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Abstract

Rates of major depressive disorder (MDD) have steadily increased over the past 50 years. Many
factors have been implicated in the etiology of depressive disorders and environmental influences
are being increasingly recognized. The increase in depression rates has coincided with increased
artificial nighttime lighting. Exposure to light at night (LAN) has been associated with increased
depressive-like behavior in rodents and decreased mood in humans. However, relatively little is
known on the multigenerational effects of dLAN on affect. In this study, we exposed adult male
and female Siberian hamsters (Phodopus sungorus) to either DARK (0 lux) or dim LAN (5 lux)
for 9 weeks, then paired animals in a full factorial design; all animals were thereafter housed in
dark nights. Offspring were gestated and reared in dark nights, then tested in adulthood for
depressive-like behaviors and hippocampal expression of glucocorticoid (GR) and melatonin
(MT1) receptor expression. Maternal exposure to dLAN decreased sucrose preference, time to first
float bout in the Porsolt swim test, and GR expression in the hippocampus. Paternal exposure to
dLAN increased time spent floating, and increased hippocampal GR expression. Overall, our
results suggest that chronic exposure of parents to light at night has multigenerational effects on
offspring depressive-like behavior. If these results pertain to humans, then our data suggest that
LAN may contribute to the rapidly rising rates of major depressive disorder in industrialized and
developing countries.
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Introduction

The early life environment can both protect or predispose individuals to mental and
physiological disorders later in life (Heim and Binder, 2012; Pryce et al., 2005). Stressful
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environmental factors including exposure to drugs during early life has long lasting effects
on gene expression and neural development (Baram et al., 2012; Murgatroyd et al., 2009;
Wolstenholme et al., 2012). Conversely, early life environment and maternal care can
positively influence behavior later in life (Liu et al., 1997). Recent studies have described
similar behavioral outcomes in the offspring of parents that experienced stressors despite
never having experienced them themselves (Bale et al., 2010). These effects are often
attributed to epigenetic changes in the genome in response to physical and emotional
stressors, and environment- driven epigenetic changes are credited to toxins.

Over the past century, there has been a dramatic increase in nighttime illumination (Cinzano
et al., 2001; Falchi et al., 2016); we are also exposed to significant light at night (LAN) in
our living and work spaces (Rajaratnam and Arendt, 2001). The master biological clock, the
suprachiasmatic nucleus (SCN), requires environmental light to synchronize internal
physiology to the solar day. LAN provides extraneous lighting information, disrupts the day-
night distinction, and flattens amplitude of molecular clock gene expression (Fonken et al.,
2013). Disruption of clock gene expression has downstream effects on behavioral and
endocrine systems. Specifically, exposure to LAN increases depressive-like behaviors in
rodents (Bedrosian et al., 2011; Bedrosian and Nelson, 2017; Fonken et al., 2009).

The prevalence of major depression has increased dramatically over the past several decades.
Some of the increase can be attributed to better diagnosis and reporting of mood disorders,
however, environmental factors could be driving the increase in mood disorders as well.
Coincident with the increased incidence of light at night has been an increase in the
incidence of depression disorders (Lambert et al., 2015). As countries improve their
economies and embrace artificial LAN, a correlation of increased mood disorders is
observed (Bedrosian and Nelson, 2017). In the US, rates of depression have increased from
less than 1% in the 1960's to nearly 6% in recent years (Compton et al., 2006; Horwitz,
2010). Notably, the incidence of major depressive disorder among the Amish, who are not
exposed to light at night, remains 1-2% (Egeland and Hostetter, 1983).

One putative link between LAN and affect are the disruption to endocrine organization
caused by LAN (Bedrosian et al., 2015). Two endocrine ‘hands’ of the biological clock are
melatonin (secreted at night) and glucocorticoids (secreted prior to activity). Light at night
suppresses nightly melatonin secretion (Brainard et al., 1982) and melatonin receptor
agonists improve mood in humans and decrease depressive-like behaviors in rodents (Crupi
et al., 2010; Hickie and Rogers, 2011). Dysregulation of glucocorticoids underlies many
cases of depression (Caspi et al., 2003; McEwen, 2005). Prenatal stress and modulations in
maternal care are known to affect offspring behavioral and hypothalamus-pituitary-adrenal
(HPA) responses to stress, as well as epigenetic modification of the hippocampal
glucocorticoid receptor (Liu et al., 1997; Weaver et al., 2004, 2005; Weinstock et al., 1992).

Although light at night has been reported to increase depressive-like behaviors in rodents
(reviewed in Bedrosian and Nelson, 2017), the extent to which light at night affects the
offspring of exposed individuals remains unspecified. To our knowledge only one study, and
investigation of offspring immune responses, has evaluated the multigenerational effects of
LAN (Cissé et al., 2017). In the present study, we addressed the possibility of
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multigenerational effects of dim LAN (dLAN; 5 lux) on depressive-like behaviors and
hippocampal gene expression. We provide evidence that parental exposure to dLAN
increases offspring depressive-like behavioral responses. We further show that these
alterations in behavior are accompanied by changes in hippocampal glucocorticoid and
melatonin receptor expression. These results suggest that dLAN has multigenerational
effects on the neuroendocrine system and behavior.

Parents—Male (n= 23) and female (n= 23) Siberian hamsters (Phodopus sungorus) were
obtained from our in-house breeding colony at The Ohio State University. Hamsters were
maintained on a standard 16h: 8h light/dark cycle (DARK; 150 lux: 0 lux) with lights on at
22.00 h and off at 14.00 h EST, in polypropylene cages (30 x 15 x 14cm) on static racks in a
temperature- and humidity-controlled vivarium. All animals were provided access to food ad
libitum (Harlan Teklad 8640; Madison, WI, USA) and filtered tap water. All experiments
were approved by the Ohio State University Institutional Animals Care and Use Committee,
and animals were maintained in accordance with the recommendations of the National
Institutes of Health and 7#he Guide for the Care and Use of Laboratory Animals.

Generation of F{—Adult (> 8 week) Siberian hamsters were individually housed and
randomly assigned to a lighting condition: DARK or dLAN (light (150 lux):dim (5 lux)).
Hamsters were maintained in respective lighting conditions for 9 weeks at which point all
animals were paired and mated as previously described (Cissé et al., 2017), and thereafter
housed in standard DARK conditions. Pairings resulted in four parental groups: DARK-
DARK (Male/Female; n=5), DARK-dLAN (n=6), dLAN-DARK (n=5), and dLAN-dLAN
(n=7). Males were removed one week after pairing. Five mating pairs did not successfully
mate within this time window (1 DARK/DARK, 2 DARK/dLAN, and 2 dLAN/dLAN) and
one dam cannibalized her pups (1 dLAN/dLAN). Of the remaining litters, there was an
average of 5 pups per litter in each group, with no difference in litter size between groups (p
>0.05). The sex ratio was slightly shifted towards males (DARK-DARK, 0.69; DARK-
dLAN, 0.68; dLAN-DARK, 0.53; dLAN-dLAN, 0.60), with no statistical difference among
groups. Pups (n= 86) were weaned at 21 days of age and group-housed with same sex
siblings. At 7 weeks of age hamsters were individually housed. All experimental
manipulations occurred after offspring reached adulthood (> 8 weeks of age).

Sucrose Anhedonia

Hamsters were acclimated to the removal of their food and water, and the addition of two
water bottles in their cage for the first 6 h of the active phase (14.00-20.00 h). Acclimation
lasted for three days prior to starting the test. On the fourth day, one water bottle was
randomly switched out for one containing a 3% sucrose solution (in water) for two days. To
account for possible side preferences, placement of the bottles in each cage was
counterbalanced. Rodents typically prefer sweetened water, and lack of a preference for
sucrose is considered a reliable indicator of anhedonia (Willner et al., 1992)
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Porsolt Swim Test

Hamsters were placed in 14 cm of 25 + 1°C water in a cylindrical container (24 cmin
diameter) and recorded for a duration of 10 min. Recordings were later analyzed by a
condition blinded observer. The behaviors scored were as follows: (1) climbing (that is,
vigorous swimming or scratching directed at the wall of the tank), (2) swimming (horizontal
movement in the tank) and (3) floating/immaobility (that is, minimal movement necessary to
keep head elevated above water surface). Increased time spent floating is indicative of
behavioral despair (Porsolt et al., 1977).

Quantitative PCR (qPCR)

Hamsters were deeply anesthetized with isoflurane vapors and rapidly decapitated; brains
were removed and flash frozen on dry ice for subsequent qPCR analysis. Tissues were
collected during the mid-dark and mid-light phase (ZT 8 and ZT 20), to assess diurnal
variations in gene expression. Total RNA from hippocampi was extracted using Trizol
reagent (Qiagen). Samples were then DNased using DNase 1 Amplification grade
(Invitrogen, Carlsbad, CA) to eliminate non-specific binding of SYBR Green master mix.
RNA quality was assessed using a Nanodrop One Spectrophotometer (Thermo Scientific)
and quantity was normalized to 200 ng/uL, reverse transcribed into cDNA using MMLV
Reverse Transcriptase enzyme (Invitrogen, Carlsbad, CA) per the manufacturer's
instructions. Hippocampal GR and MT1 were assessed, using primers previously described
for Siberian hamster GR (Walton et al., 2012) and MT1 and 18S(lkeno et al., 2014) on an
ABI 7500 Fast Real Time PCR system using SyBR Green PCR Master Mix. Cycling
conditions were: 95 °C for 5 min, followed by 40 cycles of 95°C for 15 sec and 60 °C for 1
min for GR and MT1. Relative gene expression was calculated using the delta-delta CT
method, normalized to 18s rRNA signal.

Statistical Analyses

Statistical analyses were conducted using SPSS Statistics v 24 (IBM; Armonk, NY).
Comparisons of sucrose anhedonia, time spent floating, and time to first float were assessed
using two way ANOVAs assessing maternal and paternal lighting conditions, offspring sex,
and interactions. If data did not meet the assumptions of normality or equal variance, they
were first log transformed (in the case of MT1); if this transformation did not resolve
unequal variance, non-parametric Mann Whitney and Kruskal Wallis tests were conducted
(sucrose anhedonia and GR gene expression). Post-hoc analyses were conducted using
Tukey's HSD or Dunnet's test for parametric data and a Dunn's test for non-parametric data.
Litter effects were evaluated using Kruskal Wallis due to unequal variance between groups
in all measures except MT1 expression. After removal of one two-pup litter, no litter effects
were identified in sucrose intake, floating time, time to first float, and hippocampal MT1
expression. There was a statistically significant litter effect in hippocampal GR expression,
but post-hoc analyses revealed that this effect was driven by litters in different treatment
groups, reflecting a treatment effect (Supplemental Fig. 1). Outliers were determined using
Z-score analysis. Differences between means were considered statistically significant when
p <0.05 for all analyses.
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Results

Sucrose Anhedonia

Parental lighting altered offspring sucrose consumption (X2 = 7.97, p < 0.05), such that
offspring of studs in DARK and dams in dLAN (DARK-dLAN) decreased sucrose intake
relative to DARK-DARK controls (Dunn's p < 0.05; Fig 1A). Males consumed more sucrose
solution than females (U= 432.00, p < 0.01). Sex interacted with maternal lighting condition
such that females of dLAN mothers consumed the least amount of sucrose (Dunn's p <
0.05).

Forced Swim

Maternal and paternal lighting conditions interacted (F1 73 = 5.94, p< 0.05), such that
dLAN-DARK offspring increased floating time relative to DARK-DARK offspring (Dunn's
p<0.05; Fig 1B). Maternal and paternal lighting conditions also interacted (Fy 73 = 4.40, p
< 0.05), such that offspring of studs in dLAN and dams in DARK (dLAN-DARK) floated
sooner than their counterparts in DARK-DARK (Dunnet's, p< 0.05; Fig 1C).

Hippocampal Gene Expression

Maternal exposure to dLAN decreased offspring hippocampal GR whereas paternal
exposure to dLAN increased hippocampal GR (U= 345.00, p< 0.001 and U= 433.00, p<
0.01, Fig 2A and 2B respectively). Parental lighting altered hippocampal glucocorticoid
receptor (GR) expression (X2 = 23.73, p< 0.05), such that offspring of dLAN-housed studs
and DARK-housed dams (dALAN-DARK) increased hippocampal GR expression relative to
dLAN-dLAN and DARK-dLAN offspring (Dunn's, p < 0.05; Fig 2C). Maternal lighting and
time of day interacted (X2 = 15.64, p< 0.05), such that offspring of mothers in dLAN had
lower nighttime GR expression than both daytime and nighttime offspring of DARK-housed
mothers (Dunn's p < 0.05).

Discussion

Parental exposure to dLAN was sufficient to increase offspring depressive-like behaviors in
a parental sex-dependent manner (Fig 1). Hippocampal endocrine receptor expression, viz.,
melatonin and glucocorticoid receptor gene expression, was altered by parental dLAN (Fig
2). These changes occurred despite offspring being conceived, gestated, and reared under
standard dark night conditions. Maternal dLAN exposure decreased offspring sucrose intake,
marginally decreased time to first float, decreased hippocampal GR gene expression, but did
not affect MT1 gene expression in offspring. Paternal dLAN exposure increased offspring
time spent floating in a forced swim paradigm, and increased GR in the hippocampus of
offspring. These data suggest that dim light exposure has multigenerational effects on
affective behavior and the neuroendocrine system.

Aberrant circadian rhythms are a hallmark of major depression. Light exposure during the
day is the primary entraining cue for the circadian system, but light at night disrupts
molecular and behavioral circadian rhythms (Fonken et al., 2013; Fonken and Nelson, 2014;
Ohta et al., 2005). Indeed, adult exposure to light at night increases time spent floating and
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decreases sucrose preference (Bedrosian et al., 2013). Similar to adult exposure, offspring of
parents exposed to dLAN exhibit sucrose anhedonia and increased behavioral despair (Fig
1).

In this study, studs were removed one week after pairing to limit breeding to the first week
out of lighting conditions. Hamsters are not biparental (Wynne-Edwards, 1995). Despite
being removed prior to the birth of their offspring, paternal exposure to dLAN increased
behavioral despair, sucrose anhedonia, and hippocampal GR expression (Fig 1A-B and 2).
Transmission of paternal anxiety-like behaviors in the absence of postnatal contact has been
previously reported in mice (Alter et al., 2009). In the absence of postnatal interaction,
paternal effects can be transmitted either by altering maternal prenatal or postnatal
investment, or by germline inheritance (Curley et al., 2011).

Offspring affective behavior can be altered by the quality of maternal care experienced early
in life. Adult female Siberian hamsters exposed to dLAN are behaviorally and
physiologically indistinguishable from their dark night counterparts after returning to dark
nights for one week (Bedrosian et al., 2013). Specifically, the increase in time spent floating
and decrease in sucrose preference, hippocampal BDNF expression, and CA1 apical spine
density observed in dLAN-exposed hamsters are no longer present after one week back in
dark nights. In our study, by the time offspring are born, mothers have been out of dLAN for
three weeks, suggesting that dLAN-induced physiological and behavioral alterations not
likely be present. Although this study did not assess quality of maternal care, subsequent
studies have identified no overt changes in maternal care (Cisse and Nelson, unpublished
data). The absence of differences in maternal care suggests that postnatal investment is not
altered, but prenatal investments, altering maternal physiology/endocrine function or
germline epigenetic effects may be responsible for transmission.

In addition to disruptions of the central clock, exposure to LAN also alters endocrine
rhythms. Light levels of greater than 1 lux inhibit the production of pineal melatonin in
nocturnal rodents (Brainard et al., 1982). Although the major association between melatonin
and affective disorders focuses on seasonal affective disorder, melatonin also has general
anti-depressive effects in rodents, with varying results in humans (Hansen et al., 2014;
Haridas et al., 2013; Hickie and Rogers, 2011). MT1 knockout mice and mice treated with a
melatonin receptor antagonist increase time spent floating in a forced swim paradigm,
supporting the role of melatonin signaling in depressive-like behavior (Micale et al., 2006;
Weil et al., 2006). Indeed, offspring of fathers exposed to dLAN decreased MT1 expression
and increased time spent floating (Fig 1C and 2A).

Stressful life events, as well as genetics, have long been known to predispose to depressive
illnesses (Caspi et al., 2003). Stress hormones, such as cortisol, alters neurogenesis and
dendritic arborization in brain regions involved in depressive-like behaviors (McEwen, 1999,
2005). Previous studies have demonstrated that dLAN does not elicit a stress response in this
species (Bedrosian et al., 2011). However, offspring of parents exposed to dLAN exhibit
altered GR expression in the hippocampus, suggesting altered glucocorticoid signaling.
Specifically, paternal exposure to dLAN increases hippocampal GR, whereas maternal
exposure decreases hippocampal GR. This GR gene expression pattern coincides with the
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increase in behavioral despair observed in offspring of solely fathers, but not mothers
exposed to dLAN.

The behavioral effects demonstrated in this study occur in groups in which only one parent
was exposed to dLAN. In offspring of both DARK-DARK and dLAN-dLAN experimental
groups, parental effects on GR appear to cancel one another. In dLAN-DARK offspring, GR
is increased and MT1 is decreased, suggestive of increased depressive-like behavior
reflected in the forced swim test results. DARK-dLAN offspring have comparable
expression of GR to both DARK-DARK and dLAN-dLAN offspring, but have relatively
increased MT1 expression. Corticosterone can negate the positive effects of melatonin on
forced swim test performance (Hill et al., 2003), possibly contributing to the differential
depressive-like behavior in DARK-dLAN offspring.

Overall, our results suggest that chronic exposure of parents to light at night is sufficient to
alter offspring depressive-like behavior. If these results pertain to humans, then given the
growing prevalence of electrical lighting, this suggests that LAN may be contributing to the
rapidly rising rates of major depressive disorder in industrialized and developing countries.
This study indicates that additional research on the transgenerational effects of circadian
disruption is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Parents are exposed to DARK or dLAN for 9 weeks prior to pairing. Mating,
gestation, and offspring rearing occurred under DARK nights.

. Maternal exposure to dLAN decreased offspring sucrose intake, time to first
float bout, and hippocampal GR expression in adult offspring.

. Paternal exposure to dLAN increased time spent floating and hippocampal
GR in adult offspring.

. Light at night has transgenerational effects on offspring behavioral and
neuroendocrine system.
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Single parental exposure to dLAN increases offspring depressive-like behavior. Offspring
with a mother in dLAN (DARK-dLAN) decrease sucrose intake in adulthood relative
counterparts (A). Offspring with a father in dLAN (dLAN-DARK) increase time spent
floating in a Porsolt swim test (B). Offspring with a mother in dLAN (DARK-dLAN) float
sooner than DARK-DARK offspring (C). Data presented as mean = SEM or median with a
95% confidence interval for non-parametric data. Different letters indicate statistical

differences of p < 0.05.
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Figure 2.
Parental exposure to dLAN alters offspring hippocampal GR expression. Maternal exposure

to dLAN decreases hippocampal GR (A), whereas paternal exposure to dLAN increases
hippocampal GR (B) in adult offspring. Offspring of dLAN-DARK heritage increase
hippocampal GR expression relative to all other groups (C). Data presented as mean + SEM
or median with a 95% confidence interval for non-parametric data. *, p < 0.05 dLAN vs
DARK. Different letters indicate statistical differences of p < 0.05.
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