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Abstract
Consequences of prenatal alcohol exposure (AE) include motor hyperactivity, disrupted sleep and
cognitive deficits. Hypothalamic orexin (ORX)-synthesizing neurons are important for the
maintenance of vigilance and regulation of motor activity but their hyperactivity may contribute to
anxiety disorders. Using a rat model, we tested whether ORX plays a role in behavioral
consequences of prenatal AE. Male rat pups received 2.625 g/kg of alcohol (AE group)
intragastrically twice daily on postnatal days (PD)4–9, a developmental period equivalent to the
third trimester of human pregnancy. Control pups were sham-intubated (S group). On PD12–14,
they received daily injections of either the ORX-1 receptor antagonist, SB-334867 (SB; 20 mg/kg,
i.p.) or vehicle (V) during the lights-off period. On PD16, they were subjected to the homing
response (HR) test. On PD17, their motor activity was monitored in a novel environment. The
percentage of tests in which HR acquisition was not achieved and the number of trials needed to
reach the shortest HR latency were higher, whereas the percentage of successful trials was lower,
in AE-V than in S-V rats (p=0.0009–0.03). In contrast, these measures were not significantly
different between AE-SB and either S-SB or S-V rats. Motor activity in AEV rats was
significantly higher than in S-V (p=0.003), S-SB (p=0.007) or AE-SB (p=0.02) rats, with no
difference between S-SB and AE-SB group. Our findings suggest that excessive activity of ORX
neurons contributes to motor hyperactivity and impaired HR acquisition following perinatal AE
and that these symptoms may be alleviated by systemic antagonism of ORX-1 receptors.
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Alcohol exposure (AE) during prenatal development can lead to a range of adverse health
consequences, such as the fetal alcohol syndrome and alcohol-related neurodevelopmental
problems collectively referred to as the fetal alcohol spectrum disorders (FASD) (reviewed
in [1–3]). The severity of FASD depends on the levels and timing of prenatal AE, but some
cognitive and behavioral abnormalities consistently occur across the entire range of FASD.
These include motor hyperactivity, disrupted sleep, and neuropsychological impairments,
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such as deficits in attention, memory and learning [1–5]. These features have been replicated
in rodent models of prenatal AE [6–11], but their neurochemical mechanisms remain to be
elucidated.

Orexin A and B (ORX) are two excitatory neuropeptides synthesized by hypothalamic cells
that promote motor activation [12,13] and play a major role in the maintenance of
wakefulness, alertness and motivated behaviors (reviewed in [14,15]). Activation of the
ORX system is also involved in alcohol-seeking behavior [16], but its role in the
consequences of perinatal AE has not been studied. Importantly, ORX are implicated in
development of anxiety disorders [17], which are among the most commonly reported
behavioral abnormalities in children and adults with FASD [3]. To date, most of the studies
of pathologic conditions associated with the ORX system concentrated on ORX deficiency,
as in narcolepsy/cataplexy (reviewed in [14]). However, it is plausible that hyperactivity of
this system also occurs and may contribute to motor hyperactivity, sleep disruption,
cognitive deficits and anxiety that are common in FASD patients. The goal of the present
study was to explore such a role of the ORX system in the behavioral abnormalities caused
by early developmental AE in a rat model.

We used an established model of prenatal AE in which alcohol is administered to rats during
early postnatal period of brain development that corresponds to the third trimester of human
pregnancy [9,18–22]. The procedures for animal handling followed the guidelines of the
National Institutes of Health and were approved by the Institutional Animal Care and Use
Committee of the University of Pennsylvania.

Neonatal treatments were administered to male Sprague-Dawley rats. The animals were
housed on a 12:12 light/dark schedule with lights on at 7 am and ad lib access to food and
water. Thirteen litters from timed-pregnant rats were culled and cross-fostered among
lactating dams to obtain 8 experimental litters. Each experimental litter contained 10–11
male pups obtained from 6 or 7 different mothers (mean litter size: 10.13±0.13 (SE)). On
PD4, each litter was randomly assigned to either alcohol (AE)- or sham-treated (S) group
(non-mixed design [18]). The AE group received alcohol on PD4 through PD9 administered
as two intragastric intubations per day (2.625 g/kg per intubation, 11.9% v/v in a custom
milk formula, 2 h apart), as described previously [20,22]. Two hours after the second
alcohol administration, an additional intubation with milk only was given to the AE group to
compensate for reduced maternal milk consumption in intoxicated pups. The S group
underwent the same daily routine of intubations, but no fluid was infused [21]. Pups were
weighed daily and stayed with the dam between the treatments. To estimate blood alcohol
concentration (BAC), blood was collected on PD4 from a separate group of AE rats (n=8)
sacrificed 2 h after the second alcohol intubation. BAC was determined using NAD-ADH
reagent (Sigma, St. Louis, MO, USA), and was 341±23 (SE) mg/dl, consistent with
previously published results obtained from a similar experimental protocol [9,22].

On PD12–14, rats from both neonatal treatment groups received daily intraperitoneal
injection of either the ORX-1 receptor antagonist, SB-334867 (N-(2-Methyl-6-
benzoxazolyl)-N’-1,5-naphthyridin-4-yl urea; Tocris Bioscience, Ellisville, MO, USA; 20
mg/kg) or vehicle (10% w/v of (2-Hydroxypropyl)-β-cyclodextrin and 10% v/v dimethyl
sulfoxide in sterile saline). The treatment started on PD12, three days after the end of AE, in
order to allow for elimination of any withdrawal effects [10]. The dose and method of
administration were selected based on previous studies [16,23,24]. We expected that the
magnitude of the hypothesized effect of neonatal AE on the ORX system would vary with
the circadian time because, in rats, activity of the ORX neurons and brain ORX levels peak
during the lights-off (active) period and are low during the lights-on period [25,26]. In
addition, we earlier determined that adult rats perinatally exposed to alcohol have reduced
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sleep during the lights-off period [11]. Based on these considerations, rats were subjected to
the antagonist treatment and subsequent behavioral tests during the first half of the lights-off
phase (8:00–11:30 PM).

On PD 16, rats were subjected to the homing response (HR) test, an established measure of
spatial learning and memory in immature rats based on the quantification of their nest-
seeking behavior [27–29]. The apparatus and the test protocol were adapted from a previous
study [27]. Briefly, the apparatus included two transparent plexiglass boxes connected
through an opening (4 cm diameter) located 1.5 cm above the floor. The “home box”
comprised two compartments of the same size separated by a transparent wall and filled
with bedding material from the home cage. One of these compartments was connected to a
clean “starting box,” whereas the other compartment was used for habituation only. Pups
were placed in the habituation compartment and left undisturbed for 10 min. Following
habituation, they were placed, one at a time, in the middle of the starting box facing away
from the home box. The time necessary for the pup to enter the home box (HR latency) was
recorded. If the rat entered the home box with all four paws within 60 s, the trial was
recorded as successful. If a trial was not successful, the pup was directed through the
opening using gentle manual assistance. The test was repeated up to 10 times at 60–80 s
intervals, or until 4 successful returns “home” were achieved in 5 consecutive trials (HR
acquisition [29]). The starting box was cleaned and dried between the trials, and the entire
apparatus was disassembled and cleaned between tests with different litters. The percentage
of tests in which HR acquisition was not achieved, the percentage of successful trials within
the last 5 trials, the shortest HR latency, and the number of trials needed to reach the shortest
latency were compared among the treatment groups. After the tests, the pups were returned
to their dams.

On PD17, motor activity of the rats was recorded in a novel environment using a system of
infrared light beams (MicroMax, AccuScan Instruments, Columbus, OH, USA). During
each session, two rats, one treated with SB-334867 and one treated with vehicle, were tested
simultaneously in separate clean cages placed in a sound-dampened recording chamber to
which they were not habituated. The total number of beam interruptions (total motor
activity) and the number of stereotypy bouts (episodes during which animal breaks the same
beam, or a set of beams, repeatedly with breaks longer than 1 s) were determined during
recording sessions lasting 10 min using the software supplied by the manufacturer.

The significance of differences in proportions derived from the categorical data between the
groups was examined using Pearson’s Chi-square test. All datasets with continuous
variables were tested for normality and equal variance. The significance of differences
between the groups was then examined using one-way ANOVA with Bonferroni’s contrast.
When normality criteria were not fulfilled, nonparametric analysis was performed with
Kruskal-Wallis ANOVA with Bonferroni’s contrast. All differences were considered
significant at p<0.05 (Analyse-It software, Leeds, UK).

Body weight was lower in pups of the AE than S group starting from PD5 (22.3g±0.4 (SE)
vs. 28.1±0.3 on PD12; p<0.0001) reflecting a growth lag similar to that described in earlier
studies utilizing this model [9,18,20,22]. Since we used a non-mixed litter design, we can
exclude the possibility of a growth disadvantage of AE pups caused by a selectively altered
maternal interaction. The slower body weight gain during the treatment was likely caused by
reduced caloric intake due to inhibited suckling [18]. Body weight data collected on the day
of HR testing (PD16) indicate that prior treatment with SB-334867 did not alter the
significant body weight deficit caused by the earlier AE (30.8g±0.9 (SE) vs. 36.6g±0.5 in
rats treated with SB-334867, and 32.9±0.5 vs. 36.6±0.7 in vehicle-treated rats).
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On PD16, 7 days after the last AE, the AE rats treated with vehicle (AE-V) exhibited a
significant impairment of HR acquisition when compared to the S group treated with vehicle
(S-V) (Fig. 1A–D; left side of the graphs). The percentage of tests in which HR acquisition
was not achieved (Fig. 1A), the shortest HR latency (Fig. 1C), and the number of trials
needed to reach the shortest latency (Fig. 1D) were all higher, whereas the percentage of
successful trials was lower (Fig 1B), in AE-V than in S-V rats (p=0.0009–0.03; N=12 or 13
per group). In contrast, these measures were not significantly different between the AE and
S rats treated with the ORX-1 receptor antagonist (AE-SB and S-SB rats; N=13 per group;
Fig. 1A–D; right side of the graphs) and between the S-V and S-SB rats (Fig. 1A–D; left vs.
right side of the graphs). Importantly, all these measures except the shortest HR latency
were also not different between the AE-SB and S-V rats (Fig. 1A–D; left vs. right side of the
graphs).

On PD17, total motor activity and the number of stereotypy bouts were significantly higher
in AE-V than S-V rats (p=0.003 and 0.03, respectively; Fig. 1E,F). Subsequent treatment
with the ORX-1 receptor antagonist effectively abolished this difference. Both measures
were significantly lower in AE-SB than AE-V rats (p=0.02 and 0.04, respectively) and did
not differ from those in either S-V or S-SB groups (Fig. 1E,F; p>0.5).

Our data show that pre-weaning rats exposed to alcohol during the developmental period
equivalent to the third trimester of human gestation exhibit significant impairment of HR
acquisition. We found that, among the vehicle-treated rats, the proportion of those that were
unable to reach HR within the assigned number of trials (HR acquisition) was significantly
higher, whereas the percentage of trials generating HR was lower, in AE than S group. In
addition, AE resulted in a significant increase in the shortest HR latency and in the number
of trials necessary to reach HR with the shortest latency. The HR test quantifies the nest-
seeking behavior of pre-weaning rats, which may depend on the sensory and motor
functions, motivation and learning abilities [28]. The test does not allow one to clearly
differentiate among these impairments. However, a contribution of sensory or motor deficits
is unlikely, because an earlier study did not reveal abnormalities in sensory development or
locomotion in pre-weaning rats following even more severe AE [6]. HR test is also
considered to reflect olfactory orientation of pups and functioning of the working memory
[27,28]. Results from a previous study utilizing the same model of AE show that pre-
weaning AE rats exhibit unaltered sensory component of the orienting response to olfactory
stimuli but may fail to form a working memory of the olfactory stimulus [30]. It is,
therefore, plausible that impaired working memory in AE rats in the present study
contributed to delayed HR acquisition and increased HR latency because they likely kept
responding to each subsequent HR trial with a novelty reaction. There is also evidence that
certain types of developmental malnutrition lead to increased HR latency in rats [31].
Therefore, reduced intake of nutrients due to inhibited suckling during AE may have
contributed to the observed increase in HR latency in AE rats which was not diminished by
treatment with the ORX-1 receptor antagonist.

The results of the present study demonstrate that perinatal AE leads to significant increase in
both total motor activity and number of stereotypy bouts. Motor hyperactivity is a common
symptom of FASD, even in children with minimally impaired intelligence [2,4,32], and in
animal models of prenatal AE [6,10]. Motor hyperactivity can result from AE-associated
dysfunction of various brain regions and neurotransmitter systems [2,6,10]. Hyperactivity
and impaired spatial learning are consistent with a dysfunction of the hippocampus which is
particularly vulnerable to AE during the period equivalent to the third trimester of human
gestation [33].
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Our main new finding is that three days of treatment with the ORX-1 receptor antagonist,
SB-334867, administered a few days after AE improved HR performance and eliminated
motor hyperactivity typical of rats exposed to alcohol. Since SB-334867 was administered
during a developmental period that is equivalent to human infancy [34], this finding is of
clinical relevance because it suggests that pharmacological intervention after birth may
reduce severity of FASD symptoms.

In this study, we used systemic administration of SB-334867, which was previously shown
to modulate various behavioral responses dependent on ORX-1 receptors, including food
intake and locomotion [35], rapid eye movement (REM) sleep [36], motivated behaviors
[16,23,24], and panic anxiety [17]. However, one limitation of this approach is that it may
result in antagonizing ORX-1 receptors in multiple brain regions, thus making it difficult to
identify the key brain regions where SB-334867 exerted its beneficial effects in our study.
SB-334867 is a selective antagonist of ORX-1 receptors with at least 50-fold selectivity over
ORX-2 receptors [37]. ORX-1 is the predominant type of ORX receptors expressed in the
hippocampal formation [38] which appears to be vulnerable to AE during early development
[33]. Importantly, ORX impairs rat performance in the Morris water spatial learning task
when administered i.c.v. prior to the test, and suppresses hippocampal long-term
potentiation (LTP) in vitro [39]. Since earlier data show that prenatal AE can lead to life-
long suppression of hippocampal LTP [40], one possible mechanism of action of SB-334867
in our experiments may be that it facilitated restoration of hippocampal LTP that was
impaired by perinatal AE.

ORX cell activity is strongly associated with motor activation [12,13]. Systemic
administration of SB-334867 decreases grooming and food intake stimulated by i.c.v. pre-
treatment with ORX [35]. Infusions of ORX into the ventral tegmental area increase
dopamine release in the prefrontal cortex [41], whereas systemic treatment with SB-334867
reduces amphetamine-induced dopamine release in the nucleus accumbens [42]. Excessive
brain levels of dopamine may lead to development of motor stereotypies which are also
present in some neurologic and psychiatric disorders [43]. Our present data suggest that
treatment with SB-334867 can eliminate both hyperactivity and increased motor stereotypy
caused by perinatal AE without affecting motor activity in control rats.

Prenatal AE may cause persistent activation of the hypothalamic-pituitary-adrenal axis, thus
increasing vulnerability to depression and anxiety disorders, the most commonly diagnosed
mental disorders in FASD patients [3]. Recent data from a rat panic model demonstrate that
activation of ORX-1 receptors can elevate anxiety and the associated increase in locomotion
[17]. Based on these data, it is possible that one of the potential mechanisms by which
SB-334867 improved HR performance in AE rats was by alleviating their anxiety-like state.

We did not investigate the dose-response relationship of SB-334867. Rather, we used a
single dose selected from a range of doses previously found effective in modulating various
behavioral outcomes in adult rats [16,17,35,36]. In 2-week old rats, ORX neurons and ORX-
containing fibers appear to be relatively well developed [44] but their density and
immunoreactivity are lower than in adult rats [45]. Thus, it is possible that a lower dose of
SB-334867 than the one that we used might be sufficient to produce the behavioral effects
that we found in the present study.

Collectively, our findings suggest that endogenous activation of ORX-1 receptors
contributes to motor hyperactivity and impaired HR acquisition following perinatal AE, and
that these symptoms may be alleviated by systemic antagonism of ORX-1 receptors.
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Abbreviations

AE alcohol exposure

BAC blood alcohol concentration

FASD fetal alcohol spectrum disorders

HR homing response

LTP long-term potentiation

ORX orexin

PD postnatal day

S sham-treated

V vehicle
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Figure 1.
Homing response (HR) performance (A–D) and motor activity (E, F) in sham-intubated
control (S) and alcohol-exposed (AE) rats with and without subsequent treatment with the
orexin-1 receptor antagonist, SB-334867 (mean ± SE). The percentage of tests in which HR
acquisition was not achieved (A), the shortest HR latency (C), and the number of trials
needed to reach the shortest latency (D) were all higher, whereas the percentage of
successful trials was lower (B), in AE than S group. Among the rats treated with
SB-334867, these measures were not significantly different between AE and S rats, and all
measures except the shortest HR latency were also not different between the AE group
treated with SB-334867 and S group treated with vehicle. The total number of movements
during 10 min period spent in a novel environment (E) and the number of bouts of
stereotypic motor behaviors (F) were higher in AE rats subsequently treated with vehicle
than in either the S group treated with vehicle or the AE group treated with SB-334867.
There was no difference between the S groups treated with either SB-334867 or vehicle. The
numbers of animals per group (N) and the legend for group coding shown in A apply to all
panels.
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