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(Significance Statement \

Previous studies hypothesized that disruption of the internal coordination of circadian rhythms by the
master circadian clock may contribute to the etiology of mood disorders. This hypothesis has not yet been
tested in genetically and neurologically intact animal models with impairment of the master clock’s ability
to maintain circadian internal synchronization. We compared rats exposed to 22-h light-dark cycle, which
leads to forced desynchrony of neuronal oscillators within the suprachiasmatic nucleus, to rats exposed to
a normal 24-h light-dark cycle. We show that forced desynchrony induces a depressive phenotype that is
particularly manifested during the animal’s dark (active) phase. Our results demonstrate that prolonged
Kinternal misalignment of circadian rhythms may constitute part of the etiology of depression. j
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In mammals, a master circadian clock within the suprachiasmatic nucleus (SCN) of the hypothalamus maintains
the phase coherence among a wide array of behavioral and physiological circadian rhythms. Affective disorders
are typically associated with disruption of this fine-tuned “internal synchronization,” but whether this internal
misalignment is part of the physiopathology of mood disorders is not clear. To date, depressive-like behavior in
animal models has been induced by methods that fail to specifically target the SCN regulation of internal
synchronization as the mode to generate depression. In the rat, exposure to a 22-h light-dark cycle (LD22) leads
to the uncoupling of two distinct populations of neuronal oscillators within the SCN. This genetically, neurally, and
pharmacologically intact animal model represents a unique opportunity to assess the effect of a systematic
challenge to the central circadian pacemaker on phenotypic manifestations of mood disorders. We show that
LD22 circadian forced desynchrony in rats induces depressive-like phenotypes including anhedonia, sexual
dysfunction, and increased immobility in the forced swim test (FST), as well as changes in the levels and turnover
rates of monoamines within the prefrontal cortex. Desynchronized rats show increased FST immobility during the
dark (active) phase but decreased immobility during the light (rest) phase, suggesting a decrease in the amplitude
of the normal daily oscillation in this behavioral manifestation of depression. Our results support the notion that
the prolonged internal misalignment of circadian rhythms induced by environmental challenge to the central

circadian pacemaker may constitute part of the etiology of depression.
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Introduction

In mammals, circadian rhythms are coordinated by a
master circadian clock located in the suprachiasmatic
nucleus (SCN), where transcriptional and translational
feedback loops within single cells oscillate with a period
of approximately 24 h; these cells compose a neuronal
network that generates robust endogenous circadian os-
cillations (Colwell, 2011). Direct retinal projections to the
SCN via the retinohypothalamic tract (RHT) assure en-
trainment of the master clock—as well as the body
rhythms it regulates—to the light-dark (LD) cycle
(Golombek and Rosenstein, 2010). In this manner, the
SCN governs a wide array of behavioral and physiological
rhythms including the sleep-wake cycle, body tempera-
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ture, hormone release, appetite, and cognitive functions
(Saper et al., 2005). This regulation is achieved directly or
through inputs to both central and peripheral extra-SCN
circadian oscillators that locally time tissue-specific pro-
cesses (Mohawk et al., 2012). Thus, the SCN master clock
is responsible for maintaining phase coherence within the
complex network of body oscillators and the rhythms they
regulate. Disruption of this fine-tuned “internal synchroni-
zation” is often associated with both somatic and neuro-
psychiatric disorders (Takahashi et al., 2008; Wulff et al.,
2010; McCarthy and Welsh, 2012; Morris et al., 2012;
McClung, 2013).

Numerous lines of evidence support the association
between abnormal endogenous circadian rhythms and
affective disorders. Patients with affective disorders show
disruptions in an array of circadian rhythms including
sleep, body temperature rhythm, and hormone release
(Boivin, 2000; Wirz-Justice, 2006), suggesting that mood
disorders are linked to impairment of the master regula-
tion of circadian rhythms rather than the disruption of
isolated rhythmic outputs. Moreover, bright light therapy,
sleep deprivation, sleep phase advance, and social
rhythm therapy, which are all capable of resetting the
phase of the master circadian clock, were shown to be
effective in the treatment of affective disorders (Riemann
et al., 2002; Frank et al., 2005; Golden et al., 2005;
Hemmeter et al., 2010). In addition, the SCN projects
directly or through relays to the prefrontal cortex, hip-
pocampus, and amygdala (Leak and Moore, 2001) and
trans-synaptically drives the circadian cellular activity of
monoaminergic brain regions (Aston-Jones et al., 2001;
Luo and Aston-Jones, 2009), all of which are associated
with mood regulation. Accordingly, exposure to short
photoperiods or constant light can lead to behavioral
symptoms of depression in different rodent models (Pren-
dergast and Nelson, 2005; McClung, 2011), and rats ex-
posed to constant darkness for several weeks show
apoptosis in mood-related monoaminergic neurons in as-
sociation with a depressive behavioral phenotype
(Gonzalez and Aston-Jones, 2006, 2008). These environ-
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mental light effects were attributed in part to the master
circadian clock. Finally, mice with mutated or knocked-
down clock genes typically show abnormal affective be-
havior (Prickaerts et al., 2006; Roybal et al., 2007; Keers
et al., 2012). These behavioral effects emerge, at least in
part, from the absence of a functional clock within SCN
neurons, as region-specific knockdown of the clock gene
Bmal1 in the SCN is associated with similar behavioral
manifestations of depression (Landgraf et al., 2016).

Taken together, these findings have led to the hypoth-
esis that the disruption of the circadian system and spe-
cifically the internal phase coordination of circadian
rhythms by the master circadian clock may constitute part
of the etiology of mood disorders. Nevertheless, this hy-
pothesis has not yet been tested in genetically and neu-
rologically intact animal models—better concurring with
the etiology of affective disorders in humans—uwith tar-
geted impairment of the master clock’s ability to maintain
circadian internal synchronization. de la Iglesia et al.
(2004) developed a genetically, neurally and pharmaco-
logically intact rat model of “forced desynchrony,” in
which the mere exposure to a symmetric 22-h light-dark
cycle (LD22) leads to the uncoupling of two distinct pop-
ulations of neuronal oscillators within the SCN: the ven-
trolateral SCN (vVISCN) and the dorsomedial SCN
(dmSCN). Forced desynchronized rats present key prop-
erties of human forced desynchrony such as the desyn-
chronized circadian regulation of temperature, sleep
stages, melatonin, and cortisol (Cambras et al., 2007; Lee
et al., 2009; Schwartz et al., 2009; Wotus et al., 2013). The
purpose of the present study was to take advantage of the
forced desynchronized rat to test the prediction that a
systematic challenge to the central circadian pacemaker’s
ability to maintain the internal synchronization of circadian
rhythms will itself cause an altered affective state. We
show that forced desynchrony of circadian rhythms in rats
induces signature symptoms that characterize depression
in animal models including anhedonia, sexual dysfunc-
tion, and increased immobility in the forced swim test
(FST), as well as changes in the levels and turnover rates
of monoamines within the prefrontal cortex (PFC).

Materials and Methods

Animals and housing

Adult Wistar male rats (2 months old, Charles River
Laboratories, Raleigh, NC) were housed in individual
transparent cages with ad libitum access to standard
rodent diet (5001, LabDiet, St. Louis, MO) and water.
Animals were kept in a ventilated chamber for 9-12 weeks
at constant humidity and temperature (21 = 1°C) under a
12:12 LD (12 h light, 12 h dark) cycle (control group, LD24)
or under an 11:11 LD (11 h light, 11 h dark) cycle (desyn-
chronized group, LD22). Light intensity, as measured in-
side the individual cages at the level of the rat’s eyes, was
64 = 11 lux during the light phase and <1 lux dim red light
during the dark phase. Animals were individually housed
because group housing interferes with desynchrony and
the recording of locomotor activity rhythm of each indi-
vidual. In an effort to minimize stress during the behavioral
tests, rats were briefly handled two to four times a week
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during the dark phase by the same experimenter that
performed the behavioral tests. Females were not used
for behavioral tests (except for testing male sexual behav-
ior) because the interaction between circadian desyn-
chrony and estrous cycle, which is expected to affect
behavioral tests, would require more animals and a differ-
ent experimental design. The Institutional Animal Care
and Use Committee of the University of Washington ap-
proved all procedures.

Forced desynchrony

Desynchrony was assessed by continuous recording of
locomotor activity rhythms through crossed infrared
beams and analysis with the Sokolove and Bushell (1978)
periodogram. Infrared beam breaks were recorded in 10-
min bins using Clocklab (Actimetrics, Wilmette, IL). After 3
weeks under LD22, two locomotor rhythms emerged with
different period lengths, confirmed by Sokolove-Bushel
periodogram analysis using El Temps (A. Diez-Noguera;
Universidad de Barcelona, Barcelona, Spain; Fig. 1). One
rhythm was entrained by the LD cycle and had a period of
22 h and the other was dissociated from the LD cycle and
had a period >24 h (~25 h). Rats that failed to desyn-
chronize (~20%) were removed from the study. The two
locomotor activity rhythms of desynchronized rats peri-
odically come in phase (aligned days) when the 22- and
~25-h locomotor activity bouts overlap with each other
(Fig. 1; circled A and B), and come out of phase (mis-
aligned days), when one locomotor activity bout starts
where the other ends (Fig. 1; circled C and D). During
aligned days, both locomotor activity bouts (r = 22 h and
T = ~25 h) occur during the dark phase and both rest
bouts during the light phase.

Behavioral tests

For the behavioral tests, control rats were tested in
either the middle of their active phase [zeitgeber time 18
(ZT18), where ZT12 is the time of lights off] or the middle
of their rest phase (ZT6). Similarly, desynchronized rats
were tested on aligned days in either the middle of their
active phase (circled A in Fig. 1) or the middle of their rest
phase (circled B in Fig. 1), or on misaligned days in either
the middle of the LD22 light phase (circled C in Fig. 1) or the
middle of the LD22 dark phase (circled D in Fig. 1). Rats were
also weighed to the nearest 0.2 g (V41PWE1501T; Ohaus,
Parsippany, NJ) once a week when their cages were
changed to assess differences in body weight between
groups, as body weight changes have been linked to de-
pression (Shioiri et al., 1993).

We divided rats into three cohorts. One cohort (control:
n = 22; desynchronized: n = 47) was tested in the sac-
charin preference test (SPT) and sexual behavior test
(SBT), allowing a recovery period of at least a week be-
tween two sequential tests. A sample of rats from this
cohort (control: n = 12; desynchronized: n = 19) was
tested in the open field test (OFT). The second cohort
(control: n = 16; desynchronized: n = 24) underwent a
single FST. The third cohort (control: n = 9; aligned: n =
8) was subjected to a single OFT followed by decapitation
and harvesting of brain tissue for chromatographic anal-
ysis. The OFT results from this cohort (not shown) were
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Figure 1. Forced desynchrony of locomotor activity. Top, Double-plotted actograms for locomotor activity of representative rats
maintained on symmetric 24-h (left; 12 h light, 12 h dark) or 22-h (right; 11 h light, 11 h dark) LD cycles. The gray shading indicates
lights off. The black line on the LD22 plot indicates the onset of locomotor activity for the LD-dissociated bout of activity. Letters
represent phases at which LD22 desynchronized animals were tested. During aligned days, animals were tested in the dark phase (A)
or the light phase (B). During misaligned days, animals were also tested in the light phase (C) or the dark phase (D). Although all four
phases are shown schematically in the same animal, each animal was tested only once at one of these four phases. Bottom,
Periodograms of the time series represented in each actogram. Analysis revealed a single statistically significant peak for the LD24
animal and two statistically significant peaks for the LD22 animal. The numbers above the peaks indicate the period of the significant

peaks in hours.

similar to those from cohort 1. For chromatography, we
used rats only during aligned days because they showed
the most pronounced differences in behavioral perfor-
mance compared with control rats. All of the behavioral
tests, with the exception of the SPT that was done in the
rats’ home cage, were done in a ventilated chamber kept
at constant temperature and humidity. Animals were
transferred to the behavioral testing room in their home
cages. Lighting conditions in the testing chamber were
similar to those in the housing chamber at the time of the
test: ~60 lux for animals tested during the light phase and
1 lux red light for animals tested during the dark phase.
The latter animals were transported to the behavioral test
chamber under darkness.

Saccharin preference test

To assess anhedonia, rats from both groups were of-
fered two identical bottles, one filled with tap water and
the other with 0.1% saccharin solution in tap water for a
period of 8 days. Bottles were weighed daily to =0.1 g to
track liquid consumption of the animals over a period of
24 h, and the position of the bottles was switched daily (at
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15:00, which corresponds to ZT12 for controls, and falls
at different time points on the LD cycle of the desynchro-
nized rats) to prevent possible effects of side preference
in drinking. We then calculated the proportion of 0.1%
sucrose consumption out of total liquid consumption. For
LD24 animals, the data from all 8 days was included.
During the 8-day period, each LD22 animal went through
one aligned and one misaligned day; only these days were
included in the analysis, and days in which the animals
were neither aligned nor misaligned were not included.

Open field test

To assess anxiety, desynchronized and control rats
were placed at the lower right corner of a black square
Plexiglas arena (90 X 90 X 30 cm; width X length X
height). Animal movements were monitored for 10 min
using a surveillance video camera (WV-BP334, Panaso-
nic, Osaka, Japan) attached to the ceiling, 2 m above the
center of the arena. We used an open-source automated
movement-tracking code that uses Matlab (MathWorks,
Natick, MA) as a platform (http://www.seas.upenn.edu/
~molneuro/autotyping.html) to calculate the fraction of
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time spent in the perimeters of the arena (Patel et al.,
2014), which is a measure of anxiety.

Sexual behavior test

Sexual dysfunction is reported in 50-60% of untreated
patients with depression (Kennedy et al., 1999; Bonierbale
and Tignol, 2003), and sexual inquiry is recommended as
an integral component of the medical evaluation (Basson
and Schultz, 2007). To assess sexual function, males
were placed in a transparent Plexiglas arena (40 X 60 X
40 cm; width X length X height) covered with a 5-mm
layer of bedding (Bed o’Cobs, The Andersons, Maumee,
OH) and were allowed 5 min to habituate to the arena
before a receptive female was introduced. The behavior of
the rat pair was monitored with a surveillance camera
(WV-BP334, Panasonic) until the first event of ejaculation
occurred or for 30 min if the male did not ejaculate. During
this period, we recorded the frequency and timing of three
different male behaviors: mounting, intromission, and
ejaculation as previously defined by Agmo (1997). Using
this information, we calculated several standard parame-
ters of sexual behavior: latency to ejaculation, latency to
mounting, latency to intromission, and copulatory rate, as
follows:

Copulatory rate
_ # mountings + # intromissions
(latency to ejaculation — latency to mounting)

To induce sexual receptiveness, females were anesthe-
tized with isoflurane by inhalation. Their ovaries were
removed with a flank incision of about 1.5 cm, and an-
other 1-cm incision to the underlying muscle tissue. The
oviduct was ligated with absorbable sutures, and the
ovary was then removed. The same procedure was re-
peated on the opposite side to remove the second ovary.
The peritoneum was sutured with absorbable sutures and
the skin with wound clips. Females were given at least 7
days of recovery before being used for the behavioral
tests. Sexual receptiveness was induced by two injections
of 20 ug of estradiol suspended in flaxseed oil 48 and 24
h before the behavioral test and an injection of 1 mg of
progesterone suspended in flaxseed oil 4 h before the
behavioral test.

Forced-swim test

Rats were individually subjected to a unique 5-min FST
in a separate room following Gonzalez and Aston-Jones
(2008). Briefly, rats provided with a flotation aid were
placed for 5 min in a tank (38.5 cm height X 30.5 cm
diameter; Instech Laboratories, Plymouth Meeting, PA)
with warm water (30°C). The tank was placed inside a
black cylinder to reduce visual stimuli during the test. Rats
were briefly handled throughout the 2 weeks before the
test. The brief handling, warm water, and flotation aid
were used to reduce stress as a confounding factor for
the evaluation of a mood-related behavioral phenotype.
Under these conditions, Gonzalez and Aston-Jones
(2008) demonstrated that a single exposure to the FST
can reveal a depressive behavioral phenotype in a single
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assay. A digital video camera over the tank recorded
behaviors during the FST. Immediately after the test, each
animal was removed from the water, towel-dried, and
returned to its home cage. The water was changed and
the cylinder cleaned between rats. Two observers blinded
to the experimental conditions scored immobility (when
the animal is being completely motionless, with no move-
ments of limb, tail, or head) offline on a video monitor from
videotaped images using Behavior Coding 2.18 (David
Hurley, University of Washington, Seattle, WA).

High-performance liquid chromatography (HPLC)

Immediately after the OFT (the only test these animals
underwent), LD24 control rats and LD22 aligned rats were
moved to an adjacent room with the same lighting con-
ditions of the test, where they were decapitated with a
guillotine. The brain was rapidly removed from the skull
and placed on filter paper soaked in 0.01 m chilled PBS. A
single coronal cut was made across both hemispheres of
the brain at bregma + 3.7 mm, and both the left and right
PFC regions (Paxinos and Watson, 1998) were dissected
with fine scissors. The tissue was placed in a centrifuge
tube and quickly frozen on dry ice. Less than 2 min
passed from the time of decapitation to the freezing of the
prelimbic and cingulate cortex tissue. The tissue was
stored at —80°C until processing.

Each tissue sample was sonicated in 0.5 ml of 0.1 m
perchloric acid and 2 um ascorbic acid. A 100-ul aliquot of
the sonicated material was stored at —70°C for protein
determination with a Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Rockford, IL). After centrifuga-
tion of the remainder of the sonicated material at 13,000
X g for 15 min, the supernatant was collected and stored
at —=70°C for later use. After thawing, 200 ul of the super-
natant was filtered through a 0.22 Millex GV syringe-
driven filter and transferred to an autosampler tube before
injection. Detection was performed with an ESA Cou-
lochem Il electrochemical detector (ESA Laboratories,
Chelmsford, MA) with the conditioning cell set at —-300
mV, electrode 1 of the analytic cell set at -90 mV, and electrode
2 of the analytic cell set at 350 mV, and a Phenomonex reverse-
phase c18 Gemini column (150 X 4.6 mm, 3 um, 110 A;
Phenomenex, Torrance, CA). The EZChrom Elite chromatog-
raphy data system (Agilent Technologies, Santa Clara, CA) was
used for data reduction. Norepinephrine (NE), 3-methoxy-4-
hydroxyphenylglycol (MHPG), dopamine (DA), 3,4-dihy-
droxyphenylacetic acid (DOPAC), serotonin (5-HT), and
5-hydroxyindole acetic acid (5-HIAA) were separated and
quantified. Concentrations are expressed as pg/ug protein.

Statistical analysis

The changes in body mass and mean locomotor activity
of rats from different groups were compared using
repeated-measures ANOVA with rat ID as a random factor
nested within treatment group. Many behavioral tests are
heavily reliant on locomotor activity. To account for this
confounding effect, we included mean locomotor activity
in the home cage of each rat during the day of the test as
a covariate. Whenever locomotor activity did not have a
significant effect on behavioral performance, it was ex-
cluded from the model, and we report its effect only when
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found significant. Fraction of saccharin consumption was
not normally distributed, and therefore we used the non-
parametric Kolmogorov-Smirnov test to compare the
groups and Bonferroni correction for multiple compari-
sons. The reported p-values are corrected values. Frac-
tion of time spent in perimeter in the OFT, immobility
during the FST, copulatory rate, and levels of mono-
amines in the PFC were all compared between groups
and phase using two-way ANOVA. Because a significant
number of animals did not display sexual behavior during
the test, our data were strongly right skewed. For this
reason, we used Kaplan—-Meier survival analysis to com-
pare differences in latency to mounting, intromission, and
ejaculation between desynchronized and control rats dur-
ing the dark and light phases.

We also calculated a depression score for rats that were
tested on multiple behavioral tests. Because the FST was
done on a different cohort of rats, it was not included. Thus,
the depression score we calculated for each individual (con-
trol: n = 20, desynchronized: n = 47) was the sum of the
standardized (as z-values obtained subtracting the mean
and dividing by the standard deviation) mounting latency,
standardized ejaculation latency, standardized copulatory
rate, and standardized saccharin consumption. We multi-
plied the standardized saccharin consumption and copula-
tory rate by —1 to make sure that for all behavioral measures,
a higher score is indicative of a higher depressive pheno-
type. Because the depression scores did not distribute nor-
mally, we used the Kruskal-Wallis nonparametric test to
compare the scores of the three different treatment groups.
Finally, we used linear regression analysis to test the rela-
tionship between performance in the different behavioral
tests and the amplitude of locomotor activity rhythm on the
day of the test, calculated as the difference between mean
locomotor activity per hour during the dark and light phases.
In the case of saccharin preference, we tested this correla-
tion using values from a single day. Because saccharin
consumption was measured every 24 h over several days,
LD22 rat data are divided into aligned and misaligned at the
end of the experiment by compiling days of alignment or
days of misalignment for each animal. Tukey’s post hoc test
was used for pairwise multiple comparisons when groups or
the interaction were found statistically different. All statistical
tests were done with R version 3.1.2 using ‘nime,” ‘R.mat-
lab,” and ‘survival’ packages.

Results

Body mass and locomotor activity

Body mass of control rats (372.75 = 15.19 g, n = 22)
did not significantly differ from that of desynchronized rats
(382.17 £ 10.36 g, n = 47; Fig. 2A; F4 67 = 3.57, p = 0.06).
As expected, the circadian rhythm of locomotor activity
significantly differed between groups and phase of day
(Fig. 2B, C; interaction effect F, 151 = 165.9, p < 0.001).
Specifically, during the light phase, LD24 control rats had
lower locomotor activity (n = 22) than LD22 rats during
aligned days (n = 47; Tukey’s post hoc test: p < 0.001),
and LD22 misaligned rats had the highest locomotor ac-
tivity levels (n = 47; Tukey’s post hoc test: p < 0.001).
During the dark phase, there was no difference between
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Figure 2. The effect of forced desynchrony on body mass and
locomotor activity. A, Change in mean = SE body mass in LD24
controls (n = 22) and LD22 desynchronized (n = 47) animals
throughout the experiment. B, Mean =+ SE locomotor activity [% of
total activity during each 24- or 22-h cycle] of LD24 control rats and
LD22 desynchronized rats. Shaded gray area denotes lights off.
Note that data for desynchronized animals corresponds to 11 h of
light and 11 h of darkness. C, Mean = SE locomotor activity per
hour (total IR beam interruptions) averaged over either the light or
dark phase for control rats, aligned rats, and misaligned rats. Dif-
ferent letters denote statistically significant differences between
groups.

locomotor activity levels of LD24 control rats (n = 22) and
LD22 aligned rats (n = 47; Tukey’s post hoc test: p = 0.9),
but LD22 misaligned rats had significantly lower levels of
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locomotor activity (n = 47; Tukey’s post hoc test: p <
0.001). Finally, the amplitude of locomotor activity was
significantly different between groups (F, 46 = 130.5, p <
0.001), where LD24 control rats had the highest amplitude
of locomotor activity, and LD22 misaligned rats had the
lowest amplitude compared with both LD22 aligned rats
and LD24 control rats.

Circadian forced desynchrony and behavioral
performance
Saccharin preference test

We did not find a difference in saccharin preference
throughout the 8 days of the test (F; ,5; = 2.38, p = 0.1).
This allowed us to consolidate data of LD22 desynchro-
nized rats measured on different days, as alignment and
misalignment days did not fall on the same date for each
individual. LD24 control rats consumed a significantly
larger fraction of 0.1% saccharin (0.76 = 0.02, n = 22)
than LD22 rats measured during aligned days (0.65 =
0.03, n = 47; Fig. 3A; D = 0.19, p = 0.03), but not more
than LD22 rats measured during misaligned days (0.69 =
0.04,n = 47; D = 0.15, p = 0.6). Saccharin consumption
did not differ between rats measured during aligned and
misaligned days (Fig. 3A; D = 0.14, p = 0.5).

Open field test

No differences were found between treatment groups in
the fraction of time rats spent in the perimeter of the open
field test arena (Fig. 3B; group: F,,5 = 2.52, p = 0.1;
group X phase interaction: F,,; = 0.86, p = 0.4), and
there was no difference in preference for the perimeter
between the light and the dark phases (Fig. 3B; phase:
Fi25 = 0.12, p = 0.7). In addition, no differences were
found in the distance travelled by the rats (group: F, 55 =
1.49, p = 0.2, group X phase interaction: F, ,5 = 0.46, p
= 0.6), but the distance travelled by all rats during the
dark phase was greater than the distance travelled by all
rats during the light phase (phase: F; .5 = 18.12, p <
0.001).

Forced swim test

Immobility time during the FST was significantly differ-
ent between treatment groups (Fig. 3C; F, 34 = 8.42, p =
0.001). Specifically, during the dark phase, LD24 control
rats showed significantly lower immobility time than LD22
aligned (Tukey’s post hoc test: p = 0.02) and misaligned
(Tukey’s post hoc test: p = 0.02) rats. During the light
phase, LD24 rats had significantly higher immobility time
than LD22 aligned (Tukey’s post hoc test: p = 0.01) and
misaligned (Tukey’s post hoc test: p = 0.05) rats.

Sexual behavior test

Circadian forced desynchrony had an effect on sexual
behavior. During the dark phase (Fig. 4A; ¥* = 7.83, p =
0.02) LD24 control rats (n = 11) had a shorter mounting
latency than both aligned (n = 11; Tukey’s post hoc test:
p = 0.01) and misaligned (n = 12; Tukey’s post hoc test:
p = 0.003) rats, but no such differences were found in the
light phase (x® = 2.46, p = 0.3). Similarly, a difference in
ejaculation latency was found during the dark phase (Fig.
4B; ¥* = 7.89, p = 0.02), with LD24 control rats (n = 11)
having shorter ejaculation latency than LD22 aligned (n =
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Figure 3. Effect of circadian forced desynchrony on behavioral
manifestations of depression. A, Fraction of 0.1% saccharin
consumption averaged over 8 d for LD24 control, LD22 aligned,
and LD22 misaligned rats. Boxes outline the lower (25%) and
upper (75%) quartiles, and the line denotes the median. Error
bars represent the 95% confidence intervals. Different letters
denote statistically significant differences (p < 0.05). B, Fraction
of time spent in the perimeters of the open field test arena, during
the light and dark phases in the same groups. C, Immobility time
during the 5-min FST in the light and dark phases. Different
letters denote statistically significant differences (p < 0.05). All
values represent mean * SE.

11; Tukey’s post hoc test: p = 0.02) but not misaligned (n
= 12; Tukey’s post hoc test: p = 0.06) rats. When we
included mean locomotor activity as a covariate, we found
that it had a significant effect on ejaculation latency (F s¢
= 4.20, p = 0.05), but this effect did not alter the results
because the effect of group remained significant (F, 55 =
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Figure 4. Effect of circadian forced desynchrony on sexual
behavior of male rats during the dark phase. Percentage of LD24
control and LD22 desynchronized male rats that did not mount
(A) and did not ejaculate (B) as a function of the time lapsed from
the introduction of a receptive female. #p < 0.05, ##p < 0.01.
Log-rank values were calculated based on a Kaplan-Meier sur-
vival analysis. C, Mean = SE copulatory rate in LD24 control and
LD22 desynchronized males. Copulatory rate was calculated as
the sum of mounting and intromission events divided by the time
lapsed from the first mounting event until the first ejaculation
event. Different letters denote statistical differences between
groups (p < 0.05).

4.85, p = 0.01). No differences in ejaculation latency were
found during the light phase (x> = 3.70, p = 0.2). Further-
more, no difference was found in intromission latency
during the light (* = 2.79, p = 0.3) or dark (® = 2.11, p
= 0.3) phases. Finally, LD22 aligned rats had lower cop-
ulatory rates than LD24 control rats during the dark phase
(Fig. 4C; Fy 6, = 4.71, p = 0.01), whereas misaligned rats
did not differ from aligned (Tukey’s post hoc test: p = 1.0)
or LD24 control (Tukey’s post hoc test: p = 0.07) rats.
Mean locomotor activity had a significant effect on cop-
ulatory rate (Fy 5 = 9.65, p = 0.003), but even when this
effect was included in the model, we found a significant
effect of group (F, 55 = 3.63, p = 0.03).

Because females were tested at different time points
during their 24-h cycle, we included the female ZT as a
covariate in our analysis. We found no effect of the female
ZT on either ejaculation latency (F; ¢ = 2.39, p = 0.1) or
mounting latency (F; g = 1.51, p = 0.2). We did find a
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significant effect of the female ZT on copulatory rate (F; g6
= 3.99, p = 0.05). However, when accounting for this
effect, we still found a significant difference between
groups (group: F, 56 = 3.49, p = 0.04; group X phase
interaction: F, 56 = 4.30, p = 0.02), with LD24 control rats
showing higher copulatory rate during the dark phase
compared with LD22 aligned rats (Tukey’s post hoc test:
p = 0.05), but not compared with LD22 misaligned rats
(Tukey’s post hoc test: p = 0.1). Copulatory rate of LD22
misaligned rats was also not statistically different from
that of LD22 aligned rats (Tukey’s post hoc test: p = 0.99).
Thus, the effects were identical to those we report above.

Depression score

We found a significant difference between scores of
different groups (Fig. 5A; x° = 7.63, p = 0.02). Specif-
ically, the depression score of control rats (-0.43 = 0.27)
was significantly lower than that of LD22 aligned (0.89 =
0.45; post hoc test: p = 0.03) as well as LD22 misaligned
(0.84 = 0.42; post hoc test: p = 0.03) rats.

Correlations between amplitude of locomotor activity
and performance in the behavioral tests

The fraction of 0.1% saccharin consumption over a
period of 24 h was positively correlated with the amplitude
of locomotor activity during the day of the test (Fig. 5B;
Fiee = 10.17, p = 0.002, R* = 0.13). Additionally, both
latency to mounting (Fig. 5C; F, 35 = 18.29, p < 0.001, R?
= 0.36) and latency to ejaculation (Fig. 5D; F; ,5 = 6.29, p
= 0.02, R? = 0.20) in the dark phase were negatively
correlated with the amplitude of locomotor activity during
the day of the test. Finally, we found a significant positive
correlation between immobility in the FST and the ampli-
tude of locomotor activity during the day of the test (Fig.
5E; F,; = 5.60, p = 0.05, R® = 0.44).

Circadian forced desynchrony and prefrontal cortex
monoamine levels and turnover

We analyzed the amount of NE, DA, and 5-HT and their
respective metabolites in the PFC at the same phases in
which behavioral tests were performed in LD24 and LD22
aligned animals (Fig. 6). Table 1 shows monoamine and
metabolite levels, their calculated turnover, and statistical
results. NE (Fig. 6A; F, .5 = 4.49, p = 0.04) and DA (Fig.
6B; Fy 55 = 10.21, p = 0.003) levels were higher in LD22
desynchronized rats compared with LD 24 controls (25%
and 48%, respectively), and neither group showed a cir-
cadian oscillation in NE (Fig. 6A; Fy ,g = 1.10, p = 0.3) or
DA (Fig. 6B; F4 55 = 2.00, p = 0.2) levels. 5-HT levels were
higher during the dark than during the light phase in both
groups (Fig. 6C; F 15 = 4.60, p = 0.05), and there were no
differences in 5-HT levels between LD24 controls and
LD22 desynchronized rats (Fig. 6C; F; 15 = 0.24, p = 0.6).
Finally, there were no differences in turnover rates of NE
(Fig. BA’ ; F1 25 = 0.89, p = 0.4) or DA (Fig. 6B’ ; Fy 0 =
0.0006, p = 0.98) between groups, but the turnover rate of
5-HT was significantly higher in LD22 desynchronized rats
than in LD 24 controls (Fig. 6C’ ; F4 15 = 12.80, p = 0.003).

Discussion
The link between affective disorders and disruptions of
the circadian system has been recognized for decades
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Figure 5. The effect of circadian forced desynchrony on behavioral performance. A, A depression score (higher values indicate a
depressive phenotype) for LD24 control, LD22 aligned, and LD22 misaligned rats. Boxes outline the lower (25%) and upper (75%)
quartiles, and the line denotes the median. Error bars represent the 95% confidence intervals, and the black circles are outliers.
Different letters denote statistically significant differences (p < 0.05). The amplitude of circadian locomotor activity predicts the
severity of behavioral manifestations of depression. B, Fraction of 0.1% saccharin consumption over a 24-h period in LD24 control
and LD22 desynchronized animals as a function of the amplitude of locomotor activity on the day of the test. Latency to mounting
(C) and ejaculation (D) during the dark phase as a function of the amplitude of locomotor activity on the day of the test. E, Immobility
in the FST during the dark phase as a function of the amplitude of locomotor activity on the day of the test, calculated as the difference
between the mean activity per hour during the dark phase and the mean activity per hour during the light phase.

(Wulff et al., 2010; McClung, 2013). Nevertheless, it is
unclear whether circadian disorders may represent a co-
morbidity of mental disease or, alternatively, challenges to
circadian organization may be among the prevalent
factors that increase susceptibility to mood disorders.
Our results show that long-term desynchronization of
the circadian system in a neurally, genetically, and
pharmacologically intact mammal leads to depressive-
like behavior, as indicated by increased immobility in
the FST and decreased hedonic behavior in the SPT
and SBT (Figs. 3 and 4). Moreover, we found that the
severity of the circadian desynchronization, as esti-
mated by the amplitude of locomotor activity, was cor-
related with performance in the behavioral tests (Fig. 5).
Specifically, the lower the amplitude of locomotor ac-
tivity rhythm, the stronger the depressive phenotype
was on the behavioral tests. These results suggest that
internal circadian desynchronization contributes to the
pathogenesis of affective disorders.

The manipulation of the LD cycle in the forced desyn-
chronized rat leads to the desynchronization of circadian

November/December 2016, 3(6) €0237-16.2016

rhythms, including the rhythms of core body temperature,
release of corticosterone and melatonin, and REM sleep
(de la Iglesia et al., 2004; Cambras et al., 2007; Lee et al.,
2009; Schwartz et al., 2009; Wotus et al., 2013). The
internal misalignment of these circadian rhythms is char-
acteristic of depression in humans as well (Souétre et al.,
1989; Riemann et al., 2001; Lewy, 2009). This misalign-
ment is in agreement with the pattern of clock gene
expression in extra-SCN neural circadian oscillators in
postmortem tissue from human patients with depression
and in animal models of depression (Li et al., 2013; Land-
graf et al., 2015; Logan et al., 2015; Savalli et al., 2015).
However, depression in the animal models used in these
studies was induced by aversive methods, and the cau-
sality between desynchronization and the manifestation of
depression could not be established. In the forced desyn-
chronized rat, the simple manipulation of the LD cycle
causes the predictable and stable desynchronization of
neuronal oscillators within the SCN in the absence of any
invasive intervention, and this in turn leads to a depressive
behavioral phenotype.
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Figure 6. Forced desynchronized rats show a significant increase of levels of NE and DA and of 5-HT turnover in the prefrontal cortex.
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#p = 0.05 (phase effect). See Table 1 for statistics.

For the present study, we used a single-exposure FST
that has been previously validated in an animal model of light
deprivation-induced depression. Rats kept for 6 weeks in
constant darkness showed increased immobility in the first 5
min of exposure to the test compared with controls, and this
behavioral deficit was reversed by desipramine (Gonzalez
and Aston-Jones, 2008). Similarly, desynchronized rats dur-
ing the dark phase in our study showed a spontaneous
despair behavior revealed by the increased immobility dur-
ing the 5-min FST, an expected outcome if circadian desyn-
chrony predisposes individuals to a behavioral depressive
phenotype. Importantly, the FST depressive phenotype ob-
served in aligned LD22 animals during the dark phase, com-
pared with LD24 animals during the same phase, cannot be
attributed to reduced locomotor activity because the activity
in the home cage for these groups did not differ (Fig. 28, C).

We argue that this reduced response—increased immobili-
ty—to helplessness during a time of the day at which the
animals are expected to be more active represents a phe-
notypic manifestation of depression.

Control rats kept under LD24, showed a daily (likely cir-
cadian) modulation of performance in the FST, manifested
as less immobility during the dark phase. This modulation
has been largely ignored in studies using behavioral markers
of depression, which typically perform the tests during the
rest (light) phase of the animals. Indeed, Tataroglu et al.
(2004) have shown that bilateral lesion of the SCN in rats
leads to reduced behavioral despair, and suggested that the
lesion had an ameliorative effect on the strategy to respond
to the stress of the FST. Because the animals in that study
were tested during the light phase, an alternative explanation
that we favor for this result is that the lesions do not reduce

Table 1. Monoamine levels in PFC of LD24 controls and LD22 aligned desynchronized rats.

LD24 LD22 Two-way ANOVA
Substance Light Dark Light Dark Group Phase Interaction
Monoamine (pg/ug protein)
NE 433 £ 067 578 +0.70 6.48 = 0.53 6.39 = 0.66 Fy05 =4.49p =0.04 F,,5=110;p =03 F;5=139p =02
DA 1.08 = 0.16 148 = 0.13 1.82 + 021 1.96 + 0.21 F, 53 =10.21;p = 0.003 F, 3 = 2.00;p = 0.2 F,,5 =0.44;p =05
5-HT 12.00 = 1.79 17.00 = 1.13 14.86 + 0.96 15.40 = 1.13 F, 45 = 0.24;p = 0.6 Fi45 = 4.60; p = 0.05 F, ;5 = 2.97; p=0.1
Metabolite (pg/ng protein)
MHPG 0.39 = 0.06 0.37 + 0.03 0.48 £ 0.03 0.41 *0.04 F;,53=238.03;p=0.09 Fi5=117;p =03 F;.5=0.38;p=05
DOPAC 112 +0.23 0.89 *0.14 141 +0.14 119+ 030 F,,, =234;p = 0.1 Fio7 =143;p =02 F;,, =0.01;p=0.9
HIAA 525+ 0.15 5.82 +0.50 10.26 = 1.24 8.22 + 049 F, 45 =10.52; p =0.006 F, 5 =0.41;p =05 F;,5=130;p =0.3
Turnover
NE (MHPG/NE) 0.09 + 0.01 0.07 0.01 0.08 + 0.01 0.07 = 0.01 F,,5=20.89p =04 Fy08 = 3.36; p = 0.08 Fy,5 =1.53;p =0.2
DA (DOPAC/DA) 1.06 £ 0.20 0.58 = 0.09 0.86 + 0.13 0.79 = 0.18 F, g = 0.0006; p = 0.98 F, g = 3.12; p = 0.09 F, 5 = 0.20; p = 0.2
5HT (HIAA/5HT) 0.44 =+ 0.01 0.35+0.04 0.69 =0.06 0.54 *0.04 F,,5=12.80;p =0.003 F, 5 =3.96;p = 0.07 F; 5 =0.22;p = 0.6

Levels (pg/ung of protein) of monoamines and their metabolites are shown as mean = SE. Turnover is shown as the ratio of each metabolite over each re-
spective monoamine. The main effects of the two-way ANOVA are shown. Values in bold are significant.
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despair but instead eliminate the circadian modulation of the
FST performance.

In contrast to LD24 rats, LD22 animals did not show
similar circadian modulation of FST performance, as evi-
dent from the lack of differences in levels of immobility
between the dark and light phases. Specifically, rats
tested during both aligned and misaligned days showed
higher immobility during the dark phase and lower immo-
bility during the light phase compared to controls. Be-
cause mood was shown to oscillate daily in humans from
different cultures around the globe (Golder and Macy,
2011) and a blunted rhythm of mood during the 24 h day
was found in depressive patients (Boivin, 2000; Wirz-
Justice, 2006), we suggest that LD22 aligned rats show
attenuated rhythm of immobility in the FST, characterized
by respectively lower and higher immobility during the
light and dark phases than controls, and no difference in
levels of immobility between the two phases.

Strikingly, we found that LD22 desynchronized rats
displayed lower levels of immobility during the light phase
than LD24 control rats (Fig. 3C). We do not think that this
is an indication of manic behavior for two reasons. First,
LD22 rats consistently display anhedonia in the other
behavioral tests. Second, because misaligned animals are
tested in conflicting phases—subjective day during the
dark phase or subjective night during the light phase—
their immobility in the FST could reflect the opposing
effects of light and the circadian system on escape per-
formance rather than the depressive state of the animal. In
line with this interpretation, immobility in LD22 misaligned
animals during the light phase was higher than immobility
in LD24 animals during the dark phase but lower than
immobility in in LD24 animals during the light phase.

Our study is the first to show that internal circadian
desynchronization leads to sexual dysfunction. We found
that circadian desynchronization affects both sexual mo-
tivation, estimated by the latency to mount (Pfaus et al.,
1990), and sexual function, estimated by the latency to
and occurrence of ejaculation (Agmo, 1997). Moreover,
the severity of the circadian disturbance, i.e., the reduc-
tion in amplitude of locomotor activity during the day of
the test, was correlated with both measures (Fig. 5C, D),
suggesting that the impairment of sexual behavior is
linked to the extent of circadian disruption. The preva-
lence of sexual dysfunction in depressive patients not
treated with antidepressants is estimated to be 50-60%,
but this value is likely to be an underestimation because
sexual inquiry is often not included in the medical assess-
ment (Kennedy et al., 1999; Bonierbale and Tignol, 2003;
Basson and Schultz, 2007). Our results suggest that cir-
cadian desynchronization may be a contributing factor to
both negative affect and sexual dysfunction. Of note,
sexual dysfunction has not been previously tested in an-
imal models of depression, and our results show that it
represents a sensitive behavioral outcome to assess the
depressive phenotype of an animal, one that is more
meaningful than other metrics for both its ecophysiologi-
cal and translational value. Specifically, the FST has been
criticized as a behavioral assessment for depression be-
cause (1) it is heavily dependent on locomotor activity
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performance (Slattery and Cryan, 2012) and (2) as a
method to induce depression, it represents an unusually
stressful situation that bears little relationship to depres-
sion triggers in humans (Holmes, 2003). In the present
study, we did not use the FST to induce depression but
rather as a probe test to assess a preexisting depressive
state. Nevertheless, it still can be argued that a test in
which an individual has to swim after being placed in an
unescapable pool of water is unlike most stressful situa-
tions that lead to a manifestation of depression in hu-
mans. In this context, we propose that assessing sexual
performance may represent a more sensitive and mean-
ingful testing approach in animal models of depression.

The depressive-like phenotype we found was indepen-
dent of levels of anxiety, as evident from the lack of
differences between desynchronized and control prefer-
ence for the perimeter of the arena in the OFT (Fig. 3B).
Although there is a strong comorbidity between anxiety
disorders and depression, they are still considered inde-
pendent disorders. This suggests that the desynchronized
rat may serve as a model for exploring depressive behav-
ior independently of anxiety, although further tests of
anxiety level are required to confirm this finding.

The correlation between abnormal light exposure, dis-
rupted rhythms, and mood disorders suggests that photic
stimulation of the circadian system through the RHT is
critical for the maintenance of mood. This mechanism
could explain seasonal affective disorder (SAD), a form of
depression linked to the short winter photoperiod that is
responsive to bright light therapy (Golden et al., 2005).
The circadian basis of light therapy-induced improvement
in mood in SAD patients is supported by the fact that light
appears to be more beneficial when applied at a specific
circadian phase: for some patients morning treatment is
efficacious, and for others, evening treatment (Terman
and Terman, 2005). Furthermore, light therapy is benefi-
cial not only in SAD but in virtually all forms of depression,
suggesting that circadian pathologies could contribute to
the etiology of depression in general (Pail et al., 2011).
Remarkably, nocturnal rats present an anatomical and
behavioral depressive phenotype after weeks of exposure
to total darkness. The absence of light alone reduces the
amplitude of the SCN-dependent sleep-wake circadian
rhythm and generates neural damage in monoamine brain
systems that are SCN-transynaptic targets, in association
with a depressive behavioral phenotype (Gonzalez and
Aston-Jones, 2006, 2008). Interestingly, Dulcis et al.
(2013) showed that the type of neurotransmitter released
from nuclei receiving direct SCN input is dependent on
photoperiod length, and that the alteration in neurotrans-
mitter release is associated with a depressive-like behav-
ior in mice. Forced desynchronized rats, however, are not
exposed to different amounts of light, as the LD22 sched-
ule results in the same proportion of light and dark as an
LD24 schedule. Thus, the depressive behavioral pheno-
type of forced desynchronized rats likely emerges from
the stable desynchrony between the vl- and dmSCN. This
appears to differ from the depressive phenotype that
emerges in mice exposed to aberrant LD cycles of 7 h
(8.5L:3.5D), in which the SCN appears not to be affected
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by the schedule and the phenotype has been proposed to
be mediated by retinal innervation of limbic regions
(LeGates et al., 2012, 2014).

The monoamine hypothesis of depression postulates that
the pathogenesis of depression involves impairment of
5-HT, NE, and DA systems in the central nervous system
(Delgado, 2000; Hirschfeld, 2000), and there is evidence that
these abnormalities are localized to the PFC and the limbic
system (Drevets, 1999). Our desynchrony protocol leads to
an imbalance in the regulation of monoamine levels and their
release in the PFC, which is manifested as higher levels of
NE and DA and higher 5-HT turnover rate (Fig. 6). The role of
DA in depression is still not well understood and is chal-
lenged by the paradoxical antidepressant effect of both
agonists and antagonists of DA (Dailly et al., 2004). In
stressed rats, there is increased release of NE and DA in the
PFC, and chronic mild stress causes an increase in the
magnitude of this response (Finlay et al., 1995; Di Chiara
et al., 1999). It is therefore possible that the higher levels of
NE and DA we found in the PFC of LD22 desynchronized
rats result from stress sensitization of these individuals, as
brain tissue of these rats was collected immediately after an
OFT. In contrast, we found unchanged 5-HT levels com-
bined with higher 5-HT turnover rate in LD22 desynchro-
nized rats, suggesting that these animals have a lower
availability of 5-HT, which could account for their depressive
like behavior. This is also consistent with decreased avail-
ability of 5-HT in patients with SAD and the 24% decrease in
serotonergic axons found in the PFC of suicide victims
(Austin et al., 2002). Our findings provide a direct link be-
tween stable circadian desynchronization and an imbalance
in monoamine regulation in the PFC. Obviously, the PFC is
not the only brain region involved in the modulation of mo-
tivational states, and changes in other transmitter systems,
as well as in intracellular regulatory pathways within or out-
side the PFC, could underlie the expression of depressive
behaviors in the forced desynchronized rat.

In summary, our study shows that the stable forced de-
synchrony of circadian rhythms leads to the manifestation of
a depressive-like phenotype. This phenotype likely emerges
from the desynchronization of neuronal oscillators within the
SCN and is associated with the severity of circadian desyn-
chronization and an imbalance in monoamine metabolism
within the PFC. Taken together, our findings provide direct
support for a circadian desynchronization etiology of de-
pressive behavior. Hence, the forced desynchronized rat
could represent a unique neurologically, pharmacologically,
and genetically intact animal model to study the neural basis
of affective disorders and its relationship with internal circa-
dian misalignment.

Note added in proof: The affiliation of several authors
were incorrect and funding sources not included on the
article published on-line December 5, 2016, as an Early
Release. The affiliations list has since been corrected and
the funding sources “Geriatric Research, Education and
Clinical Center, and the Research and Development Ser-
vice of the VA Puget Sound Health Care System” were
added.
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