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Abstract
Rationale The rat fear-potentiated startle (FPS) paradigm is
a translational model of conditioned fear involving central
amygdala pathways of the brain. Hypothalamic orexin neu-
rons have input–output projections to the amygdala; they
modulate vigilance and stress-related responses.
Objective To investigate whether the transient pharmaco-
logical blockade of orexin receptors moderates the condi-
tioned fear response.
Methods F344 rats received acute oral treatment with the dual
orexin receptor antagonist almorexant (30–300mg/kg) or with
one of the clinically effective anxiolytics diazepam (1–10 mg/
kg), buspirone (10–100 mg/kg), fluoxetine (3–30 mg/kg), and
sertraline (10–100 mg/kg). Drug effects on startle responses
were assessed in both fear- and non-fear-conditioned rats; on
forepaw grip and horizontal wire motor performance, and on
elevated plus maze (EPM) behavior.
Results Diazepam and almorexant both dose-dependently de-
creased FPS in the presence of the fear-conditioned stimulus
(CS; light) more prominently than background startle in ab-
sence of the CS (dark). Diazepam induced myorelaxation and
reduced startle responses in control non-fear-conditioned rats.
Almorexant had no myorelaxant effects and left startle
responses under light in non-fear-conditioned rats intact. On
the EPM, diazepam showed anxiolytic-like effects, almorexant
not. Buspirone demonstrated anxiolytic-like effects on FPS by
simultaneously reducing CS-related startle and increasing no-
CS-background startle. Fluoxetine did not affect FPS, whereas
sertraline showed anxiogenic-like effects.

Conclusions Almorexant reduced FPS, but did not affect
EPM behavior. Almorexant’s overall pattern of effects on
FPS was comparable to but less pronounced than that of the
anxiolytic benzodiazepine diazepam. The endogenous
orexin system actively contributes to fear-conditioned startle
reactions in the rat.
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Introduction

Acoustic startle is a reflex that is prominently influenced by
the emotional and affective states of the individual under test
or in natural conditions. It has gained much popularity as a
reliable and objective measure of anxiety and fear that can be
consistently detected in both humans and animals, thus serv-
ing as an important translational research tool (Grillon and
Baas 2003). Fear- and anxiety-potentiated startle responses
can be evoked in laboratory settings such as in the fear-
potentiated startle (FPS) and light-enhanced startle paradigms
in both rodents (Brown et al. 1951; Walker and Davis 1997a,
b) and humans (Grillon and Baas 2003; Grillon et al. 1997).
Acoustic startle responses to adverse emotional stimuli are
also exaggerated in anxious rat strains (Steiner et al. 2011a)
and in human anxiety patients, including post-traumatic stress
disorder (PTSD) and panic disorder patients (Grillon et al.
1994; Grillon andMorgan 1999; Lissek et al. 2008; Morgan et
al. 1995; Pole et al. 2003).

The FPS paradigm (Brown et al. 1951) is based on
classical conditioning in which subjects are trained to asso-
ciate a neutral conditioned stimulus (CS) with a noxious
unconditioned stimulus (US), such as a mild foot-shock,
which is presented in combination with the CS. Once
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conditioned, subjects that are later exposed to the CS alone
show fear responses in expectation of the noxious US
(which is actually not delivered this time). The evoked state
of fear is objectively measured by comparing the startle
responses to loud noise stimuli presented alongside the CS
to the startle responses in the absence of the CS. The FPS
response is a sensitive measure of conditioned fear of im-
minent threat, which is an underlying component of several
anxiety disorders including panic, specific phobia, and
PTSD (Grillon 2008). The predictive validity of the FPS
paradigm derives from a number of rodent studies demon-
strating the efficacy of anxiolytic benzodiazepines including
diazepam, alprazolam, flurazepam, chlordiazepoxide, and
midazolam (Berg and Davis 1984; Davis 1979; Hijzen and
Slangen 1989; Joordens et al. 1996; Steiner et al. 2011a;
Winslow et al. 2007), as well as of atypical anxiolytics, such
as the serotonin (5-HT) 1A receptor partial agonist buspir-
one (Commissaris et al. 2004; Kehne et al. 1988; Mansbach
and Geyer 1988; Risbrough et al. 2003). Although selective
serotonin reuptake inhibitors (SSRIs) are also frequently
employed in the clinics, they have yet to be satisfactorily
investigated in the FPS in rodents (Joordens et al. 1996).

The orexin system of the brain, consisting of the orexin-
A and orexin-B peptides (OX-A, OX-B) and their respective
receptors, orexin receptor type 1 (OXR-1) and orexin recep-
tor type 2 (OXR-2), is functionally implicated in the regu-
lation of wakefulness, vigilance, and arousal (Sakurai 2007).
Recent genetic and pharmacological data suggest an addi-
tional role for the orexin system in the regulation of mood
(Rainero et al. 2011; Scott et al. 2011), anxiety (Johnson et
al. 2010; Li et al. 2010; Suzuki et al. 2005), and autonomous
and endocrine stress processing (Dun et al. 2000; Kayaba et
al. 2003; Shahid et al. 2011; Spinazzi et al. 2006). Anatom-
ically, orexin neurons project from the lateral hypothalamus
to key structures involved in the emotional processing of
aversive stimuli, such as the amygdala (Bisetti et al. 2006),
the bed nucleus of the stria terminalis (Schmitt et al. 2011),
and the periaqueductal gray (PAG) (Baldo et al. 2003).
Inversely, orexin neurons also receive inputs from the same
regions (Sakurai et al. 2005; Yoshida et al. 2006) and thus,
being located at the interface of input and output signals, are
thought to help coordinate the body’s physiological and
behavioral response to anxiety- and fear-evoking stimuli.

Certain dual orexin receptor antagonists, such as almor-
exant (IC50 of 16 nM for human OXR-1; IC50 of 15 nM for
human OXR-2 (Brisbare-Roch et al. 2007)), effectively
cross the blood–brain-barrier, and transiently and reversibly,
block both orexin receptors at neural projection sites of the
orexin wake system in the brain. Single oral administration
of almorexant in rats, dogs, and humans decreases wakeful-
ness and increases both non-rapid eye movement and rapid
eye movement (REM) sleep time in physiological propor-
tions (Brisbare-Roch et al. 2007).

In addition to enabling sleep, almorexant has been shown to
reduce stress-induced sympathetic activation in rats (Furlong et
al. 2009) and, when given chronically, to exert antidepressant
activity in mice (Nollet et al. 2011). In order to further inves-
tigate the role played by the orexin system in modulating fear-
conditioned reactions, we tested almorexant in the FPS para-
digm in the F344 rat strain (Nicolas and Prinssen 2006; Steiner
et al. 2011a) and compared it with the approved anxiolytics
diazepam (a benzodiazepine), buspirone (a 5-HT1A receptor
partial agonist), and fluoxetine and sertraline (SSRIs). We also
investigated drug effects on the startle response in non-fear-
conditioned rats, on muscular strength and on spontaneous
behavior in the elevated plus maze (EPM).

Methods

Animals

Male F344 rats (for the startle experiments) and Sprague–
Dawley rats (for the elevated plus maze experiments) were
purchased at 8–10 weeks of age from Harlan (Horst, The
Netherlands). They were housed in groups of four in the
animal facility under standard housing conditions with ad
libitum food and water and under a regular 12:12 h light/
dark schedule (lights on at 06:00 h). Following at least
1 week of habituation to the animal facilities, rats weighed
between 240 and 260 g at the start of experiments. Experi-
ments were performed during the light phase between
11:00 h and 17:00 h. A total of 60 F344 rats were used for
the FPS experiments, with 12 rats per drug tested. A total of
16 rats were used for the non-fear-conditioned control startle
experiment and the grip strength and horizontal wire tests. A
total of 80 Sprague–Dawley rats were used for the EPM
experiment. Experimental procedures were approved by the
local Veterinary Office and adhered strictly to Swiss federal
regulations on animal experimentation.

Drugs and pharmacology

All drugs were freshly dissolved prior to use in vehicle (poly-
ethylene glycol 400) and administered via oral gavage (p.o.) in
a volume of 5 ml/kg body weight. Almorexant ((2R)-2-{(1S)-
6,7-dimethoxy-1-[2-(4-trifluoromethylphenyl)-ethyl]-3,4-dihy-
dro-1H-isoquinolin-2-yl}-N-methyl-2-phenyl-acetamide) hy-
drochloride (Actelion Pharmaceuticals Ltd.) and sertraline
hydrochloride (Jinan ShangTai Chemical Technology, Jinan
City, China) were administered 1 h before testing. Diazepam
(Actelion Pharmaceuticals Ltd.) and buspirone hydrochloride
(Sigma, Steinheim, Germany) were administered 30min before
testing. Fluoxetine hydrochloride (Apin Chemicals, Abingdon,
UK) was administered 45min before testing. Doses of all drugs
except sertraline were calculated as the free base. Pretreatment
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times and doses were chosen based on the particular pharma-
cokinetic/pharmacodynamic profiles of each drug.

Startle apparatus

Startle responses were measured using six individual, ventilat-
ed, sound-attenuating startle chambers (32×32×48 cm; SR-
LAB system, San Diego Instruments, San Diego, CA, USA)
controlled by SR-LAB software (San Diego Instruments) in
parallel. Each chamber contained a stabilimeter device consist-
ing of a clear, plastic, cylindrical animal enclosure (10 cm
diameter, 20 cm length) mounted on a plastic base. A wide-
band speaker mounted 24 cm above the rat provided the
background noise (62 dB) and the startle-eliciting white noise
stimuli. Startle responses (movements of a rat within the en-
closure) were transduced by a piezoelectric accelerometer
mounted below the cylinder and then digitized, rectified, and
recorded by an interfacing computer assembly as voltage out-
put samples per millisecond. The average of the first 100 1-ms
readings, starting at the onset of each startle-eliciting noise
stimulus, was used as the dependent measure. Calibration
procedures were performed before each test to ensure consis-
tent levels of loudspeaker performance and stabilimeter sensi-
tivity among the different startle chambers. Electric foot-
shocks were delivered through a removable stainless steel grid
floor (5 mm diameter stainless steel bars spaced 1 cm apart)
within the animal enclosure cylinder via a connected, external,
programmable animal shocker (San Diego Instruments).

Fear-condition training

For the training of conditioned fear, F344 rats were placed in
the animal enclosures of the startle chambers and were allowed
5 min to acclimate in the dark. Rats were subsequently pre-
sented with a CS (light) for 3.7 s that co-terminated in the last
0.5 s with a 0.4 mA electric foot-shock (US). Fifteen CS–US
pairings (trials) were presented, using an average inter-trial
interval of 30 s. Training sessions (consisting of the 5 min
acclimation followed by the 15 trials) were repeated twice a
day for either one or two consecutive days (see section below
on experiment 1).

Fear-potentiated startle testing

Twenty-four hours after the last fear-condition training,
F344 rats were placed in the startle chambers and allowed
to acclimatize for 5 min. They were then presented with 10-
ms-long startle-eliciting white noise stimuli of 90, 100, or
110 dB intensity. Stimuli were presented 20 times at each
noise intensity for a total of 60 test trials per rat, using an
average inter-stimulus interval of 30 s (range, 25–35 s). To
test for fear-potentiated startle responses, half of the 20
noise stimuli (per intensity) were preceded by a 3.2 s

presentation of the CS (light), and the other half were
presented in darkness (no-CS trials). Therefore, the 60-trial
test session of each rat comprised six types of test trials
(presentation of one of three noise intensities in either the
absence or presence of the CS). The test sessions were
divided into six-trial blocks, in which each trial type was
presented at random.

Experiment 1: effects of diazepam, buspirone, fluoxetine,
sertraline, and almorexant on FPS

Twelve F344 rats were randomly assigned to each drug (diaz-
epam, buspirone, fluoxetine, sertraline, almorexant) and tested
in separate experiments. Each experiment was performed in a
Latin-square cross-over design over 4 weeks, with one fear
conditioning training, followed 24 h later by the FPS test, per
week according to a previously published protocol (Steiner et
al. 2011a). During the first week, fear conditioning training to
establish fear memory lasted 2 days. Over the following
3 weeks, fear conditioning training to prevent fear memory
extinction was given only 1 day per week. Every week, rats
received acute drug treatment 30, 45, or 60 min (depending on
the pharmacokinetic properties, see above) before each FPS
test. Due to the Latin-square cross-over design, each rat re-
ceived each dose of the assigned drug once. One rat in the
diazepam experiment, one rat in the buspirone experiment, and
two rats in the sertraline experiment were removed from the
statistical analyses because of the electronic failure of certain
startle chambers to properly record the responses of one par-
ticular startle test.

Experiment 2: effects of high doses of diazepam, buspirone,
sertraline, and almorexant on baseline startle reactivity
in non-fear-conditioned rats and on forced motor
performance

In this control experiment, F344 rats did not undergo fear-
condition training, but they were subjected to a startle test
session identical to the FPS test session described above in
order to investigate drug effects on baseline startle under dark
and light conditions. For each drug that had affected back-
ground startle responses under no-CS conditions in the FPS
paradigm (i.e., almorexant, diazepam, sertraline, buspirone),
we selected the most effective dose (strongest effect on no-CS
startle) to be additionally tested under the current control con-
ditions. This was the highest dose tested for almorexant, diaz-
epam, and sertraline, but the second highest dose for
buspirone. Five treatment types (vehicle, almorexant 300 mg/
kg; diazepam 10 mg/kg; sertraline 100 mg/kg; and buspirone
30 mg/kg) were assessed in 16 rats using a 5-week cross-over
design (one startle test session per week). At the start of the
experiment, rats were randomly assigned to receive vehicle
(−60 min) or a particular drug treatment (−30 to −60 min)
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before startle testing, and the treatment was alternated every
week so that in the end each rat had received each drug
treatment only once. There was no indication in historical data
fromour laboratory that alternating pre-treatment time between
30 and 60 min has any influence on startle reactivity. Thus, to
reduce animal numbers and to allow direct intra-animal com-
parisons between the different treatment groups, only one
vehicle group (60 min pretreatment time) was included in the
experiment.

In order to additionally evaluate potential myorelaxant
effects of the selected treatments, which may also have influ-
enced baseline startle reactivity, all F344 rats were subsequently
tested in the forepaw grip strength test followed by the hori-
zontal wire test immediately after the termination of each startle
test session. The grip strength test used a triangular bar 2 mm in
diameter and 5 cm wide connected to a digital strain gauge
(BIOSEB, Vitrolles, France) to measure graded changes in the
forelimb grip strength of rats. Animals held by the tail grasped
the bar and were then gently pulled away from it in a smooth,
steady motion, until they released the bar. The strain gauge
measured the force [grams] required to break the animal's grip.
Three readings were taken for each animal, and the average
force required was recorded as the individual grip strength
score of that rat. The horizontal wire test used a horizontal wire
bar (70 cm long; diameter 0.5 cm) which was fixed at a height
of 50 cm above the floor. Rats were gently picked up by the tail
and allowed to grasp the wire (close to the middle) with their
forepaws. Time spent on the wire was recorded with a cut-off
time at 60 s. The performance of the rat on the wire was
furthermore evaluated as follows: A score of 0 if the rat was
unable to grip the wire or fell off immediately; a score of 1 if the
rat gripped the wire, hung on to the wire with its forelimbs, and
was able to support its body weight (head below the wire); a
score of 2 if the rat was able to support its body weight and, in
addition, was able to raise its head above the bar; a score of 3 if
the rat was able to place at least one hind paw on the wire; a
score of 4 if the rat was able to climb up the wire and to traverse
the wire with forepaws and hind paws on the wire. Each rat was
placed on the wire three times, and the best value from the three
readings (time spent on the wire and rated number score) was
recorded as the final test score.

Experiment 3: effects of diazepam and almorexant
on behavior in the elevated plus maze (EPM)

Because almorexant showed comparable, but less pronounced,
anxiolytic-like effects in the FPS paradigm than diazepam, both
drugs were additionally compared in another anxiety paradigm,
the EPM. The EPM (Viewpoint, Lyon, France) had runways
11 cm wide and 50 cm long, was made of infrared light
translucent plastic, and was placed on an IR-back-lit floor.
The EPM was divided in five different areas (two open arms,
two closed arms, and one center part). The closed arms had

black makrolon plastic walls 15 cm high. Light conditions
during testing were 15 lux in the open arms. Upon testing,
diazepam- or almorexant-treated Sprague–Dawley rats were
placed at the end of an open arm facing the middle of the
EPM, and rats were allowed to freely explore the EPM for
5 min. Behavior was recorded via automated video-tracking
(Viewpoint, Lyon, France). The tracking system recorded the
time spent (seconds), the number of entries in the different arms
of the maze and the distance moved (meters). Forty rats were
used for the diazepam experiment, another 40 for the almorex-
ant experiment (n010 rats per dose group). One rat of the
almorexant 100 mg/kg dose group was removed from the
analysis because it fell down from the EPM.

Statistical analysis

Startle amplitudes were averaged over the three noise inten-
sities (90, 100, and 110 dB) and over the ten stimuli pre-
sented per noise intensity and condition (CS, no-CS, dark,
light). For all startle experiments, the main drug effects were
analyzed using analyses of variance (ANOVAs) with repeat-
ed measures on drug treatment and fear-potentiation (CS
and no-CS) or light condition (light and dark) followed by
Newman–Keuls post hoc tests where appropriate. In subse-
quent analyses for the FPS experiment, drug effects were
analyzed separately for CS and no-CS conditions by one-
way ANOVA with repeated measures on drug treatment
followed by Newman–Keuls post hoc tests. Startle reactions
in the dark in rats which either had or had not undergone
previous fear-condition training were compared with the
unpaired Student’s t test. Drug effects on grip strength were
analyzed by one-way ANOVA with repeated measures on
drug treatment followed by the Newman–Keuls post hoc
test. Wire hanging test scores and time spent on the wire
were analyzed by the non-parametric Friedman test with
repeated measures on drug treatment followed by Dunn’s
multiple comparison tests. Drug effects on behavioral meas-
ures in the EPM were analyzed by one-way ANOVA fol-
lowed by the Newman–Keuls post hoc test or planned
comparisons where appropriate. Differences were consid-
ered statistically significant if p<0.05. Data are presented
as mean±SEM.

Results

Experiment 1: effects of diazepam, buspirone, fluoxetine,
sertraline, and almorexant on FPS

The mean startle amplitudes recorded during FPS testing as a
function of increasing doses of diazepam, buspirone, fluoxe-
tine, sertraline, and almorexant are shown in Fig. 1. The
corresponding statistical ANOVA results are summarized in
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Table 1. A main effect for the presentation of the CS was
detected for each of the five separately conducted experi-
ments, indicating robust and reliable FPS in F344 rats accord-
ing to previous observations (Steiner et al. 2011a). Main drug
effects were detected for diazepam, buspirone, sertraline, and
almorexant, but not for fluoxetine, indicating that four of the
five drugs had an overall effect on startle reactivity under CS
and no-CS conditions. Furthermore, significant drug×fear-
potentiation interactions for diazepam (Fig. 1a) and almorex-
ant (Fig. 1e) indicated more prominent drug effects on reduc-
ing CS-induced startle than background startle responses
under no-CS conditions, reflecting anxiolytic-like effects. A
significant drug×fear-potentiation interaction for buspirone
indicated that the drug both decreased CS-induced startle
responses and increased background startle responses under
no-CS conditions at the same time (Fig. 1b), which also has
been interpreted as an anxiolytic-like effect (Kehne et al.
1988; Mansbach and Geyer 1988). A significant drug×fear-
potentiation interaction for sertraline, however, indicated that
the drug more markedly increased CS-induced startle than
background startle responses under no-CS conditions
(Fig. 1d), reflecting an anxiogenic-like response. Finally, for
fluoxetine no drug×fear-potentiation interaction was found
(Fig. 1c).

More detailed one-way ANOVAs of drug effects (followed
by Newman–Keuls post hoc tests), for CS and no-CS condi-
tions separately, revealed the following: Compared with

Fig. 1 Effects of diazepam (a), buspirone (b), fluoxetine (c), sertraline
(d), and almorexant (e) on the fear-potentiated startle (FPS) response.
F344 rats were orally treated acutely before the FPS test with vehicle
(0 mg/kg) or increasing doses of the respective drugs. Data are pre-
sented as the mean startle amplitudes (±SEM) recorded during the
presentation of noise stimuli under no-CS (dark) or CS (light) con-
ditions. n010–12 rats per tested drug in a within-subjects cross-over
design. *p<0.05, **p<0.01, ***p<0.001 vs. the respective vehicle
(0 mg/kg) in presence of the CS; #p<0.05, ##p<0.01, ###p<0.001 vs.
the respective vehicle (0 mg/kg) in absence of the CS (no-CS); New-
man–Keuls post hoc test following ANOVA. CS conditioned stimulus.
Please not the different Y-axis scale for sertraline
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Table 1 Summary of the statistical evaluation of the effects of diaze-
pam, buspirone, fluoxetine, sertraline, and almorexant on the fear-
potentiated startle response in F344 rats

Fear-potentiation Drug Interaction

Diazepam F(1,10)080.6* F(3,30)017.6* F(3,30)017.1*

Buspirone F(1,10)049.8* F(3,30)04.21** F(3,30)014.7*

Fluoxetine F(1,11)034.7* F(3,33)02.39 F(3,33)02.29

Sertraline F(1,9)0158.2* F(3,27)021.7* F(3,27)010.9*

Almorexant F(1,11)0108.2* F(3,33)06.75*** F(3,33)03.02**

The mean startle amplitudes for each drug were analyzed using analyses of
variance (ANOVAs) with repeatedmeasures on drug treatment (four doses)
and fear-potentiation (CS and no-CS). *p<0.001, **p<0.05, ***p<0.01
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vehicle, diazepam strongly reduced the startle reflex under CS
conditions at 3 mg/kg (p<0.001) and 10 mg/kg (p<0.001),
whereas the startle reflex under no-CS conditions was only
reduced at 10 mg/kg (p<0.001; Fig. 1a). Buspirone significant-
ly reduced the startle reflex under CS conditions at 100 mg/kg
(p<0.01), whereas the startle reflex under no-CS conditions
was increased at 10 mg/kg (p<0.05), 30 mg/kg (p<0.001), and
100 mg/kg (p<0.01; Fig. 1b). Fluoxetine did not influence the
startle reflex under either CS conditions (p00.09) or no-CS
conditions (p00.26; Fig. 1c). Sertraline significantly increased
the startle reflex under both CS and no-CS conditions at 30 mg/
kg (p<0.01) and 100 mg/kg (p<0.001; Fig. 1d). Almorexant
significantly reduced the startle reflex under CS conditions at
100 mg/kg (p<0.05) and 300 mg/kg (p<0.01), whereas the
startle reflex under no-CS conditions was only reduced at
300 mg/kg (p<0.001; Fig. 1e).

Experiment 2: effects of high doses of diazepam, buspirone,
sertraline, and almorexant on baseline startle reactivity
in non-fear-conditioned rats and on forced motor
performance

The mean startle amplitudes recorded in non-fear-conditioned
rats under light and dark conditions in response to almorexant
(300 mg/kg), diazepam (10mg/kg), sertraline (100mg/kg), and
buspirone (30 mg/kg) treatment are shown in Fig. 2a. As
expected, the mean startle amplitude in the dark in non-fear-
conditioned vehicle-treated rats (27.2±3.7 mV; Fig. 2a) was
significantly lower than the mean startle amplitude averaged
across all five different vehicle-treated rat cohorts in the FPS
paradigm (37.9±1.6 mV; Fig.1) under no-CS (dark) conditions

(t7002.97, p<0.01). This suggests an additional component of
either contextual fear or “background anxiety,” which can be
elicited by the intermittent presentation of the fear-evoking CS
stimuli during FPS testing that contributed to the startle reac-
tivity in the dark under no-CS conditions in previously fear-
conditioned rats, according to earlier observations (Missig et al.
2010; Steiner et al. 2011a).

ANOVA of the startle responses in non-fear-conditioned rats
revealed a main effect for the presentation of light (F1,15016.8,
p<0.001). This indicated that startle reflexes in response to
noise stimuli which were preceded by short (3.2 s) light pre-
sentations were also slightly stronger than startle reflexes in
response to noise stimuli received under dark conditions, even
if rats had not previously been trained to associate the light with
an electric foot-shock. This phenomenon has been described
before and is termed “startle-potentiated startle” because it is
thought to reflect the rat's conditioning to the short light stimuli
preceding the startle-eliciting noise stimuli (Commissaris et al.
2004; Leaton and Cranney 1990).

Main effects for drug (F4,60030.3, p<0.001) and for the
drug×light interaction (F4,6007.48, p<0.001) indicated that
the four tested drugs had different effects on startle reflexes
under light and dark conditions in non-fear-conditioned rats.
Newman–Keuls post hoc test comparisons revealed the
following: In comparison to vehicle, almorexant 300 mg/kg
reduced the startle reflex only under dark (p<0.05) but not light
conditions. Diazepam 10mg/kg reduced the startle reflex under
both dark (p<0.05) and light conditions (p<0.001), abolishing
the dark–light difference. Sertraline 100mg/kg increased startle
reflexes under both dark (p<0.05) and light conditions
(p<0.001) proportionally, leaving the initial dark–light
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Fig. 2 Effects of acute oral treatment of non-fear-conditioned F344
rats with vehicle, almorexant (300 mg/kg), diazepam (10 mg/kg),
sertraline (100 mg/kg), and buspirone (30 mg/kg) on mean startle
amplitudes under dark and light conditions (a), on forepaw grip
strength (b), and on horizontal wire performance (c). Data are pre-
sented as the mean+SEM. n016 rats in a within-subjects cross-over
design. For a, *p<0.05 vs. the respective startle response in the dark,

#p<0.05 vs. vehicle tested under dark conditions, +p<0.05 vs. vehicle
tested under light conditions. For b, c, ***p<0.001 vs. vehicle. New-
man–Keuls post hoc test following ANOVA. Dotted lines are placed at
the startle amplitude level of vehicle-treated rats under dark and light
conditions, respectively, to allow better comparability with the other
drug effects
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difference intact. Buspirone 30 mg/kg only increased startle
reflexes under dark (p<0.001) but not light conditions, abolish-
ing the dark–light difference.

In order to exclude potential unspecific effects of the treat-
ments on muscle tonus, which could influence the startle reflex,
we also tested almorexant (300 mg/kg), diazepam (10 mg/kg),
sertraline (100 mg/kg), and buspirone (30 mg/kg) on the fore-
paw grip strength and horizontal wire tests (Fig. 2b,c). ANOVA
of grip strength revealed a significant main effect for drug
treatment (F4,60016.0, p<0.001), and post hoc analysis
revealed that diazepam 10mg/kg significantly reduced forepaw
grip strength (p<0.001; Fig. 2b). Similarly, Friedman analysis
of the horizontal wire test score also revealed a significant main
effect for drug (Friedman statistics035.7, p<0.001), and post
hoc analysis revealed that diazepam 10 mg/kg significantly
reduced the horizontal wire score (p<0.001; Fig. 2c). Analysis
of the horizontal wire test time revealed results (data not shown)
similar to those observed for the wire test score.

Experiment 3: effects of diazepam and almorexant
on behavior in the elevated plus maze

The different behavioral parameters recorded in the EPM in
diazepam- and almorexant-treated rats are shown in Fig. 3.

Diazepam treatment dose-dependently increased the time spent
on the open arms (F3,4403.04, p<0.05; Fig. 3a), the number of
open arm entries (F3,4408.13, p<0.001; Fig. 3b), and the ratio
between open arm and total arm entries (F3,4406.95, p<0.001;
Fig. 3c), with effective doses of 3 mg/kg (p<0.05) and 10 mg/
kg (p<0.05). Distance moved was also affected (F3,4403.47,
p<0.05; Fig. 3d) with the 3 mg/kg dose of diazepam increasing
locomotion (p<0.05). Almorexant treatment, however, did not
affect any of those parameters (F3,35<1.4, p>0.26; Fig. 3e-h).

Discussion

The aim of the present study was to explore the contribution
of the orexin system to the modulation of cued fear-
conditioned acoustic startle responses by comparing the
dual OXR antagonist almorexant to clinically approved
anxiolytics of different classes. We found that diazepam,
buspirone, and almorexant exerted anxiolytic-like effects.
SSRIs had no anxiolytic-like properties after single acute
administrations. Interestingly, each drug presented its own
particular pattern of activity on startle responses under CS
and no-CS conditions in the FPS paradigm and on startle
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Fig. 3 Effects of diazepam (a–d) and almorexant (e–h) on behavior in
the elevated plus maze (EPM). Sprague–Dawley rats were orally
treated acutely before exposure to the EPM test with vehicle (0 mg/

kg) or increasing doses of diazepam and almorexant. Data are pre-
sented as the mean+SEM. n011–12 rats per treatment group. *p<0.05
vs. the respective vehicle. OA open arm, TA total arm
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responses under light and dark conditions in non-fear-
conditioned rats.

Diazepam strongly reduced CS-induced startle at oral doses
of 3 and 10 mg/kg. It also reduced background startle
responses under no-CS conditions at 10 mg/kg. This appears
to be a FPS profile typical of benzodiazepines (Joordens et al.
1996; Steiner et al. 2011a). Upon further evaluation in non-
fear-conditioned rats, 10 mg/kg of diazepam also decreased
startle reactivity under both dark and light conditions and, in
fact, completely abolished the dark–light difference. Benzo-
diazepines have both anxiolytic and sedative, muscle-relaxant
effects (Tallman et al. 1980), and it is often difficult to separate
these characteristics. However, our findings that 10 mg/kg of
diazepam effectively reduced forepaw grip strength and the
horizontal wire score suggest that the overall reduced startle
reactivity at that dose is mainly a consequence of muscle-
relaxant effects which probably non-selectively impaired the
startle reflex.

Buspirone also reduced CS-induced startle at an oral dose
of 100 mg/kg. At the same time, buspirone increased back-
ground startle reactivity under no-CS conditions at all doses
tested, with the strongest effect achievedwith 30mg/kg. Upon
further investigation in non-fear-conditioned rats, we ob-
served that 30 mg/kg of buspirone also increased baseline
startle responses under dark conditions which is consistent
with previous reports and believed to be a consequence of the
partial 5-HT1A receptor agonism of buspirone (Commissaris
et al. 2004; Kehne et al. 1988; McQueen et al. 2001). The
reduction of the CS-induced startle response which occurred
only at high dose is, however, likely the result of a target
engagement different from 5-HT1A receptors, such as dopa-
mine D2 receptors or others for which buspirone shows weak
affinity (Eison and Temple 1986; McQueen et al. 2001).

Fluoxetine and sertraline had different effects on FPS.
Fluoxetine had no significant effects despite an apparent trend
towards increasing CS-induced startle responses. Sertraline,
however, dose-dependently increased both CS-induced and
background startle under no-CS conditions with an overall
stronger effect on CS-induced startle, indicating acute anxio-
genic potential. The only SSRI that has so far been tested
acutely in the rat FPS paradigm is fluvoxamine, which showed
no effects (Joordens et al. 1996), similar to our results with
fluoxetine. However, SSRIs sometimes exacerbate symptoms
of conditioned fear upon acute treatment both in humans
(Grillon et al. 2007) and rats (Burghardt et al. 2007), which
may explain the observed anxiogenic-like effects of sertraline.
In fact, when anxiety patients begin SSRI treatment, the dose is
often up-titrated or they are prescribed benzodiazepines con-
comitantly to avoid initial adverse reactions (Sinclair et al.
2009). The effects of chronic administration of SSRIs in the
FPS paradigm await further investigation.

Almorexant decreased CS-induced startle at oral doses of
100 and 300 mg/kg. At the highest dose of 300 mg/kg,

almorexant also decreased background startle under no-CS
conditions. With this FPS profile, almorexant showed
anxiolytic-like properties comparable to diazepam, although
it was less effective at reducing CS-induced startle responses
at doses which did not simultaneously affect background
startle responses under no-CS conditions. With regard to
the similarity of the overall pattern of the FPS responses of
diazepam and almorexant, it is interesting that reduced c-Fos
expression was observed in orexin neurons after mice had
been intraperitoneally injected with low and high doses of
diazepam (Panhelainen and Korpi 2012). This suggests that
some diazepam-mediated effects may involve the suppres-
sion of orexin neuron activity. Comparing almorexant and
diazepam on the elevated plus maze, however, clearly dem-
onstrated that, in this test, only diazepam showed anxiolytic-
like effects. Thus, here, it seems very unlikely that diazepam
would rely on inhibiting orexin neuron activity for modulating
anxiety-like behavior on the elevated plus maze.

As opposed to diazepam, almorexant left the horizontal
wire and grip strength performance unaffected. In contrast to
benzodiazepines or other GABAA receptor modulators, when
given at high doses, dual OXR antagonists do not impair the
ability of rodents to respond naturally in stimulating environ-
mental conditions such as the Morris water maze, tail suspen-
sion, or rotarod tasks (Di Fabio et al. 2011; Dietrich and Jenck
2010; Nollet et al. 2011; Steiner et al. 2011b). Thus, we
conclude that the effects of almorexant in the FPS paradigm
were not confounded by myorelaxant actions. Moreover, in
non-fear-conditioned rats, almorexant decreased startle
responses in the dark but not in the light, which suggests that
the pharmacological OXR blockade did not interfere with
neuronal motor circuits of the startle reflex pathway per se.
The reduction of startle responses under no-CS conditions
induced by almorexant in the FPS paradigm, thus, likely
reflects reduced contextual fear or “background anxiety”
(Missig et al. 2010). This is in line with recent experiments
demonstrating that almorexant treatment reduced cardio-
excitatory responses to contextual fear in rats (Furlong et al.
2009). Finally, the finding that almorexant reduced non-fear-
conditioned startle responses in the dark corresponds with its
vigilance-decreasing effects under low-stimulating (home
cage) environmental conditions (Brisbare-Roch et al. 2007).

This is the first study investigating the role of the orexin
system in cued fear-conditioned reactions. Previous studies
have shown anatomical evidence for orexin fiber and receptor
expression in the central amygdala (Cluderay et al. 2002;
Peyron et al. 1998), a critical region for the processing of
FPS (Fendt and Fanselow 1999; Hitchcock and Davis 1987).
Bisetti et al. (2006) have further functionally demonstrated that
both OX-A and OX-B excite neurons of the central medial
amygdala in ex vivo rat brain slices, and Sakamoto et al.
(2004) found that CeA neurons become activated upon intra-
cerebroventricular OX-A injection in the rat. Reciprocally,
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fibers originating in the CeA also project back to OX neurons
in the lateral hypothalamus (Nakamura et al. 2009; Sakurai et
al. 2005; Yoshida et al. 2006). While this whole orexin–CeA
circuit likely mediates some of the cardiorespiratory responses
to stress and fear (Furlong et al. 2009; Johnson et al. 2010;
Zhang et al. 2009), our current findings suggest that it may also
contribute to cued fear-conditioned startle responses. It is also
worth noting that narcoleptic patients, which are often orexin-
deficient, have reduced amygdala activity upon aversive con-
ditioning and do not exhibit startle potentiation during unpleas-
ant stimuli (Khatami et al. 2007; Ponz et al. 2010). Further
evidence that anxiety-like behavior can be modulated by
orexin signaling in the CeA stems from a recent study showing
anxiogenic effects of direct intra-CeA administrations of OX-
A and OX-B in the elevated-plus maze and light–dark (LD)
tests in Syrian golden hamsters (Avolio et al. 2011). OXR-1
and OXR-2 knockout mice, however, did not display altered
anxiety-like behavior in the very same tests (Scott et al. 2011),
questioning an activation of the endogenous orexin system
during EPM or LD exposure. Similarly, almorexant-treated
rats did not show altered behavior in the EPM. Yet, it may still
be possible that OXR blockade may have revealed anxiolytic-
like effects under more aversive conditions (e.g., stressing the
animals before EPM exposure or providing higher intensity
light during EPM testing). Orexin neuron firing is increased
during wakefulness, and it could be hypothesized that orexin
neurons become even more activated during emotionally
stressful states (Kuwaki et al. 2010). Perhaps, this may explain
why almorexant only showed anxiolytic-like effects during the
supposedly more aversive conditioned fear testing.

Regarding the effects of almorexant, a dual OXR antag-
onist, in the FPS paradigm, one may wonder which type of
OXR is responsible for regulating the fear-conditioned star-
tle response. From an anatomical point of view, mRNA and
protein of both receptors, OXR-1 and OXR-2, have been
found co-expressed in the amygdala and in other brain
regions influencing FPS such as the ventromedial hypothal-
amus and PAG (Cluderay et al. 2002; Hervieu et al. 2001;
Lu et al. 2000; Marcus et al. 2001; Zhao et al. 2009). Thus,
it is difficult to make any prediction without additional
functional evidence. It will be up to future pharmacological
studies using selective antagonists to decipher the particular
role of each of the two OXRs for conditioned fear.

Our present data support the view that the orexin system
integrates into the functional brain circuitry responsible for
the processing of stressful and aversive events, and we show
that endogenous orexin receptor signaling actively contrib-
utes to cued fear-conditioned startle reactions in the rat.
Whether this has any implication for the clinical use of
OXR antagonists remains speculative in light of still only
a few rodent studies showing anxiolytic-like potential of
such compounds (Furlong et al. 2009; Johnson et al. 2012;
Johnson et al. 2010).
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