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Abstract—Seasonal affective disorder (SAD), a major
depressive disorder recurring in the fall and winter, is
caused by the reduction of light in the environment, and
its depressive symptoms can be alleviated by bright light
therapy. Both circadian and monoaminergic systems have
been implicated in the etiology of SAD. However, the under-
lying neural pathways through which light regulates mood
are not well understood. The present study utilized a diurnal
rodent model, Arvicanthis niloticus, to explore the neural
pathways mediating the effects of light on brain regions
involved in mood regulation. Animals kept in constant dark-
ness received light exposure in early subjective day, the
time when light therapy is usually applied. The time course
of neural activity following light exposure was assessed
using Fos protein as a marker in the following brain
regions/cells: the suprachiasmatic nucleus (SCN), orexin
neurons in the perifornical-lateral hypothalamic area (PF-
LHA) and the dorsal raphe nucleus (DRN). A light-induced
increase in Fos expression was observed in orexin neurons
and the DRN, but not in the SCN. As the DRN is densely
innervated by orexinergic inputs, the involvement of orexin-
ergic signaling in mediating the effects of light on the DRN
was tested in the second experiment. The animals were
injected with the selective orexin receptor type 1 (OXR1)
antagonist SB-334867 prior to the light exposure. The treat-
ment of SB-334867 significantly inhibited the Fos induction
in the DRN. The results collectively point to the role of
orexin neurons in mediating the effects of light on the
mood-regulating monoaminergic areas, suggesting an
orexinergic pathway that underlies light-dependent mood
fluctuation and the beneficial effects of light therapy.
© 2012 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Seasonal affective disorder (SAD) is a major depressive
disorder that recurs in the fall and winter due to the reduc-
tion of natural daylight in the environment (Rosenthal
et al., 1984). To correct for the light deficiency, light ther-
apy has been utilized and is known to be one of the most
effective treatment methods for SAD (Rosenthal et al.,
1984). Light is the most salient cue for entraining circa-
dian rhythms (Pittendrigh, 1993). Therefore, it has been
hypothesized that light therapy improves mood by reset-
ting the circadian rhythms that become desynchronized
with the environment due to light deficiency (Lewy,
2009). In addition to the circadian system, deficits in cen-
tral monoaminergic systems, particularly serotoninergic
transmission, have also been implicated in the pathogen-
esis of SAD and selective serotonin (5-HT) reuptake
inhibitors (SSRIs) can be effective in treating SAD (Ruhr-
mann et al., 1998). However, the underlying neural path-
ways through which light regulates mood are still for the
most part uncharted territory (Levitan, 2007).

A major barrier to progress for research in this area is
the lack of adequate animal models (Cryan and Slattery,
2007; Pollak et al.,, 2010). Those readily available to
researchers such as nocturnal mice and rats are not opti-
mal for exploring the effects of light in regulating mood in
diurnal humans due to the substantial differences be-
tween the diurnal and nocturnal animals in their circadian
physiology and direct responses to light (Smale et al.,
2003; Challet, 2007). For instance, the daily fluctuations
in hypothalamic 5-HT content are oppositely phased, with
the peak level occurring during the day in diurnal species,
and at night in nocturnal ones (Poncet et al., 1993; Cuesta
et al., 2008). Moreover, light enhances activity and pro-
motes wakefulness in diurnal species, but inhibits activity
and induces sleep in nocturnal ones (Campbell and Daw-
son, 1990; Redlin, 2001). Therefore, a diurnal animal
model is needed to elucidate the neural pathways mediat-
ing the effects of light on the circadian, arousal and mono-
aminergic systems, which could ultimately contribute to
mood regulation.

In the present study, we utilized a diurnal rodent model,
the Nile grass rats (Arvicanthis niloticus). These grass rats
show diurnal patterns of general activity in the field and lab-
oratory (McElhinny et al., 1997; Blanchong et al., 1999).
When housed in winter-like lighting conditions, they show
depression-like behaviors, supporting their potential for
use as an animal model of SAD (Ashkenazy-Frolinger
et al., 2010; Workman and Nelson, 2011; Yan, 2011). To
explore the neural pathways mediating the effects of light
on mood, an acute light pulse (LP) was administered in
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the early subjective day to grass rats housed in constant
darkness (DD). This LP was intended to mimic the acute
effect of light therapy, which is generally carried out during
early daytime (Terman and Terman, 2005; Terman, 2007).
Using c-Fos as a marker, the brain responses were exam-
ined, in three interconnected brain regions/cell populations
that could potentially be involved in mediating the effects of
light on mood regulation: the principal circadian clock in the
suprachiasmatic nucleus (SCN) (Stephan and Zucker,
1972), the wakefulness-promoting orexin neurons
(Sakurai, 2007), and the largest serotonergic nucleus with-
in the dorsal raphe nucleus (DRN) (Wiklund et al., 1981).
The results provide insights into the neural pathways medi-
ating the effects of light in brain regions that are involved in
mood regulation.

EXPERIMENTAL PROCEDURES

Animals and experimental groups

The grass rats (A. niloticus) were obtained from a laboratory col-
ony established with animals from East Africa. Food (Prolab 2000
#5P06, PMI Nutrition LLC, MO, USA) and water were provided
ad libitum. Adult male and female grass rats (n = 32) were kept
in a 12:12-h light/dark cycle (LD, 300lux/1lux). The time of lights-
on was defined as Zeitgeber time (ZT) 0, and the time of lights-off
was defined as ZT12. To explore the neural pathways mediating
the effects of light, the animals were exposed to light during their
subjective day. The animals were first housed in DD for one day,
and then received a LP (300 lux, 120 min) on the second day of
DD, starting at the projected ZT3. In experiment 1, to assess the
time course of Fos induction, female grass rats (n = 20) were
sacrificed either right before (0 min), or 30, 60 or 120 min after
the beginning of the LP (n = 5/time point). In experiment 2, male
grass rats (n = 12) were treated the same way as the animals in
experiment 1, but received an intraperitoneal injection of either a
selective orexin receptor type 1 (OXR1) antagonist SB-334867
(Tocris Bioscience, MN, USA) at 15 mg/kg dissolved in a 60:40
DMSO/saline solution, or vehicle only (n = 6/treatment group)
at projected ZT2 in the dark. The dose was determined on the ba-
sis of that used in studies of lab rats and mice (Ishii et al., 2004;
Ito et al., 2009; Scott et al., 2011). The injections were given un-
der dim red light. The animals received white light exposure (300
lux) starting at ZT3 and were then sacrificed 120 min later. The
sexes of the animals used for each experiment reflect the avail-
ability of animals of the appropriate age from our colony. We
did not monitor reproductive conditions because female grass
rats in our colony show no signs of estrous cycles in vaginal
smears and no evidence of spontaneous estrous cycles in
ovarian histology and mating behavior (McElhinny and Smale,
unpublished observations). All experimental procedures were
approved by the Michigan State University Animal Use and Care
Committee.

Immunocytochemistry (ICC)

Animals were euthanized (pentobarbital, 200 mg/kg, ip) and per-
fused transcardially using 50 ml of saline followed by 100 ml of
4% paraformaldehyde in 0.1 M phosphate buffer. After the perfu-
sion, the brains were post-fixed, cryoprotected, and sectioned
(40 um) using a cryostat (Leica, IL, USA). Single- or double- la-
beled ICC was carried out as described in previous studies (Mar-
tinez et al., 2002; Yan and Silver, 2008; Castillo-Ruiz et al., 2010;
Yan et al., 2010). Sections were first incubated with an antibody
against c-Fos (1:10,000, sc-52, Santa Cruz Biotechnology, Inc.,
CA, USA) for 48 h at 4 °C and processed with the avidin—bio-
tin_immunoperoxidase technique using diaminobenzidine (DAB)

enhanced with 4% nickel sulfate as the chromogen. The Fos-
immunoreactive (ir) nuclei were stained into dark gray or black.
For double-labeling with orexin or 5-HT, the sections were further
incubated with the antibody against either orexin-A (1:20,000, s-
19, Santa Cruz Biotechnology, Inc., CA, USA) or 5-HT (1:10,000,
Protos Biotech, NY) and processed with the avidin—biotin—imm-
unoperoxidase technique using DAB as the chromogen. The
orexin or 5-HT containing cell body and fibers were stained
brown. Two alternate sets of the DRN-containing sections were
labeled with antibodies against orexin-A or 5-HT, respectively,
to confirm the orexinergic innervation in the DRN. Following the
ICC reaction, sections were mounted on slides, dehydrated with
alcohol rinses, cleared with xylene, and coverslipped with
Permount (Fisher Scientific, NJ, USA).

Quantitative analysis of ICC results

For quantification, images of sections through the SCN, the per-
ifornical-lateral hypothalamic area (PF-LHA) in the tuberal hypo-
thalamus and the DRN were captured using a CCD video camera
(CX9000, MBF bioscience, Williston, VT, USA) attached to a light
microscope (Zeiss, Gottingen, Germany). In the SCN, the num-
ber of Fos-ir nuclei was counted bilaterally in three mid-SCN sec-
tions using the NIH Image J program. The counting regions for
the SCN were delineated as in previous studies (Ramanathan
et al., 2006). The average of the counts from the three bilateral
regions was used to represent the value for each animal. Images
captured from PF-LHA or DRN were manually counted. The
number of orexin neurons and the orexin/Fos double-labeled
neurons were counted on four images per animal at the PF-
LHA region as described in a previous study (Martinez et al.,
2002). The average number of Fos positive cells and the percent-
age of double-labeled cells were used to represent the value for
each animal. In the DRN, the 5-HT staining was used as regional
markers and the images were captured around the clusters of 5-
HT neurons across the rostrocaudal extent from levels 1 to 4
(Janusonis and Fite, 2001). Fos-ir nuclei were counted on 6-8
images per animal and the average number was used to repre-
sent the value of each animal. The effect of time following the
LP (experiment 1) was assessed using one-way analysis of
variance (ANOVA) followed by Tukey post-hoc comparison.
The effect of drug treatment (experiment 2) was assessed using
t-test. In all cases, differences were considered significant when
p < 0.05.

RESULTS

Time course of Fos-ir following light exposure during
subjective day

Following the light exposure, the time course of neural
activity was assessed in the SCN, PF-LHA and DRN
(Fig. 1). In the SCN (Fig. 1A), no apparent changes in the
number of Fos-ir nuclei were observed from the beginning
through the end of the 120-min light exposure (one-way
ANOVA, F3 19 = 0.26, p > 0.05). Inthe PF-LHA of the tub-
eral hypothalamus, the number of Fos-ir nuclei increased
over time following the light exposure (Fig. 1B, one-way
ANOVA, F;3 49 = 7.03, p < 0.05). The significant increase
was found at 120 min (post-hoc Tukey test, p < 0.05).
There were no changes in the number of orexin-ir cells
(one-way ANOVA, F;49 = 2.06, p > 0.05, data not
shown). Analysis of Fos and orexin double-labeled cells re-
vealed a significant increase (from 10% to 30%) in the pro-
portion of orexin neurons containing Fos (Fig. 1C, one-way
ANOVA, F3 19 = 6.79, p < 0.05). The proportion of Fos-ir
nuclei colocalized with orexin remained unchanged over
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Fig. 1. Light-induced Fos expression in the SCN, PF-LHA and DRN. (A), number of Fos-ir nuclei and representative images in the SCN. (B),
number of Fos-ir and representative images in the PF-LHA. (C), the percent of orexin cells double-labeled with Fos and (D), Fos double-labeled with
orexin in the PF-LHA. (E), number of Fos-ir nuclei in the DRN and representative images at the rostral-caudal levels 1-2 of the DRN. Higher
magnification images are shown in the insets. Animals were treated with a light pulse (LP, 300lux), and analyzed prior to the LP (0 min) and 30, 60
and 120 min after. Results are displayed as mean + SEM. *Indicated p < 0.05. 3v, 3rd ventricle; Aq, aqueduct; oc, optic chiasm. Scale

bar = 100 um.

the time course (Fig. 1D, one-way ANOVA, F; 49 = 0.25,
p > 0.05), suggesting that the increase in Fos-ir was not
restricted to orexin-ir neurons. In the DRN (Fig. 1E), the
number of Fos-ir also increased over time (one-way ANO-
VA, F319 = 15.38, p < 0.05), and a significant increase
was observed at 120 min (post-hoc Tukey test,
p < 0.05). However, almost no Fos-ir nuclei were found
co-localized with 5-HT cells in the DRN (Fig. 1E).

Orexinergic signaling mediates light-induced Fos-ir
in the DRN

Consistent with the previous findings (Nixon and Smale,
2007), the DRN of our grass rats was densely innervated

by orexinergic fibers (Fig. 2). To assess the role of orex-
inergic signaling in mediating the effects of light, light-in-
duced Fos-ir was analyzed following the treatment of
SB-334867, an OXR1 antagonist (Fig. 3). In the SCN
(Fig. 3A), there was no significant difference in the num-
ber of Fos-ir nuclei between the animals treated with the
drug or vehicle prior to the LP (ttest, t, = 0.3,
p > 0.05). In the PF-LHA (Fig. 3B), although not statisti-
cally significant, there was a trend of a reduction in the
number of Fos-ir cells (t-test, t;o = 2.35, p = 0.069) and
in the percentage of Fos-positive orexin cells (f-test,
tip = 2.06, p = 0.11) following the treatment of OXR1
antagonist. No changes were found in the number of orex-
in-ir cells or the proportion of Fos-ir nuclei colocalized with
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Fig. 3. Effects of orexinergic signaling on Fos expression in the SCN (A), PF-LHA (B) and DRN (C). (A), number of Fos-ir nuclei in the SCN. (B),
number of Fos-ir nuclei and the percent of orexin cells double-labeled with Fos in the PF-LHA. (C), number of Fos-ir nuclei in the DRN and
representative images showing Fos/5-HT double-label in the lateral DRN at rostral-caudal level 3. Animals were treated with vehicle or OXR1
antagonist SB-334867 before exposed to the LP (120 min, 300lux). Results are displayed as mean + SEM. *Indicated p < 0.05. mlf, medial

longitudinal fasciculus. Scale bar = 100pum.

orexin (data not shown). In the DRN (Fig. 3C), treatment
with OXR1 antagonist significantly inhibited the Fos-ir
resulting in a near 50% reduction in the number of
Fos-ir nuclei (t-test, t1g = —2.9, p < 0.05).

DISCUSSION

The results from the present study show that in diurnal
grass rats, light exposure during subjective daytime in-
creases neural activity in the PF-LHA and in the DRN
as measured by Fos-ir. In the PF-LHA, increased Fos-ir

was co-localized with orexinergic cells. Furthermore,
blocking the orexinergic signaling using an OXR1 antago-
nist inhibits the light-induced neural activity in the DRN.
The results suggest that in a diurnal brain, light induces
excitatory responses in the 5-HTergic DRN through acti-
vating orexinergic pathways.

Light information is received by the retina and con-
veyed to hypothalamic, thalamic, and brain stem nuclei
through non-image forming pathways (Youngstrom
et al., 1991; Hattar et al., 2006). Direct and indirect retinal
inputs to the SCN have been well established in all rodent
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species studied including the grass rats (Smale and
Boverhof, 1999). In contrast to the profound Fos induction
at night seen in both nocturnal and diurnal rodents (Nel-
son and Takahashi, 1991; Mahoney et al., 2001), no sig-
nificant changes in Fos expression was observed in the
SCN following light exposure at ZT3 in grass rats
(Fig. 1A). However, a lack of acute Fos induction in the
SCN during the subjective day does not mean that the
SCN function is not influenced by the ambient lighting
conditions. For example, in lab rats, two days of DD signif-
icantly reduces the amplitude of the clock gene Per2
rhythm in the SCN, indicating an effect of daytime light
exposure on the clock functioning within the SCN (Yan
et al., 1999). Also, as the responsiveness of the SCN to
light is phase dependent, light exposures at times during
the subjective day other than ZT3 might be more effective
in activating the SCN neurons (Mahoney et al., 2001).
Thus, the lack of an acute response to light in the SCN
should be interpreted cautiously, without dismissing the
influence of the circadian clock on arousal and monoam-
inergic systems.

A significant increase of Fos expression was observed
in the PF-LHA and within orexin neurons after the LP at
ZT3 (Fig. 1B, C). Orexin is a neuropeptide that has been
implicated in the regulation of the sleep/wake cycle, as re-
vealed by the animals with deficiencies in genes encoding
orexin or its receptors (reviewed in Sakurai, 2007). Retinal
inputs can be seen in the lateral hypothalamus where orex-
in neurons are located (Hattar et al., 2006). Furthermore,
the orexin neurons receive indirect retinal inputs from other
hypothalamic nuclei including the SCN, which can poten-
tially mediate the effects of light on orexin neurons (Abra-
hamson et al., 2001; Deurveilhner and Semba, 2005;
Sakurai et al., 2005). In mice, dark pulses (arousal cues
for nocturnal species), activate orexin neurons (Marston
et al., 2008). In contrast, the orexin neurons of diurnal
grass rats appear to be activated by light (present study).
The present study found that 10-15% of the orexin cells
were Fos-positive prior to (0 min) and at 30 or 60 min post
LP (Fig. 1B). However, at 120 min following the LP (ZT5),
about 30% of the orexin neurons were found Fos-positive.
This value is much higher than the baseline level in the
present study as well as the daytime levels reported in a
previous study on the neural activity of orexin neurons in
grass rats (Martinez et al., 2002). It has been shown that
the Fos-iris high throughout the day, with 10—-15% Fos-po-
sitive orexin neurons from ZT23 to 11, and low at night with
less than 5% Fos-positive orexin cells at ZT17 and 20
(Martinez et al., 2002). Therefore, the elevated Fos-ir in
orexin cells at 120 min (30%) is unlikely due to an endoge-
nous rise at this time, but is rather caused by the LP.

Light-induced Fos expression was also observed in the
DRN (Fig. 1E). The DRN is heavily innervated by orexin
neurons in nocturnal lab rats (Peyron et al., 1998) and in
diurnal grass rats (Nixon and Smale, 2007; present study).
Although direct retinal projections in DRN have been re-
ported in a few rodent species including Mongolian gerbils,
Chilean degus and lab rats (Shen and Semba, 1994; Kaw-
ano et al., 1996; Fite et al., 1999; Fite and Janusonis,
2001), we have not observed any retinal innervations in
the DRN of the grass rats (Shuboni et al., unpublished

results). This is consistent with the results showing no pro-
jection from melanopsin-containing retinal ganglion cells in
DRN in mice (Hattar et al., 2006). These results collectively
suggest that the SCN and orexin neurons could be part of
the route through which light information is transmitted to
the DRN (Fig. 2). The involvement of orexinergic signaling
in light-induced neural activity in the DRN was further sup-
ported by our results from animals treated with the OXR
antagonist SB-334867 (Fig. 3). This compound is a selec-
tive OXR1 antagonist, which has been widely used in ro-
dent species (Rodgers et al., 2001; Ishii et al., 2004;
Scott et al., 2011). Injections of SB-334867 in mice have
been shown to block the antidepressant effects of orexin
(Ito et al., 2008, 2009). Applying SB-334867 to brain slices
from lab rats inhibits the orexin-receptor-mediated excit-
atory effects in the DRN (Soffin et al., 2004). Our results
show that SB-334867 inhibits light-induced increases of
neural activity in the DRN, thus supporting the involvement
of orexinergic signaling in the mediation of this effect of
light. SB-334867 treated animals showed a near 50%
reduction of Fos in the DRN, which was still higher than
the baseline level prior to light exposure. This partial reduc-
tion could be due to the relatively low dose of the antago-
nist used here or may reflect the involvement of other
subtypes of OXRs (i.e. OXR2) or mechanisms indepen-
dent from orexinergic signaling. It is noteworthy that
although not statistically significant, a trend of reduction
of Fos-ir in SB-334867-treated animals was also observed
in the PF-LHA (Fig. 3B). OXR1 has been found in the LHA
and co-localized with neurons expressing melanin-con-
centrating hormone or orexin (Hervieu et al., 2001; Back-
berg et al., 2002). Injecting orexin into the LHA results in
a local induction of Fos-ir (Mullett et al., 2000). These re-
sults collectively suggest that the OXR1 antagoinst inhib-
ited the Fos-ir in the PF-LHA through the local circuitry
(Burt et al., 2011). Although the OXR1 is also expressed
in the SCN (Hervieu et al., 2001; Backberg et al., 2002),
no significant changes in Fos-ir were found in the SCN of
SB-334867-treated animals (Fig. 3A), suggesting that the
effect of the drug was rather selective.

The results from the present study revealed that in
diurnal grass rats, daytime light exposure activates orexin
neurons, supporting the hypothesis that orexinergic sig-
naling mediates the light-induced neuronal activation in
the DRN. Constrained by the availability of animals from
the breeding colony, females were used to characterize
the time course of Fos induction following the LP
(Fig. 1), while males were used to determine the effects
of the orexinergic pathway (Fig. 3). Sex differences could
be a potential confounding factor for interpreting the re-
sults, since circadian and arousal systems are influenced
by sex and gonadal hormones (Mong et al., 2011). How-
ever, the effects of light observed in the present study
were very robust and unlikely to be affected by sex differ-
ence. It should also be acknowledged that the orexin neu-
rons are widely distributed in the tuberal hypothalamus
(Marchant et al., 2012). Functional distinction between
orexin neurons in different sub regions has been reported
in nocturnal rodents; e.g. cells in the lateral hypothalamus
are related to reward, while those in the perifornical area
and dorsomedial hypothalamus are related to stress and
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arousal (Harris and Aston-Jones, 2006). To get an overall
picture on how the orexin neurons respond to LP in grass
rats, the present study focused on the PF-LHA, which
contains the highest proportion of orexin cells in this
species (Martinez et al., 2002). Future work will aim to
elucidate the region-specific role of orexin neurons in
mediating the effects of light on mood-regulating brain re-
gions i.e. the DRN. In the DRN, few, if any, Fos-ir nuclei
were found to be co-localized with 5-HT neurons. The lack
of activation in this group of neurons appears to contradict
the results that in humans, 5-HT production directly corre-
lates with prevailing bright sunlight exposure (Lambert
et al.,, 2002). Sunlight is hundreds of fold brighter than
the fluorescent light used in the present study. Therefore,
the low intensity of light exposure used here may have
limited the orexinergic responses necessary for activation
of 5-HTergic neurons. It is also possible that the 5-HT
neurons are activated independently from Fos expres-
sion, which would require other types of markers to
detect.

Current theories and the clinical practice on SAD and
light therapy focus on the effects of light on entraining cir-
cadian rhythms (Terman and Terman, 2005; Lewy et al.,
2007; Lewy, 2009). In addition to entraining the circadian
system, light can also influence behavior and physiology
directly by acting on neural pathways regulating sleep/
wakefulness (Dijk and Archer, 2009). In the present study,
we found that light activates the orexinergic systems in
the diurnal grass rats. The results support the idea that
the activation of the wakefulness-promoting orexinergic
system also underlies the therapeutical effects of light
on SAD. Although the present study focused on the
DRN, orexin neurons project to and directly regulate all
monoaminergic neurons that are involved in mood regula-
tion (Tsujino and Sakurai, 2009). Therefore, the orexiner-
gic pathway is well positioned to mediate the effects of
light on monoaminergic system that ultimately contribute
to light-dependent mood fluctuations seen in the grass
rats and in SAD patients. A better understanding of how
light affects brain function, particularly in diurnal species,
will help promote awareness of “light hygiene” and lead
to more effective treatment protocols for SAD.
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