
Neuroscience 272 (2014) 252–260
ATTENUATED OREXINERGIC SIGNALING UNDERLIES
DEPRESSION-LIKE RESPONSES INDUCED BY DAYTIME LIGHT
DEFICIENCY
S. P. DEATS, a W. ADIDHARMA, a J. S. LONSTEIN a,b AND
L. YAN a,b*

aDepartment of Psychology, Michigan State University, East

Lansing, MI 48824, USA

bNeuroscience Program, Michigan State University, East Lansing,

MI 48824, USA
Abstract—Light has profound effects on mood, as exempli-

fied by seasonal affective disorder (SAD) and the beneficial

effects of bright light therapy. However, the underlyingneural

pathways through which light regulates mood are not well

understood. Our previous work has developed the diurnal

grass rat, Arvicanthis niloticus, as an animal model of SAD

(Leach et al., 2013a,b). By utilizing a 12:12-h dim light:

dark (DLD) paradigm that simulates the lower light intensity

of winter, we showed that the animals housed in DLD exhib-

ited increased depression-like behaviors in the forced swim

test (FST) and sweet solution preference (SSP) compared to

animals housed in bright light during the day (BLD). The

objective of the present study was to test the hypothesis that

light affects mood by acting on the brain orexinergic system

in the diurnal grass ratmodel of SAD. First, orexin A immuno-

reactivity (OXA-ir) was examined in DLD and BLD grass rats.

Results revealed a reduction in the numberofOXA-ir neurons

in the hypothalamus and attenuated OXA-ir fiber density in

the dorsal raphe nucleus of animals in the DLD compared to

those in theBLDgroup. Then, theanimals inBLDwere treated

systemically with SB-334867, a selective orexin 1 receptor

(OX1R)antagonist,which led toadepressivephenotypechar-

acterizedby increased immobility in theFSTandadecrease in

SSP compared to vehicle-treated controls. Results suggest

that attenuated orexinergic signaling is associated with

increased depression-like behaviors in grass rats, and sup-

port the hypothesis that the orexinergic system mediates

the effects of light onmood. � 2014 IBRO. Published by Else-

vier Ltd. All rights reserved.
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INTRODUCTION

Environmental lighting conditions have a profound effect

on mood, which is best exemplified in seasonal affective

disorder (SAD). SAD is a major depressive disorder, in

which affected individuals experience regularly recurring

episodes of depression and anxiety each fall and winter,

when there is less sunlight (Rosenthal et al., 1984).

Symptoms associated with SAD remit in spring and sum-

mer when the ambient light gets brighter, and can be alle-

viated by bright-light exposure in winter (Rosenthal et al.,

1984; Lewy et al., 1987). Although these phenomena

have been characterized over decades, the mechanisms

underlying the light-dependent changes in affective state

have not been fully elucidated (Levitan, 2007).

To explore the neural substrates involved in SAD, we

have utilized the Nile grass rat, Arvicanthis niloticus, a
diurnal equatorial rodent species (McElhinny et al.,

1997; Blanchong et al., 1999). Depression-like behaviors

have been consistently observed by our group and others

in diurnal grass rats housed in winter-like lighting condi-

tions involving short day-length (Ashkenazy-Frolinger

et al., 2009; Leach et al., 2013b) or low light intensity dur-

ing the day (Leach et al., 2013a). For humans, due to the

use of artificial lights, the duration of daily light exposure

we experience across seasons does not fluctuate as

much as the quality/intensity of the light (Hebert et al.,

1998). Therefore, the changes in light intensity over the

seasons may be a more salient determinant than changes

in light duration for regulating mood in humans. By manip-

ulating light intensity during the day, which is more etio-

logically relevant to humans, we have found increased

depressive behaviors in grass rats housed in 12-h dim-

light/12-h dark (DLD) compared to those housed in

bright-light/dark (BLD) (Leach et al., 2013a). The reliable

depression-like behavior under winter-like lighting condi-

tions strongly supports the face validity of the diurnal

grass rat as a model of SAD.

Using the grass rat model of SAD, the present study

explored the hypothesis that light affects mood-related

behaviors by acting on the brain’s orexinergic (OXergic)

system. The neuropeptide orexin (OX), also known as

hypocretin, has been implicated in many important

physiological functions including wakefulness, energy

homeostasis, reward and mood regulation (Tsujino and

Sakurai, 2009). In laboratory rats, OXergic neurons

receive indirect retinal input (Deurveilher and Semba,

2005). Similar pathways are likely conserved in the diur-

nal grass rats. Although direct retinal innervation of
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OXergic neurons remains to be confirmed, in both labora-

tory rats and grass rats, there are direct retinal projections

to the lateral hypothalamus (LH) where most OXergic

cells are found (Johnson et al., 1988; Leak and Moore,

1997; Gaillard et al., 2013). Critically important for modu-

lating mood and anxiety, OXergic cells project very heav-

ily to the prefrontal cortex, limbic structures including the

amygdala and bed nucleus of stria terminalis (BNST),

and monoaminergic systems in both nocturnal laboratory

rats and diurnal grass rats (Peyron et al., 1998; Nixon and

Smale, 2007). Furthermore, the OX receptors have been

found in these regions in laboratory rats (Gotter et al.,

2012). Recently, we have found that in grass rats, a light

pulse stimulates immediate-early gene activity in OXergic

cells and cell in the dorsal raphe nucleus (DRN), and that

blocking OXergic signaling with a selective OX receptor 1

(OX1R) antagonist SB-334867 inhibits light-induced acti-

vation of neurons in the DRN (Adidharma et al., 2012).

Based on these results, we hypothesize that OXergic sys-

tem mediates the effects of light on neural pathways that

ultimately regulate mood and anxiety. To evaluate this

hypothesis further, the present study used the grass rat

SAD model to determine (1) whether the level of OX abun-

dance, measured by immunoreactivity (ir), is affected by

lighting conditions and associated with depression-like

behaviors elicited by light deficiency (DLD), and (2) if there

is a causal link between OX receptor antagonism and

depression-like behaviors. Results provide insights into

the role of OXergic signaling in light-dependent fluctuations

in affective state relevant to SAD.
EXPERIMENTAL PROCEDURES

Animals and housing conditions

Adult male grass rats (A. niloticus) were obtained from our

breeding colony established with animals originating from

sub-Saharan Africa. The colony was maintained/bred as

previously described (McElhinny et al., 1997; Leach

et al., 2013a,b). These equatorial animals were housed

in a 12-h light:12-h dark (LD) cycle with food (Prolab

2000 #5P06, PMI Nutrition LLC, MO, USA) and water

available ad libitum. The time of lights-on was defined

as Zeitgeber time (ZT) 0. All procedures were conducted

in accordance with the Michigan State University IACUC.
Experiment 1: Effects of daytime light intensity on
orexin A immunoreactivity (OXA ir)

Brains (n= 6/group) used in the experiment were

obtained from animals in a previous study, in which

male grass rats were singly housed in either bright

light:dark (BLD, 1000 lux/1 lux) or dim light:dark (DLD,

50 lux/1 lux) condition for 4 weeks prior to the

assessment of depression-like behaviors (Leach et al.,

2013a). Following the behavioral tests, the animals were

left undisturbed under the same illumination conditions

for 5 days before being sacrificed at the middle of the light

phase (ZT6) for brain analysis as previously described

(Leach et al., 2013a). Brains were fixed with 4% parafor-

maldehyde, cryoprotected, and sectioned at 40 lm using

a cryostat (Leica, IL).
Immunocytochemistry (ICC). ICC for orexin A (OXA)

was carried out using methodology described in

previous studies (Yan et al., 2010; Adidharma et al.,

2012). Every third section was incubated with an

antiserum against OXA (1:20,000, s-19, Santa Cruz

Biotechnology, Inc, CA) and processed with the avidin–

biotin–immunoperoxidase technique using DAB as the

chromogen. The orexin-containing cell bodies and fibers

were stained brown. Following the ICC, sections were

mounted on slides, dehydrated with alcohol, cleared with

xylene, and coverslipped with Permount (Fisher Scientific,

NJ, USA).

Quantitative analysis of ICC results. For

quantification, images of the brain sections were

captured using a CCD video camera (CX9000, MBF

bioscience, VM, USA) attached to a light microscope

(Nikon Instruments Inc., NY, USA). The camera and

microscope settings were identical for every image. All

the images were analyzed by investigators who were

unaware of the experimental conditions of the animals.

The number of OXA-ir cells was counted in serial

sections of the hypothalamic region from its rostral to

caudal extent (Fig. 1). The number of OXA-ir cells was

further analyzed subregionally in the LH and perifornical

area/dorsomedial hypothalamic region (PFA/DMH) using

a vertical line across the fornix (�0.6 mm from the third

ventricle) to separate the two subregions, as done

previously in laboratory rats (Harris et al., 2005). The den-

sity of OXA-ir fibers/terminals was also analyzed in the

DRN from four levels across its rostro-caudal extent

(Janusonis and Fite, 2001). The sections from levels 1

to 3 where the serotonin (5-HT) neurons are clustered

along the midline were grouped as rostral, while those

from level 4 where the clusters of the 5-HT neurons are

lateralized were defined as the middle DRN as done in

our previous study (Leach et al., 2013a). The density of

fibers/terminals was quantified using NIH Image J as pre-

viously described (Adidharma et al., 2012; Leach et al.,

2013a). The size of each area of interest being measured

was kept consistent across the sections/animals. A

threshold that distinguished the immunoreactive staining

from the background was also set consistently for each

area. The percentage of pixels above the threshold in

the area of interest was measured and averaged across

the sections from the same region. The average percent-

age represented the density of staining per animal. The

number of OXA-ir cells was analyzed using a two-way

ANOVA. In the DRN, a previous study revealed regional

effects in 5-HT-ir when BLD and DLD animals were com-

pared, such that a reduction of 5-HT-ir in the DLD group

was only observed in the middle but not in the rostral

DRN (Leach et al., 2013a). Therefore, in the present

study, the density of OXA-ir was analyzed within each

subregion separately using unpaired t-tests.

Experiment 2: Effects of OX1 receptor antagonism
with SB-334867 on depression-like behavior

Animals were housed in the same manner as those in

experiment 1. After 4 weeks of being housed under BLD

conditions, animals were tested for depression-like



Fig. 1. Effects of light intensity on OXA-ir neurons in the grass rat hypothalamus. The representative photomicrographs (A) and the number (B) of

OXA-ir neurons along the rostral–caudal axis of the posterior hypothalamus in animals housed in 12:12-h bright light:dark (BLD) or dim light:dark

(DLD) conditions. (C) The borders used to define the lateral (LH) and perifornical/dorsomedial hypothalamus (PFA/DMH) for quantification. (D)

Number of OXA-ir neurons in LH and PFA/DMH subregions in the BLD and DLD groups. Results are displayed as mean ± SEM (n= 6). ⁄ indicates
p< 0.05 for the effect of lighting conditions in ANOVA. Scale bar, 500 lm.
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behaviors following the treatment of a selective OX

receptor 1 (OX1R) antagonist SB-334867 (10 mg/kg i.p.,

Tocris Biosciences, Bristol, UK) or vehicle (60/40

DMSO/saline, 0.4 ml). This dose was based on studies

on mice (Ito et al., 2009; Scott et al., 2011) and our previ-

ous study in grass rats (Adidharma et al., 2012).

A control study was first performed to assess the

effects of SB-334867 injection on general activity, as

any acute effect of injection on the level of activity or

arousal could affect the behaviors during the forced

swim test (FST), and thus compromise the interpretation

of the data. To control this potential confounding

factor, general locomotor activity was recorded in a

group of animals (n= 5) that were treated with SB-

334867 or vehicle during the day (ZT5), to determine

the optimal time course for FST following the treatment.

Animals were singly housed in plexiglas cages
(47 � 25 � 20 cm) under BLD conditions and monitored

with IR motion sensors placed on the top of each cage.

General locomotor activity was recorded in 5-min bins

for 3 weeks by a laboratory computer and VitalView

(Minimitter Inc., Bend, OR, USA). All animals were

allowed to habituate to the apparatus for the first week.

Afterward, the animals received two injections at ZT5 of

either SB-334867 (10 mg/kg i.p., Tocris Biosciences,

Bristol, UK) or vehicle (60/40 DMSO/saline, 0.4 ml) with

1 week in between. A two-way repeated measures

ANOVA was performed to analyze the general

locomotor activity across time points. For each time

point, a single-factor ANOVA with Geisser–Greenhouse

corrections was performed to compare activity between

the conditions, and the significant effect was followed by

paired t-tests with a Bonferroni correction for multiple

comparisons.
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To assess depression-like behaviors, other groups of

animals (n= 18) singly housed under BLD conditions

were tested in the FST and for their sweet solution

preference (SSP) as described in previous studies from

our lab (Leach et al., 2013a,b). On the pre-test day of

FST, animals received a 10-min training session in a

cylindrical pool (35.5 cm tall � 30.5 cm diameter) filled

with 25 cm of water maintained between 29 and 30 �C.
The water was changed between each animal. Based

on the immobility time during the last 5 min of the training

session, paired littermates were placed into two groups to

make sure there was no initial variability in the immobility

time between the two groups. On the following test day,

one group (n= 10) received an injection (i.p) of SB-

334867 (10 mg/kg) and the other group (n= 8) was

injected with vehicle between ZT3 and ZT7, followed by

a 5-min testing session 4 h later, as determined based

on data of the control study on locomotor activity (see

Results section). Following the FST, the animals were

supplied with a bottle of sweet solution containing 1.0%

saccharin (Sigma, MI, USA) along with one containing

tap water for 2 days. The animals were treated with SB-

334867 or vehicle each day at ZT2 and the water bottles

were weighed daily to measure intake.

Quantitative analysis for FST and SSP. The behaviors

during the FST were videotaped and scored for three

distinct behaviors: climbing, swimming, and immobility

as described in previous studies (Leach et al., 2013a,b).

Analysis of group differences in these behaviors in the

FST was conducted using Student’s unpaired t-tests.

The swim pattern of each animal during the five-minute

test-day session was also traced manually and distance

traveled both in the entire pool (total movement) and in

the inner half of the pool (center) was determined using

Image J. Data were analyzed using unpaired t-tests. For
the trace analysis, one animal from the SB-334867-trea-

ted group was removed prior to analysis because it was

2 SDs above the mean of its group.

SSP was calculated as the ratio of sweet solution to

total liquid (tap water + sweet solution) intake. Daily

SSP was compared between the two treatment groups

using unpaired t-test. One animal from the SB-334867-

treated group, which was a different subject from the

outlier identified in the FST trace analysis, was removed

for the SSP analysis because it was 2 SDs above the

mean of its group.
Fig. 2. Effects of light intensity on OXA-ir in the dorsal raphe nucleus

(DRN). (A) The representative photomicrographs showing OXA-ir

fibers in the rostral and middle portions of the DRN in animals housed

in 12:12-h bright light:dark (BLD) or dim light:dark (DLD) conditions.

(B) The histograms show the density of OXA-ir fibers in the rostral

and middle DRN from animals in the BLD and DLD groups. Results

are displayed as mean ± SEM (n= 6). ⁄ indicates p< 0.05. Scale

bar, 250 lm. aq, aqueduct; mlf, medial longitudinal fasciculus.
RESULTS

Effects of daytime light intensity on OXA-ir

As shown in Fig. 1A, many OXA-ir neurons were

observed in the LH and PFA/DMH, consistent with

previous studies in grass rats (Novak and Albers, 2002;

Nixon and Smale, 2007) and in other rodent species

(Peyron et al., 1998; Chen et al., 1999; Cutler et al.,

1999; Date et al., 1999; Nambu et al., 1999; Mintz

et al., 2001). In the rostral end, there were more OXA-ir

cells in the lateral region, while in the caudal end, most

cells were found in the medial region near the third ventri-

cle (Fig. 1A).
The number of OXA-ir neurons was significantly

higher in the grass rats housed in BLD compared to

DLD (Fig. 1B, two-way ANOVA, effect of light:

F1,10 = 20.33, p= 0.001). A significant effect of rostral–

caudal level (F9,90 = 38.61, p= 0.001) and interaction

between light condition and rostral–caudal level

(F9,90 = 4.31, p= 0.02) were also observed. The

reduction in the number of OXA-ir cells was more

concentrated in the middle portion than the rostral or

caudal end. The number of OXA-ir cells was then

analyzed separately in the LH and PFA/DMH (Fig. 1C,

D). A two-way ANOVA revealed a significant main effect

of lighting conditions (F1,10 = 15.28, p= 0.003), but

there was no significant effect of region (F1,10 = 2.761,

p= 0.128) or an interaction between light and region

(F1,10 = 0.285, p= 0.605).

The density of OXA-ir fibers was analyzed in the DRN

(Fig. 2). In the rostral DRN, OXA-ir was found in both

ventral and dorsal regions, while in the middle portion of

the DRN, OXA-ir was most prominent in the lateral

subregion of the nucleus (Fig. 2A). Quantitative analysis

(Fig. 2B) on the density of OXA-ir fibers revealed a

significant difference in the middle portion (t10 = 2.86,

p= 0.01), but not the rostral portion of the DRN

(t10 = 1.01, p= 0.34), with BLD animals having more

OXA-ir than DLD animals.

Effects of SB-334867 injections on depression-like
behavior

The effect of SB-334867 on locomotor activity was first

assessed (Fig. 3) to control the potential confound of



Fig. 4. Effects of SB-334867 treatment on depression-like behavior

in the forced swim test (FST). (A) SB-334867 significantly increased

immobility and decreased swimming. Data are presented as

mean ± SEM (n= 8 in vehicle, n= 10 in SB-334867-treated group).

(B) Representative tracings of the swim pattern exhibited during the

FST by an animal treated with either vehicle (left) or SB-334867

(right). (C) Although the overall distance traveled was not different

between the two groups, animals treated with the vehicle swam in the

center of the pool significantly more than the SB-334867-treated

group (n= 8 in vehicle, n= 9 in SB-334867-treated group).
⁄ indicates p< 0.05.

Fig. 5. Effects of SB-334867 treatment on depression-like behavior

in the sweet solution preference test (SSP). A decreased preference

for sweet solution by the drug-treated group was observed on day 2.

Data are presented as mean ± SEM (n= 8 in vehicle, n= 9 in SB-

334867-treated group). ⁄ indicates p< 0.05.
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altered activity level on the performance during FST.

There was no difference between the SB-334867- and

vehicle-treated group in locomotor activity at any time

point (ANOVA, effect of treatment, F2,8 = 2.76,

p= 0.13, effect of time, F4,16 = 8.56, p= 0.02,

interaction between time and treatment, F8,32 = 1.55,

p= 0.27). However, injection of either SB-334867 or

vehicle at ZT5 caused a decrease in locomotor activity

in the first two hours following the injection compared to

baseline activity during the same time window (ZT6–7,

single-factor ANOVA, F2,8 = 39.73, p= 0.002). For

both SB-334867- and vehicle-treated groups, the

locomotor activity recovered to baseline levels by 4 h

after the injection (single-factor ANOVA, F2,8 = 0.113,

p= 0.79) (Fig. 3).

Animals treated with SB-334867 showed more

depression-like behaviors during the FST compared to

the vehicle group (Fig. 4A), as revealed by a

significantly longer duration of immobility (t16 = 2.35,

p= 0.03) and shorter duration of swimming (t16 = 2.13,

p= 0.048). There was no significant difference in

climbing behavior between the two groups (t16 = 0.52,

p= 0.61). The swim pattern of the two groups was also

different, with the SB-334867-treated group avoiding the

center of the pool and showing more thigmotaxis

(Fig. 4B). Quantitative analysis revealed that the overall

distance traveled was comparable between the two

groups (t15 = 1.75, p= 0.172), however, the distance

traveled in the center of the pool was significantly less

in SB-334867-treated group (t15 = 2.15, p= 0.048)

(Fig. 4C).

The daily SSP was compared between animals that

received daily injection of either SB-334867 or vehicle

following the FST (Fig. 5). On the first day of

assessment, there was no difference between the two

groups. However, on the second day, the SB-334867-

treated group showed a significant decline in their SSP

compared to the vehicle-treated group (t15 = 2.23,

p= 0.04).

DISCUSSION

The leading hypothesis about the etiology of SAD poses

that the depression episodes are caused by

misalignments between one’s circadian rhythms and

their habitual sleep time (Lewy et al., 2007). The clinical
Fig. 3. Effects of SB-334867 i.p. injections on general locomotor

activity. Exposure to both vehicle and SB-334867 significantly

decreased locomotor activity during the first two hours following the

injection (p< 0.05), which recovered by hour 4 after injection. Data

are presented as mean ± SEM (n= 5).
practice of using light therapy is based on this theory

(Terman and Terman, 2005; Lewy, 2009), which is

derived from the fact that light is the most salient cue

for resetting circadian rhythms (Pittendrigh, 1993). How-

ever, light can also affect mood through circadian-inde-

pendent mechanisms (LeGates et al., 2012; Stephenson

et al., 2012). Indeed, the light intensity required for effec-

tive light therapy in humans (>5000 lux, Terman et al.,

1990, 1996) is much higher than that necessary for shift-

ing our circadian rhythms (120 lux, Zeitzer et al., 2000),

indicating that the therapeutic effects of bright light involve

mechanisms beyond entraining daily rhythms.

In contrast to the circadian mechanisms, the

circadian-independent mechanisms mediating the

effects of light on mood are poorly understood
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(Stephenson et al., 2012). The objective of the present

study was to explore the circadian-independent mecha-

nisms by investigating the role that hypothalamic OXergic

neurons played in mediating the effects of light on mood.

OX, particularly OXA has been implicated in regulating

mood and anxiety in both clinical and preclinical studies

(Borgland and Labouebe, 2010; Gotter et al., 2012;

Johnson et al., 2012a). A positive correlation has been

found between OXA and positive emotions both in dogs

and in humans (Wu et al., 2011; Blouin et al., 2013). In

narcoleptic patients whose loss of OX neurons is associ-

ated with their condition (Peyron et al., 2000; Thannickal

et al., 2000), depression and anxiety are prevalent

(Mosko et al., 1989; Fortuyn et al., 2010; Ohayon,

2013). In patients suffering from major depressive disor-

der, the level of OXA peptide and mRNA is lower than that

in healthy controls and is inversely correlated with symp-

tom severity (Brundin et al., 2007a,b, 2009; Rotter et al.,

2011). Reduced central level of OXA has also been doc-

umented in comorbid depression and anxiety (Johnson

et al., 2010). In animal depression models, decreased

number/size of OXA neurons and diminished OXA con-

tent in the hypothalamic region have been reported

(Allard et al., 2004; Nocjar et al., 2012).

To assess if the OXA system is also associated with

the depressive responses observed in the SAD model of

grass rat, we first examined the effects of light

deficiency on OXA-ir in a cohort of grass rats whose

depression-like behaviors had been assessed in a

previous study (Leach et al., 2013a). Results show that

the DLD animals with a verified increase in depression-

like behaviors had fewer OXA-ir cells in the posterior

hypothalamus. A functional dichotomy of OX neurons

has been proposed, such that the neurons in LH regulate

reward processing while those in PFA/DMH regulates

arousal and response to stress (reviewed in Harris and

Aston-Jones, 2006). In the present study, a reduction in

the number of OXA-ir cells was observed in both the LH

and PFA/DMH subregions in the DLD animals. There

was a greater reduction in the number of OXA-ir cells in

the PFA/DMH than LH region (50% vs. 35%) in DLD ani-

mals, suggesting that low light intensity may particularly

affect arousal and stress responsiveness; however, the

regional difference was not statistically significant so

should be interpreted cautiously. It should be noted that

in a recent study examining the response of OXA neurons

to positive reinforcement also found the activation (mea-

sured by Fos-ir) of OXA neurons across the medial–lat-

eral extent of the OX-containing region, without

apparent subregional difference (McGregor et al., 2011),

suggesting there may be overlapping functions between

the two populations of cells.

In addition to the number ofOXA-ir neurons, the density

of OXA-ir fibers in the DRN was also lower in DLD animals

compared to those in BLD. A significant reduction inOXA-ir

fiber densitywasobserved in themiddleportionof theDRN,

which is consistent with the attenuated 5-HT-ir in the same

region in DLD animals (Leach et al., 2013a). It has been

shown that the neurons in the rostral DRN mainly project

tobasal ganglia,while those in themiddle sendefferent pro-

jections to limbic and cortical regions that are involved in
emotional behaviors (Hale and Lowry, 2011). A previous

study found that OXergic signals mediate the light-induced

activation of neurons in the DRN (Adidharma et al., 2012)

and these results collectively suggest that light deficiency

leads toattenuation inOXA-ir,which in turndown-regulates

a monoaminergic system that ultimately affects mood and

anxiety.

It should be noted that the OX system is influenced by

circadian time and there are time-of-day effects on the

level of the peptide and the number of OX-ir cells (Fujiki

et al., 2001; Martinez et al., 2002; Salomon et al., 2003;

Nixon and Smale, 2004; Blouin et al., 2013). Therefore,

it is critically important to compare the peptide at the same

circadian time between the different treatment groups. BLD

and DLD samples in the present study were collected at the

same time of the day (ZT6). Furthermore, the daily rhythms

and how they entrain or synchronize to the daily light/dark

schedule have been compared between the BLD and

DLD grass rats and found to be in the same manner

(Leach et al., 2013a). The same sampling time and the

same entraining pattern of the daily rhythm support the con-

clusion that the reduction in OXA-ir in the DLD group is not

due to potential differences in their circadian timing, but

rather caused by light deficiency.

OX binds to two receptors (type 1 and 2), with OXA

binding with higher affinity over OXB to OX1R, while

both OXA and OXB bind to OX2R with similar affinity

(Sakurai et al., 1998). Null mutation of OX2R is associ-

ated with narcoleptic phenotype, while animals without

OX1R are not narcoleptic (Sakurai, 2007), suggesting

the OX1R is more relevant to other roles of OX system

apart from promoting wakefulness, such as regulating

reward-seeking behaviors, stress, and anxiety and mood

(Gotter et al., 2012). In a genetic study addressing the

relationship between the OXergic system and mood disor-

ders, a specific polymorphism of the OX1R gene was

found to be significantly associated with unipolar depres-

sion (Rainero et al., 2011). The present study focused on

the OXA–OX1R pathway by utilizing a selective OX1R

antagonist SB-334867, to determine if there is a causal

link between OXA–OX1R signaling and the depression-

like behaviors in the grass rats. We found that systemic

injection of SB-334867 induced depression-like behaviors

in BLD animals, revealed by longer immobility during FST

and decreased SSP (Figs. 4A and 5). This suggests that

an intact OXA–OX1R signaling pathway is required for

the anti-depressive effects of bright light. It has been

shown that intact OXergic signaling is also required for

the anti-depressive effect of calorie restriction and of

administration of Kososan, an herbal medicine that has

anti-depressive effects (Lutter et al., 2008; Ito et al.,

2009), and that SB-334867 blocks the anti-depressant

effects of OXA in laboratory mice (Ito et al., 2008). To fur-

ther explore the role of the OXergic pathway in light-

dependent mood changes, a future study will augment

OXergic activity through central infusion of OXA into

DLD animals, which is expected to alleviate the depres-

sion-like behaviors. Results will lend further support to

the hypothesis that attenuated OXergic signaling under-

lies the depression-like behaviors caused by daytime light

deficiency.
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In addition to the depression-like behaviors,

thigmotaxis, an anxiety-like behavior (Treit and

Fundytus, 1988) was also observed during the FST in

the animals treated with SB-334867 (Fig. 4B, C). Intrigued

by this observation, we analyzed the swim pattern in ani-

mals housed in BLD or DLD conditions from a previous

study (Leach et al., 2013a). We found that although there

was no difference in the total distance swum, the DLD

group showed significantly more thigmotaxis and avoided

the center area of the pool compared to the BLD group (t-
test, p= 0.002), which is consistent with the behaviors of

the SB-334867-treated group in the present study. Thig-

motaxis in a water maze has been shown in laboratory

rats to positively correlate with their trait anxiety and circu-

lating corticosterone levels, which is an indicator of the

HPA axis response to stress (Beiko et al., 2004; Herrero

et al., 2006; Huang et al., 2012). Moreover, it has been

reported that thigmotaxis in water is influenced by lighting

conditions. In nocturnal mice, housing under bright light

leads to more thigmotaxis in water compared to mice

housed under dim light (Huang et al., 2012). This finding

in nocturnal mice is opposite to what we observed in the

diurnal grass rats, suggesting the anxiety-like responses

in the FST that are associated with lighting conditions

are chronotype-dependent.

The brain regions that SB-334867 acted upon are of

interest and are likely responsible, in part, for the

behavioral effects of this antagonist observed in the

present study. OXergic cells project to many brain

regions that are involved in regulating mood and anxiety

(Peyron et al., 1998), and where the expression of

OX1R has been confirmed in nocturnal laboratory rats

(Trivedi et al., 1998; Lu et al., 2000; Hervieu et al.,

2001; Sunter et al., 2001). The involvement of the

OXA–OX1R pathway in these sites has been assessed

in various animal models of depression (Feng et al.,

2007, 2008; Nocjar et al., 2012; Arendt et al., 2013). For

example, in a social defeat model, reduced OXA levels

were found in ventral tegmental area (VTA) and medial

prefrontal cortex (mPFC) in defeated animals compared

to undefeated controls (Nocjar et al., 2012). Using the

inherent variability of immobility during FST, it has been

shown that the depressive behaviors are associated with

decreased OXA in the hippocampus and increased OX1R

in the amygdala (Arendt et al., 2013). On the other hand,

unilateral injection of SB-334867 into the BNST reduced

anxiety-like behaviors in panic prone rats (Johnson

et al., 2010). These results suggest that the role of

OXA–OX1R signaling in emotion-related behaviors is

unique for distinct brain regions. The distribution of OX

receptors in the diurnal grass rats, how the expressions

of receptors are affected by lighting conditions in different

brains, and their association with depression-like behav-

iors will be evaluated in future studies.

It should be noted that SB-334867 has also been

reported to have anti-depressant effects on mice (Scott

et al., 2011) and anxiolytic effects on mice following an

acute stressor (Plaza-Zabala et al., 2010) and in a rat

model of panic disorder (Johnson et al., 2010, 2012a,b).

Results from these studies seem to contradict our find-

ings, but could be potentially due to factors such as time
of day that the animals were tested (inactive vs. active

phase), interval between injection and testing (30 min

vs. hours to days), and the stress or anxiety paradigm

used (acute stress, panic vs. chronic anxiety). In our

grass rats, depression-like behaviors in the FST were

observed 4 h after SB-334867 treatment, while SSP was

observed following 2 days of treatment (Fig. 4). This is

consistent with the finding that SB-334867 blocks the anti-

depressant effects of Kossoan, a herbal medicine or OXA

when given chronically or 3–4 days prior to FST (Ito et al.,

2008, 2009). The involvement of OXergic pathways in

chronic anxiety, especially anxiety comorbid with depres-

sion, has not been well studied in animals. It has been

proposed that high OXA activity is associated with acute

anxiety states (perhaps most analogous to panic), but that

low OXA activity is associated with chronic anxiety (per-

haps analogous to generalized anxiety) (Johnson et al.,

2012a). In addition to the methodological differences,

some of the apparent conflicts in the literature could also

stem from chronotype-related differences in the day/night

expression pattern of OX and in its response to light/dark.

For instance, the highest OX level/activity is found at day-

time for diurnal animals, but at nighttime for nocturnal ani-

mals (Estabrooke et al., 2001; Martinez et al., 2002; Nixon

and Smale, 2004; Kodama et al., 2005). Furthermore,

whereas OXergic neurons are activated by a dark pulse

in nocturnal mice (Marston et al., 2008), they are acti-

vated by a light pulse in the diurnal grass rat

(Adidharma et al., 2012). Future studies using the grass

rat model will explore the interaction of the circadian

phase, light and OXergic system in regulating depression-

and/or anxiety-like behaviors.

In the diurnal grass rat model of SAD, depression-like

and anxiety-like behaviors are elicited by decreased light

intensity during the day, which is non-invasive and

etiologically relevant for understanding SAD in diurnal

humans. Given the distinctly different effects of light in

diurnal and nocturnal species, i.e. arousal vs. sleep, this

model offers a unique opportunity to answer questions

about how light affects depression and anxiety in

humans (Workman and Nelson, 2011). Elucidating the

role that the OXergic system plays in mediating the effects

of light on mood and anxiety will contribute to a better

understanding of the neuropathology of SAD and lead to

novel therapeutic strategies.
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