quiescence. Testicular growth
arrest in LP-IP pups commenced within 3 d of IP exposure and
was associated with markedly reduced follicle-stimulating hor-
mone (FSH) levels relative to LP control (P < 0.05, Fig. 2E); in
contrast, the accelerating effect in SP-IP pups developed more
slowly, becoming evident between P24 and P50. Overall these data
demonstrate that gestational photoperiodic history has a large
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Fig. 2. Effects of photoperiodic history on growth and testicular develop-
ment. (A) Schematic representation of the timeline and photoperiodic con-
ditions of the experiment. Small vertical bars indicate sampling points for
tissue collection. LP = 16 h light/24 h for whole study, SP = 8 h light/24 h for
whole study. LP-IP, SP-IP = transfer to 14 h light/24 h at weaning, from LP
and SP, respectively. P, postnatal day. (B) Graph depicting offspring increase
in body mass from P24 to P50. (C) Offspring gonadosomatic index (GSI) at
P50. Data are mean + SEM of n = 12-14 individuals. (D) Hemotoxylin and
eosin-stained testis sections from P50 animals. (Scale bar, 100 pm.) (E) Serum
FSH levels following weaning. The vertical dotted line indicates the weaning
date (P21). Data are mean + SEM of n = 6 individuals. Different letters in-
dicate significant differences between groups (P < 0.05).

impact on photoperiod-dependent somatic and reproductive de-
velopment in the postweaning period.

Because photoperiodic effects in mammals are mediated by the
pineal production of melatonin, we next asked whether gestational
photoperiod affects the profile of melatonin secretion by the pups
in response to IP exposure. We implanted microdialysis probes
into the pineal gland of weaned pups, allowing individual mela-
tonin profiles to be observed in the window from P26 to P31 (Fig.
3A). As predicted, the longest melatonin profiles were seen in SP-
exposed pups (11.65 + 0.52 h), and the shortest were seen in the
LP-exposed pups (6.46 = 0.16 h), whereas those in IP pups were
intermediate, and not significantly affected by gestational history
(LP-IP: 7.71 + 0.39 h; SP-IP: 7.71 + 0.18 h). This result indicates
that gestational photoperiodic history modulates photoperiodic
sensitivity at a level beyond pineal melatonin synthesis, either in
the melatonin-responsive PT or further downstream.

To assess whether gestational photoperiodic history dependence
arises within the PT, we again looked at TSHp gene expression.
At P24, within 3 d of transfer of LP-gestated pups to IP, TSHp
levels fell by more than 50% compared with LP controls (P < 0.001,
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Fig. 3 B and C). Nevertheless, probably because of the dynamics of
TSHP RNA turnover and the highly divergent initial 7SHP values
between SP and LP, LP-IP TSHp levels remained almost two
orders of magnitude higher than in SP-IP (P < 0.01). Consistent
with this interpretation, by P50 TSHp levels in the two IP groups
had converged (P = 1, Fig. 3 B and C). This result implies that
gestational photoperiod history has a negligible impact on the
postweaning response of the PT to melatonin.

Contrastingly, we observed persistent marked effects of ges-
tational photoperiodic history on the postweaning photoperiodic
response at the level of hypothalamic deiodinase gene expres-
sion. For dio2, this difference was apparent by P24 with a dra-
matic stimulation of dio2 seen in SP-IP animals compared with
SP controls (P < 0.001)—such that levels of dio2 mRNA in this
group were also higher than in the LP control group (P < 0.01,
Fig. 3 B and C). Contrastingly, LP-IP animals at P24 had the
lowest dio2 expression levels, not significantly different from SP
control levels. This pattern was maintained until P50 (Fig. 3 B
and C). For dio3, the gestational history-dependent effect was
approximately the inverse of that seen for dio2, but the dynamic
was slower in some aspects. By P24, transfer of SP-gestated pups
to IP caused a dramatic reduction in dio3 levels compared with
SP controls (P < 0.001), but levels in LP and LP-IP animals at
P24 remained much lower at this time point (Fig. 3 B and C).
Contrastingly by P50, SP-IP animals showed the lowest dio3
expression levels, and these were an order of magnitude lower
than in LP-IP animals (P < 0.01, Fig. 3 B and C). In line with this
reciprocal control of dio2 and dio3 expression, we observed
modest changes in total T3 content in hypothalamic blocks (LP:
1.63 + 0.09 pmol/g; LP-IP: 1.41 + 0.13 pmol/g; SP-IP: 2.04 +
0.27 pmol/g; and SP: 1.78 + 0.01 pmol/g), but not in the cortex
(LP: 1.72 + 0.07; LP-IP: 1.51 + 0.08; SP-IP: 1.73 + 0.07; and SP:
1.67 + 0.36). These data, and the restricted distribution of
dio2/dio3-expressing cells (Fig. S1), imply highly localized control
of T3 levels within the developing hypothalamus.

The marked history dependence of the hypothalamic dio2/dio3
response to IP exposure, despite identical responsiveness at the
level of melatonin synthesis and the PT TSHP response, suggested
to us that sensitivity to TSH might lie at the crux of MPP. We
therefore compared the correlation between TSHP and dio2 ex-
pression in animals of SP- and LP-gestational history, at both
P24 and P50 (Fig. 3D). At P24, we observed a significant posi-
tive relationship between these two variables for both SP- (P < 0.05,
R?=0.43) and LP-gestated (P < 0.05, R? = 0.37) animals; however,
linear regression analysis yielded a slope coefficient (b) about two
orders of magnitude larger in SP-gestated animals (P < 0.01, for
comparison of b). This disparity became even more pronounced at
P50, with LP-gestated animals showing no significant relationship
between TSHP and dio2 expression (P < 0.001, R* = 0.87 for SP-
gestated animals; P = 0.14, R* = 0.20 for LP-gestated animals).

This shifting relationship between TSHp and dio2 expression as
a function of gestational photoperiod is consistent with the hy-
pothesis that photoperiodic history dependence arises as a con-
sequence of shifts in hypothalamic sensitivity to TSH. To test this
hypothesis, we injected TSH into the cerebral ventricles of LP-IP
and SP-IP pups at P50 and assessed the effect on dio2 gene ex-
pression in hypothalamic tanycytes. A TSH dose of 0.5 mIU
stimulated dio2 expression in both LP-IP and SP-IP groups
compared with the vehicle-infused controls in each photoperiod
(P < 0.05 in LP-IP; P < 0.05 in SP-IP; Fig. 4 A and B). However, a
higher dose of 1 mIU TSH further increased dio2 expression in
the SP-IP (P < 0.05), but not in the LP-IP animals (P = 1), and the
resulting level of dio2 expression was more than twofold higher in
SP-IP compared with the LP-IP animals (Fig. 4 A and B). Hence
the dio2 response to TSH stimulation saturates at a lower level
following LP exposure during gestation. This effect is not
accounted for by changing TSHr expression, because at P50 this
effect was lower in SP-gestated pups (IOD LP = 72.54 + 5.64;
SP = 48.53 + 5.32, P < 0.05). Moreover, it cannot be accounted
for by history-dependent changes in systemic T3 levels feeding
back on dio2 mRNA expression (18), because circulating T3 levels
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Fig. 3. Effects of photoperiodic history at different levels of the photope-

riodic response pathway. (A) Profiles of pineal melatonin concentrations
obtained by microdialysis. Data are mean + SEM of n = 5-7 individuals. The
shaded area represents the dark period. The time axis is specified as “zeit-
geber time”(ZT) where ZT12 is lights off. (B) Autoradiographs of TSHp, dio2,
and dio3 gene expression determined by radioactive in situ hybridization at
postnatal day 24 (P24, Left) and P50 (Right). (Scale bar, 500 pm.) (C) In-
tegrated optical density (IOD) measurements of TSHB in the pars tuberalis,
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at P50 are similar in LP, LP-IP, and SP-IP offspring (ng/mL: LP =
1.09 + 0.03; LP-IP = 0.89 + 0.11; SP-IP = 0.83 + 0.09; and SP =
1.24 + 0.09; P > 0.05). These data suggest that reduced exposure
to TSH during gestation under SP increases the intrinsic capacity
of the pup hypothalamus to respond to TSH, through mechanisms
lying downstream of 7SHr mRNA expression.

Discussion

Our data demonstrate that maternal melatonin acts via the fetal
PT to regulate levels of locally acting TSH, and this leads in turn
to modulation of TH metabolism in the hypothalamus. Because
TH is a key hormonal regulator of brain development, these data
provide a mechanistic pathway for the fetal programming effects
of maternal melatonin. Within this pathway, we show that deiodinase-
expressing tanycytes are the anatomical substrate through which
photoperiodic history dependence emerges, mediated via persis-
tent shifts in TSH sensitivity (Fig. 5).

Melatonin receptor expression in the fetal pituitary is under
tight spatiotemporal control (19), with distinctive regulation of
expression in pars distalis gonadotrophs and PT-specific thyro-
trophs (20). The former are transiently expressed in the perinatal
period and appear to directly regulate LH secretion, before es-
tablishment of descending hypothalamic control through GnRH
secretion (20). In contrast to this transitory influence of mela-
tonin, the present study defines a pathway through which mel-
atonin exerts persistent developmental effects. This pathway
starts before birth, because large photoperiodic differences in
both PT TSHP and hypothalamic dio2 expression were seen in
newborn animals, and these were associated with carry-over ef-
fects through the neonatal period before pups become autono-
mously sensitive to the photoperiod.

Although in the present study we focused primarily on the re-
productive axis, seasonal changes in hypothalamic T3 availability
are also linked to body mass change and the capacity to express
torpor (15, 21). Independent of seasonal studies, the ependymal
zone in which dio2/dio3-expressing tanycytes reside is a recognized
hypothalamic stem cell niche, implicated in maintenance of nor-
mal metabolic regulation (22). These observations lead us to
propose that the effects of MPP on T3 levels exert persistent in-
fluences on the development of hypothalamic neuronal net-
works controlling multiple aspects of metabolic physiology.
Consistent with this hypothesis, knockout of dio3 in mice affects
T3 titers in the developing arcuate and paraventricular nuclei and
leads to the appearance of a lean metabolic phenotype in later life
(23). Finally it is interesting to note that, neonatal leptin-
dependent effects on the development of metabolic regulation
appear to be mediated via leptin receptors transiently expressed in
the same ependymal region in which dio2/dio3-expressing tany-
cytes are found (24). These observations suggest that the tanycyte
region is a convergence point for different influences on the
programming of hypothalamic function in early life.

MPP does not alter circadian control of pineal melatonin
production in the offspring, because their nocturnal melatonin
peak was not affected by the gestational photoperiod. This result
mirrors the lack of history dependence in melatonin secretion
and in the acute response of the PT to melatonin in adult
mammals (25). Rather, our results support the idea that pho-
toperiodic programming arises from the downstream neuroen-
docrine interpretation of the offspring’s melatonin pattern.
Subsequent to the neonatal period, we observed persistent
maternal photoperiodic history-dependent effects on the sensi-
tivity of tanycytes to TSH. We and others have also studied the
effects of photoperiodic history on reproduction and the TSH-
DI02/DIO3 axis in adult sheep (26, 27). Here, the levels at which

and dio2/dio3 expression in the hypothalamus at P24 and P50. Data are
mean + SEM of n = 6 animals. (D) Scatterplots showing the correlations
between TSHp and dio2 expression at P24 and P50, in offspring gestated on
short photoperiod (SP and SP-IP groups) or long photoperiod (LP and LP-IP
groups). P values indicate probability that variables are independent.

PNAS | August1,2017 | vol. 114 | no.31 | 8411

PHYSIOLOGY



L T

/

1\

=y

A veh  TSHO5  TSHH1 B
mm Veh
a == TSHOS5
e = TSH1.0
o
- *kkk
= g 10
S s
N o
o 226
= o x
g 53!
; £ _‘5 =2
5 o

LP-IP SP-IP

Fig. 4. Photoperiodic history influences the response to central TSH injections.
(A) Representative images of dio2 expression in the mediobasal hypothalamic
region, detected by digoxigenin (DIG)-based in situ hybridization. Images are from
P50 offspring held on IP after gestation on LP or SP, 4 h after infusion with vehicle
(Veh) or the indicated doses of TSH in milliinternational units. (Scale bar, 100 um.)
(B) Quantitation of dio2 expression from DIG-based in situ hybridization. Data are
mean + SEM of n = 4-8 individuals. ****, significantly increased expression
compared with corresponding treatment in LP-IP animals. Within each photope-
riodic history group different superscripts are statistically different, P < 0.05.

history dependence arise differ for the spontaneous summer—autumn
reactivation of reproduction (studied by holding animals on LP for
extended periods) compared with winter—spring reproductive in-
hibition (studied by holding animals on SP for extended periods). For
the former, history-dependent effects at the level of PT TSH pro-
duction appear to be important (26, 27), whereas, for the latter,
echoing the present study, large increases in dio2 expression are as-
sociated with a slight rise in PT TSH expression (26). Similarly,
European hamsters maintained in constant LP show sustained cycles
in PT TSH and hypothalamic dio2 expression, correlated with
changes in physiological status (28). Collectively, these observations
suggest that the internal representation of calendar time (i.e., cir-
cannual timekeeping) may emerge through photoperiodic history
dependence both in the PT response to photoperiod and in the
tanycyte response to the PT. The relative importance of these effects
may vary between species and seasons, and effects at more than one
level may enhance contrast in the internal representation of spring
and autumn (Fig. 5).

Although our data exclude a change in 7SHr mRNA expres-
sion as the cause of the changing capacity of tanycytes to respond
to TSH, we observed persistent attenuation of TSHR signaling in
LP-gestated pups. The large extracellular domain of the TSHR is
subject to extensive posttranslational modification, including
glycosylation and proteolytic cleavage, and these processes are
linked to shifts in TSH sensitivity (29). Photoperiodic history-
dependent regulation of TSH sensitivity may operate through
similar mechanisms or through downstream effects on G protein-
dependent activation of the cAMP-CREB pathway linking TSHR
to transcriptional control of dio2 gene expression. In thyroid tissue,
refractoriness of the cAMP-dependent pathway to TSH-dependent
stimulation, following chronic exposure to TSH has been described
previously (30). Additionally, early life hormonal programming has
been associated with epigenetic mechanisms, involving changes in
chromatin state or DNA methylation (31). Both deiodinases are
known targets of epigenetic regulation. During muscle cell differ-
entiation, dio2 gene expression is up-regulated by histone deme-
thylation and acetylation leading to myoblast differentiation (32),
whereas dio3 sits in an imprinted locus, tightly regulated by epi-
genetic mechanisms essential for normal growth and viability (33).
In addition, it has been reported that photoperiodic information
regulates dio3 gene expression by acting upon promoter methyl-
ation in adult Siberian hamsters (34). In view of these results, we
favor a hypothesis where TSHR-mediated changes in the epige-
netic regulation of dio2 gene expression underlie the shift in TSH
sensitivity caused by the MPP effect on fetal TSH signaling. Other
PT-secreted factors acting upon tanyctes, for example neuromedin
U (35) may also contribute to this epigenetic process.
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TSH-mediated modulation of tanycyte function has emerged as
the lynchpin for seasonal neuroendocrine regulation (12, 15, 36),
reflecting the manifold actions of tanycytes as metabolic regula-
tors (37). These include actions as leptin and glucose sensors re-
laying metabolic feedback signals to the arcuate nucleus (38, 39)
and as physical barriers controlling access of blood/CSF signals to
the brain and release of hypothalamic neuropeptides to the pi-
tuitary portal system (40, 41). Hence photoperiodic history-
dependent adjustment of tanycyte sensitivity to TSH constitutes
an effective proximate mechanism to meet the ultimate evolu-
tionary drive to exploit day length as a calendar synchronizer for
annual life-history programs (Fig. 5). Defining the mechanisms
through which TSH sensitivity shifts arise and persist, and the
breadth of other maternal programming influences mediated by
tanycytes, will be important avenues for understanding how early
life environments shape metabolic physiology.

Methods

MPP Experiment. Animal experiments were approved by the Université de
Strasbourg institutional review board (Comité d'Ethique en Matiére d'Ex-
périmentation Animale de Strasbourg). Siberian hamsters were mated on LP,
before transfer of half of the pregnant females to SP (Fig. 2A). Dams and
pups remained on the same photoperiod until weaning. From weaning, half
of the animals in each litter remained on the same photoperiod and half
were transferred to IP. All sample groups contained offspring from at least

Evolutionary drivers

A Photoperiod = Pineal

Food
M
uluole|o
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B Pineal =» Pars tuberalis

TSH

¥

C Pars tuberalis = Tanycytes long Melatonin short

History-dependent
seasonal timing

Active TH

TSH

Fig. 5. Encoding of photoperiodic history dependence. (A) Environmental
conditions influencing bioenergetic status (e.g., food) follow an elliptical
history-dependent relationship to photoperiod. At a given photoperiod in
the spring (green circle), there is less food available, but favorable conditions
in prospect, compared with the corresponding photoperiod in the autumn,
when more food is available but unfavorable conditions are in prospect. This
difference between spring and autumn is the evolutionary driver for history-
dependent interpretation of photoperiod. The nocturnal melatonin signal
duration is proportional to night length regardless of history, so melatonin
signals on equivalent spring and autumn photoperiods are indistinguishable
(orange symbol). (B) The pars tuberalis transduces melatonin signal duration
into production of TSH. No history dependence was observed at this level in
the present study, but effects have been reported in other seasonal para-
digms (27, 28) and may contribute to ellipsis in the encoded response to
photoperiod. (C) Strong history dependence is seen in the hypothalamic
response to TSH, giving a history-dependent internal representation of cal-
endar time. Eq, equinox; SS, summer solstice; WS, winter solstice.
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three different litters. Animals were killed in the midlight phase and
weighed before blood sampling and harvesting of tissues.

Pineal Microdialysis. Pineal microdialysis was performed between P26 and P31
(42). Animals were allowed to recover for 3 d after implantation of dialysis
probes before dialysis perfusion. Dialysates were sampled hourly from 2 h
before lights off until 2 h after lights on. Details of cannula placement and
dialysis procedures can be found in S/ Materials and Methods.

Intracerebroventricular TSH Injection. Male offspring were implanted with guide
cannulae into the lateral ventricles at P43, and received intracerebroventricular
(ICV) injections (5 pL) of Ringer solution containing specified doses of TSH at
P50. Four hours later, animals were killed and perfused with 4% para-
formaldehyde, and brains were dissected.

In Situ Hybridization. Coronal sections (16 ym) of snap-frozen brain tissue,
covering the MBH at 160-um resolution (128 pm in PO animals) were processed
for in situ hybridization using 3°s- or digoxigenin-labeled probes (26, 28).
Details of probe labelling, hybridization and image analysis can be found in
SI Materials and Methods.
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Hormone Analysis. Plasma FSH, T3 levels, and T3 content in brain tissue blocks
were determined by radioimmunoassay (43, 44).

Testis Histology. Fixed and embedded testis samples were sectioned (5 pm) on
a microtome and stained with hematoxylin-eosin.

Statistics. Data were assessed for normality by Kolmogorov-Smirnov test, and
treatment effects were assessed by ANOVA. Post hoc comparisons were
made by Bonferroni tests. The relationship between the expression of TSHB
and dio2 was assessed by F test to determine whether slope coefficients (b)
differed between LP- and SP-gestated animals. The threshold for statistical
significance was set at P < 0.05.
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