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Abstract
Background—Although the hypothalamic orexin system is known to regulate appetitive
behaviors and promote wakefulness and arousal (Sakurai, 2007), this system may also be
important in adaptive and pathological anxiety/stress responses (Suzuki et al., 2005). In a recent
study, we demonstrated that CSF orexin levels were significantly higher in patients experiencing
panic attacks compared to non-panicking depressed subjects (Johnson et al., 2010). Furthermore,
genetically silencing orexin synthesis or blocking orexin 1 receptors attenuated lactate-induced
panic in an animal model of panic disorder. Therefore, in the present study, we tested if orexin
(ORX) modulates the panic responses and brain pathways activated by two different panicogenic
drugs.

Methods—We conducted a series of pharmacological, behavioral, physiological and
immunohistochemical experiments to study the modulation by the orexinergic inputs of anxiety
behaviors, autonomic responses, and activation of brain pathways elicited by systemic injections
of anxiogenic/panicogenic drugs in rats.

Results—We show that systemic injections of two different anxiogenic/panicogenic drugs
(FG-7142, an inverse agonist at the benzodiazepine site of the GABAA receptor, and caffeine, a
nonselective competitive adenosine receptor antagonist) increased c-Fos induction in a specific
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subset of orexin neurons located in the dorsomedial/ perifornical (DMH/PeF) but not the lateral
hypothalamus. Pre-treating rats with an orexin 1 receptor antagonist attenuated the FG-7142-
induced anxiety-like behaviors, increased heart rate, and neuronal activation in key panic
pathways, including subregions of the central nucleus of the amygdala, bed nucleus of the stria
terminalis, periaqueductal gray and in the rostroventrolateral medulla.

Conclusion—Overall, the data here suggest that the ORX neurons in the DMH/PeF region are
critical to eliciting a coordinated panic responses and that ORX1 receptor antagonists constitute a
potential novel treatment strategy for panic and related anxiety disorders. The neural pathways
through which ORX1 receptor antagonists attenuate panic responses involve the extended
amygdala, periaqueductal gray, and medullary autonomic centers.

1. Introduction
Discovered in 1998 [1, 2], the orexin (ORX: also known as hypocretin) neuropeptide system
is unique due to the ORX neurons being exclusive to a small region of the hypothalamus
that encompasses the dorsomedial/perifornical (DMH/PeF) and adjacent lateral (LH)
hypothalamus. There are two active forms of ORXs, which are ORXA and ORXB that are
produced from a common prepro-ORX precursor that are endogenous ligands for the G-
protein-coupled ORX1 and ORX2 receptors. The ORX1 receptor has greater affinity for
ORXA than for ORXB, and the ORX2 receptor has similar affinity for both ORXA and
ORXB [2]. The orexin system has robust projections to brain regions implicated in arousal
and emotional responses such as the locus coeruleus (LC), dorsal raphe nucleus (DRN), bed
nucleus of the stria terminalis (BNST), central amygdala (CeA) and periaqueductal grey [3].
Since 1998, the ORX system has been known mainly for its role in promoting wakefulness
and arousal but also coordinating energy homeostasis and reward [see review (Sakurai,
2007)]. The location of the ORX neurons, the associated neural networks, and critical role
ORX plays in arousal and wakefulness suggest that ORX may also play a role in acute and/
or pathological anxiety states.

Consistent with this hypothesis, intracerebroventricular injections of ORX in rats mobilizes
an integrated stress response evidenced by 1) increases in anxiety-associated behavior as
measured in the elevated plus-maze (EPM) and light-dark exploration [4] tests, 2)
mobilization of the hypothalamic-pituitary-adrenal (HPA) axis [5], and 3) mobilization of
sympathetic responses (i.e., tachycardia, hypertension, and increases in renal sympathetic
activity and plasma concentrations of norepinephrine and epinephrine [6, 7]. In addition,
pretreating rats with an ORX1 receptor antagonist attenuates anxiety-like responses to CO2
inhalation, a well known panicogenic stimuli [8] and a hyperactive ORX system recently has
been linked to pathological anxiety and panic states in a rat model of panic vulnerability and
in humans with elevated anxiety and panic symptoms [9].

In order to further elucidate the role of ORX in mobilizing panic and anxiety responses, the
present studies: 1) determined the effects of two different anxiogenic/panicogenic drugs,
FG-7142, a partial inverse agonist at the benzodiazepine allosteric site on the GABAA
receptor, [10, 11]; or caffeine, a nonselective competitive adenosine receptor antagonist, [12,
13] on ORX neuronal responses using dual immunohistochemistry for the protein product of
the immediate-early gene c-fos and ORX-A; and 2) evaluated the effects of systemically
blocking the ORX1 receptors on FG-7142-induced anxiety behavior and FG-7142-induced
changes in cellular responses in different brain regions that are key regions implicated in
panic and anxiety responses, are efferent targets of the ORX system and have been shown to
have heightened cellular responses to these two anxiogenic drugs [14].
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2. Methods and Materials
2.1 Experiment 1: Effects of anxiogenic drugs on c-Fos induction in ORX neurons

2.1.1 Animals—Adult male Wistar rats (250–300 g; B&K Universal, Hull, UK) were
acclimatized to the animal facility for 1 week in group housing (four/cage), then single-
housed on a 14:10-h light/dark cycle (lights on at 05:00 h) and habituated to the
experimental room (36–48 h) before the experiment. Food and water were provided ad
libitum. Injections were performed using a completely randomized experimental design
utilizing 20 rats each day on 2 separate days (during the rats’ inactive phase). Time-matched
groups of rats were injected between 09:00 and 17:00 h. All UK experiments were approved
by the University of Bristol Ethical Review Group, were consistent with the regulations and
guidelines of the UK Home Office, and were carried out according to the UK Animals
(Scientific Procedures) Act 1986. In addition, all UK studies were consistent with the NIH
Guide for the Care and Use of Laboratory Animals (N.I.H. Publication No. 85-23) and were
covered by Animal Welfare Assurance A505-01. Retrograde and anterograde tracing studies
were conducted under the authority of the Animal Core Facility of the Panum Institute
School of Medicine, University of Copenhagen, in accordance with and approved by The
Animal Experiments Inspectorate, Ministry of Justice, Denmark. In all cases particular care
was taken in order to minimize the number of animals used and their suffering.

2.1.2 Drug treatment and video recording of behavior—Rats were injected i.p. with
either saline vehicle (n=8), the adenosine receptor antagonist caffeine (Fluka, Dorset, UK;
50 mg/kg; n = 6), or the partial inverse agonist at the benzodiazepine allosteric site on the
GABAA receptor FG-7142 (Tocris, Avonmouth, UK; 7.5 mg/kg; n = 6). Caffeine was
dissolved in 0.9% saline while FG-7142 was dissolved in 0.9% saline/40% 2-
hydroxypropyl-cyclodextrin (Tocris) to increase solubility as in previous studies [14, 15].
Ninety min post-injection, rats were anesthetized i.p. with sodium pentobarbital (65 mg/kg;
Sagatal) and transcardially perfused with 4% paraformaldehyde in 0.1 M sodium phosphate
buffer (PB). All buffers used were pH 7.4. Brains were removed, post-fixed in the same
fixative for 12 h, rinsed twice in PB (12 h), and placed in 0.1 M PB containing 30% sucrose
for 12 h. Brain tissues were blocked using a standard adult rat brain matrix (model
RBM-4000C, ASI Instruments, Warren, MI, USA) and frozen using liquid isopentane
cooled by liquid nitrogen.

2.1.3 Double immunohistochemistry for c-Fos and ORX-A—Double
immunostaining for c-Fos protein and ORX-A was accomplished with sequential
immunohistochemical procedures using 1) primary antibodies directed against c-Fos (rabbit
anti-c-Fos polyclonal antibody, Cat. no. sc-52, Ab-5, Santa Cruz Biotech., Santa Cruz, CA,
USA; diluted 1:10,000) then 2) primary antibodies directed against ORX-A (rabbit anti-
ORX-A-polyclonal, affinity-purified antibody, Cat. no. H-003-30, Phoenix Pharmaceuticals,
Burlingame, CA, USA; diluted 1:10,000). Western blot analysis suggests that this anti-c-Fos
antibody recognizes the 55 kilodalton (kDa) c-Fos protein (information provided by the
supplier), and omission of the c-Fos antibody from the immunohistochemistry protocol
results in elimination of nuclear immunostaining (data not shown). Omission of the ORX-A
antibody from the immunohistochemistry protocol results in elimination of cytoplasmic
immunostaining in the DMH/PeF and LH (data not shown), and within the rat brain the
distribution of the ORX-A immunoreactivity occurs in only soma of neurons in the DMH/
PeF and LH in a distribution similar to that of the preproORX mRNA [1]. All brain sections
were immunostained in a single immunohistochemical run, rather than in batches, with large
volume incubations to limit variability in the quality of immunohistochemical staining
among brain sections.
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Free-floating sections were washed in 0.05 M PBS for 30 min, then incubated in 1% H2O2
in PBS for 20 min. Sections were then washed 10 min in PBS and 20 min in PBS with 0.3%
Triton X-100 (PBST). Sections were then incubated 12-16 hr in PBST with primary
antibody solution at room temperature. After a 30 min wash in PBST, sections were
incubated in biotinylated goat anti-rabbit IgG (c-Fos, ORX-A; Cat.no. BA-1000; Vector
Laboratories, Burlingame, CA, USA; diluted 1:500). Sections were washed again for 30 min
in PBST then incubated 1.5 hr in an avidin-biotin complex provided in a standard Vector
Elite kit (c-Fos, ORX-A, Cat no. PK-6100, Vector Laboratories; diluted 1:500). Substrates
for chromogen reactions were SG (c-Fos; SK-4700, Vector Laboratories) or 0.01% 3,3’-
diaminobenzidine tetrahydrochloride (ORX-A; DAB) (Cat. no. D-5637, Sigma-Aldrich,
Poole, UK) in PBS containing 0.003% H2O2, pH 7.4. Substrate reactions were run for 20
min for c-Fos and 10 min for ORX-A. All sections were mounted on clean glass slides, dried
overnight, dehydrated and mounted with cover slips using DPX mounting medium (BDH
Laboratory Supplies, Poole, U.K.). All washes and incubations were done in 12-well
polystyrene plates with low frequency shaking on an orbital shaker.

2.1.4 Counting of ORX-A- and c-Fos-ir neurons—Selection of anatomical levels for
analysis of c-Fos/ORX-A-immunostained cells was conducted with reference to illustrations
from a rat brain stereotaxic atlas [16]. Selection of anatomical levels was also done in
reference to major anatomical landmarks including white matter tracts and the ventricular
systems. Specifically, darkfield contrast [i.e., using a 1.6X Leica phase contrast Plan
objective and Leica binocular microscope (model DMLB, Leica Mikroskopie and Systeme
GmbH, Wetzler, Germany) with a darkfield condenser] was used to visualize white matter
tracts (e.g., the fornix and optic tracts) and ventricular systems (e.g., lateral, 3rd ventricles)
that aided in selection of appropriate coronal levels with reference to illustrations in a
standard stereotaxic atlas of the rat brain [16]. The numbers of c-Fos/ORX-A-ir neurons
were counted in the entire field of view at 400X magnification (i.e., 10X eyepiece and 40X
Plan objective) for each brain region. The area of the DMH/PeF where single ORX-A-ir
neurons and double c-Fos/ORX-ir neurons was counted was roughly square in dimension
with the corners being the mammillothalamic tract, the fornix, the top of the 3rd ventricle
and a point located halfway down the 3rd ventricle (immediately medial from the fornix).
The DMH/PeF, as described, is particularly sensitive to bicuculline methiodide (BMI: a
GABAA receptor antagonist) -induced cardioexcitatory response (Samuels et al., 2004). All
single ORX-A-ir neurons and double c-Fos/ORX-ir neurons counted that were lateral to the
DMH/PeF area were considered to be in the LH region. All cell counts were done by an
observer (PLJ) that was blind to the experimental treatment of each animal.

2.2 Experiment 2: Effects of an ORX1 receptor antagonist on FG-7142-induced anxiety and
brain responses

2.2.1 Animals and housing conditions—All experiments were conducted on adult
male Wistar rats (250-300 g) purchased from Harlan Laboratories (Indianapolis, IN, USA)
and were housed individually in plastic cages under standard environmental conditions (22
°C; 12/12 light/dark cycle; lights on at 7:00 A.M.) for 7-10 days prior to the surgical
manipulations. Food and water were provided ad libitum. Animal care procedures were
conducted in accordance with the NIH Guidelines for the Care and Use of Laboratory
Animals (NIH Publication no. 80-23) revised 1996 and the guidelines of the IUPUI
Institutional Animal Care and Use Committee.

In this experiment, rats were split into 3 drug treatment groups (n = 8/group), where the rats
each received two injections (i.p.), 30 min apart, as follows: group 1) vehicle injection (0.2
ml dimethyl sulfoxide (DMSO) in 100 g volume dH2O) followed by another vehicle (0.2 ml
DMSO/0.1 ml TWEEN80 in 100 g volume dH2O); group 2) vehicle injection followed by
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FG-7142 (7.5 mg/kg, Sigma-Aldrich); group 3) an orexin 1 receptor antagonist (SB334867,
30 mg/kg, Tocris) followed by FG-7142. Fifteen min after the FG-7142 injection, all rats
were tested for anxiety-related behavior using a 5 min open-field test (OFT) and a 5 min
social interaction (SI) test immediately following. Ninety min following FG-7142 injections,
rats were anesthetized and then the brains were removed and processed for
immunohistochemistry as described in detail below.

2.2.2 Open-field test (OFT)—The open-field arena covered an area of 90 cm × 90 cm,
with 40 cm-high walls under red light. The open-field arena was divided into a 6 × 6 grid of
equally-sized squares using black tape (36 total squares) with 4 squares forming the center;
12 squares forming the middle perimeter; and 20 squares forming the outer perimeter. The
test started by placing a rat in the center. The behavior of each rat in the open-field arena
was recorded on video and scored afterwards by an observer (PLJ) blind to the experimental
treatment of each rat. Time spent in each region of the open-field was recorded. In addition,
locomotor activity was assessed by counting the number of times the rat’s entire body
(excluding tail) completely crossed into another square.

2.2.3 Social interaction test (SI)—A modified version of the social interaction (SI) test
(File, 1980) was utilized to measure anxiety-like responses. Immediately following the OFT,
the experimental rat was placed in an open-field (0.9 m long × 0.9 m wide with walls 0.3 m
high) with an untreated novel partner rat under red light conditions. A video camera was
fixed above the box, and all behavioral tests were videotaped. During the 5 min test the total
amount of time the treated rat initiates interaction with the partner rat is recorded (sniffing,
grooming etc.) as described previously (Shekhar and Keim, 1997). Videotaped sessions
were scored at a later time by an investigator SDF (blind to treatments) and a decrease in
total interaction time was taken as an increase in “anxiety”-like behavior.

2.2.4 Perfusion—Ninety min following the initiation of treatment, rats were anesthetized
with an overdose of sodium pentobarbital (40 mg, i.p.) then perfused transcardially with
0.05 M phosphate buffered saline (PBS; 250 ml), followed by 0.1 M sodium phosphate
buffer (PB; 250 ml) containing 4% paraformaldehyde (PFA) and 3% sucrose. Brains were
removed and post-fixed for 24 h in the same fixative, rinsed for 24 h in 0.1 M PB, then
placed in cryoprotectant (30% sucrose in 0.1 M PB) for an additional 4-5 days. To maintain
a consistent plane for coronal sections, brains were placed in a rat brain matrix (ASI
instruments, Model No. RBM-4000C, Warren MI, USA) and cut with a razor blade at the
caudal border of the mammillary bodies. Brains were frozen in cooled liquid isopentane
made by immersing a plastic vessel containing isopentane into a dewar flask containing
liquid nitrogen. Serial coronal sections (30 μm) were cut using a cryostat and were
immediately placed in cryoprotectant consisting of 27% ethylene glycol and 16% glycerol in
0.05 M PB to yield six alternate sets of sections. Sections were stored at −20 °C until
immunohistochemical processing. All solutions had a pH of 7.4.

2.2.5 Immunohistochemistry for c-Fos—All brain sections were immunostained with
the c-Fos primary antibody in a single immunohistochemical run, rather than in batches,
with large volume incubations to limit variability in the quality of immunohistochemical
staining among brain sections. However, the forebrain was immunostained for c-Fos in one
run and the brainstem (i.e., midbrain, pons and medulla) in another. Immunostaining for c-
Fos protein was accomplished using an affinity-purified primary antibody directed at c-Fos
(rabbit anti-human c-Fos polyclonal affinity-purified antibody, Cat. no. sc-52, Santa Cruz
Biotechnology, San Diego, CA; diluted 1:10,000). Free-floating sections were washed in 0.1
M PBS for 30 min, then incubated in 1% H2O2 in PBS for 20 min. Sections were then
washed 10 min in PBS and 20 min in PBS with 0.3% Triton X-100 (PBST). Sections were
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then incubated 12-16 h in PBST with primary antibody solution at room temperature. After a
30 min wash in PBST, sections were incubated for 2 hr in biotinylated goat anti-rabbit IgG
(Cat no. BA-1000, Vector Laboratories, Burlinghame, CA; diluted 1:500). Sections were
washed again for 30 min in PBST then incubated 1.5 hr in an avidin-biotin-peroxidase
complex provided in a standard Vector Elite kit (Cat no. PK-6100, Vector Laboratories,
diluted 1:200). The peroxidase substrate for the chromogen reaction was Vector SG, which
was prepared as recommended by the manufacturer (Cat. no. SK-4700, Vector
Laboratories). The substrate reaction was run for 20 min for the forebrain. All sections were
mounted on clean glass slides, dried overnight, dehydrated and mounted with coverslips
using DPX mounting medium (BDH Laboratory Supplies, Poole, UK). All washes and
incubations were done at room temperature in 12-well polystyrene plates with low
frequency shaking on an orbital shaker.

2.2.6 Counting single c-Fos-ir cells—Selection of anatomical levels for analysis of c-
Fos-immunostained cells was conducted with reference to illustrations from a rat brain
stereotaxic atlas [16]. Selection of anatomical levels was also done in reference to major
anatomical landmarks including white matter tracts and the ventricular systems.
Specifically, darkfield contrast [i.e., using a 1.6X Leica phase contrast Plan objective and
Leica binocular microscope (model DMLB, Leica Mikroskopie and Systeme GmbH,
Wetzler, Germany) with a darkfield condenser] was used to visualize white matter tracts
(e.g., the fornix and optic tracts) and ventricular systems (e.g., lateral, 3rd and 4th ventricles)
that aided in selection of appropriate coronal levels with reference to illustrations in a
standard stereotaxic atlas of the rat brain [16]. As stated in the introduction, our hypothesis
is that the FG-7142 drug used here increases unconditioned, stress-related behavioral
responses in a similar pattern as is seen in a previous article that gave the same dose of the
FG-7142 drug and assessed c-Fos induction in forebrain regions implicated in anxiety
behavior [14]. Therefore, the Singewald article was referenced in selecting regions to assess
c-Fos responses. The regions selected for analysis were as follows: prelimbic cortex (PRL)
and infralimbic cortex (IL) at +2.70 mm bregma; bed nucleus of the stria terminalis (BNST)
divisions that included the anterior part of BNST (aBNST) at +0.20 mm bregma; the
intermediate (LSI) and ventral (LSV) parts of the lateral septum at +0.20 and −0.30 mm
bregma; the hypothalamic paraventricular nucleus (PVN) at −1.80 mm bregma; the
amygdala subdivisions [central amygdaloid nucleus (CeA); basolateral amygdaloid nucleus,
anterior part (BLA); lateral amygdaloid nucleus (LA); and the medial amygdaloid nucleus
(MeA)] at −2.56 mm bregma; the dorsomedial (DMH) and perifornical (PeF) hypothalamus
at −3.14 mm bregma; the dorsal (DPAG), dorsolateral (DLPAG) and ventrolateral VLPAG)
periaqueductal gray and dorsal raphe nucleus (DRN) at −7.80 mm bregma;, the lateral
(lPBN) and medial (mPBN) parts of the parabrachial nucleus at −9.30 mm bregma; the locus
coeruleus (LC) at −10.04 mm bregma; and rostroventrolateral medulla (RVLM) at −11.60
mm bregma. The numbers of c-Fos-ir cells were counted in the entire field of view at 400X
(for the PrL, IL, LSI, LSV, aBNST, CeA, BLA, LA, MeA and subdivisions of the PAG) or
600X (for the PVN, DMH, PeF, lPBN, mPBN, LC and RVLM) magnification (i.e., 10X
eyepiece + 40X or 60X Plan objective) for each brain region. All cell counts were done by
an observer (PLJ) that was blind to the experimental treatment of each animal.

2.3 Experiment 3: Effects of an ORX1 receptor antagonist on FG-7142-induced
cardiovascular and general motor responses

In order to assess cardiovascular activity rats were anesthetized with a nose cone connected
to an isoflurane system (MGX Research Machine; Vetamic, Rossville IN, USA) during the
surgery, then fitted with femoral arterial catheters for measurement of mean arterial blood
pressure (MAP) and heart rate (HR) as previously described [17]. Briefly, cardiovascular
responses were measured by a femoral arterial line connected to a telemetric probe that
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contained a pressure transducer [Cat. no. C50-PXT, Data Sciences International (DSI), St.
Paul, MN, USA]. DSI DATAQUEST software was used to monitor and record MAP, HR, and
general motor activity by turning on the telemetry probe and placing the homecage onto the
receiver plates. For the duration of each experiment, MAP and HR were recorded
continuously in freely moving conscious rats. Data were analyzed during the period 5 min
prior to and 60 min following the vehicle or FG-7142 injections. The data reported are
changes in MAP and HR, expressed in 1 min bins, relative to the average of the baseline
measurement (t -5 min to t -1 min) from each rat.

In experiment 3a, rats received either a vehicle injection (0.2 ml DMSO in 100 g volume
dH2O, n = 12) or FG-7142 (7.5 mg/kg i.p., Sigma-Aldrich, n=12) in a crossover design
where each rat received either treatment with 48 hours between treatments. In experiment
3b, each rat from experiment 3a received injections, again given in a crossover design, either
a vehicle injection (0.2 ml DMSO in 100 g volume dH2O, n=6) or a centrally acting orexin 1
receptor antagonist (SB334867, 30 mg/kg i.p., Tocris, n=6[18] 30 min prior to all rats
receiving FG-7142 (7.5 mg/kg i.p., Sigma-Aldrich).

2.4 Statistical analyses
2.4.1 Statistical analyses of cell counts in experiment 1 and 2—The dependent
variables for cell counts (experiment 1: c-Fos-ir/ORX-ir neurons, or the total number of
ORX-ir neurons; experiment 2: single c-Fos-immunoreactive cells) were each analyzed
using a one-way ANOVA. In the presence of significant main effects post-hoc pairwise
comparisons were using Fisher’s Protected Least Significant Difference (LSD) tests.
Statistical significance was accepted at p < 0.05.

2.4.2 Analyses of open-field and social interaction behavior in experiment 2—
The dependent variables for behaviors (e.g, duration of time in area or duration of social
interaction) were analyzed using a one-way ANOVA. In the presence of significant main
effects post-hoc pairwise comparisons were conducted using Fisher’s LSD tests. Statistical
significance was accepted at p < 0.05.

2.4.3 Analyses of cardiovascular and locomotor responses in experiment 3a-b
—Dependent variables for analyses of cardiovascular (HR, MAP), and locomotor activity
were analyzed using a one-way ANOVA with repeated measures, using drug treatment as
the between-subjects factor and time as a within-subjects factor. In the presence of
significant main effects or main effect × time interactions, paired t-tests were used for post-
hoc pairwise comparisons. Within-subjects comparisons were also made on the
cardiovascular and locomotor measures using a Dunnett’s test for multiple comparisons with
a single control using the 5 min baseline measurement as the control. The alpha level was set
at 0.05 in all cases.

All statistical analyses were carried out using SYSTAT 5.02 (SYSTAT Inc., San Jose, CA)
and SPSS 14.0 (SPSS Inc., Chicago, IL), and all graphs were generated using SigmaPlot
2001 (SPSS Inc.) and an illustration program (CorelDraw 11.633 for Windows, Viglen Ltd.,
Alperton, Middlesex, UK).

2.5 Photography
Photomicrographs were obtained using a brightfield microscope using N Plan 5x, 10x, 40x
and 63x objective lenses (Leica binocular microscope, model DMLB), an Insight digital
camera (Diagnostics Instruments Inc., Sterling Heights, Michigan, USA) and SPOT 3.5.5 for
Windows digital imaging software (Silicon Graphics, Mountain View, California, USA).
Photographic plates were prepared in CorelDraw 11.633 for Windows.
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3 Results
3.1 Experiment 1: Effects of anxiogenic drugs on c-Fos induction in ORX neurons

Rats injected with either caffeine or FG-7142 had greater numbers of c-Fos/ORX-A-ir
neurons in the DMH/PeF, but not LH, as compared to vehicle-injected rats (DMH/PeF:
−2.94 mm bregma: F(2,18) = 9.2, p = 0.002 with Fisher’s LSD posthoc test Fig. 1a,b; LH
(−2.94 mm bregma: F(2,18) = 3.4, p = 0.058 Fig. 1a). There were no significant differences in
the total number of ORX-ir neurons between treatment groups in the DMH/PeF (F(2,18)=0.5,
p=0.634) or LH (F(2,18)=1.7, p=0.215, see gray-lined bars in Fig. 1a).

3.2 Experiment 2: Effects of an ORX1 receptor antagonist on FG-7142-induced behavioral
and brain responses

3.2.1 Open-field test—Although approaching significance for time spent in center region,
an overall ANOVA did not detect a significant difference between treatment groups for time
spent in any of the regions of the open-field test [center region duration: F(2,22)= 2.8, p =
0.083; middle area duration F(2,22) = 2.5, p = 0.109; or outer region duration F(2,22) = 2.9, p
= 0.077, (Fig. 2)].

3.2.2 Social interaction test—An overall ANOVA with Fisher’s LSD posthoc test
detected a significant difference among treatment groups for time spent initiating social
contact with a control partner rat (F(3,46) = 16.8, p < 0.001). Subsequent post-hoc tests
determined that the vehicle/FG-7142 group was significantly different than all other groups
(Fig. 3).

3.2.3 Ex vivo analyses of numbers of c-Fos-ir cells in different brain regions
Brain regions affected by FG-7142 only: Within the hypothalamus, treating rats with
FG-7142 increased the number of c-Fos-ir cells in the paraventricular hypothalamic nucleus
(PVN: F(2,23)= 6.0, p = 0.009 with Fisher’s LSD posthoc test, Fig. 3a,b). The ANOVA for
the DMH did not pass a normality test (p=0.007), so a nonparametric Mann- Whitney Rank
Sum Test was performed that found an increase in the number of c-Fos-ir cells in the
vehicle/FG-7142 group relative to vehicle/vehicle controls (p = 0.040, Fig. 3a,b).

Brain regions affected by FG-7142 and the ORX1 receptor antagonist: The following
brain regions had increases in c-Fos-ir cells in the vehicle/FG-7142 group compared to the
vehicle/vehicle group, as well as a significant reduction in the number of c-Fos-ir cells in the
SB334867/FG-7142 group compared to the vehicle/FG-7142 group. Those brain regions
include the central amygdala (CeA: F(2,23) = 5.3, p = 0.014); anterior part of the bed nucleus
of the stria terminalis (aBNST: F(2,23) = 4.6, p = 0.022); dorsal periaqueductal gray (DPAG:
F(2,22) = 4.9, p = 0.018); dorsolateral PAG (DLPAG: F(2,22) = 5.9, p = 0.010); ventrolateral
PAG (VLPAG: F(2,22) = 8.5, p = 0.002); and rostroventrolateral medulla (RVLM: F(2,23) =
4.3, p = 0.028). All posthoc compisons were done with a Fisher’s LSD posthoc test. See Fig.
3a,b for details.

The table in Fig. 3c indicates brain regions that had no significant differences in the numbers
of c-Fos-ir cells among treatment groups. See also Fig. 3a for illustration of regions counted.

3.3 Experiment 3: Effects of an ORX1 receptor antagonist on FG-7142-induced
cardiovascular and general motor responses

3.3.1 In experiment 3a—In this experiment systemically injecting freely moving
conscious rats with a vehicle alone caused an increase in HR (F(12,132) = 7.1, p < 0.001) and
locomotor activity (F(12,132) = 3.5, p < 0.001). This also occurred in the FG-7142 injected

Johnson et al. Page 8

Physiol Behav. Author manuscript; available in PMC 2013 December 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



group, but the effect on HR was prolonged [FG-7142 × time effect (F(12,264) = 4.2, p <
0.001), Fig. 4a] and FG-7142 elicited a greater increase in locomotor activity [overall effect
of FG-7142 effect (F(1,22) = 9.2, p = 0.006), but no FG-7142 × time effect (F(12,264) = 1.0, p
= 0.449) Fig. 4b]. Both vehicle and FG-7142, had an increase in MAP post injection
[vehicle: Shapiro-Wilk normalily test failed, p < 0.050, Chi-square(13)= 33.3, p = 0.002, but
a Dunnett’s posthoc test did not detect differences over time from baseline; FG-7142,
Shapiro-Wilk normality test failed p < 0.050), Chi-square(13)= 51.0, p = <0.001 with t10 and
t15 higher than the 5 min baseline pre injection]. However, there was no difference in MAP
between group comparisons of vehicle to FG-7142 [overall FG-7142 effect (F(1,22) = 0.05,
p=0.832, or a FG-7142 × time effect (F(12,264) = 0.6, p=0.830) data not shown]. No
significant differences in baseline HR, MAP or activity (over 5 min prior to drug injections)
were noted between treatment groups.

3.3.2 In experiment 3b—In this experiment rats injected with SB334867 30 min prior to
FG-7142 had an overall lower heart rate response to FG-7142 than rats pretreated with
vehicle (SB334867 effect F(1,10) = 5.7, p = 0.039). There was no SB334867 × time effect
noted (F(12,120) = 1.0, p = 0.462), which was most likely due to vehicle/FG-7142 treatment
not eliciting as potent a tachycardia as in experiment 3a (i.e.,. rats treated with vehicle/
FG-7142 did not increase heart rate over time (F(12,60) = 0.9, p = 0.509) Fig. 4c]. Both the
vehicle/FG-7142 (F(12,60) = 18.0, p < 0.001) and SB334867/FG-7142 (F(12,60) = 8.0, p <
0.001) groups had increased locomotor activity that was not altered by pretreatment with
SB334867 [SB334867 × time effect F(12,120) = 0.7, p = 0.676)(Fig. 4d). For experiments 3a
and 3b, which used the same rats with 48 hours between experiments, the locomotor
responses to FG-7142 were fairly similar, but the tachycardia responses following FG-7142
were lower (~5-10 BPM) in the experiment 3b, compared to experiment 3a, which may
reflect drug desensitization or the pretreatment with the vehicle which did not occur prior to
the FG-7142 in experiment 3a. In vehicle pretreated rats, the FG-7142 did increase MAP
over time [F(12,60) = 6.6, p<0.001]. In SB334867 pretreated rats, the MAP over time failed a
Normality Test (Shapiro-Wilk, P < 0.050) therefore a Friedman Repeated Measures
Analysis of Variance on Ranks was done which did not detect a significant difference over
time [Chi-square(12)=18.5, p = 0.101]. There was a difference in MAP between group
comparisons of rats pretreated with vehicle+FG-7142 and rats treated with
SB334867+FG-7142 [a SB334867 × time effect (F(12,120) = 1.9, p=0.035) where the MAP
was lower in the SB334867 group 10 min post injection of FG-7142 (compared with a
paired t-test), data not shown]. Since there was no difference in MAP between vehicle and
FG-7142 treated rats in experiment 3a, the SB33486 appears to be attenuating and increase
in MAP associated with the handling and injection. No significant differences in baseline
HR, MAP or activity (over 5 min prior to drug injections) were noted between treatment
groups.

4. Discussion
In the present studies we provide evidence that the ORX neurons within the DMH/PeF are
an important substrate in the ability of an anxiogenic/panicogenic drug to mobilize a
coordinated response. This is also is the first report that we are aware of which elucidates
potential postsynaptic target sites where ORX1 receptor antagonist attenuates anxiogenic
drug-induced increases in anxiety-related behavior and cardioexcitatory responses. Both
FG-7142 and caffeine increased c-Fos responses in ORX neurons in the DMH/PeF, but not
in the adjacent lateral hypothalamus (LH), which did approach significance (see results in
section in 3.1). The lack of significant activation of the ORX neurons in the LH is a pattern
that has also been observed following other stressors such as footshock [see review [19]],
hypercapnia [8], and also in an animal model of panic following panic provocation [9]. In
contrast, increases in c-Fos occur in the LH, but not DMH/PeF, in response to food,

Johnson et al. Page 9

Physiol Behav. Author manuscript; available in PMC 2013 December 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



morphine or cocaine-related cues [see review [19]]. Overall, these data suggest that there
may be some functional differentiation between ORX neurons predominantly located in the
DMH/PeF versus ORX neurons in the LH.

Pre-treating rats with a centrally active ORX 1 receptor antagonist, attenuated FG-7142
induced anxiety-related behavior and cardioexcitation (i.e., tachycardia). Although the
SB334867 did not significantly attenuate FG-7142 induced locomotor activity [as we have
seen before [9]], there did appear to be a lower trend in the SB334867 group. This lack of
effect could also be attributed to the weak effects of FG-7142 on locomotor activity. The
DMH/PeF, which contains the ORX neurons that were activated by the FG-7142 drug
collectively comprises the classical “hypothalamic defense system” identified long ago by
electrical stimulation studies done in cats by Hess and colleagues (Hess & Brugger, 1943).
Subsequent pharmacological manipulations in the DMH/PeF of rats supported the
hypothesis that this region is the classical “hypothalamic defense system” [see review [20]].
For instance, disinhibiting the DMH/PeF region of rats elicits increases in heart rate (HR),
mean arterial blood pressure (MAP), respiratory rate (RR), flight behaviors, and
experimental anxiety [21-23]. This led to the hypothesis that the DMH/PeF is a critical
anatomical substrate for coordinating an integrated panic response (Shekhar, 1994). Yet, the
specific neurochemical systems in the DMH/PeF that mobilize anxiety-related behavior and
cardioexcitation following local disinhibition have remained elusive until recently. In a
recent report, we utilized a rat model of panic vulnerability and showed that silencing the
ORX precursor gene expression in the DMH/PeF region, or systemically pretreating rats
with the same ORX1 receptor antagonist used here, blocked intravenous sodium lactate-
induced anxiety-related behavior and cardioexcitation [9]. The studies conducted here
collectively provide further evidence that the ORX neuronal system acting via the ORX1
receptor may be the critical neurochemical system in the DMH/PeF for coordinating an
integrative panic-like response.

Ex vivo analyses of cellular responses (i.e., c-Fos induction) in efferent targets of the ORX
system and where FG-7142 increases cellular responses in previous studies [14], revealed
that pretreating rats with the ORX 1 receptor antagonist blocked FG-7142-induced increases
in c-Fos responses in 1) subregions of the extended amygdala (i.e., central amygdala and bed
nucleus of the stria terminalis) involved in conditioned and unconditioned aversive
responses, 2) the dorsal and ventral divisions of the periaqueductal gray involved in active
and passive defensive behavioral responses to threat, respectively [for reviews, see [24, 25]];
and 3) a cardioexcitatory region of the medulla (rostroventrolateral medulla). All of these
brain regions that were active following FG-7142 treatment are important postsynaptic
targets of the DMH/PeF [26] and receive direct orexinergic projections [3]. Among the
forebrain limbic structures, the BNST and CeA were selectively activated following
FG-7142 treatment, and this c-Fos activation was blocked in rats pretreated with the ORX 1
receptor antagonist.

The BNST is suggested to be a critical substrate in eliciting unconditioned anxiety responses
[27-31] and may be critical in ORX-mediated increases in anxiety seen here. The BNST is
part of the extended amygdala [32, 33] and has extensive connections with the different
nuclei of the amygdala, and the hypothalamus [32, 34-38]. Hammack et al. [39] found that
the typical freezing and increase in escape latency associated with uncontrollable or
inescapable shock were also blocked following BNST lesioning, while Sullivan et al. [40]
found that lesions of this nucleus did not disrupt specific-cue related fear responses, but a
more general contextual cue-mediated anxiety. The BNST is densely innervated by ORX
neurons [3], and expresses both ORX 1 and ORX 2 receptors [41]. We have also determined
that injecting ORX A into the BNST increases anxiety-associated behaviors [42]. Finally, in
a model of panic vulnerability involving disinhibition of the ORX hypothalamic region, we
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were able to block anxiety provocation by injecting an ORX 1 receptor antagonist directly
into the BNST [9].

The CeA, which is known to play a role in unconditioned [43] and conditioned [44] fear and
anxiety responses, is also densely innervated by ORX neurons [3], and expresses ORX 1
receptors [41]. Orexin depolarizes many CeA neurons in vitro [45]. In the present study, an
ORX 1 receptor antagonist attenuated FG-7142-induced increases in c-Fos-ir cells in the
CeA. The presence of ORX 1 receptors in the CeA suggests that this attenuation is a result
of direct antagonism of the ORX 1 receptor in the CeA.

Central ORX release mobilizes centrally mediated sympathetic responses and induces
tachycardia. For instance, i.c.v. injections of ORX produce tachycardia (ORX A and B),
hypertension (ORX A and B) and increases in renal sympathetic activity (ORX A only) and
plasma concentrations of norepinephrine and epinephrine (ORX A only) [6, 7]. Furthermore,
mice lacking pre-pro-ORX have attenuated cardioexcitatory responses following
disinhibition of the DMH [46], and rats with specific lesions of ORX neurons (utilizing an
ORX-saporin technique) have a 75% reduction in foot shock-induced tachycardia and
hypertension [47]. A putative site for FG-7142 induced cardioexcitation is a direct
projection of ORX neurons in the DMH/PeF to the rostroventrolateral medulla (RVLM),
which is a site where FG-7142-induced increases in c-Fos were attenuated with the ORX 1
receptor antagonist. The RVLM plays a critical role in cardiovascular reflexes associated
with pressor responses [48, 49] and ORX-containing fibers are in close apposition to RVLM
neurons expressing the ORX 1 receptor [50]. Furthermore, injecting ORX into the RVLM
increases local firing rates in vitro [51] and also elicits tachycardia [50, 52] and hypertension
[50, 52, 53].

Both the DLPAG and VLPAG showed strong c-Fos responses to FG-7142, which were
attenuated with the ORX 1 receptor antagonist. Although these regions are densely
innervated by ORX neurons [3], and express ORX 1 and 2 receptors [41], ORX’s role in
these regions remains largely unknown. The DLPAG and VLPAG respectively mobilize
“fight-or-flight” or “freezing” responses in rats [25, 54], Pretreating rats with the ORX 1
receptor antagonist did not alter FG-7142 induced increases in c-Fos responses in the DMH/
PeF, which supports the hypothesis that the ORX 1 receptor antagonist is acting at
postsynaptic target sites of the hypothalamic ORX neurons, and not at ORX neurons
themselves. The lack of effect on FG-7142 induced increases in c-Fos in the PVN is not
unexpected since this area only expresses the ORX 2 receptor [41].

Conclusion
Overall the data presented here elucidates the neural pathways through which this centrally
active ORX 1 receptor antagonist may be attenuating anxiety-associated behaviors and
cardioexcitation (see hypothetical illustration in Fig. 6) and suggest that ORX 1 receptor
antagonists could constitute a potential novel treatment strategy for panic and related acute
anxiety states.
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Highlights

• A centrally active orexin 1 receptor antagonist attenuates panicogenic drug
induced:

– anxiety and cardioexcitation and;

– brain responses in the amygdala, periaqueductal gray and
rostroventrolateral medulla.
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Figure 1.
Effects of anxiogenic drugs on c-Fos expression in orexin (ORX) neurons. a) Graph
illustrating the effects of caffeine (Caff) and FG-7142 (FG) on c-Fos expression in the
dorsomedial/perifornical hypothalamic (DMH/PeF) region (left) and lateral hypothalamus
(right). Black-lined bars in graph illustrate the numbers of ORX neurons from each
treatment group that expressed c-Fos and gray-lined bars represent the total number of ORX
neurons present. Error bars indicate the standard error of the mean (SEM) and * indicates
significance compared to the vehicle group (Fisher’s LSD test). b) photomicrographs of a
coronal section of the DMH/PeF region depicting ORX-immunoreactive (ir) neurons (brown
cytoplasmic stain) with or without nuclear blue/black c-Fos-immunostained nuclei. Black
arrows in Fig. 1b indicate double labelling whereas gray arrow indicates a c-Fos-ir/ORX-
immunonegative cell. Scale bar, 10 μm.
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Figure 2.
Effects of FG-7142 and the ORX 1 receptor antagonist SB334867 (SB33) on behavior in the
open-field test. a) Illustration of an open-field test box with outer, middle and center regions.
A decrease in time spent exploring the center and middle regions indicates an increase in
anxiety-associated behavior. b) Bar graphs illustrate the duration of time each treatment
group spent in regions of the open-field test (i.e., from left to right the graphs indicate the
time spent in the outer and middle perimeter and center of the open-field during the 5-min
test). Treatment groups were as follows: vehicle pre-treatment + vehicle; vehicle pre-
treatment + FG-7142; SB334867 pre-treatment + FG-7142. Bars represent the means and
error bars represent the SEMs. Abbreviations: Veh, vehicle; SB33, SB334667 (orexin 1
receptor antagonist).
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Figure 3.
Effects of FG-7142 and the ORX 1 receptor antagonist SB334867 (SB33) on behavior in the
social interaction (SI) test. a) Illustration of an SI test box where a decrease in the time spent
initiating social contacts with a partner rat indicates an increase in anxiety-associated
behavior. b) Bar graph illustrates the duration of time each treatment group spent initiating
social contacts during a 5-min test. The baseline bar indicates the duration of social
interaction from all rats at 5 days prior to treatments. Treatment groups were as follows:
vehicle pre-treatment + vehicle; vehicle pre-treatment + FG-7142; SB334867 pre-treatment
+ FG-7142. Bars represent the means and error bars represent the SEMs. * p < 0.05,
different from all other treatment groups (Fisher’s SD test). Abbreviations: Veh, vehicle;
SB33, SB334667 (orexin 1 receptor antagonist).
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Figure 4.
Effects of FG-7142 and the ORX 1 receptor antagonist SB334867 (SB) on c-Fos expression
in anxiety- and stress-related brain regions. a) Diagrammatic illustrations of brain areas
where subregional analyses of the numbers of c-Fos-ir cells were conducted in coronal brain
sections as illustrated in a standard stereotaxic atlas of the rat brain [16]. The anterior-
posterior coordinate (in mm from bregma) is indicated below each section. Studies by
Singewald and colleagues where they observed significant increases in c-Fos-ir cells in
specific brain regions following FG-7142 treatment was referenced in selecting regions to
assess c-Fos responses [14, 15]. Open circles indicate region with no significant differences
between groups; black-filled circles indicate regions where only a FG-7142 effect was
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observed; and gray-filled circles indicate regions where there was an effect with FG-7142
that was attenuated with the orexin 1 receptor antagonist (i.e., SB334867). Small circles
indicate regions counted at 600X magnification and large circles indicate regions counted at
400× magnification. A 1 mm scale bar is located on the right side of the figure.
Abbreviations: prelimbic cortex (PRL) and infralimbic cortex (IL) at +2.70 mm bregma; bed
nucleus of the stria terminalis (BNST) divisions that included the anterior part of BNST
(aBNST) at +0.20 mm bregma; the intermediate (LSI) and ventral (LSV) part of lateral
septum at +0.20 and −0.30 mm bregma; the hypothalamic paraventricular nucleus (PVN) at
−1.80 mm bregma; the amygdala subdivisions [central amygdaloid nucleus (CeA);
basolateral amygdaloid nucleus, anterior part (BLA); lateral amygdaloid nucleus (LA); and
the medial amygdaloid nucleus (MeA)] at −2.56 mm bregma; the dorsomedial (DMH) and
perifornical (PeF) hypothalamus at −3.14 mm bregma; the dorsal (DPAG), dorsolateral
(DLPAG) and ventrolateral VLPAG) periaqueductal gray and dorsal raphe nucleus (DRN)
at −7.80 mm bregma;, the lateral (lPBN) and medial (mPBN) part of the parabrachial
nucleus at −9.30 mm bregma; the locus coeruleus (LC) at −10.04 mm bregma; and
rostroventrolateral medulla (RVLM) at −11.60 mm bregma. b) Graphs illustrating the
effects of SB334867 pretreatment on the FG-7142-induced increaseas in numbers of c-Fos-
immunoreactive cells in specific forebrain and brainstem regions. Treatment groups were as
follows: vehicle pre-treatment + vehicle; vehicle pre-treatment + FG-7142; SB334867 pre-
treatment + FG-7142. Bars represent means and errors bars indicated S.E.M.s *, p < 0.05
(Fisher’s Protected LSD). c) The first column in this table indicates brain regions where
there was no significant effect of either FG-7142 or SB334867 interaction on the no. of c-
Fos-ir cells. Subsequent columns indicate the mean of the no. of c-Fos-ir cells +/- SEM from
each treatment group in each brain region. Abbreviations: Veh, vehicle, FG, FG-7142;
SB33, SB334667 (orexin 1 receptor antagonist).
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Figure 5.
Effects of FG-7142 and the ORX 1 receptor antagonist SB334867 (SB33) on heart rate (HR)
and locomotor activity. a, b) Line graphs illustrate changes in a) heart rate [HR in beats/min
(BPM)] comparing 5 min baseline values (pre-injection) to values measured post-injection,
and b) general activity counts between rats systemically injected with vehicle or FG-7142. c,
d) Line graphs illustrate changes in c) heart rate [HR in beats/min (BPM)] comparing 5 min
baseline values (pre-injection) to values measured post-injection, and d) general activity
counts between rats systemically pre-injected with vehicle or SB334867 30 min prior to a
systemic FG-7142 injection. *, p < 0.05, between-subjects effects (2-tailed paired t-test). #, p
< 0.05, within-subjects effects over time (Dunnett’s test). There were no significant baseline
HR or activity differences between groups (see results section). Values of lines represent
means, whereas error bars represent S.E.M.s.
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Figure 6.
Hypothetical model depicting mechanisms through which FG-7142, a beta-carboline,
negatively modulates GABA-GABAA receptor-mediated chloride influx [55] on orexin
neurons that leads to depolarization and subsequent release of orexin at postsynaptic targets
in the brain and spinal cord that express orexin 1 receptors to increase anxiety-associated
behavior and cardioexcitation. Abbreviations: BNST, bed nucleus of the stria terminalis;
CeA, central amygdala, DLPAG, dorsolateral periaqueductal gray; ORX, orexin; ORX1-R,
orexin 1 receptor; RVLM, rostroventrolateral medulla.
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