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Abstract

Maladaptation to stress is associated with psychopathology. However, our understanding of the
underlying neural circuitry involved in adaptations to stress is limited. Previous work from our lab
indicated the paraventricular hypothalamic neuropeptides orexins/hypocretins regulate behavioral
and neuroendocrine responses to stress. To further elucidate the role of orexins in adaptation to
stress, we employed optogenetic techniques to specifically examine the effects of orexin cell
activation on behavior in the social interaction test and in the home cage as well as orexin receptor
1 internalization and ERK phosphorylation in brain regions receiving orexin inputs. In the social
interaction test, optogenetic stimulation of orexin neurons decreased time spent in the interaction
zone while increasing the frequency of entries into the interaction zone. In addition, optogenetic
stimulation of orexin neurons increased the total distance traveled in the social interaction arena
but had no effect on their home cage behavior. Together, these results suggest that orexin release
increases anxiety in the social interaction test while increasing the salience of novel but not
familiar environmental stimuli. Consistent with activation of orexin neurons, optogenetic
stimulation increased orexin receptorl internalization and ERK phosphorylation in the
paraventricular thalamus (PVT) and locus coeruleus (LC), two regions heavily innervated by
orexin neurons. Together these results show for the first time that elevation of orexin activity,
possibly in the PVT and LC, is associated with increased anxiety, activity, and arousal in a
context-specific manner.
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1. Introduction

Orexins (also called hypocretins) are neuropeptides exclusively produced in cells of the
lateral and posterior hypothalamus [7,28]. Orexins are synthesized from the precursor
molecule pre-pro-orexin that is cleaved into two structurally related and highly conserved
peptides, orexinA and orexinB [7,28] that bind to two G-protein coupled receptors, orexinl
(orexin1R) and orexin2 receptors (orexin2R). Stimulation of orexin receptors promotes
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arousal or a heightened responsiveness to sensory inputs and increased wakefulness [29]. An
obvious extension of the role of orexins in initiating arousal is increasing the salience of
novel potentially threatening environmental cues. Previous work from our lab has indicated
a role for orexins acting in the posterior paraventricular thalamus (PVT) in regulating the
stress response and increasing anxiety-related behavior in repeatedly stressed rats [13,19].
Other work has reported that acute intraventricular (ICV) or systemic administration of
orexins can also increase anxiety-related behavior in the open field test [14,33], depolarize
cells [13], and increase CRH and AVP mRNA in the paraventricular hypothalamus (PVN),
the hypothalamic arm of the hypothalamic pituitary adrenal (HPA) axis [6,31]. These
increases in CRH and AVP are also consistent with orexin-induced increases in plasma
ACTH and corticosterone [4,17,31]. However, it is unclear whether endogenous orexins
induce anxiety in all contexts. Further, little is known about the possible neural substrates
for these actions. In order to further elucidate the role of orexins in anxiety related behavior
we employed optogenetic techniques to specifically activate orexin cells. This technique
allows for specific temporal resolution in activating the orexin system and produces the
release of orexins within the physiologic capabilities of the cell [1].

Effects of orexin cell activation on behavior in the social interaction test and home cage
were examined. To determine the brain regions that could be the site of orexin actions,
orexin receptorl internalization, ERK phosphorylation, and cFos expression were quantified
in three specific brain regions receiving orexin inputs following optogenetic stimulation of
orexin neurons. These three brain regions were the PVT, the locus coeruleus (LC), and
prefrontal cortex (PFC). When taken together, the results presented here suggest that orexins
mediate context-specific actions on anxiety and arousal and that the paraventricular
thalamus (PVT) and locus coeruleus (LC) are two brain regions important in mediating these
effects.

2. Methods

2.1. Animals

2.2. Surgery

Male Sprague—-Dawley rats (Charles River, Kingston, NY) weighing between 225 and 250 g
were given ad libitum access to food and water and individually housed in plastic tub cages
on a 12:12 h light: dark cycle with lights on at 0600 h. A 5-7 day acclimation period was
allowed prior to start of experimentation and surgery. All procedures were approved by the
IACUC at the CHOP Research Institute.

Rats were anesthetized using a cocktail containing ketamine, xylazine, and acepromizine.
Using stereotaxic techniques, unilateral guide cannulae (26ga) were implanted in the lateral
posterior hypothalamus, the site of orexin cell bodies, with the following coordinates (from
bregma): AP: 2.8, ML: —1.8 mm, DV: —=7.8 mm. The guide cannula was used for injection
of the viral vector and introduction of the optic fiber.
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2.3. Viral vectors

Targeting the genetic expression of channelrhodopsin-2 (ChR2) to orexin expressing
neurons was achieved by use of a lentivirus carrying the 3.1-kilobase (kb) mouse prepro-
hypocretin (Hcrt, which encodes orexin A and orexin B) gene promoter [29]. The
Hcrt::ChR2-YFP construct and the Hert::YFP control construct were kindly provided by Dr.
Luis DeLecea (Department of Psychiatry and Behavioral Sciences at Stanford University).
A description of both constructs with the mCherry reporter instead of the YFP can be found
in [1]. Briefly, the 3086-base-pair (EcoRI-Sacl) mouse Hcrt promoter [29] was used to
replace the CaMKIlla promoter in the CaMKIla::ChR2-YFP lentivirus vector [36]. The
Hcrt::YFP control viruses were made by swapping ChR2-YFP with YFP alone. High-titre
lentiviruses were produced at the CHOP Viral vector core facility using 293 T cells that
were cultured in DMEM growth media containing 10% FBS and 1x P/S antibiotics. The
vectors were aliquotted and stored at —80 °C till use. Injection of 4 ul of the high titer virus
(approximately 10° plague forming units) directly into hypothalamus was performed the day
following surgery. Administering the virus in this manner allowed for injection of freshly
thawed virus for all animals at a single time from a single aliquot of virus, which resulted in
more consistent ChR2 expression. All rats were unanesthetized and freely moving at time of
virus injection. The specificity of lentivirus-mediated expression was tested by dual stain
immunocyctochemistry for orexinA expression and cFos activation, described in detail
below. Peak expression of ChR2 was determined, via fluorescent imaging of YFP signal in
freshly sliced tissue, to occur at approximately 4 weeks following virus injection. Therefore,
all experiments were begun at 4-5 weeks following injection.

2.4. Experiment 1: validation of construct

2.4.1. Determining the effect of optogenetic stimulation on sleep/wake
transitions—The Chr2 construct had not previously been used in rats. In order to validate
its functionality, a validation study based on previous work in mice was performed [1]. In
this previous study, optogenetic stimulation of orexin neurons was conducted in sleeping
mice and the latency to wakefulness was assessed. Stimulation of orexin neurons decreased
this latency in these mice [1]. In the present experiment, Hert::YFP and Hert::ChR2-YFP
transduced animals (n = 4 and 6, respectively) that exhibited behavioral indices of sleep
were exposed to optogenetic stimulation of 20 Hz for 10 s at a time every 2 min. Sleep was
assessed by behavioral measures as previous work showed little difference between
assessment of sleep through EEG/EMG and high throughput behavioral screening of sleep-
wake transitions in mice [26]. Optogenetic stimulation parameters were chosen based on
Delecea’s previous work showing a similar stimulation paradigm increases cFos
immunoreactivity in orexin cells in Hert::ChR2-mCherry mice compared to the
Hcrt::mCherry control animals [1]. In order to ensure that all rats were tested under similar
conditions rats were given a minimum of 4 h of acclimation to the testing room and
indwelling optic fiber. Following acclimation, rats were tested in their home cage starting at
1600h and continued until a minimum of 20 trials was achieved while asleep. Rats were
deemed asleep following a minimum of 3 min without any movement as assessed through
visual observation. Rats were monitored for movement while asleep, and the latency to first
movement following photostimulation was recorded. Rats then remained undisturbed until
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they were asleep at which time another trial began. Because of previous literature showing
effects of repeated stress to induce abnormal sleep patterns [12], we examined the impact of
repeated stress on sleep/wake latency. After 20 trials on one day, all rats were then exposed
to 4 days of 15 min swim stress each day. On the day following the last swim stress, rats
were again monitored for movement during sleep while being exposed to photostimulation,
as on the first day.

2.4.2. Examination of optogenetic stimulation effects on cellular activity—To
validate the functionality of the ChR2 construct at a cellular level, cFos immunoreactivity in
orexin cells was assessed following optogenetic stimulation at 20 Hz for 10 s at a time every
minute for 30 min in their home cage. Brains from Hcrt::YFP and Hcrt::ChR2-YFP
transduced animals (n = 10 and 15 respectively) were collected following photostimulation.
Brains were sectioned at 12 um onto slides and double immunostained for orexinA and
cFos. The number of cFos positive/orexinA positive cells was counted and quantified as a
percent of total orexin cells on the side of the brain being examined. Briefly, sections were
fixed in 10% paraformaldehyde and successively incubated in the following: (1) a goat
antiserum to orexinA (1:500, Santa Cruz, sc-8070) in PBST supplemented with 4% normal
horse serum (NHS, Sigma) for 3 days at 4 °C; (2) a rabbit antiserum to cFos (1:1,000, Santa
Cruz, sc-52) in PBST supplemented with 4% normal horse serum (NHS, Sigma) for 1 day at
4 °C; (3) a donkey anti goat secondary (1:2,000, Abcam, ab6950) and a donkey anti rabbit
secondary (1:2000, invitrogen A-21206) both overnight at 4 °C. Finally, the slides were
cover slipped with flouromount (Sigma, St Louis, MO). Slides were then visualized on a
fluorescence microscope (Leica). Digital images were slightly modified to optimize for
image resolution, brightness and contrast in Open Lab software (version 5.5.2,
PerkinElmer). Quantification was performed on the virus-injected side and compared to the
non-injected side as a control.

2.5. Experiment 2: effects of optogenetically stimulated orexins on behavior in the social
interaction test

Naive Hert::YFP and Hcert::ChR2-YFP transduced animals (n = 10 and 15 respectively)
were placed in a three-chamber social interaction arena for 30min with an age and sex-
matched stimulus rat behind a wire mesh divider on one side (social interaction or Sl zone;
8in x 10in) and an empty chamber on the other side (control zone; 8in x 10in). The third
chamber was the neutral zone (16in x 19in) away from the SI and control zones but giving
equal access to both zones (Fig. 2D). The apparatus was made from white opaque plexiglass
with aluminum mesh barriers. Rats were initially placed in the neutral zone allowing equal
access to both the SI zone and the control zone. Optogenetic stimulation occurred at a rate of
20 Hz for 10 s at a time every minute for the duration of the 30-min test. Time spent within,
and entries into, the Sl zone (as a function of time in all zones) were quantified as measures
of anxiety-related behavior and exploratory behavior respectively [10]. Total distance
traveled was measured for quantification of locomotor activity. Quantification of time spent
in the specific zones and distance traveled was performed using EthovisionPro 3.1 and
respectively expressed as % of total time and total cm traveled.
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2.6. Experiment 3: relationship between behavior in the social interaction test and
behavior during social defeat

We determined whether orexin-induced behavior in the social interaction test could predict
behavior during repeated social defeat. Our previous work had indicated that the latency to
exhibit the defeat posture during social defeat following exposure to a resident rat is
associated with potential vulnerability or resiliency to stress, with longer latencies
suggesting active coping and a more resilient phenotype compared to rats exhibiting shorter
latencies [35]. Half of the rats previously exposed to the social interaction test in Experiment
2 (Hcert::YFP; n =5 and Hert::ChR2-YFP; n = 6) were exposed to 5 days of a resident—
intruder model of social stress modified from the resident—intruder model originally
developed by Miczek [22]. The other half of the rats, previously exposed to social
interaction testing in Experiment 2, were not disturbed until home cage behavior was
analyzed in Experiment 4. Socially defeated rats were exposed to resident—intruder social
stress 30 min per day and with exposure to a different resident rat for each of the 5 days to
minimize habituation to the resident rats [35]. Defeat was defined by the intruder assuming
a supine posture that was held for a minimum of 3 s. Latency to exhibit a supine defeat
posture was recorded and averaged over the five days for each individual rat.

2.7. Experiment 4: effect of optogenetically stimulated orexin activity on home cage
behaviors and HPA activity

Prior to sacrifice, all rats from experiments 2 and 3 (Hcrt::YFP; n=9 and Hcrt::ChR2-YFP; n
= 13, decreased number of animals resulting from broken guide cannulae or optic fibers)
were exposed to optogenetic stimulation of 20 Hz for 10 s at a time every minute for 30 min
in their home cage. Some of these animals were not exposed to repeated social defeat
although they had been exposed to prior social interaction testing. Behavior of the animals
were assessed and scored by a trained scorer blind to the specific group types using both
EthovisionPro 3.1 for locomator activity and manual counting of rearing, burying and
grooming. Rats were then decapitated 30min after the last stimulation, trunk blood and
brains were collected for hormone analysis and western blot/immunocytochemistry analysis
respectively. Plasma ACTH and corticosterone were measured using kits from MP
Biomedicals (Orangeburg, NY). The minimum levels of detection for ACTH and
corticosterone were 5.7 pg/ml and 0.6 mg/dl, respectively. Intra- and inter-assay variability
was less than 10%.

2.8. Experiment 5: effects of optogenetically stimulated orexin activity in potential neural

substrates

To determine possible neural substrates for the actions of orexins, we examined three brain
regions expressing high levels of orexinl receptors (orexinlR). We quantified cFos
immunoreactivity, orexin receptor internalization and intracellular messenger activation in
the posterior paraventricular thalamus (pPVT), locus coeruleus (LC) and pre frontal cortex
(PFC) [13,16,18,37,38]. Orexin1R was chosen for quantification because of previous work
from our lab showing that orexinlR is the predominant receptor activated in the pPVT
during repeated stress [13]. OrexinlR protein was quantified in enriched cytosolic and
membrane fractions of pPVT, LC, and PFC (infralimbic and prelimbic) punch homogenates
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separated through centrifugation in a 30%/70% sucrose gradient (as described in [13]).
Briefly, sample homogenates were placed as a top layer on a frozen 30%/70% sucrose
gradient and thawed at room temp prior to spinning at 13,000 g for 90 min. The 30% sucrose
layer was dyed with blue lamalar dye allowing for easier visual separation following
centrifugation. Separation was performed by precise removal of the respective fractions
from the bottom of the centrifuge tube. Previous studies have used similar methods for
quantifying the distribution of cytosolic and membrane proteins [3,24]. OrexinlR was
visualized using sc-8073 (Santa Cruz Biotechnology) at a concentration of 1:500. Orexin
receptor antibody specificity was tested by comparison of specified orexin1R expressing
brain regions with control tissue samples taken from motor cortex with no orexinlR
expression. Effectiveness of the sucrose gradient to enrich membrane and cytosolic fractions
was validated via western blot analysis of the membrane-bound protein synaptophysin,
which was predominantly observed in the membrane fraction and the cytosolic protein
GapDH, which was predominantly observed in the cytosolic fraction [13]. Blots were
visualized on a Li-Cor Odyssey infrared imaging system. All groups were evenly
represented on each gel in order to compensate for inter-gel variations. OrexinlR yielded a
band at 55 kD and the orexin2R yielded a band at 48 kD which is consistent with the range
seen in previously published work [15]. Receptors were quantified as a percent of total Beta-
actin (A2228, Sigma, St. Louis, MO) in their respective fractions. Phosphorylated ERK was
quantified in the cytosolic fractions. Incubation with primary antibodies for pERK and total
ERK (Santa Cruz Biotechnology) yielded two bands at 44kD and 42kD for ERK1 and
ERK2, respectively, and quantified as a percent of total ERK [11]. CFos expression was
visualized using a primary antibody to cFos (Santa Cruz, sc-52) and quantified as a percent
of Beta-tubulin (Sigma, T0198) expression.

2.8.1. Statistical analyses—For analysis in Experiment 1, 2-way ANOVASs were
performed to test the effect of virus (Hert::YFP vs. Hert::ChR2-YFP) x stress (swim stress
Vs. no stress). A 2-way ANOVA was used to test for the effects of virus (Hert::YFP vs.
Hcrt::ChR2-YFP) x injection side (injected side vs. non-injected side) for cFos expression in
orexin positive cells. For experiments 2 and 4, t-tests were used to determine significant
differences between Hert:: YFP and Hert::ChR2-YFP transduced animals in the social
interaction test and on home cage behavior. Experiment 3 used correlations to examine the
predictive effect of social interaction test results on social defeat latencies. Cytosolic and
membrane fractions were analyzed separately in Experiment 5 using t-tests to determine
significant differences in orexinlR expression between Hcrt::YFP and Hert::ChR2-YFP
transduced animals. T-tests were also used in comparisons western data representing ERK
phosphorylation and cFos expression. For all tests performed the p value was set at p < .05.

3.1. Experiment 1: validation of construct

3.1.1. Determining the effect of optogenetic stimulation on sleep/wake
transitions—There was a significant main effect of stress with all rats exposed to repeated
swim (post-swim) exhibiting lower latencies compared to non-stressed (pre-swim) rats (Fig.
1A). Furthermore, there was a significant Virus x Stress group interaction (Fig. 1A; Fy 15 =
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10.30, p < 0.0075). Post-hoc tests indicated that, prior to swim, photostimulation of orexin
cells in Hert::ChR2-YFP rats decreased latency to first movement compared to the
Hcrt::YFP animals (p < 0.006). However, post-swim, there was no difference between the
two groups. As a result, swim stress decreased latencies in the Hcrt::YFP animals to the
level of the non-stressed Hcrt::ChR2-YFP animals (p<0.003) whereas stress did not further
decrease latencies in the Hert::Chr2 animals.

3.1.2. Examination of optogenetic stimulation effects on cellular activity—Dual
staining for OrexinA and cFos revealed a significant main injection Side x Virus interaction
(Fig. 1B; F1 40 = 15.83, p = 0.0003) and a significant main effect of Virus injection (F1 49 =
18.98, p < 0.0001). Post-hoc tests revealed photostimulation of orexin cells significantly
increased the number of cFos positive orexin cells in the Hert::ChR2-YFP animals
compared to the Hcrt::YFP control animals (p=0.0169) only on the virus injected side. This
effect was not apparent on the non-virus injected side, indicating specific activation of ChR2
in the orexin cells of Hert::ChR2-YFP transduced animals.

3.2. Experiment 2: effects of optogenetically stimulated orexins on behavior in the social
interaction test

There was a significant effect of photostimulation to decrease the time spent in the social
interaction zone in the Hert::ChR2-YFP animals compared to the Hert::YFP control animals
(Fig. 2A; p = 0.0423). There was also a significant effect of photostimulation to increase the
frequency of entrances into the social interaction zone in the Hert:: ChR2-YFP animals
compared to the Hert::YFP control animals (Fig. 2B; p < 0.0001). Additionally there was a
significant effect of photostimulation to increase the total distance traveled in the Hert::
ChR2-YFP (Fig. 2C; p < 0.0001). Observation of the rats during the test showed that the
YFP rats were initially slow to approach the Sl zone, but when in the SI zone they spent most
of their time interacting with the stimulus rat. The ChR2 rats, however, were quicker to
approach the Sl zone but spent less time interacting with the stimulus rat in the SI zone
overall.

3.3. Experiment 3: relationship between behavior in the social interaction test and
behavior during social defeat

There was no correlation observed between behavior in the social interaction test and defeat
latency during 5 days of repeated social defeat stress (data not shown).

3.4. Experiment 4: effect of optogenetically stimulated orexin activity on home cage
behaviors and HPA activity

There was no significant effect of photostimulation on the total distance traveled in the
home cage in the Hert::ChR2-YFP animals compared to the Hert::YFP control animals (Fig.
3A). There was also no significant effect of photostimulation on the number of occurrences
(data not shown) or the time spent rearing (Fig. 3B), burying (Fig. 3C) or grooming (Fig.
3D) in the Hert::ChR2-YFP animals compared to the Hert::YFP control animals. There was
no effect of optogenetic stimulation of the orexin system on blood ACTH and corticosterone
levels. Blood was collected at 30min following the last photostimulation. ACTH levels were
291.61 £ 49.21 ng/ml for Hert:: YFP control animals and 297.98 + 32.94 ng/ml for
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Hcrt::ChR2-YFP animals. Corticosterone levels were 30.58 + 1.31 ug/dl for Hert:: YFP
control animals and 28.42 + 1.21 ug/dl for Hcrt::ChR2-YFP animals.

3.5. Experiment 5: effects of optogenetically stimulated orexin activity in potential neural

substrates

3.5.1. PosteriorPVT data—Following 30 min of photostimulation, orexin1R expression
was significantly increased in the posteriorPVT cytosolic fraction of Hert:: ChR2-YFP
animals compared to the Hert::YFP control animals (Fig. 4A; p < 0.0001). Consistent with
this effect there was a significant decrease in the expression of orexinlR in the membrane
fraction of Hert::ChR2-YFP animals (Fig. 4A; p = 0.0028). There was also a significant
effect of photostimulation to increase posteriorPVT cFos expression in Hert:: ChR2-YFP
animals (Fig. 4B; p < 0.0001). Photostimulation of orexin neurons significantly increased
phosphorylation of ERK1 (Fig. 4C; p = 0.0002), and ERK2 (Fig. 4D; p = 0.0145) in
Hcrt::ChR2-YFP animals.

3.5.2. LC data—OrexinlR expression was significantly increased in the LC cytosolic
fraction of Hert::ChR2-YFP animals compared to the Hert::YFP control animals (Fig. 5A; p
=0.0393). Consistent with this effect there was a significant decrease in the expression of
orexinlR in the membrane fraction of Hcrt::ChR2-YFP animals compared to the Hert::YFP
control animals (Fig. 5A; p = 0.0406). There was also a significant effect of
photostimulation to increase cFos expression in Hert::ChR2-YFP animals (Fig. 5B; p =
0.0478). Photostimulation of orexin neurons significantly increased phosphorylation of
ERK1 (Fig. 3C; p = 0.0015), but not ERK?2 (Fig. 5D; p = 0.1452) in Hcrt::ChR2-YFP
animals.

3.5.3. PFC data—30 minutes of photostimulation had no effect on orexinlR expression in
either the cytosolic or membrane fractions of the infralimbic or prelimbic regions of the PFC
(Fig. 6A). There was no significant effect of photostimulation on either infralimbic or
prelimbic PFC cFos expression in either Hert::ChR2-YFP animals or Hert::YFP control
animals (Fig. 6B). Photostimulation of orexin neurons had no effect on the phosphorylation
of infralimbic PFC ERK1 (Fig. 6C), but did significantly decrease infralimbic ERK2
phosphorylation (Fig. 6D; p = 0.0171) in Hert::ChR2-YFP animals compared to the

Hcrt:: YFP control animals. Thus, there was also no effect of photostimulation on prelimbic
PFC orexinlR distribution, ERK1 phosphorylation, and cFos expression.

4. Discussion

Our results show that orexin photostimulation decreased time spent in social interaction with
a concomitant increase in locomotor activity and frequency of entrances into the social
interaction zone. The decreases in time spent interacting suggest that stimulation of the
orexin system increases the anxiety state of the animal. The increases in locomotor activity
and entrances into the social interaction zone are consistent with previously reported
orexinA-induced increases in alertness and arousal [2]. However, stimulation of orexin
release did not have an effect on home cage behavior, suggesting that orexin release may
increase the salience of novel, but not familiar, environmental stimuli. Finally, results from
western blot analysis of brain regions heavily innervated by orexin neurons indicated
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increased orexin 1 receptor internalization and ERK phosphorylation in the PVT and LC
suggesting that these are important neural substrates for orexin actions.

Because the Hcrt::ChR2-YFP construct had not been previously used to examine orexin
function in rats, we validated its functionality in rats at a behavioral and at a cellular level.
We observed decreased latency to transition from a sleeping to a waking state following
photostimulation. These findings are consistent with previously published work following
optogenetic stimulation of orexin cells in mice [1], although different measures were used to
assess the sleep state in the two studies. There was also a significant increase in the
activation of orexin cells in response to photostimulation when compared to animals that
received the control vector as measured by cFos/orexin dual immunocytochemistry. Dual
immunostaining for orexinA and cFos was used to determine the extent of orexin cell
activation following photostimulation. Because the virus was injected unilaterally, the non-
injected side could be used as a control for further comparison of the level of orexin cell
activation by ChR2. Photostimulation significantly increased the number of cFos positive
orexin cells in the ChR2 expressing rats when compared with the YFP control rats. This
effect was only present on the virus-injected side and not on the non-injected side.
Photostimulation activated approximately 55% of the total orexin cells on the virus-injected
side compared to approximately 35% activation of orexin cells in the YFP control animals
and the non-injected side. These results are in the range of work done with this construct in
mice in which approximately 65% activation of orexin cells in the animals transfected with
the ChR2 containing virus were activated compared with 25% activation of orexin cells in
the control animals [1]. Together, these data suggest that photostimulation specifically
activates orexin cells only in the ChR2 expressing animals and support the functionality of
orexin promoter-induced ChR2 in rats.

Following the initial sleep/wake transition study, the rats were exposed to repeated swim
stress for 4 days and examined again for sleep/wake transitions. Repeated swim stress
decreased latency to first movement following stimulation in the YFP control rats
suggesting more rapid sleep to wake transitions as a result of repeated stress. The latency in
the YFP rats was decreased to the level of the ChR2 expressing rats after repeated stress and
latencies were unaltered by stress in ChR2 expressing rats, which were already low prior to
the repeated swim stress. One interpretation of these data is that repeated swim stress had
the same effect on sleep/wake transitions as did optogenetic stimulation of the orexin
system, suggesting that orexin system activity may be a mechanism underlying stress-
induced sleep disturbances [5,9,20,30].

Optogenetic stimulation of ChR2-expressing orexin neurons during the social interaction
test uncovered a specific role for the orexin system in novel situations. The social interaction
test is often used as a measure of anxiety-related behavior [10]. In addition, measures of
locomotor activity and general exploratory behavior can be assessed. Optogenetic
stimulation of the orexin system significantly decreased the time the ChR2 expressing rats
spent in the interaction zone when compared to YFP controls. These data suggest that
stimulation of the orexin system leads to increases in anxiety-related behavior. These results
should be confirmed with a social interaction test that allows direct interaction between the
two animals to confirm that the increased time in the interaction zone observed here is
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associated with interaction between the two animals. Nonetheless, these findings with
endogenous orexin release are consistent with previous literature with exogenous orexin
administration showing anxiogenic effects of orexinA administered both ICV [14,19,33] and
directly in the paraventricular thalamus (PVT) [13]. However, concurrent with a decrease of
time in the social interaction zone, optogenetic stimulation of the orexin system also
significantly increased the number of entries into the social interaction zone and locomotor
activity when compared with YFP controls. These increases suggest that enhanced orexin
activity increases arousal and exploratory behavior. Together, these results suggest that
orexins mediate the arousal that underlies anxiety by potentially increasing the salience of
environmental stimuli.

In order to determine if the effects of activating the orexin system in the social interaction
test were due to the novel setting of the test itself, animals were examined in their home
cage during optogenetic stimulation. In addition to total distance traveled, rearing,
grooming, and burying behaviors were assessed. There was no effect of photostimulation on
any of these measures. This lack of effect in the home cage combined with the anxiogenic
and arousal effects in the social interaction test suggests that the behavioral effects of
orexins are context-specific and present primarily in novel situations. As a caveat, rats
assessed in the home cage had been exposed to social defeat and previous testing which
could have influenced the results. Although a small cohort of 3 naive ChR2 expressing
animals tested in the home cage under similar circumstances as those in Experiment 4
showed no behavioral differences when compared with YFP controls, additional work is
necessary to confirm the context-specific effects of orexin stimulation observed here.

In order to examine which brain regions could be mediating the effects of orexins, we
examined the PVT, LC and PFC because each expresses a high density of orexin receptors
[21,34] and receives dense orexin inputs [16,21,25,32,34]. We examined activation of these
regions via three measures. First, we assessed the distribution of orexin receptors in
membrane and cytosolic fractions of brain punch homogenates. Because orexin receptors are
G-protein coupled receptors, activation induces a shift of the receptor from the membrane
into the cytosol. Our previous work demonstrated that orexin receptor agonists induce a shift
of orexin receptors from the membrane to the cytosol and this shift is blocked by orexin
receptor antagonists, validating the use of this approach in determining activation of orexin
receptors [13]. Second, we assessed the relative levels of ERK phosphorylation in these
particular brain regions. Previous work from our lab and others has shown that orexin
receptor activation increases ERK phosphorylation as part of an intracellular messenger
cascade [13,23,27]. Third we examined expression of the neuronal activity marker cFos in
orexin-expressing neurons [8]. We observed that optogenetic stimulation of the orexin
system increased orexin-1 receptor expression in the cytosolic fraction and decreased
receptor expression in the membrane fraction of both the PVT and LC of ChR2 expressing
animals compared to YFP controls. Furthermore, optogenetic stimulation increased ERK1
and ERK2 phosphorylation and cFos expression in the PVT and increased ERK1 in the LC
of ChR2 expressing animals compared to YFP controls. In the PFC there was no effect on
ERK1 phosphorylation and no effect on cFos expression, however there was a significant
effect of photostimulation to decrease ERK2 phosphorylation in the ChR2 expressing rats
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compared to the YFP controls in the infralimbic PFC. While this effect is the opposite of
what we expected, it is possible that other inputs to the PFC in concert with orexins reduce
activation in the PFC. Another possibility is that the lack of effect in the PFC may be a
product of already enhanced activity in the PFC caused by the handling associated with
introducing the optic fiber into the guide cannulae. Finally, it is possible that the specific
subregion of hypothalamic orexin cell bodies that was stimulated does not project to the
PFC. Further work is needed to better understand these results. It must be noted that these
brain structures were examined from tissue collected after optogenetic stimulation in the
home cage in which no behavioral differences between ChR2 and YFP control animals were
observed. Therefore, it is not possible to state that the PVT and LC specifically mediate the
effects of orexin on exploratory and anxiety related behavior in the social interaction test.
Nonetheless, the results indicate that the PVT and LC are likely important mediators of
endogenous orexin effects, that the orexin actions in the PVT and LC occur through
activation and internalization of orexinl receptors and through ERK phosphorylation, and
that orexin effects in the PFC are likely unrelated to the behaviors assessed here. Together,
these results show for the first time that elevation of endogenous orexins in rats produces
increased anxiety that is accompanied by increased exploration and arousal that occurs in
novel but not familiar contexts.
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Fig. 1.
A) Effect of hypothalamic photostimulation on average latency to movement following

stimulation in Hert:: YFP control (YFP; n = 4), and Hert::ChR2-YFP (ChR2; n = 6)
transduced animals prior to 4 days of swim stress (Pre-swim, left bars) and after 4 days of
swim stress (Post-swim, right bars). * = p < 0.05 pre-swim Hcrt::YFP control vs. pre-swim
Hcrt::ChR2-YFP; ** = p < 0.05 Pre-swim vs. Post-swim. B) Effect of hypothalamic
photostimulation on c-cFos expression in orexin positive cells in YFP and ChR2 animals on
the virus injected side (left bars) and the non-virus injected side (right bars). * =p < 0.05
Hcrt::YFP control vs. Hert::ChR2-YFP.
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A) Effect of hypothalamic photostimulation on percent time spent in the social interaction
zone in Hert::YFP control (YFP; n = 10), and Hcrt:: ChR2-YFP (ChR2; n = 15) transduced
animals. * = p < 0.05 Hert::YFP control vs. Hert::ChR2-YFP. B) Effect of hypothalamic
photostimulation on the number of entries into the social interaction zone of animals
described above. * = p < 0.05 Hert::YFP control vs. Hert::ChR2-YFP. C) Effect of
hypothalamic photostimulation on the total distance traveled during the social interaction
test of animals described above. * = p < 0.05 Hcrt::YFP control vs. Hert::ChR2-YFP. D)
Diagram of social interaction apparatus detailing the placement of the different zones,
stimulus rat, and subject rat.
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A) Effect of hypothalamic photostimulation on total distance traveled in Hcrt::YFP control
(YFP; n =9), and Hert::ChR2-YFP (ChR2; n = 13) transduced animals following
hypothalamic photostimulation of 20 Hz for 10 s at a time every minute for 30 min in their
home cage. B) Effect of hypothalamic photostimulation on the number of rearings in the
home cage of animals described above. C) Effect of hypothalamic photostimulation on the
number of rearings in the home cage of animals described above.
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A) Western blot analysis of orexinlR expression in the cytosolic (left bars) and membrane
(right bars) fractions of posteriorPVT homogenates of Hcrt::YFP control (YFP; n =9), and
Hcrt::ChR2-YFP (ChR2; n = 13) transduced animals following hypothalamic
photostimulation of 20 Hz for 10 s at a time every minute for 30min in their home cage. * =
p < 0.05 Hert::YFP control vs. Hert::ChR2-YFP. B) Western blot analysis of cFos
expression in pPVT homogenates of animals described above. * = p < 0.05 Hert::YFP
control vs. Hert::ChR2-YFP. C) Western blot analysis of ERK1 phosphorylation expressed
as % total ERK in pPVT homogenates of animals described above. * = p < 0.05 Hcrt::YFP
control vs. Hert::ChR2-YFP. D) Western blot analysis of ERK2 phosphorylation expressed
as % total ERK in pPVT homogenates of animals described above. * = p < 0.05 Hcrt::YFP
control vs. Hert::ChR2-YFP. In each graph, representative blots are shown for each group.
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Fig. 5.
A) Western blot analysis of orexinlR expression in the cytosolic (left bars) and membrane

(right bars) fractions of LC homogenates of Hert::YFP control (YFP; n = 9), and Hcrt::
ChR2-YFP (ChR2; n=13) transduced animals following hypothalamic photostimulation of
20Hz for 10s at a time every minute for 30min in their home cage. *=p<0.05 Hcrt::YFP
control vs. Hert::ChR2-YFP. B) Western blot analysis of cFos expression in LC
homogenates of animals described above. *=p<0.05 Hcrt::YFP control vs. Hert::ChR2-YFP.
C) Western blot analysis of ERK1 phosphorylation expressed as % total ERK in LC
homogenates of animals described above. * = p < 0.05 Hcrt:: YFP control vs. Hert::ChR2-
YFP. D) Western blot analysis of ERK2 phosphorylation expressed as % total ERK in LC
homogenates of animals described above. In each graph, representative blots are shown for
each group.
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Fig. 6.

A)gWestern blot analysis of orexinlR expression in the cytosolic (left bars) and membrane
(right bars) fractions of infralimbic (left graph) and prelimbic (right graph) PFC
homogenates of Hert::YFP control (YFP; n = 9), and Hcrt::ChR2-YFP (ChR2; n = 13)
transduced animals following hypothalamic photostimulation of 20Hz for 10s at a time
every minute for 30min in their home cage. B) Western blot analysis of c-Fos expression in
PFC homogenates of animals described above. C) Western blot analysis of ERK1
phosphorylation expressed as % total ERK in PFC homogenates of animals described above.
D) Western blot analysis of ERK2 phosphorylation expressed as % total ERK in PFC
homogenates of animals described above. * = p < 0.05 Hcrt::YFP control vs. Hert::ChR2-
YFP. In each graph, representative blots are shown for each group.
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