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Alterations in circadian entrainment precede the onset of
depression-like behavior that does not respond to fluoxetine
S Spulber, M Conti, C DuPont, M Raciti, R Bose, N Onishchenko and S Ceccatelli

Growing evidence links adverse prenatal conditions to mood disorders. We investigated the long-term behavioral alterations
induced by prenatal exposure to excess glucocorticoids (dexamethasone—DEX). At 12 months, but not earlier, DEX-exposed mice
displayed depression-like behavior and impaired hippocampal neurogenesis, not reversible by the antidepressant fluoxetine (FLX).
Concomitantly, we observed arrhythmic glucocorticoid secretion and absent circadian oscillations in hippocampal clock gene
expression. Analysis of spontaneous activity showed progressive alterations in circadian entrainment preceding depression.
Circadian oscillations in clock gene expression (measured by means of quantitative PCR) were also attenuated in skin fibroblasts
before the appearance of depression. Interestingly, circadian entrainment is not altered in a model of depression (induced by
methylmercury prenatal exposure) that responds to FLX. Altogether, our results suggest that alterations in circadian entrainment of
spontaneous activity, and possibly clock gene expression in fibroblasts, may predict the onset of depression and the response to
FLX in patients.
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INTRODUCTION
Major depressive disorder is a major cause of disability, and has
high economical and personal costs.1 Apparently easy to
recognize, major depressive disorder is a clinical entity with
multiple endophenotypes and multifactorial etiology.2,3 Environ-
mental factors, such as childhood abuse/neglect or exposure to
food contaminants, can cause epigenetic changes in early life,
which may lead to mood disorders in adults, as shown in humans
and rodents.4–6 Recent epidemiological studies point to a
correlation between intrauterine growth retardation and
depression.7 Similarly, animal models have shown that prenatal
stress, glucocorticoid (GC) exposure and inhibition of 11β-
hydroxysteroid dehydrogenase type 2 (the placental enzyme that
inactivates maternal GC) reduce birth body weight and increase
the occurrence of pathological conditions in adults, including
dysregulation of the hypothalamic–pituitary–adrenal axis with
subsequent alterations in circadian rhythms and anxiety-related
behaviors.8

Neurotransmitters imbalance is believed to have a major role in
the etiology of depression (monoamine hypothesis; see Nutt9).
According to the neurogenic theory, impaired adult hippocampal
neurogenesis has a major role in the onset of depression, and
antidepressant treatment leads to recovery by restoring
neurogenesis.10–13 We have previously shown that the synthetic
GC dexamethasone (DEX) and the environmental contaminant
methylmercury (MeHg) share a number of effects on the
differentiation potential of human and rodent embryonic neural
stem cells, and both induce persistent changes related to
senescence.14,15 In addition, developmental exposure to MeHg
induces long-lasting depression-like behavior associated with
impaired hippocampal neurogenesis that are reversed by
antidepressant treatment with fluoxetine (FLX).4,16

In this study we investigated the possible occurrence of
depression-like behavior induced by prenatal exposure to DEX.
We found that DEX-exposed mice aged 12 months (mo), but not
younger, displayed depression-like behavior and impaired hippo-
campal neurogenesis, which did not respond to antidepressant
treatment with FLX. Given the delayed onset of the phenotype, we
searched for earlier/progressive alterations that would precede
the onset of depression, and possibly predict the response to
treatment. Depression in humans is most often accompanied by a
history of disturbed biological rhythms.17,18 Therefore, we
analyzed the homecage spontaneous behavior in DEX-exposed
mice before and after the onset of depression-like behavior, and
identified progressive alterations in circadian entrainment that
appeared long before depression. We next sought to confirm the
alteration in circadian entrainment in a relevant peripheral system,
minimally invasive, that can be readily translated into the clinical
setting, namely skin fibroblast cultures (see Nagoshi et al.19, Welsh
et al.20, Pagani et al.21, Bamne et al.22 and Lippert et al.23). In
agreement with the circadian entrainment alterations in sponta-
neous activity, fibroblasts isolated from DEX-exposed mice
displayed lower amplitude of oscillations in clock gene expression.
We then asked whether the alterations in circadian entrainment
can be associated with the response to antidepressant treatment.
To this end, we analyzed the circadian entrainment of sponta-
neous activity in mice exposed to MeHg, in which depression is
reversed by FLX.4 Altogether, our data suggest that alterations in
circadian entrainment precede the onset of depression-like
behavior, and possibly predict the response to FLX. Of particular
relevance is the correspondence between the blunted oscillations
in clock gene expression in the brain and skin fibroblasts, both
occurring before the onset of depression-like behavior. These
findings suggest that alterations in circadian entrainment provide
a potential biomarker for identifying subjects at risk of developing
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depression as well as for predicting the response to antidepres-
sant treatment, and point to fibroblasts as a promising read-out
system. Our findings can be readily implemented in a clinical
setting, as circadian entrainment can be investigated in human
subjects by means of wrist actigraphy24 and by analyzing the
expression of clock genes in skin fibroblasts.19–23

MATERIALS AND METHODS
Animals and treatments
All experiments were performed in agreement with the European and
Swedish national regulation following approval by the local Animal Ethics
Committee (Stockholms Norra djurförsöksetiska nämnd).
Timed-pregnant C57Bl/6 mice (N=34 per treatment) (Charles River,

SCANBUR Research, Sollentuna, Sweden) were injected subcutaneously
with 0.05mg kg− 1 per day DEX (Sigma-Aldrich, Stockholm, Sweden) from
gestational day (GD) 14 (the day the postcoital plug was noted was
considered GD0) until delivery (recorded as postnatal day (PND) 0). This
dose induces a moderate fetal growth retardation without affecting litter
size, gestational length or maternal behavior.25 Control mice were
delivered by sham-treated females, that is, they were handled the same
way, at the same time of the day as the exposed dams, and were injected
with an equivalent volume of vehicle. The litters were culled to four pups
per litter at PND3 and the pups were weighed at PND 3, 7, 14 and 21.
The exposure to MeHg has been described elsewhere.16 Briefly,

pregnant C57Bl/6 dams (N= 6 per treatment) received MeHg (CH3HgOH)
at the dose of 0.5 mg kg− 1 per day via drinking water from GD7 till day 7
after delivery. Control dams received tap water.
At weaning (PND21), the mice were implanted subcutaneously with

sterile radio frequency identification tags (Trovan Unique 100A, Trovan,
Douglas, Isle of Man, UK) under brief isoflurane anesthesia. The
transponders allow unambiguous identification of animals and are also
used for monitoring the activity in a homecage environment. After
implantation, the pups were redistributed to new cages so that each cage
would house a maximum of five mice originating from different litters, and
the distribution was maintained throughout the study. The mice were kept
in an animal facility under 12:12-h light–dark (LD) cycle (light intensity
50 lx; light on at 0600 hours) at constant temperature (22 ± 1 °C) and
humidity (50 ± 5%).
All experiments involving circadian rhythms were performed in an

isolated room (22 ± 1 °C; 50 ± 5% relative humidity), with a 12:12-h LD cycle
(light intensity 200 lx; light on at 0600 hours). The circadian zeitgeber ('time
giver') time (ZT) 0 corresponds to the onset of the light phase. The
interaction with human experimenters was limited to changing the cage
and replenishing food and water, which occurred at random times
throughout the experiment.

Behavioral testing
The mice were first screened in a battery of behavior tests, including open
field, and a social recognition test (see Supplementary Materials and
Methods).
Adult male mice aged 7 weeks, 3 mo or 12 mo were tested for

depression-like behavior in the forced swim tests, as described earlier.16

Briefly, the animals were individually placed in glass cylinders (24 cm
height, 12 cm diameter) filled with water (23.5 °C) to a depth of 16 cm. The
animals were exposed to a 15-min pre-test followed by a 6min test 24 h
later. Test sessions were videotaped and analyzed offline by one
investigator who was blind to the treatment and exposure conditions.
Immobility was defined as passive floating for at least 2 s. After
documenting depression-like behavior at the age of 12 mo, the animals
were treated with FLX (a selective serotonin reuptake inhibitor anti-
depressant) dissolved in drinking water (80mg l− 1) for 21 days before
repeating the test. This dosage did not reduce water intake and resulted in
FLX plasma levels within therapeutic range in humans.4,26 In addition to
forced swim tests, we tested depression-like behavior in a tail-suspension
test, as described in the Supplementary Materials and Methods.

Analysis of hippocampal neurogenesis and GR expression
The subgranular zone of the hippocampal dentate gyrus (DG) is one of the
brain regions that retain the neurogenic potential in adult animals.27 To
investigate neurogenesis, we estimated the progenitor proliferation and
the maturation of newly generated neurons in the DG by

immunohistochemical methods (see Supplementary Materials and
Methods). Progenitor proliferation was assessed by counting EdU-
positive cells in the subgranular zone (defined as a two-cell-diameter
layer subjacent to the granule cell layer of the DG) after pulse-labeling by
systemic administration of EdU (50mg kg− 1 per day intraperitoneally at
ZT12 for 7 days). Maturation of newly generated neurons was assessed by
counting doublecortin (DCX)-positive neuroblasts throughout the granule
cell layer of the DG. The cell counting was performed in a stereological
design using vertical sections. Equally spaced series of sagittal sections
(20 μm thick; 200 μm between consecutive slices) were collected starting
from the first occurrence of the hippocampal structure, until the dorsal
hippocampal commissure (lateral 3.5–0mm in stereotaxic coordinates28).
The total number of cells was estimated by multiplying the number of
counted cells with the inverse sampling fraction.
The expression of the glucocorticoid receptor (GR) was assessed by

measuring the fluorescence intensity in the DG. The intensity of the
positive signal was estimated in the granule cell layer (manually
delineated), and the background intensity was evaluated in the molecular
and polymorph layers of the DG.

Corticosterone metabolites in feces
We investigated the diurnal rhythm of GC secretion at 12 mo by collecting
spontaneous fecal boli between ZT12 and ZT12-14 (that is, immediately
after the transition between the light and dark phases). The feces were
collected in sterile Eppendorf tubes and stored at − 80 °C until further
processing. Samples from each mouse (N= 8–10 per group) were collected
on two occasions (7-day interval between samplings). The concentration of
corticosterone metabolites in dry fecal extracts was measured by enzyme
immunoassay according to the manufacturer’s instructions (DetectX, Arbor
Assays, Ann Arbor, MA, USA).

Analysis of clock gene expression in the hippocampus
We investigated the expression of clock genes in hippocampi harvested
from male mice 3 and 12 mo (N=4 per group) maintained in a 12:12-h LD
cycle for at least 7 days before sampling. The mice (two mice per cage)
were killed at ZT 3 and ZT12 (corresponding to the peak and trough in
messenger RNA (mRNA) expression of core clock genes involved in the
main feedback loop, such as Bmal1 and Per/Cry; see also Harbour et al.29)
by an overdose of anesthetic (sodium pentobarbital, 150mg kg− 1). The
blood was removed by transcardial perfusion with ice-cold buffered saline.
The hippocampus was quickly dissected on ice and stored at − 80 °C until
processing. The relative expression of clock genes was assessed by
quantitative real-time PCR with Gapdh as a housekeeping gene (see also
Supplementary Materials and Methods). The clock genes (Bmal1, Per1 and
Rev-Erb α) were selected for analysis based on their involvement in the
core feedback loops of molecular clock, as well as on their documented
regulation of neurogenesis.30–32

Analysis of spontaneous activity
We recorded the spontaneous activity of mice aged 1, 3, 5 and 12 mo
(N= 7–8 per group) using the TraffiCage system (NewBehavior, Zürich,
Switzerland), as described elsewhere.33 Briefly, the system consists of an
array of antennas placed under the cage with group-housed, freely moving
mice. The antennas read the radio frequency identification tags and
provide an approximate location of each animal with a time resolution of
20ms. A 'visit' was defined as the time interval during which an animal is
detected constantly by the same antenna, and was used as activity count.
The time series of visits are exported as ASCII files and analyzed using
custom algorithm implementations in Matlab R2013b (The MathWorks,
Natick, MA, USA).
To minimize the effects of novelty and possible interference from

circadian rhythm entrainment, we derived the baseline measurements
based on three LD cycles after an acclimation period of at least three LD
cycles. The mice were then exposed to constant darkness (DD; free-
running period) for 2 weeks. Spontaneous activity in free-running
conditions was analyzed over the last 72 h of recording in DD. Circadian
re-entrainment was induced by resuming the LD cycle. The effects of
forced resynchronization were analyzed during the first 3 days of circadian
re-entrainment. Each recording session included two cages monitored
simultaneously, one control and one test cage, placed randomly on either
TraffiCage plates.
We analyzed spontaneous activity by detrended fluctuation analysis. The

method is based on linear regression analysis of the residual variance of
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the time series against the timescale used for detrending on double-
logarithmic plots. The correlation coefficient of a linear regression in
double-logarithmic plot translates into a scaling exponent, and describes
the long-term autocorrelation patterns embedded in the time series.34

Random fluctuations yield a scaling exponent around 0.5, and values close
to 1 suggest strong underlying regularity; complex time series with fractal-
like patterned irregularity yield values between 0.5 and 1.34 The scaling
exponent in young, healthy rodents and humans is around 0.8,35,36 and the
loss of patterned irregularity has been suggested to be a hallmark of
disease.37

The analysis of circadian rhythmicity consisted of rhythmometry by
means of cosinor analysis.38,39 The period of spontaneous activity was
estimated as the highest peak in the χ2-periodogram40 between 20 and
25 h with a 5-min resolution.

Analysis of active phase in relation to the LD cycle
The activity counts were binned in 5-min non-overlapping epochs, and
then smoothed with a weighted average using a sliding Gauss window (4 h
width). The epochs with activity above the individual’s average were
considered 'active epochs'. The active phase was defined as a sequence of
active epochs contiguous or separated by gaps no larger than 1 h. The
onset and the offset of the active phase were defined as the ZT
corresponding to the beginning and the end of the active phase,
respectively. The duration of the active phase was calculated as the time
span between the onset and the offset of the active phase during one LD
cycle. For steady entrainment conditions, the analysis of active phase is
based on three consecutive LD cycles.

Code availability
The Matlab routines developed for TraffiCage data analysis are available
upon request.

Primary fibroblast cultures from adult mice
Tissue samples (~0.25 cm2) were harvested from the ear of adult (6 mo)
control and Dex-exposed mice under terminal anesthesia. The tissue was
rinsed in Hank’s balanced salt solution (Life Technologies Europe,
Stockholm, Sweden), then minced with sterile razor blade into Collagenase
(Type XI-S) (Sigma-Aldrich) (30min at 37 °C). After digestion, 3 ml of
Dulbecco's modified Eagle's medium (DMEM; Life Technologies Europe)
supplemented with 10% fetal bovine serum and 1% penicillin/streptomy-
cin (Life Technologies Europe) was added to a 6-cm plate and the samples
were incubated at 37 °C for at least 6 days. After passaging (0.05% Trypsin-
EDTA; Invitrogen, Life Technologies Europe), the cells were plated in 12
multi-well plates in MEF medium (DMEM medium+10% fetal bovine serum
+1% pen/strep) at a density of at least 50k cm−2. After 24 h, the expression
of clock genes was synchronized by exposing the fibroblasts to 1μM Dex.
The cells were collected between 6 and 36 h after synchronization. The
relative expression of Bmal1 was assessed by quantitative PCR with Gapdh
as the housekeeping gene (see also Supplementary Materials and
Methods). Circadian oscillations in clock gene expression were analyzed
by means of cosinor rhythmometry.38,39

Statistical analyses
All statistical analyses were performed in Statistica version 12 (Statsoft
Scandinavia, Uppsala, Sweden). Unless otherwise specified, we used
simple, factorial or mixed (repeated measures between-group) design
analysis of variance models followed by unequal N HSD post hoc test or
contrast analysis. The results are shown as average and s.e.m. The number
of independent samples in each group is indicated in the figure legend.
The statistical power of all analyses is higher than 0.8.

RESULTS
Outcomes of prenatal exposure to DEX
The exposure to DEX from GD14 until delivery induced a mild but
consistent decrease in intrauterine growth rate (Supplementary
Figure 1A). After delivery, the body weight was lower in both male
and female DEX-exposed mice, as previously shown in rats.25,41

The difference was consistent until weaning (PND21), but
disappeared soon thereafter (no significant difference at PND28;

Supplementary Figure 1B). The behavioral outcomes of prenatal
exposure to DEX, including hyperactivity in the open field and
impaired social behavior in the social recognition test, were only
present in the male offspring (Supplementary Figure 2). The sex
differences were in agreement with previous studies,42,43 and
therefore we used only the male offspring for the following
experiments.

Mice exposed to DEX prenatally display depression-like behavior
that is not reversed by FLX
We tested male offspring in the forced swim test at several ages,
and found that DEX-exposed mice showed increased immobility
time at 12 mo, but not earlier (Figure 1). The depression-like
phenotype was confirmed in the tail-suspension test
(Supplementary Figure 3). We next asked whether antidepressant
treatment could reverse the behavioral phenotype. We selected
FLX based on our previous experience4 and on the established
effectiveness of selective serotonin re-uptake inhibitors in models
of depression induced by prenatal stress.44,45 Treatment with FLX
for 21 days before repeating the forced swim test did not affect
the immobility time in DEX-exposed mice, but decreased it only in
controls (Figure 1).

Prenatal exposure to DEX induces alterations in neurogenesis that
are not reversed by FLX
We investigated neurogenesis at 12 mo of age and observed that
DEX-exposed mice had a lower number of EdU-positive cells in the
subgranular zone (Figure 2a) and less DCX-positive cells in the
granular layer of the DG (Figure 2b). FLX treatment did not have
any significant effect on neurogenesis in DEX-exposed mice.
However, in agreement with earlier reports,46–48 FLX decreased
the number of DCX-positive cells in controls.
The antidepressant effect of FLX requires rhythmic GC

secretion,49 therefore we investigated the diurnal rhythm of GC
secretion by measuring the concentration of GC metabolites in
feces. DEX-exposed mice exhibited lower levels of corticosterone
metabolites that did not show significant diurnal oscillations
(Figure 2c).
Hypothalamic–pituitary–adrenal axis activity regulation, includ-

ing the circadian fluctuations in GC secretion, involves hippo-
campal GR in the feedback loop.50,51 The analysis of GR expression
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in the hippocampus revealed that 12 mo-old DEX-exposed mice
had a significantly lower GR signal intensity in DG (Figure 2d; see
also Supplementary Figure 4), in agreement with earlier
reports.52,53

Neurogenesis timing and progression are regulated by clock
genes, particularly by Bmal1 and Per1,30,31 and oscillations in
circulating GC induce their expression in the hippocampus.54,55

The quantitative PCR analysis of clock genes in the hippocampi
showed that in 12-mo-old depressed DEX-exposed mice there
were no diurnal oscillations in the expression of Bmal1, Per1 and
Rev-Erb α (Figure 2e). We next asked whether similar alterations in
clock gene expression may occur before the onset of depression-
like behavior, and analyzed hippocampi harvested from 3-mo-old
mice. Notably, the diurnal oscillations in Bmal1, Per1 and Rev-Erb α
were abolished already at a young age in DEX-exposed mice
(Figure 2f).

Alterations in circadian entrainment precede depression-like
behavior
Diurnal fluctuations in GC are also involved in regulating circadian
entrainment of spontaneous activity, particularly in response to
changes in the LD cycle.56–59 Therefore, we analyzed the
locomotor activity in the homecage in steady-state conditions
(LD cycle or DD), as well as the response to circadian re-
entrainment (forced synchronization; Figure 3a). Circadian entrain-
ment allows the anticipation of regular events (for example, onset
of dark/light phase). In spontaneous activity, this is illustrated by
the acrophase occurring before ZT 18 (that is, the middle of the
dark phase) in the context of steady entrainment with a 24-h
circadian period. In contrast, forced synchronization transiently
increases the amplitude of circadian oscillations and delays the
acrophase to around ZT 18. DEX-exposed mice displayed larger
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amplitude than controls during steady entrainment already from 1
mo of age, and showed no significant difference between steady
entrainment and forced synchronization (Figure 3b). The acro-
phase in DEX-exposed mice occurred close to ZT 18 at all ages
tested, and was significantly delayed by forced synchronization
only at 1 mo (Figure 3c). In contrast, the acrophase of spontaneous
activity in control mice occurred consistently before ZT 18 under
steady entrainment conditions, and was significantly delayed by
forced resynchronization at 1, 3 and 5 mo (Figure 3c). This
suggested that photic entrainment was stronger in DEX-exposed
mice than in controls, particularly in steady entrainment condi-
tions. Therefore, we next analyzed the onset and the offset of the
active phase in relation to the LD cycle. We found that the onset of
active phase virtually coincides with the beginning of the dark
phase in DEX-exposed mice, but precedes the dark onset in
controls (Figure 3d). In contrast, the offset of the active phase
occurs very soon after the end of the dark period in DEX-exposed
mice, whereas in controls it occurs consistently later than the end
of the dark phase (Figure 3d). This led to DEX-exposed mice
having a shorter active phase than controls at all ages tested
(Figure 3e).
To confirm this hypothesis, we analyzed the spontaneous

activity in response to a 6-h phase advance at the age of 6 mo
(Figure 4a) and observed that the acrophase is advanced by 6 h
immediately after the phase advance in the LD cycle (Figure 4b).
When we analyzed the onset and the offset of the active phase in
relation to the LD cycle, we found that the onset of active phase
coincides with the beginning of the dark phase immediately after
the phase advance in the LD cycle. In contrast, the onset of activity
is lagging behind the onset of the dark phase in control mice
(Figure 4c). In addition, the offset of activity in DEX-exposed mice
occurs earlier during the first two LD cycles after the phase

advance, but later coincides with the offset of the dark phase
(Figure 4c). In control mice, the onset of the light phase
suppresses spontaneous activity immediately after the phase
advance in the LD cycle (Figure 4c). This pattern of changes is
reflected in the duration of the active phase, which is shortened
only during the first LD cycle after the phase advance in DEX-
exposed mice, whereas in controls it was persistently shorter after
the phase advance. Altogether, these data suggest that the diurnal
rhythms in spontaneous activity in DEX-exposed mice are more
rigid in relation to the LD cycle, and that DEX-exposed mice
entrain a circadian rhythm considerably faster than controls.
Circadian entrainment also implies that the synchronized

oscillation is self-sustained, and has a period similar to that of
the zeitgeber. Forced synchronization induced circadian re-
entraining in both controls and DEX-exposed mice, and the
circadian period was close to 24 h at young ages (Figure 5a).
However, in young DEX-exposed animals during steady entrain-
ment the circadian period displayed a tendency to deviate from
24 h, and the difference became significant in steady entrainment
at the age of 5 mo (Figure 5a). Moreover, at 12 mo, circadian
entrainment failed in DEX-exposed mice even during forced
synchronization, and the circadian period did not vary between
free-running, forced synchronization and steady entrainment
(Figure 5a).
To investigate whether the alterations in circadian rhythmicity

are due to central clock dysfunction, or solely due to diurnal
entrainment, we evaluated the effects of photic entrainment in
comparison with free-running conditions. In free-running condi-
tions, intrinsic rhythmicity in spontaneous activity is controlled by
the central clock located in the suprachiasmatic nucleus.35,36 We
found no difference between DEX-exposed mice and controls in
either free-running period or scaling exponent (Figures 5a and b),
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which rules out a possible central clock dysfunction in the DEX-
exposed mice. The transient increase in scaling exponent
observed during forced synchronization by photic entrainment
can be explained by a strong underlying rhythm, presumably
diurnal. This effect was consistently detected in DEX-exposed mice
at all ages, but in controls it reached significance only at the ages
of 1 and 3 mo (Figure 5b). During steady entrainment, DEX-
exposed mice displayed consistently higher scaling exponent than
in free-running conditions, indicating that photic entrainment
induces a more pronounced background rhythm in spontaneous
activity in DEX-exposed mice. Taken together, these data
confirm that the core alteration is the impairment in circadian
entrainment.

Reduced amplitude of oscillations in clock gene expression in
primary skin fibroblasts derived from DEX-exposed mice
Skin fibroblasts express functional molecular clock machinery,19,20

and the circadian oscillations in clock gene expression maintain to
a large extent the features of circadian rhythms in the central
clock.21,60 The molecular clock machinery in the fibroblasts acts as
a peripheral oscillator and is subject to entrainment by the central
oscillator (located in the suprachiasmatic nucleus),60 similar to
spontaneous activity.61 The possibility to synchronize self-sus-
tained oscillations, and to reset the phase is preserved in cultured
fibroblasts.20,22 We therefore investigated the expression of clock
genes in fibroblast isolated from controls and DEX-exposed mice
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aged 6 mo, the age when we documented the facilitated entrain-
ment of spontaneous activity. After synchronization, the cells were
harvested at different time points and the oscillations in Bmal1
mRNA expression were investigated by cosinor rhythmometry.38,39

Fibroblasts isolated from adult DEX-exposed mice displayed a
smaller amplitude of oscillations in Bmal1 mRNA expression
(Figure 5c). This indicates that while the expression of Bmal1 can
be synchronized across the fibroblast cell population, the cross-
synchronization dissipated faster in the fibroblasts derived from
DEX-exposed mice, and is consistent with the facilitated circadian
re-entrainment we observed in spontaneous activity.

Circadian entrainment is not altered in a model of depression that
is reversed by FLX
We reported earlier persistent depression-like behavior associated
with impaired neurogenesis induced by developmental exposure
to low levels of the food contaminant MeHg.4,16 In contrast to the
DEX-exposed mice, depression appeared at young age, and FLX
treatment could restore neurogenesis and reverse the behavioral
phenotype.4,15 To evaluate the possible occurrence of alterations
in circadian entrainment associated with MeHg-induced depression,
we reanalyzed the available recordings of spontaneous activity
under steady entrainment conditions (see Onishchenko et al.16).
The amplitude of diurnal fluctuations in spontaneous activity was
lower than in controls (Figure 6a), however, MeHg-exposed mice
showed robust anticipation of phase change (acrophase occurring
consistently before ZT 18; Figure 6b), maintained a circadian period
close to 24 h (Figure 6c) and the scaling exponent was similar to
controls (Figure 6d). Taken together, these findings indicate that, in
contrast to DEX-exposed mice, circadian entrainment is not
impaired in MeHg-exposed mice.

DISCUSSION
Here we show that an adverse prenatal milieu caused by excess
GC induces alterations in circadian entrainment that precede the
onset of FLX-resistant depression-like behavior. Impaired circadian
entrainment was present already in mice 1 mo old and increased
in severity with age. Young mice prenatally exposed to DEX
exhibited rigid synchronization with the LD cycle and lacked the
anticipation of phase change. By the age of 12 mo, circadian
entrainment of spontaneous activity was lost and the depressive
phenotype, not responding to FLX, became apparent.
Mice exposed to DEX displayed impaired hippocampal neuro-

genesis, which was not restored by FLX treatment. The decrease in
neurogenesis may be due to epigenetic reprogramming, as we

have previously reported in primary neural stem cell cultures
exposed to DEX.14 Relevant to the present study, the effects on
proliferation, neuronal differentiation as well as the expression of
senescence markers in neural stem cell cultures was heritable,
persisting long after the actual exposure to DEX had ceased.14

The absence of circadian oscillations in hippocampal clock gene
expression may also contribute to the decrease in neurogenesis in
DEX-exposed mice. In fact, the proliferation and differentiation of
neuronal progenitors in the subgranular zone is controlled by
clock genes30,31 and the circadian oscillations in their expression
is influenced by GC.54,55 Rhythmic GC secretion seems to be
required also for FLX to restore neurogenesis.49 Therefore, the
arrhythmic GC secretion and the associated alterations in clock
gene expression may explain not only the impaired neurogenesis,
but also the lack of effect of FLX in DEX-exposed mice. Notably,
the alterations in hippocampal clock gene expression were
detected simultaneously with the first consistent changes in
circadian rhythms in spontaneous activity, long before the onset
of depression.
Circadian disturbances are often found in subjects with

depression, and it has been hypothesized that the core alteration
is the lack of synchronization of internal oscillators with
environmental stimuli (reviewed in the studies by Edgar et al.17

and Landgraf et al.62). In experimental models, prolonged
deprivation of photic entrainment has been shown to induce
depression- and anxiety-like behavior.63,64 Here we report that
progressive alterations in circadian entrainment precede the onset
of FLX-resistant depression-like behavior. In DEX-exposed mice
aged 12 mo, the photic stimuli have a strong effect on
spontaneous activity, but appear not to be integrated as diurnal
entrainment at organismal level. A possible cause could be the
failure of circadian function in the hypothalamic–pituitary–adrenal
axis, which subsequently leads to depression-like behavior. To
investigate the relevance of circadian entrainment for antidepres-
sant treatment response, we reanalyzed the spontaneous activity
in a model of depression induced by prenatal exposure to MeHg.
As we reported earlier, MeHg induces persistent depression-like
behavior that can be reversed by FLX.4,15 In contrast with the DEX-
exposed mice, depression in MeHg-exposed mice was not
accompanied by alteration in circadian entrainment. Therefore,
altered circadian entrainment appears to be specific for FLX-
resistant depression models.
Skin fibroblasts express functional molecular clock

machinery,19,20 and circadian oscillations in clock gene expression
in cultured fibroblasts have been shown to mirror the features of
circadian rhythms in healthy subjects as well as in psychiatric
patients.21–23 Here, we show that the amplitude of oscillations in
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Bmal1 expression in cultured fibroblasts is decreased in DEX-
exposed mice, which is consistent with the alterations in circadian
entrainment we observed in their spontaneous activity. Relevantly,
these alterations were detected before the onset of depression-
like behavior, but simultaneously with the altered circadian
rhythmicity during steady entrainment.
Our findings, if implemented in a clinical setting, may bring new

hope to patients with major depressive disorder and to the
clinicians responsible for their treatment. A bioassay, based on the
present results, could avoid months of trial and error to find the
drug to which a patient responds. Moreover, it could allow early
identification of subjects at risk for depression by targeted
monitoring aiming at prompt intervention.
In conclusion, we have shown that alterations in circadian

entrainment precede the onset of FLX-resistant depression-like
behavior. Therefore, we propose that the analysis of circadian
entrainment has a potential prognostic value in predicting the
onset of depression, and possibly the response to FLX and similar
antidepressant treatments.

CONFLICT OF INTEREST
The data presented here form the basis of a patent application (SS and SC). The
remaining authors declare no conflict of interest.

ACKNOWLEDGMENTS
Fluoxetine was generously provided by Professor Eero Castrén, University of Helsinki.
We thank Dr Edwin Johnson (KI Innovations AB) for fruitful discussions. This work was
funded by the Swedish Research Council grant 10815-20-4 (SC), Swedish Society for
Medical Research (SS) and Karolinska Institutet Internal Grants (MC and RB). The
experiments have been performed in the behavioral facility funded by Knut och Alice
Wallenberg Foundation.

REFERENCES
1 Marcus M, Taghi Yasami M, van Ommeren M, Chisholm D, Saxena S. Depression -

a global public health concern. WHO Department of Mental Health and Substance
Abuse 2012; 1: 6-8.

2 Hasler G. Pathophysiology of depression: do we have any solid evidence of
interest to clinicians? World Psychiatry 2010; 9: 155–161.

3 Flint J, Kendler KS. The genetics of major depression. Neuron 2014; 81: 484–503.
4 Onishchenko N, Karpova N, Sabri F, Castrén E, Ceccatelli S. Long-lasting depres-

sion-like behavior and epigenetic changes of BDNF gene expression induced by
perinatal exposure to methylmercury. J Neurochem 2008; 106: 1378–1387.

5 McGowan PO, Sasaki A, D’Alessio AC, Dymov S, Labonté B, Szyf M et al. Epigenetic
regulation of the glucocorticoid receptor in human brain associates with
childhood abuse. Nat Neurosci 2009; 12: 342–348.

6 Weaver ICG, Cervoni N, Champagne FA, D’Alessio AC, Sharma S, Seckl JR et al.
Epigenetic programming by maternal behavior. Nat Neurosci 2004; 7: 847–854.

7 Räikkönen K, Pesonen A-K, Heinonen K, Kajantie E, Hovi P, Järvenpää A-L et al.
Depression in young adults with very low birth weight: the Helsinki study of very
low-birth-weight adults. Arch Gen Psychiatry 2008; 65: 290–296.

8 Harris A, Seckl J. Glucocorticoids prenatal stress and the programming of disease.
Horm Behav 2011; 59: 279–289.

9 Nutt DJ. Relationship of neurotransmitters to the symptoms of major depressive
disorder. J Clin Psychiatry 2008; 69: 4–7.

10 Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S et al. Requirement of
hippocampal neurogenesis for the behavioral effects of antidepressants. Science
2003; 301: 805–809.

11 Miller BR, Hen R. The current state of the neurogenic theory of depression and
anxiety. Curr Opin Neurobiol 2014; 30C: 51–58.

12 Jacobs BL, van Praag H, Gage FH. Adult brain neurogenesis and psychiatry: a
novel theory of depression. Mol Psychiatry 2000; 5: 262–269.

13 Sahay A, Hen R. Adult hippocampal neurogenesis in depression. Nat Neurosci
2007; 10: 1110–1115.

14 Bose R, Moors M, Tofighi R, Cascante A, Hermanson O, Ceccatelli S. Glucocorti-
coids induce long-lasting effects in neural stem cells resulting in senescence-
related alterations. Cell Death Dis 2010; 1: e92.

15 Bose R, Onishchenko N, Edoff K, Janson Lang AM, Ceccatelli S. Inherited effects of
low-dose exposure to methylmercury in neural stem cells. Toxicol Sci 2012; 130:
383–390.

16 Onishchenko N, Tamm C, Vahter M, Hökfelt T, Johnson JA, Johnson DA et al.
Developmental exposure to methylmercury alters learning and induces
depression-like behavior in male mice. Toxicol Sci 2007; 97: 428–437.

17 Edgar N, McClung CA. Major depressive disorder: a loss of circadian synchrony?
Bioessays 2013; 35: 940–944.

18 Sidor MM, McClung CA. Timing matters: using optogenetics to chronically
manipulate neural circuitry and rhythms. Front Behav Neurosci 2014; 8: 41.

19 Nagoshi E, Saini C, Bauer C, Laroche T, Naef F, Schibler U. Circadian gene
expression in individual fibroblasts : oscillators pass time to daughter cells. Cell
2004; 119: 693–705.

20 Welsh DK, Yoo S-H, Liu AC, Takahashi JS, Kay SA. Bioluminescence imaging of
individual fibroblasts reveals persistent, independently phased circadian rhythms
of clock gene expression. Curr Biol 2004; 14: 2289–2295.

21 Pagani L, Semenova E, Moriggi E, Revell VL, Hack LM, Lockley SW et al. The
physiological period length of the human circadian clock in vivo is directly pro-
portional to period in human fibroblasts. PLoS One 2010; 5: e13376.

22 Bamne MN, Ponder C, Wood J, Mansour H, Frank E, Kupfer DJ et al. Application of
an ex vivo cellular model of circadian variation for bipolar disorder research: a
proof of concept study. Bipolar Disord 2013; 15: 694–700.

23 Lippert J, Halfter H, Heidbreder A, Röhr D, Gess B, Boentert M et al. Altered
dynamics in the circadian oscillation of clock genes in dermal fibroblasts of
patients suffering from idiopathic hypersomnia. PLoS One 2014; 9: e85255.

24 Najjar RP, Wolf L, Taillard J, Schlangen LJM, Salam A, Cajochen C et al. Chronic
artificial blue-enriched white light is an effective countermeasure to delayed
circadian phase and neurobehavioral decrements. PLoS One 2014; 9: e102827.

25 Celsi G, Kistner A, Aizman R, Eklöf AC, Ceccatelli S, de Santiago A et al. Prenatal
dexamethasone causes oligonephronia, sodium retention, and higher blood
pressure in the offspring. Pediatr Res 1998; 44: 317–322.

26 Rantamäki T, Hendolin P, Kankaanpää A, Mijatovic J, Piepponen P, Domenici E
et al. Pharmacologically diverse antidepressants rapidly activate brain-derived
neurotrophic factor receptor TrkB and induce phospholipase-Cgamma signaling
pathways in mouse brain. Neuropsychopharmacology 2007; 32: 2152–2162.

27 Braun SMG, Jessberger S. Adult neurogenesis: mechanisms and functional sig-
nificance. Development 2014; 141: 1983–1986.

28 Paxinos G, Franklin KBJ. The Mouse Brain in Stereotaxic Coordinates. Elsevier Sci-
ence: San Diego, CA, USA, 2004.

29 Harbour VL, Weigl Y, Robinson B, Amir S. Phase differences in expression of
circadian clock genes in the central nucleus of the amygdala, dentate gyrus, and
suprachiasmatic nucleus in the rat. PLoS One 2014; 9: e103309.

30 Kimiwada T, Sakurai M, Ohashi H, Aoki S, Tominaga T, Wada K. Clock genes
regulate neurogenic transcription factors, including NeuroD1, and the neuronal
differentiation of adult neural stem/progenitor cells. Neurochem Int 2009; 54:
277–285.

31 Bouchard-Cannon P, Mendoza-Viveros L, Yuen A, Kærn M, Cheng H-YM. The cir-
cadian molecular clock regulates adult hippocampal neurogenesis by controlling
the timing of cell-cycle entry and exit. Cell Rep 2013; 5: 961–973.

32 Ko CH, Takahashi JS. Molecular components of the mammalian circadian clock.
Hum Mol Genet 2006; 15, Spec No R271–R277.

33 Spulber S, Kilian P, Wan Ibrahim WN, Onishchenko N, Ulhaq M, Norrgren L et al.
PFOS induces behavioral alterations, including spontaneous hyperactivity that is
corrected by dexamfetamine in zebrafish larvae. PLoS One 2014; 9: e94227.

34 Peng CK, Havlin S, Stanley HE, Goldberger AL. Quantification of scaling exponents
and crossover phenomena in nonstationary heartbeat time series. Chaos 1995; 5:
82–87.

35 Hu K, Meijer JH, Shea SA, vanderLeest HT, Pittman-Polletta B, Houben T et al.
Fractal patterns of neural activity exist within the suprachiasmatic nucleus and
require extrinsic network interactions. PLoS One 2012; 7: e48927.

36 Hu K, FAJL Scheer, Ivanov PC, Buijs RM, Shea S. The suprachiasmatic nucleus
functions beyond circadian rhythm generation. Neuroscience 2007; 149: 508–517.

37 Macintosh AJJ, Alados CL, Huffman M. Fractal analysis of behaviour in a wild
primate: behavioural complexity in health and disease. J R Soc Interface 2011; 8:
1497–1509.

38 Nelson W, Tong YL, Lee JK, Halberg F. Methods for cosinor-rhythmometry.
Chronobiologia 1979; 6: 305–323.

39 Refinetti R, Lissen GC, Halberg F. Procedures for numerical analysis of circadian
rhythms. Biol Rhythm Res 2007; 38: 275–325.

40 Sokolove PG, Bushell WN. The chi square periodogram: its utility for analysis of
circadian rhythms. J Theor Biol 1978; 72: 131–160.

41 Ahlbom E, Gogvadze V, Chen M, Celsi G, Ceccatelli S. Prenatal exposure to high
levels of glucocorticoids increases the susceptibility of cerebellar granule cells to
oxidative stress-induced cell death. Proc Natl Acad Sci USA 2000; 97: 14726–14730.

42 Mueller BR, Bale TL. Sex-specific programming of offspring emotionality after
stress early in pregnancy. J Neurosci 2008; 28: 9055–9065.

43 Weinstock M. Gender differences in the effects of prenatal stress on brain
development and behaviour. Neurochem Res 2007; 32: 1730–1740.

Alterations in circadian entrainment and the response to fluoxetine
S Spulber et al

9

Translational Psychiatry (2015), 1 – 10



44 Nagano M, Liu M, Inagaki H, Kawada T, Suzuki H. Early intervention with fluoxetine
reverses abnormalities in the serotonergic system and behavior of rats exposed
prenatally to dexamethasone. Neuropharmacology 2012; 63: 292–300.

45 Rayen I, van den Hove DL, Prickaerts J, Steinbusch HW, Pawluski JL. Fluoxetine
during development reverses the effects of prenatal stress on depressive-like
behavior and hippocampal neurogenesis in adolescence. PLoS One 2011; 6:
e24003.

46 Guirado R, Sanchez-Matarredona D, Varea E, Crespo C, Blasco-Ibáñez JM, Nacher J.
Chronic fluoxetine treatment in middle-aged rats induces changes in the expres-
sion of plasticity-related molecules and in neurogenesis. BMC Neurosci 2012; 13: 5.

47 Navailles S, Hof PR, Schmauss C. Antidepressant drug-induced stimulation of
mouse hippocampal neurogenesis is age-dependent and altered by early
life stress. J Comp Neurol 2008; 509: 372–381.

48 Mcavoy K, Russo C, Kim S, Rankin G, Sahay A, Hospital MG et al. Fluoxetine
induces input-specific hippocampal dendritic spine remodeling along the septo-
temporal axis in adulthood and middle age. Hippocampus 2015. e-pub ahead of
print 7 April 2015. doi: 10.1002/hipo.22464.

49 Huang G-J, Herbert J. Stimulation of neurogenesis in the hippocampus of the
adult rat by fluoxetine requires rhythmic change in corticosterone. Biol Psychiatry
2006; 59: 619–624.

50 Jankord R, Herman JP. Limbic regulation of hypothalamo-pituitary-adrenocortical
function during acute and chronic stress. Ann N Y Acad Sci 2008; 1148: 64–73.

51 Sapolsky RM, Krey LC, McEwen BS. Glucocorticoid-sensitive hippocampal neurons
are involved in terminating the adrenocortical stress response. Proc Natl Acad Sci
USA 1984; 81: 6174–6177.

52 Levitt NS, Lindsay RS, Holmes MC, Seckl JR. Dexamethasone in the last week of
pregnancy attenuates hippocampal glucocorticoid receptor gene expression and
elevates blood pressure in the adult offspring in the rat. Neuroendocrinology 1996;
64: 412–418.

53 Welberg LA, Seckl JR, Holmes MC. Prenatal glucocorticoid programming of brain
corticosteroid receptors and corticotrophin-releasing hormone: possible impli-
cations for behaviour. Neuroscience 2001; 104: 71–79.

54 Conway-Campbell BL, Sarabdjitsingh R, McKenna M, Pooley JR, Kershaw YM,
Meijer OC et al. Glucocorticoid ultradian rhythmicity directs cyclical gene pulsing
of the clock gene period 1 in rat hippocampus. J Neuroendocrinol 2010; 22:
1093–1100.

55 Segall LA, Amir S. Glucocorticoid regulation of clock gene expression in the
mammalian limbic forebrain. J Mol Neurosci 2010; 42: 168–175.

56 Kiessling S, Eichele G, Oster H. Adrenal glucocorticoids have a key role in
circadian resynchronization in a mouse model of jet lag. J Clin Invest 2010; 120:
2600–2609.

57 Sage D, Ganem J, Guillaumond F, Laforge-Anglade G, François-Bellan A-M, Bosler
O et al. Influence of the corticosterone rhythm on photic entrainment of loco-
motor activity in rats. J Biol Rhythms 2004; 19: 144–156.

58 Mohawk JA, Cashen K, Lee TM. Inhibiting cortisol response accelerates recovery
from a photic phase shift. Am J Physiol Regul Integr Comp Physiol 2005; 288:
R221–R228.

59 Weibel L, Maccari S, Van Reeth O. Circadian clock functioning is linked to acute
stress reactivity in rats. J Biol Rhythms 2002; 17: 438–446.

60 Brown SA, Kunz D, Dumas A, Westermark PO, Vanselow K, Tilmann-Wahnschaffe A
et al. Molecular insights into human daily behavior. Proc Natl Acad Sci USA 2008;
105: 1602–1607.

61 Yamazaki S, Numano R, Abe M, Hida A, Takahashi R, Ueda M et al. Resetting
central and peripheral circadian oscillators in transgenic rats. Science 2000; 288:
682–685.

62 Landgraf D, McCarthy MJ, Welsh DK. The role of the circadian clock in animal
models of mood disorders. Behav Neurosci 2014; 128: 344–359.

63 Tapia-Osorio A, Salgado-Delgado R, Angeles-Castellanos M, Escobar C. Disruption
of circadian rhythms due to chronic constant light leads to depressive and
anxiety-like behaviors in the rat. Behav Brain Res 2013; 252: 1–9.

64 Monje FJ, Cabatic M, Divisch I, Kim E-J, Herkner KR, Binder BR et al. Constant
darkness induces IL-6-dependent depression-like behavior through the NF-κB
signaling pathway. J Neurosci 2011; 31: 9075–9083.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)

Alterations in circadian entrainment and the response to fluoxetine
S Spulber et al

10

Translational Psychiatry (2015), 1 – 10

http://creativecommons.org/licenses/by/�4.0/
http://creativecommons.org/licenses/by/�4.0/

	Alterations in circadian entrainment precede the onset of depression-like behavior that does not respond to fluoxetine
	Introduction
	Materials and methods
	Animals and treatments
	Behavioral testing
	Analysis of hippocampal neurogenesis and GR expression
	Corticosterone metabolites in feces
	Analysis of clock gene expression in the hippocampus
	Analysis of spontaneous activity
	Analysis of active phase in relation to the LD cycle
	Code availability
	Primary fibroblast cultures from adult mice
	Statistical analyses

	Results
	Outcomes of prenatal exposure to DEX
	Mice exposed to DEX prenatally display depression-like behavior that is not reversed by FLX
	Prenatal exposure to DEX induces alterations in neurogenesis that are not reversed by FLX

	Figure 1 DEX-exposed mice show depression-like behavior that is not reversed by antidepressant treatment with FLX.
	Alterations in circadian entrainment precede depression-like behavior

	Figure 2 Long-lasting defects in hippocampal neurogenesis associated with depression.
	Figure 3 Alterations in circadian rhythmicity precede the onset of depression-like behavior.
	Figure 4 Changes in spontaneous activity in response to a 6-h phase advance in 6 mo-old mice.
	Reduced amplitude of oscillations in clock gene expression in primary skin fibroblasts derived from DEX-exposed mice

	Figure 5 Alterations in circadian entrainment in DEX-exposed mice.
	Circadian entrainment is not altered in a model of depression that is reversed by FLX

	Discussion
	Figure 6 Circadian rhythmicity and entrainment in a model of depression induced by developmental exposure to MeHg.
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