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Early life stimuli during critical developmental time frames have been linked to increased
risk for neurodevelopmental disorders later in life. The serotonergic system of the
brain is implicated in mood disorders and is impacted by the duration of daylight,
or photoperiod. Here we sought to investigate sensitive periods of prenatal and
postnatal development for photoperiodic programming of DRN serotonin neurons,
midbrain serotonin and metabolite levels along with affective behaviors in adolescence
(P30) or adulthood (P50). To address these questions we restricted the interval of
exposure to prenatal development (E0-P0) for Long summer-like photoperiods (LD
16:8), or Short winter-like photoperiods (LD 8:16) with postnatal development and
maturation then occurring under the opposing photoperiod. Prenatal exposure alone
to Long photoperiods was sufficient to fully program increased excitability of DRN
serotonin neurons into adolescence and adulthood, similar to maintained exposure to
Long photoperiods throughout development. Interestingly, Long photoperiod exposure
can elevate serotonin and its’ corresponding metabolite levels along with reducing
affective behavior, which appear to have both pre and postnatal origins. Thus,
exposure to Long photoperiods prenatally programs increased DRN serotonin neuronal
excitability, but this step is insufficient to program serotonin signaling and affective
behavior. Continuing influence of Long photoperiods during postnatal development then
modulates serotonergic content and has protective effects for depressive-like behavior.
Photoperiodic programing of serotonin function in mice appears to be a sequential
process with programing of neuronal excitability as a first step occurring prenatally,
while programing of circuit level serotonin signaling and behavior extends into the
postnatal period.
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INTRODUCTION

Exposure to environmental factors during key
neurodevelopmental time points such as gestation and postnatal
development have been associated with increased risk for
psychiatric disorders later in life (Nestler et al., 2002; Andersen,
2015). The duration of daylight or photoperiod has been
implicated as a risk factor for neurodevelopmental disorders
(Modai et al., 1994; Castrogiovanni et al., 1998; Chotai et al.,
2003). Monoamine turnover of serotonin and dopamine is lower
during winter and fall seasons (Chotai and Adolfsson, 2002;
Lambert et al., 2002) and an interaction between candidate
genes for mood disorders and births in winter/fall seasons
has been identified, demonstrating a gene × environment
risk for these disorders (Chotai et al., 2003). Most recently,
human epidemiological work suggests that high amplitude
photoperiodic changes during the second trimester of gestation
can result in decreased risk for depression in the offspring later
in life (Devore et al., 2018). Thus, the day length or photoperiod
influences the development of affective disorders.

The serotonergic system is impacted by the duration of
daylight, and has been consistently implicated in mood disorders
(Uher and McGuffin, 2008; Ciarleglio et al., 2011b; Spindelegger
et al., 2012). A main hub for serotonin (5-HT) signaling in
the brain is the dorsal raphe nucleus (DRN) (Gaspar et al.,
2003) and abnormal serotonin signaling during prenatal and
perinatal development results in dramatic and lasting changes
in adulthood at the molecular, circuit, and behavioral levels
(Gingrich and Hen, 2001; Bennett et al., 2002; Gaspar et al., 2003;
Bonnin et al., 2011; Bonnin and Levitt, 2011). Knockout animal
models targeting molecular components of the serotonergic
system exhibit altered 5-HT neuronal development and viability
(Azmitia, 2001; Hendricks et al., 2003; Persico et al., 2003),
circuit formation and monoamine content (Bennett-Clarke et al.,
1993; Cases et al., 1995, 1996; Upton et al., 1999; Richardson-
Jones et al., 2011; Migliarini et al., 2013) and affective behaviors
(Gross et al., 2002; Holmes et al., 2002, 2003; Kalueff et al.,
2007). In addition, environmental signals during development
including photoperiod, impact monoamine content as well as
depressive-like behaviors in preclinical models of mood disorders
(Anisman and Matheson, 2005; Green et al., 2015; Qin et al.,
2015; Xu et al., 2016). Specifically, adult mice that have been
exposed both prenatally and postnatally to Long summer-like
photoperiods demonstrate increased excitability of dorsal raphe
serotonin neurons (Green et al., 2015), increased midbrain
serotonin and norepinephrine concentrations (Otsuka et al.,
2014; Goda et al., 2015; Green et al., 2015) and decreased
depressive-like and anxiety-like behaviors, compared to animals
developed and matured under Short winter-like photoperiods
(Prendergast and Nelson, 2005; Pyter and Nelson, 2006; Otsuka
et al., 2014; Green et al., 2015). Importantly, developmental
photoperiod exposure was shown to drive the increased firing
rate of dorsal raphe serotonin neurons in adulthood (Green
et al., 2015). These findings suggest that there are sensitive
periods during development during which photoperiod acts
to program the serotonergic system relevant to the pathology
of mood disorders.

In the current study we sought to evaluate when during
development do Long summer-like photoperiods impact
serotonin neuronal firing rate, midbrain serotonergic content,
and depressive and anxiety-like behaviors, as well as what stage
in maturation, adolescence or adulthood, are photoperiod
programing effects apparent. Here, we used a photoperiod
paradigm with high amplitude changes during gestation
following Devore et al., who investigated how high photoperiod
amplitudes during key prenatal periods of human development
impacted the risk for depression later in life. To test this,
we exposed mice to Long summer-like photoperiods during
gestation in utero, then exposed mice to Short winter-like
photoperiods beginning at birth and continued through
postnatal development and maturation (L-S), or exposed
mice to Short winter-like photoperiods gestationally, and then
switched mice to Long summer-like photoperiods at birth
(S-L). We assayed DRN neuronal firing rate, serotonin and
its’ metabolites, and depressive and anxiety-like behaviors at
postnatal days 30 and 50, representing early adolescence and
early adulthood, respectively, in mice (Hefner and Holmes,
2007), in order to assess for enduring effects of photoperiod
exposure during development.

MATERIALS AND METHODS

Both male and female C3Hf+/+ mice were group housed and
used for the studies. C3Hf+/+ mice were used because they
are genetically competent to synthesize the key season hormone
melatonin, unlike many mouse strains that harbor mutations in
the melatonin synthesis pathway (Ebihara et al., 1986, 1987) and
do not contain the retinal degeneration alleles present in the
parent C3H strain (Schmidt and Lolley, 1973). The experimental
paradigm is shown in Figure 1. Mice developed and were raised
under Equinox (i.e., Eq) (12 h of light 12 h of darkness), Short
(i.e., S) (8 h of light and 16 h of darkness), or Long (i.e., L) (16 h
of light and 8 h of darkness) photoperiods. For sensitive period
experiments, animals developed under either Long photoperiods
from embryonic day 0 (E0) and were switched at birth to Short
photoperiods (i.e., L-S, postnatal day 0 = P0) or developed
under Short photoperiods from E0 and were switched at birth
to Long photoperiods (i.e., S-L). Experiments were performed
at two different developmental time points: P30 (ranging from
P30 to P40) and at P50 (ranging from P50 to P90) and were
conducted near the midday of each light cycle. The light intensity
for each light cycle was measured at ∼1,000 lux. All experiments
performed were in accordance with the Vanderbilt University
Institutional Animal Care and Use Committee and National
Institutes of Health guidelines.

Multielectrode Array
Electrophysiological Recording
Mouse brains (n = 4–7 per experimental group) were collected
near the midday of each light cycle and placed in cold,
oxygenated (95%O2–5%CO2) dissecting media (in mM: 114.5
NaCl, 3.5 KCl, 1 NaH2PO4, 1.3 MgSO4, 2.5 CaCl2, 10 D(+)-
glucose, and 35.7 NaCHO3). 300 µm thick coronal slices
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FIGURE 1 | Schematic of developmental photoperiod paradigm. Animals
were maintained on Equinox (Eq) (A), Long (L) (B), or Short (S) (C)
photoperiods from E0 to P30 or P50. One cohort of animals developed from
E0 under Long photoperiods and were switched to Short photoperiods (L-S)
at birth (P0) (D). Another cohort of animals were developed from E0 under
Short photoperiods and were switched to a Long photoperiod at birth (S-L)
(E). Experiments were performed at two different time points: P30 (i) or P50
(ii). Photoperiods were defined as follows: Equinox, LD 12:12; Long, LD 16:8;
Short, LD 8:16 where L, light; D, dark (i.e., LD 8:16 means Light for 8 h,
Dark for 16 h).

were taken between −5.5 and −5.75 mm from Bregma using
a Vibrotome (Leica Biosystems). DRN tissue was isolated
and then placed into room temperature, oxygenated (95%O2–
5%CO2), extracellular recording media (in mM: 124 NaCl, 3.5
KCl, 1 NaH2PO4, 1.3 MgSO4, 2.5 CaCl2, 10 D(+)-glucose,
and 26 NaHCO3).

Dorsal raphe nucleus slices of 300 micron thickness were
placed on multi electrode arrays, electrophysiology harps were
used to restrain DRN slices and 40 µM tryptophan and
3 µM phenylephrine were added to the recording solution
and perfused at a rate of 1.3 mL/min over the DRN slice
once the recording began. 8OH-DPAT, at a concentration of
1 µM, was used to identify dorsal raphe 5-HT neurons by
eliciting 5-HT1a-mediated suppression of spontaneous firing
rate and was perfused at a rate of 1.3 mL/min over the slice
for 5–6 min following 4–5 min of recording with recording
solution. 6 × 10 perforated arrays (Multi Channel Systems)
were utilized to measure 5-HT neuronal firing rate in the
ventromedial portion of the dorsal raphe nucleus. The diameter
of the electrodes were 30 microns with 100 micron spacing
in between each electrode resulting in the electrodes covering
an area of 1200 microns below the cerebral aqueduct and 340
microns laterally on each side covering a total of 680 micron
width (Supplementary Figure S1).

Monoamine Analysis
Mouse mid-brains (n = 12–14 per group) were removed near
midday and midbrain sections were dissected with clean razor
blades. 1.5 mm biopsy punches (Integra Miltex) were used
to target the dorsal raphe region from these sections and
the tissue was placed in 1.5 mL tubes and then frozen in
liquid nitrogen. Biogenic amine analysis was performed in the
Vanderbilt Neurochemistry Core Laboratory. Briefly, samples
were stored at −80◦C, then the tissue was homogenized with
a tissue dismembrator, in 100–750 µl of 0.1 M TCA. This
contained 10–2 M sodium acetate, 10–4 M EDTA, 5ng/mL
isoproterenol (as internal standard) and 10.5% methanol (pH
3.8). Samples were then spun in a microcentrifuge at 10000×g
for 20 min with the supernatant being removed and stored
at –80◦C and the pellet were saved for protein analysis.
Supernatant was then thawed and spun for 20 min and the
samples of the supernatant were analyzed for biogenic amines.
These amines were determined by a specific HPLC assay
utilizing an Antec Decade II (oxidation: 0.4) (3 mm GC WE,
HYREF) electrochemical detector operated at 33◦C. Twenty
µl samples of the supernatant were injected using a Water
2707 autosampler onto a Phenomenex Kintex (2.6u, 100A)
C18 HPLC column (100 × 4.60 mm), biogenic amines were
eluted with a mobile phase consisting of 89.5% 0.1 M TCA,
10–2 M sodium acetate, 10-4 M EDTA and 10.5% methanol
(pH 3.8) and the solvent was then delivered at 0.6 mL/min
using a Waters 515 HPLC pump. Utilizing this HPLC solvent
the following biogenic amines eluted were: Noradrenaline,
Adrenaline, DOPAC, Dopamine, 5-HIAA, HVA, 5-HT, and 3-
MT and HPLC control and data acquisition were managed by
Empower software. Methods were the same as those previously
published (Green et al., 2015).
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Behavioral Testing
Mice (n = 14–23 per group) were group housed and transferred
from the housing facility to light tight boxes housed in the
Vanderbilt Murine Neurobehavioral Core. Mice acclimated for
1 week in the new facility and then behavior on the open field
test was assessed followed by the tail suspension test with each
test conducted on successive days. All animals were tested in the
middle of their light phase (1030–1500) and only two groups
(L-S at P50 and Eq at P30) started earlier at 0930 and 1000,
respectively, for the open field test due to scheduling constraints
in the Vanderbilt Neurobehavioral Core. Mice underwent one test
daily and did not perform the same test more than once. Pseudo-
randomization in the order of testing did not occur and male
mice were tested before female mice. Therefore, all the male mice
in one cage were tested in succession and once every male mouse
was run through the behavioral task then the cages of female
mice were tested. Mice acclimated in the testing rooms for at least
30 min prior to each test.

Open Field Test
Locomotor activity was measured in an open field chamber
measuring 27 cm× 27 cm, with light intensities ranging between
50 and 135 lux across all chambers during the 60-min test period.
Thigmotaxis represented the amount of time spent in the outer
area of the chamber, which was defined as the area 4.25 cm from
the wall and represents 50% of the total chamber area. Total
thigmotaxis was measured during the 60-min test in 5-min blocks
and was calculated from all 12 blocks within 60 min of testing.
Data was obtained with (Med Associates Inc., St. Albans, VT,
United States) open field software.

Tail Suspension Test
Each mouse had its’ tail taped to a force meter and was suspended
for entirety of the 6-min test. Total time spent immobile was
measured through the force meter with a threshold of 7 (arbitrary
units) and gain of 8 (arbitrary units) as the limit for struggling.
Total time spent immobile was calculated throughout the 6 min
test in 1 min blocks. Data was obtained with Med Associates
Inc., tail suspension software and testing occurred under normal
lighting conditions.

Statistical Analysis
Electrophysiology Experiments
A Bessel filter with a 150 Hz frequency cut off was applied to raw
data traces in Offline Sorter (Plexon Inc.). Detection threshold
was manually set to include all spikes as well as the least amount
of unipolar noise, which ranged from 13 to 35 µV. After detection
of spikes occurred, these were then sorted by a K means scan
method. The K means scan divided spikes into groups based
on amplitude, power under the curve and spike duration and
then manual verification was used to further identify legitimate
spikes. Waveforms were sorted into groups, determined to be
biologically relevant and were then validated by eye and spikes
that did not fit the average waveform shape were then excluded
from analysis. The total number of spikes was calculated during
the recording before the application of 8-OH-DPAT. The number

of spikes was then divided by the total time when those spikes
occurred during the application of slice solution resulting in a
measure of spikes per second. 8-OH-DPAT was applied to the
recording solution for 5–6 min in order to determine and identify
5-HT neurons via feedback inhibition. Cells that demonstrated
at least 50% suppression in the spike rate during 8-OH-DPAT
application were then included in our analyses. Spontaneous
firing rate data used for Eq (n = 6 mice, 92 cells), Short (n = 6
mice, 70 cells) and Long (n = 6 mice, 153 cells) groups at P50
were previously published in Green et al., 2015 Curr Biology.

Monoamine Concentration and Behavior Experiments
Prism 7 (Graphpad Software Inc., La Jolla, CA, United States)
was used for all statistical analyses. Statistical significance
was determined by two-way ANOVAs with a p-value less
than 0.05 considered significant, all post hoc analysis Holm-
Sidak’s multiple comparison tests were performed and standard
error of the mean was used for all experiments unless
otherwise specified. D’Agostino and Pearson normality tests
were used and any mouse that was outside the normal
distribution for any test was excluded from analysis (Tatem
et al., 2014) and final group sizes are described in the
Supplementary Methods.

RESULTS

Prenatal Long Photoperiod Exposure
Programs 5-HT Neuron Excitability
To test for the lasting effects of prenatal photoperiod exposure
on DRN serotonin neuron activity, mice were maintained on
Long photoperiods from E0 to birth (P0) and then transferred
to Short photoperiods until electrophysiological assays were
performed at P30 or P50 (L-S cohort, Figure 1D), or exposed
to Short photoperiods during gestation and transferred to Long
photoperiods at birth and maintained there until assayed at P30
or P50 (S-L cohort, Figure 1E). Mice maintained on Equinox
photoperiods from E0 to P30 or P50 served as controls (Eq
cohort, Figure 1A). Lastly, we also evaluated the effects on DRN
5-HT neuronal firing rate for exposures to Long (L, Figure 1B)
or Short (S, Figure 1C) photoperiods throughout gestation,
postnatal development, and maturation.

Intriguingly, the 5-HT neuron firing rate from adult animals
(P50) exposed to Long photoperiods only during gestation
(L-S) was comparable to those exposed continuously to Long
photoperiods throughout gestation, postnatal development,
and maturation; both of which were significantly elevated
compared to those exposed continuously to Short photoperiods
throughout gestation, postnatal development, and maturation
(Figure 2B). This further suggests that exposure to Long
photoperiods during gestation is sufficient to program
elevated DRN 5-HT neuron excitability into adulthood. In
contrast, the 5-HT neuronal firing rate for animals exposed
to Short photoperiods only during gestation (S-L) exhibited
an intermediate effect. These spike rates were not statistically
distinguishable, when using Holm-Sidak’s multiple comparison
tests, from those exposed to Short photoperiods or to Long
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FIGURE 2 | Long prenatal photoperiod programs lasting changes in firing rate of dorsal raphe serotonin (5-HT) neurons. (A) Analysis of 5-HT neuronal firing rate
across photoperiods at P30, (B) at P50 and (C) within photoperiods during the P30 and P50 time points. Eq, equinox photoperiod; S, short photoperiod; L, long
photoperiod; L-S, animals switched from a Long to Short photoperiod at birth and S-L represents animals switched from a Short to Long photoperiod at birth. The
significant levels are as follows: (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001) using Holm-Sidak’s multiple comparison tests. At P30 we observed DRN
firing rates for the following groups: Eq = 1.36 Hz +/– 0.16, n = 4 mice, 35 cells; L = 1.79 Hz +/– 0.12, n = 6 mice, 59 cells; S = 1.54 Hz +/– 0.17, n = 6 mice; 84
cells; L-S = 1.86 Hz +/– 0.11, n = 6 mice, 80 cells; S-L = 1.74 Hz +/– 0.08, n = 5 mice, 112 cells. In addition, at the P50 time point 5-HT neuronal firing rates were
observed as: Eq = 0.83Hz +/– 0.06, n = 6 mice, 92 cells; L = 1.24 +/– 0.096, n = 6 mice, 153 cells; S = 0.68 Hz +/– 0.04, n = 6 mice, 70 cells; L-S = 1.18 Hz +/–
0.08, n = 5 mice, 30 cells; and S-L = 0.99 Hz +/– 0.08, n = 7 mice, 57 cells. Data used for the Eq, S, and L groups at the P50 time point were previously published
in Green et al., 2015 Curr Biology.

photoperiods throughout gestation, postnatal development,
and maturation (L vs. S-L, p = 0.2914, S vs. S-L, p = 0.1833,
Figure 2B) suggesting that gestational exposure to Short
photoperiods may prolong the sensitive period for programing
excitability into early postnatal development. Utilizing a
two-way ANOVA, a significant main effect of photoperiod
(p < 0.0001; F(4, 47) = 7.921) and a significant main effect
of age (p < 0.0001; F(1, 47) = 105.1) were found. At the
P30 time point, using Holm-Sidak’s multiple comparison
tests, significant differences were observed between L-S
and Eq (p = 0.0252) photoperiods and a trend level effect
was found between L and Eq (p = 0.0782) conditions
(Figure 2A). In addition, at the P50 time point there were
significant differences between the L-S and S (p = 0.0153)
photoperiods and significant differences between L and
Eq (p = 0.0459) and L and S (p = 0.0028) conditions
(Figure 2B). Lastly, there were significant overall age
effects with DRN 5-HT neuron firing rate increased at the
P30 compared to the P50 time point. Significant age effect
differences were observed for Eq (p = 0.0018), S (p < 0.0001),

L (p = 0.0007), L-S (p < 0.0001), and S-L (p < 0.0001)
photoperiods (Figure 2C).

Long Pre and Postnatal Photoperiod
Impacts Midbrain Serotonergic Content
Our electrophysiology findings demonstrated that photoperiodic
programming of DRN 5-HT neuron excitability can occur
prenatally in response to Long photoperiods. We next focused
on whether there was also a sensitive period for 5-HT content
in the midbrain utilizing Equinox (Figure 1A), L-S (Figure 1D)
and S-L (Figure 1E) photoperiod groups assayed at the P30
and P50 time points. Utilizing a two-way ANOVA, a significant
main effect of photoperiod (p = 0.0053; F(2, 69) = 5.661)
and a non-significant main effect of age (p = 0.9187; F(1,
69) = 0.0105) were observed (Figure 3C). At P50, significant
increases in 5-HIAA, were observed for animals exposed to Long
photoperiods postnatally (S-L vs. Eq, p = 0.0065; S-L vs. L-S,
p = 0.0422) (Figure 3B). At P30, no significant effects were found
(Figure 3A). Interestingly, we found evidence for both prenatal
and postnatal programing of serotonin signaling in the midbrain.
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FIGURE 3 | Postnatal Long photoperiod exposures result in lasting changes in 5-hydroxyindoleacetic Acid (5-HIAA) concentration. (A) Analysis of 5-HIAA content
across photoperiods at P30, (B) at P50 and (C) within photoperiods during the P30 and P50 time points. The significance levels are as follows: (∗p < 0.05,
∗∗p < 0.01) using Holm-Sidak’s multiple comparison tests.

A significant main effect of photoperiod (p = 0.0082; F(2,
69) = 5.157) and a non-significant main effect of age (p = 0.2257;
F(1, 69) = 1.495) were found by two-way ANOVA (Figure 4C).
In adolescence (P30), Holm-Sidak’s multiple comparison tests
revealed that 5-HT levels were significantly elevated in animals
that were exposed to Long photoperiods gestationally (L-S vs.
Eq, p = 0.0229), with a trend level increase in 5-HT levels
in animals exposed to Long photoperiods after birth (S-L vs.
Eq, p = 0.0715) (Figure 4A). In adulthood (P50), there were
trend level increases for 5-HT in animals exposed to Long
photoperiods postnatally (S-L vs. Eq, p = 0.0678, S-L vs. L-S,
p = 0.0781), however, these values did not reach statistical
significance (Figure 4B).

Long Postnatal Photoperiod Exposure
Results in Changes to Affective
Behaviors
Having examined the prenatal programing of 5-HT neuron
excitability, and the pre- and postnatal effects on midbrain
serotonergic signaling, we next investigated the sensitive periods
for photoperiodic effects on depressive and anxiety-like behaviors
using the tail suspension test (TST) and the open field
test (OFT), respectively. Overall, it was found that animals
exposed to Long photoperiods postnatally demonstrate decreased
depressive-like behavior in adulthood (Figure 5B) with these

findings being driven by age (Figure 5C) and sex dependent
effects (Supplementary Figure S2). A significant main effect of
photoperiod (p = 0.0287; F(2, 94) = 3.688) and a significant
main effect of age (p < 0.0001; F(1, 94) = 42.47) were
found in the TST when evaluating the total time spent
immobile. No significant effects were observed for P30 animals
(Figure 5A). Adult animals (P50) that had been exposed to
Long photoperiods after birth demonstrated less immobility
than those that were exposed to Long photoperiods prior to
birth (S-L vs. L-S, p = 0.0474) (Figure 5B). Lastly, time spent
immobile was greater at P30 vs. P50 with significant age effects
observed in post hoc tests for all groups (Eq, p = 0.0014;
L-S, p = 0.0014; S-L, p < 0.0001) (Figure 5C). In addition,
we found that postnatal photoperiod can impact anxiety-like
behavior (Supplementary Figure S3). It was found that total
thigmotaxis (i.e., time spent in the surround) was decreased
for animals exposed to Long photoperiods during postnatal
development. Using a two-way ANOVA, a significant main
effect of photoperiod (p = 0.0114; F(2, 94) = 4.696) and a
significant main effect of age (p < 0.0001; F(1, 94) = 16.73)
were found when measuring total thigmotaxis (Supplementary
Figure S3C). In addition, Long photoperiod exposure during
postnatal development (S-L) resulted in trend level decreases of
thigmotaxis, in adolescence (P30) (Supplementary Figure S3A)
and in adulthood (P50) (Supplementary Figure S3B). Significant
age effects again were observed with adolescent (P30) animals
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FIGURE 4 | Pre and Postnatal Long photoperiod exposures impact serotonin (5-HT) concentration during development. (A) Analysis of 5-HT content across
photoperiods at P30, (B) at P50, and (C) within photoperiods during the P30 and P50 time points. The significance levels are as follows: (∗p < 0.05) using
Holm-Sidak’s multiple comparison tests. C) When evaluating 5-HT levels within photoperiod, significant differences were observed between the P30 and P50 time
points for the L-S photoperiod (p = 0.0433).

demonstrating increased total thigmotaxis compared to adult
(P50) mice (Supplementary Figure S3C).

DISCUSSION

In this study we evaluated the effects of photoperiod exposure
during prenatal and postnatal development on dorsal raphe
serotonin neuron firing rate, midbrain serotonin signaling
and depressive and anxiety-like behavior during stages of
maturation representing adolescence and early adulthood
in mice. Remarkably, we found that photoperiodic exposure
during gestation in utero alone is sufficient to program
the firing rate of serotonin neurons through adolescence
and adulthood. Exposure to Long photoperiods limited to
prenatal development programmed DRN neuron excitability
equivalent to continuous exposure to Long photoperiods
throughout development and maturation. Interestingly, prenatal
exposure to Short photoperiods followed by exposure to
Long photoperiods beginning at birth also increased the
firing rate of serotonin neurons later in life. Taken together
these results indicate that Long photoperiods experienced
prenatally can program serotonin neurophysiology in an
enduring fashion, and suggest that prenatal Short photoperiods

may also extend the sensitive period for 5-HT neuron
photoperiodic programing into the postnatal interval in
mice (Figure 6A).

Our electrophysiology results also indicate photoperiod-
independent changes in excitability of 5-HT dorsal raphe neurons
as they mature from early adolescence to adulthood (Figure 6B).
To this point, regardless of prior photoperiod, the firing rate
of dorsal raphe serotonin neurons was substantially higher at
P30 compared to P50 ages representing early adolescence and
early adulthood, respectively, in mice (Hefner and Holmes,
2007). The elevated overall firing rate at P30 likely reflects
a maturing state of the serotonergic system, consonant with
observed changes in receptor sensitivity and 5-HT neuronal
morphological development observed at that time (Rood et al.,
2014). In addition, it has been shown that perinatal photoperiod
can impact the suprachiasmatic nucleus (SCN) and circadian
system (Ciarleglio et al., 2011a). Therefore, these changes in
dorsal raphe 5-HT neuronal firing rate may be due to differential
developmental photoperiod effects upstream of the DRN in the
suprachiasmatic nucleus. Interestingly, the relative differences in
excitability driven by prior photoperiods are expressed at both
P30 and P50 suggesting that they are set in motion earlier.

While Long photoperiod exposure programs 5-HT neuron
excitability prenatally, the increase in neuron excitability itself
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FIGURE 5 | Postnatal Long photoperiod reduces depressive-like behavior in adulthood utilizing the tail suspension test. (A) Analysis of total time spent immobile
across photoperiods at P30, (B) at P50, and (C) within photoperiods during the P30 and P50 time points. The significance levels are as follows: (∗p < 0.05,
∗∗p < 0.01, ∗∗∗∗p < 0.0001) using Holm-Sidak’s multiple comparison tests.

does not appear sufficient to fully program serotonin and 5-HIAA
content. For example, mice exposed to Long photoperiods
prenatally exhibit increased midbrain 5-HT levels in adolescence,
but this does not carry through to adulthood, suggesting
the necessity of a second “hit” by photoperiod postnatally to
comprehensibly program serotonin circuit function. Likewise,
postnatal exposure to Long photoperiods demonstrated only
trend level increases in 5-HT at P30 and P50, a reduced
effect compared to mice maintained on Long photoperiods
throughout gestation, development and maturation (Green et al.,
2015). Interestingly, 5-HIAA content was elevated for animals
exposed to Long photoperiods postnatally by adulthood. Thus,
midbrain serotonergic content appears to be programmed
by sequential action first requiring prenatal programing of
serotonin neuron excitability and then a second component
of postnatal photoperiod exposure. These findings suggest that
prenatal sensitive periods exist for sequential programming of the
serotonin system and that photoperiod may then influence circuit
level changes during postnatal development.

Recent epidemiological data indicates that the life-time risk
of depression may be reduced by high amplitude changes in
photoperiod during human gestation (Devore et al., 2018). Thus
our current study focused on the developmental intervals during
which high amplitude swings in photoperiod may program
the serotonin system in mice as a potential model for the
human findings. Future studies could extend this paradigm using
different photoperiodic amplitudes (e.g., Long to Equinox) to
examine explicitly the role of amplitude as well as timing in
5-HT programming.

We investigated when in development does exposure to Long
photoperiods impact mood-related behavior later in life. Prior
studies have demonstrated relationships between monoamine
content in the striatum, hippocampus and frontal/cerebral cortex
and depressive-like behavior utilizing the tail suspension test
(Rodrigues et al., 2002; Cryan et al., 2004, 2005). Mice exposed
to Long photoperiods postnatally exhibit reduced depressive-like
behavior in the tail suspension test compared to mice exposed to
Long photoperiods prenatally and Equinox mice. However, this
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FIGURE 6 | Sensitive periods impacted by Long photoperiod exposures and age related changes throughout development. (A) Long photoperiods program DRN
5-HT neuronal firing primarily during prenatal development, whereas exposure to Short photoperiods in gestation may extend this sensitive period into the early
postnatal period. In addition, Long photoperiod exposures have both pre and postnatal origins impacting midbrain serotonergic content and affective behaviors later
in life. (B) Age effects independent of photoperiod were observed in which adolescent (P30) mice demonstrated increased 5-HT neuronal firing rate in the DRN, no
difference in 5-HT or 5-HIAA midbrain content and elevated levels of anxiety and depressive-like behavior compared to adult (P50) animals.

group showed only trend level effects for reduction of anxiety-like
behavior in the OFT, which was a reduced effect compared to our
previous study of photoperiodic programing throughout prenatal
and postnatal development (Green et al., 2015). This suggests that
for full photoperiod programing of anxiety-like behavior prenatal
exposure to Long photoperiod and the initial programing of
serotonin neuron excitability is necessary.

Based on our results, photoperiod impacts serotonin neuron
excitability, serotonin signaling and affective behavior during
different developmental time windows in mice (Figure 6A). DRN
neuronal firing rate is programmed mainly prenatally, while
photoperiodic effects on serotonergic content and behavior have
both pre and postnatal origins. This suggests that photoperiodic
programming proceeds in a sequence, with programming of
5-HT neuronal excitability as the earliest step, followed by
additional changes in the brain circuits mediating affective
behaviors occurring later, in part, as a consequence of the
altered 5-HT neuron excitability. In our study we observed that
Long summer-like photoperiods consistently modulate serotonin
function by elevating 5-HT neuronal firing rate and serotonergic
content, and can be protective for mood-related behavior later
in life. Only one other recent study has evaluated the effects of
prenatal exposure alone to either Long or Short photoperiods and
demonstrated that photoperiod does not impact sensorimotor
gating via pre-pulse inhibition in adulthood (Takai et al., 2018),
highlighting the need for future studies to evaluate the impact of
photoperiod on behavior throughout development.

These differential sensitive periods for programming of 5-
HT neuron excitability, for serotonergic signaling, and behavior
were evaluated with our experimental paradigm in which animals
were exposed to conflicting photoperiods before and after
birth. This artificial manipulation of photoperiod is useful to
investigate developmentally sensitive periods, however, in natural
circumstances we would expect that the photoperiod experienced

both prenatally and in early postnatal development would
essentially be the same, given the brief intervals for gestation and
maturation in mice compared to the rates of real world seasonal
change. Thus, developing mice that experienced Long summer-
like photoperiods in gestation would likely also experience
Long photoperiods in early postnatal development. Therefore,
the prenatal Long photoperiod programing of increased 5-HT
neuron excitability observed in our L-S group, and the Long
photoperiod postnatal effects of increased serotonin and 5-
HIAA content along with reduced affective behaviors observed
in our S-L group, would, in nature, normally proceed in
sequence, resulting in positive concerted changes in neuronal
activity, monoamines and affective behaviors. Indeed, this was
previously observed when Long and Short photoperiod exposures
spanned gestation, postnatal development and maturation
(Green et al., 2015).

Mechanistically, increases in 5-HT neuronal firing rate may
result in an increased demand for 5-HT synthesis in 5-HT
neurons, which then manifests as increases of monoamine
content in the midbrain. Our findings of differences in the
time windows for programming between electrophysiology and
serotonergic signaling along with behavior suggest roles for
circuit level changes that will be of interest to address in
the future. While we have investigated neuronal firing rate
in the DRN, it will be critical to evaluate potential effects in
connected brain regions downstream of the DRN such as the
nucleus accumbens, ventral tegmental area and prefrontal cortex,
which have also been consistently implicated in mood-related
disorders (Krishnan and Nestler, 2008; Warden et al., 2012;
Dölen et al., 2013).

In addition, melatonin signaling may be critical for the
timing of programming. Previous work has shown that
photoperiodic programing of DRN serotonin neurons during
perinatal development is dependent on melatonin signaling
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through the MT1 melatonin receptor (Green et al., 2015).
Interestingly, it has been demonstrated that prenatal melatonin
signaling programs the rate of sexual maturation in male hamster
pups in adolescence according to the photoperiod experienced
in utero (Weaver et al., 1987) suggesting that photoperiodic
programming of that system may be due to in utero maternal-
fetal melatonin signaling (Weaver et al., 1987; Goldman, 2003).
While melatonin receptors have not been demonstrated in the
mouse dorsal raphe nucleus, melatonin receptors are present in
the suprachiasmatic nucleus (SCN) in rodents as early as E18
in development (Davis, 1997) and the SCN is upstream of and
indirectly projects to the dorsal raphe nucleus (Ciarleglio et al.,
2011b). Therefore, it is plausible that the photoperiodic changes
in DRN physiology during prenatal and perinatal development
may be due to maternal-fetal melatonin signaling to the SCN,
with projections to the DRN potentially driving the observed 5-
HT neural changes. To this point, perinatal photoperiod has been
shown to have enduring effects on the rhythmic properties of the
SCN clock (Ciarleglio et al., 2011a). Future studies will need to
be performed to more fully elucidate the neural underpinnings of
these photoperiodic effects.

The prenatal programming of DRN 5-HT neurons via Long
photoperiodic exposure we have observed here is likely due
at least in part to maternal-fetal signaling, given the key
involvement of melatonin, which is not synthesized by pups
in utero or rhythmic in the early postnatal period (Tamarkin
et al., 1980; Yellon et al., 1985; Davis, 1997; Goldman, 2003).
Studies have demonstrated that the fetal brain is informed
of and shaped by maternal signals indicating specific aspects
of the expected neonatal environment, in particular, resources
[maternal nutrition (Palmer et al., 2008; Bale et al., 2010)
and stress (Schneider et al., 1999; Weinstock, 2001; Van den
Bergh et al., 2005; Seckl and Holmes, 2007)]. Our results
suggest that the fetal brain is also informed of and shaped
by the external photoperiod, which may be another proxy
for expected resources, with Long summer-like photoperiods
indicating plentiful resources. In this case, biasing behaviors
toward active exploration during early life, while biasing toward
passive coping and conservation in resource limited Short
winter-like photoperiods, may have advantages. Importantly, the
effects of photoperiod in humans during maternal pregnancy
and the risk for depression are just beginning to be evaluated
(Devore et al., 2018). In this human epidemiological study it was
demonstrated that photoperiodic exposure specifically during
the second trimester of birth can result in a 13% reduction in
the odds of depression for the offspring later in life (Devore
et al., 2018). Thus, clinical evidence is beginning to demonstrate
the photoperiodic effects during maternal pregnancy and the
potential enduring effects this has for depression risk in the
offspring in adulthood.

Our animal model may also provide valuable insight into
photoperiodic mechanisms influencing affective disorders.
Clinically, the incidence of mood disorders, specifically
depression, is increased in early adolescence compared to
early adulthood (National Institute of Mental Health [NIMH],
2015a,b), higher rates for depression have been observed
in women compared to men (National Institute of Mental

Health [NIMH], 2015b) and the prevalence for depression
is highest in females during early adolescence with rates
occurring at almost 20% (National Institute of Mental Health
[NIMH], 2015a). In our study, depressive-like behavior was
significantly elevated during adolescence in mice (P30),
dramatically decreased in adulthood (P50) (Figure 5C), and
showed a female bias (Supplementary Figure S2). Behavioral
differences between photoperiods remained consistent across
the developmental time points suggesting that early adolescence
may be a susceptible time point in which depressive-like
behaviors may be elevated in mice (McCormick and Green,
2013), as age dependent changes in mood related behaviors
have been reported in mice (Hefner and Holmes, 2007;
Mitchell et al., 2015). While drawing parallels between basic
science and clinical studies has limits, the current findings
can be further investigated to gain better understanding
into the interplay between developmental photoperiod and
the pathophysiology for mood disorders. In addition, these
findings as well as recent human epidemiological work may
suggest that light therapy during pregnancy could be a novel
intervention with potential clinical impact in the development of
affective disorders.

Overall, we suggest that serotonin function may be
programmed by photoperiod sequentially, with differential
sensitive periods for neuronal excitability, serotonergic signaling
and behavioral outputs. Prenatal photoperiod can program
dorsal raphe serotonin neuron excitability in an enduring
fashion, while photoperiodic effects on midbrain serotonin
levels and its’ metabolites, along with depressive and anxiety-
like behaviors, requires additional postnatal photoperiod
exposure, as would occur in natural circumstances. Importantly,
Long photoperiod exposures during key sensitive periods in
prenatal development program the DRN serotonin neurons
initially and therefore may impact the development of affective
disorders later in life. Evaluating environmental effects such
as photoperiod during sensitive time periods throughout
development may therefore provide critical insights into
the underlying mechanisms and potential novel therapeutic
treatments for mood-related disorders.

CONTRIBUTION ON THE FIELD
STATEMENT

Photoperiod or the duration of daylight directly impacts
the serotonin system and has been consistently implicated
in mood disorders. Rodent studies have shown that Long
summer-like photoperiods experienced throughout development
result in increased serotonin neuronal firing rates, elevated
midbrain monoamine concentrations and decreased anxiety
and depressive-like behavior. Importantly, recent human
epidemiological work has demonstrated that high amplitude
photoperiodic changes (i.e., large seasonal light transitions)
experienced during the second trimester of pregnancy can result
in a significant decrease in the risk of depression for the offspring
later in life. We have now built upon these findings utilizing a
mouse model that is melatonin-competent and a photoperiod
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paradigm of high amplitude changes to evaluate if photoperiods
experienced either in prenatal or postnatal development
impact dorsal raphe serotonin neurophysiology, signaling, and
affective behavior in adolescence and adulthood. Remarkably,
we found that Long photoperiods experienced during prenatal
development can program adult serotonin neuron firing rate
whereas Long photoperiods experienced mainly postnatally
impact serotonin signaling and mood-related behaviors later in
life. We suggest that photoperiodic programming may occur in
sequential steps with serotonin neuronal programming occurring
prenatally and with this step needed for full programming of
circuit and behavioral-level changes occurring mainly during
postnatal development.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

All experiments performed were in accordance with the
Vanderbilt University Institutional Animal Care and Use
Committee and National Institutes of Health guidelines.

AUTHOR CONTRIBUTIONS

JS, NG, and NR conducted the experiments. JS, NG, and DM
designed the experiments. JS and DM wrote the manuscript.

FUNDING

This research was supported by National Institutes of Health
Grants NIH R01 MH108562 (DM), 5T32MH018921-24:
Development of Psychopathology: From Brain and Behavioral
Science to Intervention (JS), 1P50MH096972 from the Vanderbilt
University Silvio O. Conte Center and the Vanderbilt University
Conte Center Pilot Project (JS). The Vanderbilt Neurochemistry
Core is supported by the EKS NICHD of the NIH under award
U54HD083211. Behavioral experiments and data analysis were
performed in part through the use of the Murine Neurobehavior
Core lab at the Vanderbilt University Medical Center supported
by the EKS NICHD of the NIH under Award #U54HD083211.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2019.00459/full#supplementary-material

REFERENCES
Andersen, S. L. (2015). Exposure to early adversity: points of cross-species

translation that can lead to improved understanding of depression. Dev.
Psychopathol. 27, 477–491. doi: 10.1017/S0954579415000103

Anisman, H., and Matheson, K. (2005). Stress, depression, and anhedonia: caveats
concerning animal models. Neurosci. Biobehav. Rev. 29, 525–546. doi: 10.1016/
j.neubiorev.2005.03.007

Azmitia, E. C. (2001). Modern views on an ancient chemical: serotonin effects
on cell proliferation, maturation, and apoptosis. Brain Res. Bull. 56, 413–424.
doi: 10.1016/s0361-9230(01)00614-1

Bale, T. L., Baram, T. Z., Brown, A. S., Goldstein, J. M., Insel, T. R., McCarthy,
M. M., et al. (2010). Early life programming and neurodevelopmental disorders.
Biol. Psychiatry 68, 314–319. doi: 10.1016/j.biopsych.2010.05.028

Bennett, A. J., Lesch, K. P., Heils, A., Long, J. C., Lorenz, J. G., Shoaf, S. E., et al.
(2002). Early experience and serotonin transporter gene variation interact to
influence primate CNS function. Mol. Psychiatry 7:118. doi: 10.1038/sj.mp.
4000949

Bennett-Clarke, C. A., Leslie, M. J., Chiaia, N. L., and Rhoades, R. W. (1993).
Serotonin 1B receptors in the developing somatosensory and visual cortices
are located on thalamocortical axons. Proc. Natl. Acad. Sci. U.S.A. 90, 153–157.
doi: 10.1073/pnas.90.1.153

Bonnin, A., Goeden, N., Chen, K., Wilson, M. L., King, J., Shih, J. C., et al. (2011).
A transient placental source of serotonin for the fetal forebrain. Nature 472,
347–350. doi: 10.1038/nature09972

Bonnin, A., and Levitt, P. (2011). Fetal, maternal, and placental sources
of serotonin and new implications for developmental programming
of the brain. Neuroscience 197, 1–7. doi: 10.1016/j.neuroscience.2011.
10.005

Cases, O., Seif, I., Grimsby, J., Gaspar, P., Chen, K., Pournin, S., et al.
(1995). Aggressive behavior and altered amounts of brain serotonin and
norepinephrine in mice lacking MAOA. Science 268:1763. doi: 10.1126/science.
7792602

Cases, O., Vitalis, T., Seif, I., De Maeyer, E., Sotelo, C., and Gaspar, P. (1996).
Lack of barrels in the somatosensory cortex of monoamine oxidase A–deficient

mice: role of a serotonin excess during the critical period. Neuron 16, 297–307.
doi: 10.1016/s0896-6273(00)80048-3

Castrogiovanni, P., Iapichino, S., Pacchierotti, C., and Pieraccini, F. (1998). Season
of birth in psychiatry. Neuropsychobiology 37, 175–181.

Chotai, J., and Adolfsson, R. (2002). Converging evidence suggests that
monoamine neurotransmitter turnover in human adults is associated with their
season of birth. Eur. Arch. Psychiatry Clin. Neurosci. 252, 130–134. doi: 10.1007/
s00406-002-0372-7

Chotai, J., Serretti, A., Lattuada, E., Lorenzi, C., and Lilli, R. (2003). Gene–
environment interaction in psychiatric disorders as indicated by season of
birth variations in tryptophan hydroxylase (TPH), serotonin transporter (5-
HTTLPR) and dopamine receptor (DRD4) gene polymorphisms. Psychiatry
Res. 119, 99–111. doi: 10.1016/s0165-1781(03)00112-4

Ciarleglio, C. M., Axley, J. C., Strauss, B. R., Gamble, K. L., and McMahon, D. G.
(2011a). Perinatal photoperiod imprints the circadian clock. Nat. Neurosci. 14,
25–27. doi: 10.1038/nn.2699

Ciarleglio, C. M., Resuehr, H., and McMahon, D. (2011b). Interactions of the
serotonin and circadian systems: nature and nurture in rhythms and blues.
Neuroscience 197, 8–16. doi: 10.1016/j.neuroscience.2011.09.036

Cryan, J. F., Mombereau, C., and Vassout, A. (2005). The tail suspension test as
a model for assessing antidepressant activity: review of pharmacological and
genetic studies in mice. Neurosci. Biobehav. Rev. 29, 571–625. doi: 10.1016/j.
neubiorev.2005.03.009

Cryan, J. F., O’Leary, O. F., Jin, S.-H., Friedland, J. C., Ouyang, M., Hirsch, B. R.,
et al. (2004). Norepinephrine-deficient mice lack responses to antidepressant
drugs, including selective serotonin reuptake inhibitors. Proc. Natl. Acad. Sci.
U.S.A. 101, 8186–8191. doi: 10.1073/pnas.0401080101

Davis, F. C. (1997). Melatonin: role in development. J. Biol. Rhythms 12, 498–508.
doi: 10.1177/074873049701200603

Devore, E. E., Chang, S.-C., Okereke, O. I., McMahon, D. G., and Schernhammer,
E. S. (2018). Photoperiod during maternal pregnancy and lifetime depression in
offspring. J. Psychiatr. Res. 104, 169–175. doi: 10.1016/j.jpsychires.2018.08.004

Dölen, G., Darvishzadeh, A., Huang, K. W., and Malenka, R. C. (2013). Social
reward requires coordinated activity of nucleus accumbens oxytocin and
serotonin. Nature 501, 179–184. doi: 10.1038/nature12518

Frontiers in Neuroscience | www.frontiersin.org 11 May 2019 | Volume 13 | Article 459

https://www.frontiersin.org/articles/10.3389/fnins.2019.00459/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2019.00459/full#supplementary-material
https://doi.org/10.1017/S0954579415000103
https://doi.org/10.1016/j.neubiorev.2005.03.007
https://doi.org/10.1016/j.neubiorev.2005.03.007
https://doi.org/10.1016/s0361-9230(01)00614-1
https://doi.org/10.1016/j.biopsych.2010.05.028
https://doi.org/10.1038/sj.mp.4000949
https://doi.org/10.1038/sj.mp.4000949
https://doi.org/10.1073/pnas.90.1.153
https://doi.org/10.1038/nature09972
https://doi.org/10.1016/j.neuroscience.2011.10.005
https://doi.org/10.1016/j.neuroscience.2011.10.005
https://doi.org/10.1126/science.7792602
https://doi.org/10.1126/science.7792602
https://doi.org/10.1016/s0896-6273(00)80048-3
https://doi.org/10.1007/s00406-002-0372-7
https://doi.org/10.1007/s00406-002-0372-7
https://doi.org/10.1016/s0165-1781(03)00112-4
https://doi.org/10.1038/nn.2699
https://doi.org/10.1016/j.neuroscience.2011.09.036
https://doi.org/10.1016/j.neubiorev.2005.03.009
https://doi.org/10.1016/j.neubiorev.2005.03.009
https://doi.org/10.1073/pnas.0401080101
https://doi.org/10.1177/074873049701200603
https://doi.org/10.1016/j.jpsychires.2018.08.004
https://doi.org/10.1038/nature12518
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00459 May 6, 2019 Time: 15:13 # 12

Siemann et al. Developmental Photoperiod Programs 5-HT System

Ebihara, S., Hudson, D. J., Marks, T., and Menaker, M. (1987). Pineal indole
metabolism in the mouse. Brain Res. 416, 136–140. doi: 10.1016/0006-8993(87)
91505-8

Ebihara, S., Marks, T., Hudson, D. J., and Menaker, M. (1986). Genetic control
of melatonin synthesis in the pineal gland of the mouse. Science 231, 491–493.
doi: 10.1126/science.3941912

Gaspar, P., Cases, O., and Maroteaux, L. (2003). The developmental role of
serotonin: news from mouse molecular genetics. Nat. Rev. Neurosci. 4, 1002–
1012. doi: 10.1038/nrn1256

Gingrich, J. A., and Hen, R. (2001). Dissecting the role of the serotonin system
in neuropsychiatric disorders using knockout mice. Psychopharmacology 155,
1–10. doi: 10.1007/s002130000573

Goda, R., Otsuka, T., Iwamoto, A., Kawai, M., Shibata, S., Furuse, M., et al.
(2015). Serotonin levels in the dorsal raphe nuclei of both chipmunks and
mice are enhanced by long photoperiod, but brain dopamine level response
to photoperiod is species-specific. Neurosci. Lett. 593, 95–100. doi: 10.1016/j.
neulet.2015.03.035

Goldman, B. D. (2003). Pattern of melatonin secretion mediates transfer of
photoperiod information from mother to fetus in mammals. Sci. Signal.
2003:e29.

Green, N. H., Jackson, C. R., Iwamoto, H., Tackenberg, M. C., and McMahon, D. G.
(2015). Photoperiod programs dorsal raphe serotonergic neurons and affective
behaviors. Curr. Biol. 25, 1389–1394. doi: 10.1016/j.cub.2015.03.050

Gross, C., Zhuang, X., Stark, K., Ramboz, S., Oosting, R., Kirby, L., et al. (2002).
Serotonin1A receptor acts during development to establish normal anxiety-like
behaviour in the adult. Nature 416, 396–400. doi: 10.1038/416396a

Hefner, K., and Holmes, A. (2007). Ontogeny of fear-, anxiety-and depression-
related behavior across adolescence in C57BL/6J mice. Behav. Brain Res. 176,
210–215. doi: 10.1016/j.bbr.2006.10.001

Hendricks, T. J., Fyodorov, D. V., Wegman, L. J., Lelutiu, N. B., Pehek, E. A.,
Yamamoto, B., et al. (2003). Pet-1 ETS gene plays a critical role in 5-HT neuron
development and is required for normal anxiety-like and aggressive behavior.
Neuron 37, 233–247. doi: 10.1016/s0896-6273(02)01167-4

Holmes, A., Murphy, D. L., and Crawley, J. N. (2003). Abnormal behavioral
phenotypes of serotonin transporter knockout mice: parallels with human
anxiety and depression. Biol. Psychiatry 54, 953–959. doi: 10.1016/j.biopsych.
2003.09.003

Holmes, A., Yang, R. J., Murphy, D. L., and Crawley, J. N. (2002). Evaluation
of antidepressant-related behavioral responses in mice lacking the serotonin
transporter. Neuropsychopharmacology 27, 914–923. doi: 10.1016/s0893-
133x(02)00374-3

Kalueff, A., Fox, M., Gallagher, P., and Murphy, D. (2007). Hypolocomotion,
anxiety and serotonin syndrome-like behavior contribute to the complex
phenotype of serotonin transporter knockout mice. Genes Brain Behav. 6,
389–400. doi: 10.1111/j.1601-183x.2006.00270.x

Krishnan, V., and Nestler, E. J. (2008). The molecular neurobiology of depression.
Nature 455, 894–902.

Lambert, G., Reid, C., Kaye, D., Jennings, G., and Esler, M. (2002). Effect of
sunlight and season on serotonin turnover in the brain. Lancet 360, 1840–1842.
doi: 10.1016/s0140-6736(02)11737-5

McCormick, C., and Green, M. (2013). From the stressed adolescent to the
anxious and depressed adult: investigations in rodent models. Neuroscience 249,
242–257. doi: 10.1016/j.neuroscience.2012.08.063

Migliarini, S., Pacini, G., Pelosi, B., Lunardi, G., and Pasqualetti, M. (2013). Lack
of brain serotonin affects postnatal development and serotonergic neuronal
circuitry formation. Mol. Psychiatry 18, 1106–1118. doi: 10.1038/mp.2012.128

Mitchell, N. C., Koek, W., and Daws, L. C. (2015). Antidepressant-like effects and
basal immobility depend on age and serotonin transporter genotype. Genes
Brain Behav. 14, 543–549. doi: 10.1111/gbb.12238

Modai, I., Kikinzon, L., and Valevski, A. (1994). Environmental factors and
admission rates in patients with major psychiatric disorders. Chronobiol. Int.
11, 196–199. doi: 10.3109/07420529409057240

National Institute of Mental Health [NIMH] (2015a). Major Depression Among
Adolescents. Bethesda, MD: NIMH.

National Institute of Mental Health [NIMH] (2015b). Major Depression Among
Adults. Bethesda, MD: NIMH.

Nestler, E. J., Barrot, M., DiLeone, R. J., Eisch, A. J., Gold, S. J., and Monteggia,
L. M. (2002). Neurobiology of depression. Neuron 34, 13–25.

Otsuka, T., Kawai, M., Togo, Y., Goda, R., Kawase, T., Matsuo, H., et al.
(2014). Photoperiodic responses of depression-like behavior, the brain
serotonergic system, and peripheral metabolism in laboratory mice.
Psychoneuroendocrinology 40, 37–47. doi: 10.1016/j.psyneuen.2013.
10.013

Palmer, A. A., Brown, A. S., Keegan, D., Siska, L. D., Susser, E., Rotrosen, J.,
et al. (2008). Prenatal protein deprivation alters dopamine-mediated behaviors
and dopaminergic and glutamatergic receptor binding. Brain Res. 1237, 62–74.
doi: 10.1016/j.brainres.2008.07.089

Persico, A. M., Baldi, A., Dell’Acqua, M. L., Moessner, R., Murphy, D. L., Lesch,
K.-P., et al. (2003). Reduced programmed cell death in brains of serotonin
transporter knockout mice. Neuroreport 14, 341–344. doi: 10.1097/00001756-
200303030-00009

Prendergast, B. J., and Nelson, R. J. (2005). Affective responses to changes in day
length in Siberian hamsters (Phodopus sungorus). Psychoneuroendocrinology
30, 438–452. doi: 10.1016/j.psyneuen.2004.08.008

Pyter, L. M., and Nelson, R. J. (2006). Enduring effects of photoperiod on affective
behaviors in Siberian hamsters (Phodopus sungorus). Behav. Neurosci. 120,
125–134. doi: 10.1037/0735-7044.120.1.125

Qin, D., Chu, X., Feng, X., Li, Z., Yang, S., Lü, L., et al. (2015). The first observation
of seasonal affective disorder symptoms in Rhesus macaque. Behav. Brain Res.
292, 463–469. doi: 10.1016/j.bbr.2015.07.005

Richardson-Jones, J. W., Craige, C. P., Nguyen, T. H., Kung, H. F., Gardier,
A. M., Dranovsky, A., et al. (2011). Serotonin-1A autoreceptors are
necessary and sufficient for the normal formation of circuits underlying
innate anxiety. J. Neurosci. 31, 6008–6018. doi: 10.1523/JNEUROSCI.5836-
10.2011

Rodrigues, A. L. S., da Silva, G. L., Mateussi, A. S., Fernandes, E. S., Miguel,
O. G., Yunes, R. A., et al. (2002). Involvement of monoaminergic system in
the antidepressant-like effect of the hydroalcoholic extract of Siphocampylus
verticillatus. Life Sci. 70, 1347–1358. doi: 10.1016/s0024-3205(01)01498-9

Rood, B. D., Calizo, L. H., Piel, D., Spangler, Z. P., Campbell, K., and Beck, S. G.
(2014). Dorsal raphe serotonin neurons in mice: immature hyperexcitability
transitions to adult state during first three postnatal weeks suggesting sensitive
period for environmental perturbation. J. Neurosci. 34, 4809–4821. doi: 10.
1523/JNEUROSCI.1498-13.2014

Schmidt, S. Y., and Lolley, R. N. (1973). Cyclic-nucleotide phosphodiesterase: an
early defect in inherited retinal degeneration of C3H mice. J. Cell Biol. 57,
117–123. doi: 10.1083/jcb.57.1.117

Schneider, M. L., Roughton, E. C., Koehler, A. J., and Lubach, G. R. (1999).
Growth and development following prenatal stress exposure in primates: an
examination of ontogenetic vulnerability. Child Dev. 70, 263–274. doi: 10.1111/
1467-8624.00020

Seckl, J. R., and Holmes, M. C. (2007). Mechanisms of disease: glucocorticoids,
their placental metabolism and fetal’programming’of adult pathophysiology.
Nat. Rev. Endocrinol. 3:479. doi: 10.1038/ncpendmet0515

Spindelegger, C., Stein, P., Wadsak, W., Fink, M., Mitterhauser, M., Moser, U., et al.
(2012). Light-dependent alteration of serotonin-1A receptor binding in cortical
and subcortical limbic regions in the human brain. World J. Biol. Psychiatry 13,
413–422. doi: 10.3109/15622975.2011.630405

Takai, Y., Kawai, M., Ogo, T., Ichinose, T., Furuya, S., Takaki, N., et al. (2018). Early-
life photoperiod influences depression-like behavior, prepulse inhibition of the
acoustic startle response, and hippocampal astrogenesis in mice. Neuroscience
374, 133–143. doi: 10.1016/j.neuroscience.2018.01.038

Tamarkin, L., Reppert, S. M., Orloff, D. J., Klein, D. C., Yellon, S. M., and
Goldman, B. D. (1980). Ontogeny of the pineal melatonin rhythm in the Syrian
(Mesocricetus auratus) and Siberian (Phodopus sungorus) hamsters and in the
rat. Endocrinology 107, 1061–1064. doi: 10.1210/endo-107-4-1061

Tatem, K. S., Quinn, J. L., Phadke, A., Yu, Q., Gordish-Dressman, H., and Nagaraju,
K. (2014). Behavioral and locomotor measurements using an open field activity
monitoring system for skeletal muscle diseases. J. Vis. Exp. 91:51785. doi: 10.
3791/51785

Uher, R., and McGuffin, P. (2008). The Moderation by the Serotonin Transporter
Gene of Environmental Adversity in the Aetiology of Mental Illness: Review and
Methodological Analysis. London: Nature Publishing Group.

Upton, A., Salichon, N., Lebrand, C., Ravary, A., Blakely, R., Seif, I., et al. (1999).
Excess of serotonin (5-HT) alters the segregation of ispilateral and contralateral
retinal projections in monoamine oxidase A knock-out mice: possible role of

Frontiers in Neuroscience | www.frontiersin.org 12 May 2019 | Volume 13 | Article 459

https://doi.org/10.1016/0006-8993(87)91505-8
https://doi.org/10.1016/0006-8993(87)91505-8
https://doi.org/10.1126/science.3941912
https://doi.org/10.1038/nrn1256
https://doi.org/10.1007/s002130000573
https://doi.org/10.1016/j.neulet.2015.03.035
https://doi.org/10.1016/j.neulet.2015.03.035
https://doi.org/10.1016/j.cub.2015.03.050
https://doi.org/10.1038/416396a
https://doi.org/10.1016/j.bbr.2006.10.001
https://doi.org/10.1016/s0896-6273(02)01167-4
https://doi.org/10.1016/j.biopsych.2003.09.003
https://doi.org/10.1016/j.biopsych.2003.09.003
https://doi.org/10.1016/s0893-133x(02)00374-3
https://doi.org/10.1016/s0893-133x(02)00374-3
https://doi.org/10.1111/j.1601-183x.2006.00270.x
https://doi.org/10.1016/s0140-6736(02)11737-5
https://doi.org/10.1016/j.neuroscience.2012.08.063
https://doi.org/10.1038/mp.2012.128
https://doi.org/10.1111/gbb.12238
https://doi.org/10.3109/07420529409057240
https://doi.org/10.1016/j.psyneuen.2013.10.013
https://doi.org/10.1016/j.psyneuen.2013.10.013
https://doi.org/10.1016/j.brainres.2008.07.089
https://doi.org/10.1097/00001756-200303030-00009
https://doi.org/10.1097/00001756-200303030-00009
https://doi.org/10.1016/j.psyneuen.2004.08.008
https://doi.org/10.1037/0735-7044.120.1.125
https://doi.org/10.1016/j.bbr.2015.07.005
https://doi.org/10.1523/JNEUROSCI.5836-10.2011
https://doi.org/10.1523/JNEUROSCI.5836-10.2011
https://doi.org/10.1016/s0024-3205(01)01498-9
https://doi.org/10.1523/JNEUROSCI.1498-13.2014
https://doi.org/10.1523/JNEUROSCI.1498-13.2014
https://doi.org/10.1083/jcb.57.1.117
https://doi.org/10.1111/1467-8624.00020
https://doi.org/10.1111/1467-8624.00020
https://doi.org/10.1038/ncpendmet0515
https://doi.org/10.3109/15622975.2011.630405
https://doi.org/10.1016/j.neuroscience.2018.01.038
https://doi.org/10.1210/endo-107-4-1061
https://doi.org/10.3791/51785
https://doi.org/10.3791/51785
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00459 May 6, 2019 Time: 15:13 # 13

Siemann et al. Developmental Photoperiod Programs 5-HT System

5-HT uptake in retinal ganglion cells during development. J. Neurosci. 19,
7007–7024. doi: 10.1523/jneurosci.19-16-07007.1999

Van den Bergh, B. R., Mulder, E. J., Mennes, M., and Glover, V. (2005).
Antenatal maternal anxiety and stress and the neurobehavioural development
of the fetus and child: links and possible mechanisms. A review.
Neurosci. Biobehav. Rev. 29, 237–258. doi: 10.1016/j.neubiorev.2004.
10.007

Warden, M. R., Selimbeyoglu, A., Mirzabekov, J. J., Lo, M., Thompson, K. R.,
Kim, S.-Y., et al. (2012). A prefrontal cortex-brainstem neuronal projection that
controls response to behavioural challenge. Nature 492, 428–432. doi: 10.1038/
nature11617

Weaver, D. R., Keohan, J. T., and Reppert, S. M. (1987). Definition of a prenatal
sensitive period for maternal-fetal communication of day length. Am. J. Physiol.
Endocrinol. Metab. 253, E701–E704.

Weinstock, M. (2001). Alterations induced by gestational stress in brain
morphology and behaviour of the offspring. Progress Neurobiol. 65, 427–451.
doi: 10.1016/s0301-0082(01)00018-1

Xu, L.-Z., Liu, L.-J., Yuan, M., Li, S.-X., Yue, X.-D., Lai, J.-L., et al. (2016). Short
photoperiod condition increases susceptibility to stress in adolescent male rats.
Behav. Brain Res. 300, 38–44. doi: 10.1016/j.bbr.2015.12.002

Yellon, S., Tamarkin, L., and Goldman, B. (1985). Maturation of the pineal
melatonin rhythm in long-and short-day reared Djungarian hamsters.
Experientia 41, 651–652. doi: 10.1007/bf02007704

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

Copyright © 2019 Siemann, Green, Reddy and McMahon. 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(s) 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 Neuroscience | www.frontiersin.org 13 May 2019 | Volume 13 | Article 459

https://doi.org/10.1523/jneurosci.19-16-07007.1999
https://doi.org/10.1016/j.neubiorev.2004.10.007
https://doi.org/10.1016/j.neubiorev.2004.10.007
https://doi.org/10.1038/nature11617
https://doi.org/10.1038/nature11617
https://doi.org/10.1016/s0301-0082(01)00018-1
https://doi.org/10.1016/j.bbr.2015.12.002
https://doi.org/10.1007/bf02007704
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Sequential Photoperiodic Programing of Serotonin Neurons, Signaling and Behaviors During Prenatal and Postnatal Development
	Introduction
	Materials and Methods
	Multielectrode Array Electrophysiological Recording
	Monoamine Analysis
	Behavioral Testing
	Open Field Test
	Tail Suspension Test
	Statistical Analysis
	Electrophysiology Experiments
	Monoamine Concentration and Behavior Experiments


	Results
	Prenatal Long Photoperiod Exposure Programs 5-HT Neuron Excitability
	Long Pre and Postnatal Photoperiod Impacts Midbrain Serotonergic Content
	Long Postnatal Photoperiod Exposure Results in Changes to Affective Behaviors

	Discussion
	Contribution on the Field Statement
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


