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Abstract
Previous work has indicated an association between seizures early in life and increased risk of
psychiatric disorders, including schizophrenia. However, because early life seizures are commonly
treated with antiepileptic drugs (AEDs) such as phenobarbital, the possibility that drug treatment
may affect later-life psychiatric outcomes needs to be evaluated. We therefore tested the
hypothesis that phenobarbital exposure in the neonatal rat increases the risk of schizophrenia-like
behavioral abnormalities in adulthood. Thus, in this study, we examined the effects of a single
acute neonatal exposure to phenobarbital on adult behavioral outcomes in the rat neonatal ventral
hippocampal (nVH) lesion model of schizophrenia. We compared these outcomes to those in rats
a) without nVH lesions and b) with nVH lesions, without phenobarbital. The tasks used for
behavioral evaluation were: amphetamine-induced locomotion, prepulse inhibition, elevated plus-
maze, and novel object recognition task. We found that neonatal phenobarbital treatment (in the
absence of nVH lesions) was sufficient to disrupt sensorimotor gating (as tested by prepulse
inhibition) in adulthood to an extent equivalent to nVH lesions. Additionally, neonatal
phenobarbital exposure enhanced the locomotor response to amphetamine in adult animals with
and without nVH lesions. Our findings suggest that neonatal exposure to phenobarbital can
predispose to schizophrenia-like behavioral abnormalities. Our findings underscore the importance
of examining AED exposure early in life as a potential risk factor for later-life neuropsychiatric
abnormalities in clinical populations.
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1. INTRODUCTION
Epilepsy and seizures in infancy and/or early childhood is associated with increased risk for
a variety of psychiatric disorders including schizophrenia and schizophrenia-like psychoses
(Bredkjaer et al. 1998; Caplan et al. 1991, 1997, 1998; Jalava and Sillanpaa 1996; Qin et al.
2005; Sachdev 1998; Schwartz and Marsh 2000; Vestergaard et al. 2005). Furthermore,
psychiatric comorbidity in children with epilepsy is significantly more prevalent than in
children with other chronic health conditions (Caplan et al. 2008; Jones et al. 2008; for a
review see Plioplys et al. 2007).

In an analysis of large clinical cohort, Vestergaard et al reported that a history of either
febrile seizures (Vestergaard et al. 2005) or epilepsy (Qin et al. 2005) was associated with a
significantly increased risk of schizophrenia. However, Vestergaard and colleagues noted
that they “cannot rule out that the association between febrile seizures and schizophrenia is
caused by the exposure to antiepileptic drugs rather than the febrile seizures” (Vestergaard et
al. 2005). This concern is heightened by the fact that AEDs, such as phenobarbital, when
given to neonatal rats, trigger enhanced neuronal apoptosis (ENA) (Bittigau et al., 2001;
Forcelli et al., 2011a; Katz et al, 2007; Kim et al, 2007), cause long term alterations in the
cortical proteome (Kaindl et al., 2008), and impair neurogenesis (Stefovska et al., 2008).
Furthermore, these changes may lead to alterations in behavior (Stefovska et al., 2008,
Forcelli et al., 2010, 2011c) and increased seizure susceptibility later in life (Forcelli et al.,
2011b). The neurotoxicity of AEDs, and other sedative drugs (i.e., anesthetics, ethanol) have
been demonstrated across strains of rats and mice, as well as in non-human primates (Olney
et al., 2002; Bittigau et al., 2003; Kim et al., 2007; Brambrink et al., 2010; Farber et al.,
2010).

This AED-induced developmental neurotoxicity occurs during a sensitive period
corresponding to the “brain growth spurt”, which centers around P7 in the rat. P7 in the rat
corresponds to the late third trimester of gestation through infancy in humans (Dobbing and
Sands, 1979). Interestingly, the brain regions vulnerable to AED-induced ENA, such as
hippocampus, frontal cortex, and ventral striatum (Bittigau et al. 2002; Forcelli et al. 2011c),
are the ones that are consistently implicated in schizophrenia (Fornito et al. 2009). Thus, it is
possible that AED exposure during a sensitive perinatal period for brain development may
predispose to the development of schizophrenia.

We therefore tested the hypothesis that AED exposure in the neonatal period would increase
the risk of developing a schizophrenia-like behavioral phenotype. For this purpose, we
selected as a basis of comparison, the neonatal ventral hippocampal (nVH) lesion model of
schizophrenia in the rat and examined the effects of acute neonatal exposure to
phenobarbital on the long-term schizophrenia-like behavioral outcomes characteristic of this
model (Marcotte et al. 2001; Tseng et al. 2009). nVH lesioned rats are normal at pre-
pubertal age; however, after postnatal day (P) 56 (post-puberty), the lesioned rats show
schizophrenia-like behavioral phenotypes including deficits in sensorimotor gating as
measured by prepulse inhibition (PPI) (Grecksch et al. 1999; Lipska et al. 1995), locomotor
hyperresponsiveness to amphetamine (Flores et al. 1996a; Lipska et al. 1993; Wan and
Corbett 1997), and impaired working memory (Le Pen et al. 2000; Lipska et al. 2002).

Although not defining hallmarks of the disease, deficits in PPI, hyperresponsiveness to
amphetamine, and impaired memory are all characteristic of patients with schizophrenia
(Braff et al., 1978, 1992, 2007; Cadenhead et al., 2000; Hazlett and Buchsbaum, 2001;
Kalkstein et al., 2010; Minassian et al., 2007; Parwani et al., 2000; Perry et al., 2002; Weike
et al., 2003; van Kammen et al., 1982; for review see Braff, 2010). PPI is a behavioral
paradigm that is widely used across species. A conceptual link has been made between
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deficits in PPI and the inability of patients with schizophrenia to optimally filter or “gate”
irrelevant and intrusive sensory stimuli (Swerdlow et al. 2008). Deficits in this pre-
attentional process (the reduced ability to inhibit the motor response to a strong stimulus
when preceded by a weak stimulus) is considered an endophenotype of schizophrenia
(Turetsky et al. 2007). A number of studies have shown these deficits to be reversible by
antipsychotic drugs (Le Pen and Moreau 2002; Mansbach et al. 1988; Swerdlow et al. 1991),
indicating the predictive validity of this task.

The increased mesolimbic dopamine tone seen in patients with schizophrenia is believed to
be a primary substrate of positive, psychotic symptoms (Laruelle and Abi-Dargham, 1999).
Consistent with this, patients with schizophrenia exhibit exacerbation of symptoms in
response to psychostimulants, such as amphetamine, as well as exaggerated drug-induced
hyperactivity (van Kammen et al., 1982). This is modeled in rats by the locomotor
stimulation evoked in response to amphetamine. Thus, an increase in amphetamine-induced
locomotor activity may be used as a correlate of positive symptoms in preclinical behavioral
models. We also examined anxiety-like behavior in the elevated plus maze. This test was
selected because decreased anxiety-like behavior in the elevated plus maze has been
reported in the nVH model (Wood et al., 2003; Beninger et al., 2009).

Phenobarbital was selected as the AED treatment for these experiments because it was the
drug most commonly used for the treatment of febrile seizures when the Vestergaard et al
cohort were infants. Furthermore, it remains the most commonly prescribed treatment for
neonatal seizures (Bartha et al. 2007). In addition, phenobarbital is one of the most potent
inducers of ENA in the developing brain, with peak toxicity at P7 (Bittigau et al. 2002; Katz
et al. 2007; Forcelli et al., 2011a). Thus, in this study, we examined the effects of a single
acute neonatal exposure to phenobarbital on adult behavioral outcomes in rats with nVH
lesions and compared these outcomes to those in rats without nVH lesions or nVH lesions
without phenobarbital. Although acute exposure is expected to be less toxic than chronic
exposure, an acute dose was selected because it is sufficient to induce pronounced ENA
during a critical period. Furthermore, acute doses are relevant to the use of phenobarbital in
infants with febrile seizures.

2. MATERIALS AND METHODS
2.1 Animal care and maintenance

A total of 11 female Sprague-Dawley timed pregnant (gestational day 17-18) rats from
Charles River Laboratories (Quebec, Canada) were housed in a temperature, humidity and
light cycle controlled environment in the Douglas Mental Health University Institute animal
facility throughout all experiments. On P4, litters were culled to 9-10 pups per dam with a
maximum of 7 male pups. From the 11 dams, 57 pups underwent surgery (on P7), out of
which 41 animals survived. The survival rate did not differ between saline and phenobarbital
treated animals. Animals in poor health (n=2) were not included in the study. Verification of
lesion post-testing (as described in section 2.4) revealed misplaced lesions in four rats; data
from these animals were omitted from the analysis. Pups weighed between 15-17g at the
time of surgery. The experiments with animals were carried out in accordance with the
National Institute of Health Guide for the Care and Use of Laboratory Animals and the
Canadian Council of Animal Care, and were approved by the Georgetown University
Animal Care and Use Committee and the McGill University Animal Care Committee. All
efforts were made to minimize animal suffering and to reduce the number of animals used.
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2.2 Animal treatments
On P7, pups were weighed (15-17 g) and treated with an equivalent volume of phenobarbital
(75mg/kg, i.p.; Sandoz, Canada) or normal saline. The dose of phenobarbital selected falls
within the anticonvulsant range in neonatal rats (Kubova and Mares, 1991), and produces
robust induction of ENA on P7 (Bittigau et al., 2002; Katz et al., 2007; Forcelli et al.,
2011a). Six hours after injection, pups from both groups were randomly selected for nVH
lesion or sham surgery. Lesions were conducted as previously described (Flores et al.,
1996a, b). Pups were anesthetized by hypothermia and secured on a modified platform fixed
to a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). A 30 gauge needle, connected
to a 10 μl Hamilton syringe and an infusion pump, was lowered into the ventral
hippocampus (AP -3.0 mm and ML +3.5 mm from bregma, DV -5.0 mm from the surface of
the skull). The ‘lesion’ group received bilateral infusions of 0.3 μl ibotenic acid (10μg/μl,
Sigma, St. Louis, MO, USA) dissolved in 0.1M phosphate buffered saline (PBS, pH 7.4)
over a period of 2 min and the ‘sham’ group received the same volume of PBS. The cannula
was left in place for 2 min for diffusion of drug, after which the incision was sutured and the
pups were placed on a heating pad until fully recovered. This procedure resulted in four
groups of animals: saline-sham (n=8), saline-lesion (n=6), phenobarbital-sham (n=10), and
phenobarbital-lesion (n=11). Animals were tagged and returned to their dams, where they
remained undisturbed until weaning (P21). Starting from P21, all operated pups were housed
separately in groups of 2 animals per cage until testing.

2.3 Behavioral Testing
Behavioral testing was initiated on P60, and was conducting during the light phase of the
light:dark cycle. To maximize the use of animals, the same cohort of animals was used for
all behavioral tests. Behavioral tests were performed as described below. The tests were
performed in order starting with the least stressful conditions followed by increasingly
stressful/demanding conditions, in the order presented below. Tests were separated by 48-72
hours.

2.3.1 Novel object recognition memory task (NORT)—The NORT exploits the
natural tendency of rodents to preferentially explore novel objects in their surrounding as
compared to familiar objects. Testing was conducted as previously described (Mumby et al.
2002) in an open-field chamber (60 × 60 × 60 cm) made of dark plexiglass located in a quiet
room. Animals were acclimated to the testing arena for 20 min daily for 3 consecutive days,
with different pairs of identical three-dimensional junk objects (toys of various shape)
placed at opposite corners of the box. Following each session, the objects and testing arena
were cleaned with 30% ethanol. On the test day (day 4), the rats were placed in the arena
with two new identical objects and allowed to explore the objects for 5 min (familiarization
phase); they were then returned to their home cage for 5 min (retention time). The objects
were replaced with two new objects; one identical to the objects used during the
familiarization phase and the other of a novel shape. The rats were then reintroduced to the
arena and allowed to explore the objects for 3 min (testing phase). Behavior was videotaped
and scored by observers blind to the animal status. Object exploration was defined as time
when the rat was within 2-3 cm of the object, with its head oriented directly towards the
object or if animal had at least one forepaw on the object or was sniffing or licking the
object. Object recognition memory was defined as the ratio of exploration time for the novel
object (TN) over the total exploration time for the novel and familiar (TF) objects
[exploration ratio = TN/(TF + TN)]. A value significantly different from 0.5 (chance level,
one sample t-test) indicates memory.

2.3.2 Anxiety-like behavior in Elevated plus-maze (EPM)—Rodents have natural
preference for closed and dark places over open and lit, along with a strong innate
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exploratory drive. The EPM exploits these competing preferences by offering a choice
between closed and open arms. The proportion of time spent in the closed arms can be used
as a measure of anxiety-like behavior (Pellow et al. 1985). Animals were tested in the EPM
as previously described (Wood et al. 2003), with sufficient sensitivity to detect changes in
both time spent and number of entries into the open arms of the maze. A standard elevated
plus maze made from black plexiglass, with two enclosed and two open arms, as well as a
central platform was used for testing. The EPM was located in a sound attenuated room with
50 lux illumination from a ceiling-mounted white fluorescent lamp. Each rat was placed on
the central platform and its behavior was video recorded for 5 min. The videos were
analyzed by treatment-blind observers for the number of entries into the open and closed
arms (defined as the number of head pokes made from open/closed arms or the central
platform with at least forepaws into the arms), as well as time spent in the open/closed arms.

2.3.3 Prepulse inhibition (PPI) of the acoustic startle response (ASR)—PPI is a
measure of sensorimotor gating where startle responses to strong auditory stimuli are
attenuated when the stimuli are preceded by a weaker stimulus (Braff et al. 1992; Parwani et
al. 2000; Perry et al. 2002; Weike et al. 2000). As described previously (Kamath et al.
2008), PPI of the ASR was measured using a commercially available system (SR-LAB; San
Diego Instruments, San Diego, CA) in two sound-attenuating chambers, each equipped with
a cylindrical Plexiglas animal enclosure and a small electric fan, which generated a 70 dB
background noise and provided ventilation. Sound pressure levels (dB(A) weighting) were
measured at the position of the rats ears. Broadband noise pulses were presented via a
speaker positioned directly above the animal. An accelerometer affixed to the animal
enclosure frame was used to detect and transduce motion resulting from the animals’
response. Noise pulse parameters were controlled using SR-LAB software, which also
recorded responses. Animals were acclimated to the enclosure for 5 min before being tested
during 37 discrete trials. On the first two trials, the magnitude of the startle response to a 120
dB white noise pulse was measured. These first two startling pulses were presented to
habituate the animals to the testing procedure and thus were omitted from the data analysis;
all subsequent trials were included in analysis. On the subsequent 35 trials, the startle pulse
was either presented alone or 100 ms after the presentation of a 30 ms prepulse. ASR to the
pulse was measured following trials with prepulse intensities of 3, 6, 9, 12 and 15 dB above
background noise. Prepulses were varied randomly between trials, and each prepulse was
presented five times; animals were randomly presented with the startle pulse alone during
the other 10 trials. The average intertrial interval was 15 s (range, 5-30 s). Startle responses
were determined automatically by the SRLab analysis suite. Startle magnitude was
calculated as the average of the startle responses to the pulse-alone trials. PPI was calculated
according the formula: %PPI = 100 − (startle response for prepulse + pulse trials/startle
response for pulse alone trials) × 100%.

2.3.4 Locomotor activity—Spontaneous and amphetamine-induced locomotor activity
are behavioral measures of mesolimbic dopamine activity. Spontaneous and amphetamine-
induced locomotor activity was assessed as previously described (Flores et al. 1996b).
Acrylic arenas (AccuScan Instruments, Inc., Columbus, OH, USA) 40 × 40 × 30 cm (l × w ×
h), equipped with infrared sensors were used to assess locomotion. Data collection was
performed using the Versamax Software (version 4.0, 2004; AccuScan Instruments, Inc.).
Animals were brought from their home environment to the testing room and immediately
placed to the activity boxes where their activity was monitored during three segments: (1)
spontaneous activity and habituation in the novel environment during first 60 min, (2)
locomotor activity after an i.p. injection of saline for 60 min and (3) Locomotor activity after
an injection of d-amphetamine sulphate (1.5 mg/kg, free base dissolved in saline, i.p.) for
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180 min. For each animal, total horizontal distance traveled (cm) measured in 10 min
intervals was used for analysis.

2.4 Histological examination
Upon completion of behavioral testing animals were euthanized by decapitation and their
brains were removed and frozen. Thirty-five μm coronal sections at the level of the
hippocampus were mounted on pre-coated microscope slides and stained with cresyl violet
staining solution (0.5%) for verification of the lesions. Only animals with bilateral lesions
confined to the ventral hippocampus were included in the nVH lesion group. Representative
lesions are shown in Supplemental Figure 1.

2.5 Statistical Analysis
EPM data were analyzed using 2-way analysis of variance (ANOVA) with lesion status and
drug treatments as independent variables. NORT data were analyzed with a one-sample t-
test (0.5 = chance performance). PPI data were analyzed with three-factor repeated-measures
ANOVA, with lesion status and drug as between-subjects factors, and prepulse intensity as a
repeated measure. Locomotor activity data were analyzed using a three-way, repeated-
measures ANOVA with test segment as a within subject factor, and lesion status and drug as
between-subject factors. Repeated measures analysis was performed using the Greenhause-
Geisser correction for violations of sphericity. Wherever required, group differences were
analyzed using either Tukey’s or Bonferonni’s post-hoc test. p values < 0.05 were
considered significant.

3. RESULTS
3.1 Prepulse Inhibition (PPI) of Acoustic Startle Response (ASR)

Control (sham-lesioned, saline-treated) animals displayed an increase in PPI with increasing
prepulse intensity, as is typical for this paradigm. These data, as well as mean baseline ASR
amplitude are shown in Figure 1. nVH-lesioned animals exhibited significant reduction in
PPI, as compared to controls (Figure 1a). Phenobarbital-exposed animals without nVH
lesions also exhibited significant reduction in PPI, as compared to controls. Phenobarbital-
exposed animals with nVH lesions were not significantly different from phenobarbital-
exposed animals without nVH lesions (p=0.128). Baseline ASR did not differ between
groups (Figure 1b).

ANOVA of basal acoustic startle response (ASR amplitude) showed neither an effect of
lesion (F1,31=2.99, p=0.093), phenobarbital treatment (F1,31=0.016, p=0.89), nor an
interaction between lesion status and drug treatment (F1, 31=0.11, p=0.91). A 3-way
ANOVA of PPI showed no significant effect of lesion status (F1,31 =1.05, p = 0.31), but a
significant main effect of phenobarbital treatment (F1,124 = 2.94, p = 0.096), prepulse
intensity (F4,124 = 32.18, p < 0.001) and significant interaction between lesion status and
drug treatment (F3,31 = 4.33, p = 0.012). Further analysis indicated non-significant
interactions between: lesion status and prepulse intensity (F4,124 = 1.12, p = 0.35), drug
treatment and prepulse intensity (F4,124 = 0.90, p = 0.45), and lesion status, drug treatment
and prepulse intensity (F4,124 = 1.00, p = 0.44).

Post-hoc analysis (Bonferroni) revealed that nVH-lesioned animals not exposed to
phenobarbital had a significant reduction in PPI compared to control animals at prepulse
intensities 9, 12 and 15 dB above background (p<0.05). Post-hoc analysis (Bonferroni) also
showed that neonatal phenobarbital treatment alone led to a disruption of PPI, as compared
to control animals at prepulse intensities 9, 12 and 15 dB above background (p<0.05).
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Phenobarbital-exposed, nVH-lesioned animals displayed deficits equivalent to those seen in
phenobarbital-exposed, sham-lesioned animals.

3.2 Locomotor activity
Control (sham-lesioned, saline-treated) animals displayed exploratory activity in the novel
locomotor chamber (Figure 2a), which habituated over the course of the first 60 min (Figure
2b). Control animals had no significant response to an injection of saline at 60 min (Figure
2c). As expected based on previous literature (Hall et al. 2008), following injection of
amphetamine, control animals displayed a significant (p<0.001) increase in locomotor
activity (Figure 2d). This amphetamine-induced response was significantly enhanced in
nVH-lesioned animals (p<0.01), without a change in either the initial exploratory response
(first 60 min) or the response to saline (second 60 min). Phenobarbital-exposed animals
without nVH lesions exhibited a significantly enhanced locomotor response, as compared to
controls, during the first 60 min following amphetamine injection (p<0.05; Figure 2e); the
response of these animals was not significantly different from controls when comparisons
included the full 120 min. Phenobarbital exposed animals with nVH lesions displayed a
significantly enhanced response to amphetamine, as compared to both controls and saline-
treated nVH-lesioned animals (Bonferroni, p<0.001). This difference was most marked
during the recovery phase (60-120 min after amphetamine) when the phenobarbital-exposed
nVH-lesioned animals were the only group to exhibit a significant difference from controls
(Bonferroni, p<0.0001).

When data (horizontal activity) in the locomotor activity were binned by 60-min segment of
the test, a three-way ANOVA with test segment as a repeated measure showed a significant
main effect of lesion status (F1,31=17.093, p<0.001), drug treatment (F1,31=10.774, p<0.005)
and test segment (F3,93=293.611, p<0.001). Additionally, there was a significant three way
interaction between test segment, lesion status, and drug treatment (F3,93=3.198, p<0.05), as
well as significant interactions between test segment and lesion status (F3,93=12.082,
p<0.001), and test segment and drug treatment (F3,93=4.090, p<0.05). Bonferroni corrected
pair-wise comparisons were used to assess differences within each test segment. These
comparisons revealed no differences between groups during the initial habituation period
(0-60min), nor during the post-saline period (60-120min). During the first 60min following
amphetamine injection, all three experimental groups displayed significantly more activity
than did controls (p<0.05), while in the subsequent 60min, only the phenobarbital-exposed,
nVH-lesioned group was significantly different than controls (p<0.001).

When data were analyzed by a 3-way ANOVA with test segment as a repeated measure, but
the 120 min following AMPH collapsed into one segment, there was a significant main
effect of lesion status (F1,31=17.093, p<0.001), drug treatment (F1,31=10.774, p<0.005) and
test segment (F2,62=570.961, p<0.001). Additionally, there was a non-significant three-way
interaction between test segment, lesion status, and drug treatment (F2,62=0.699, P=0.591),
as well as significant interactions between test segment and lesion status (F2,62=13.800,
p<0.001), and test segment and drug treatment (F2,62=10.325, p<0.001). Pair-wise
comparisons revealed no group differences during habituation, or following saline injection.
Following amphetamine, nVH-lesioned animals displayed a significantly greater response
than did controls (p<0.05). Phenobarbital-exposed, nVH-lesioned animals displayed a
significantly greater response than phenobarbital-exposed, sham-lesioned animals
(p<0.001). Phenobarbital-exposed, sham-lesioned animals did not differ significantly from
controls (p=0.056).
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3.3 Novel Object Recognition Task (NORT)
Control (sham-lesioned, saline-treated) animals showed an increased ratio of time spent
exploring the novel object to total exploration time (novel + familiar object). This
demonstrates memory for the previously explored (familiar) object. Animals with nVH
lesions failed to exhibit this increase, showing no difference in exploration time between the
novel and familiar objects, resulting in a ratio not significantly different from chance (Figure
3a). The exploration ratio for this group was significantly lower than that for the controls.
Phenobarbital exposure did not modify these responses in either lesioned or sham-lesioned
animals. Two-way ANOVA revealed a significant main effect of lesion (F1,24=7.14,
p=0.013), but neither a significant main effect of drug treatment (F1,24=0.066, p=0.80) nor
an interaction between drug treatment and lesion status (F1,24=0.058, p=0.81). An analysis
of the exploration ratio using one-sample t-test showed that both saline-sham (t = 10.81, p =
<0.001) and phenobarbital-sham (t = 11.65, p = < 0.001) animals had a significant
preference for exploring the novel object after the 5 min delay, whereas novel objet
exploration of lesioned animals, with or without phenobarbital, did not differ significantly
from chance level. The total time exploring both objects did not differ between groups:
lesion (F1,24=0.96, p=0.33), drug treatment (F1,24=0.82, p=0.37), interaction between lesion
status and drug treatment (F1,24=0.10, p=0.75) (Figure 3b).

3.4 Elevated Plus Maze (EPM)
Control (sham-lesioned, saline-treated) animals had a mean time spent in open arms of 76 s,
made a mean of 22 total arm entries, with 35% of the entries into the open arms. nVH-
lesioned animals displayed a significant increase in the percent of entries into the open arms
as compared to controls (p<0.01, Figure 4a) with no difference in total arm entries (Figure
4c) or time spent in open arms (Figure 4b). This increase in percent open arm entries in
saline + nVH-lesioned animals is consistent with a decrease in anxiety-like behavior.
Phenobarbital exposure did not modify these responses in either lesioned or sham-lesioned
animals. A 2-way ANOVA of the percent of entries into the open arm showed a significant
main effect of lesion status (F1,31=13.87, p=0.0008), but no effect of phenobarbital treatment
(F1,31=2.51, p=0.1227), nor an interaction between lesion status and drug treatment
(F1,31=0.6529, p=0.4252). Data on the total number of arm entries showed no significant
main effect of either lesion status (F1,31=0.1709, p=0.6822), or phenobarbital treatment
(F1,31=0.2858, p=0.5968) nor did it show an interaction between lesion status and drug
treatment (F1,31=0.2465, p=0.6231).

4. DISCUSSION
Here, we demonstrated that neonatal phenobarbital treatment per se leads to disruption in
sensorimotor gating function (PPI) in adulthood. Furthermore, neonatal phenobarbital
exposure enhanced the adult locomotor response to amphetamine in animals with or without
nVH lesions. These results support our hypothesis that AED exposure during a sensitive
period in development can predispose to certain schizophrenia-like abnormalities and may
worsen behavioral outcomes caused by other predisposing insults.

nVH-lesioned animals that did not receive phenobarbital exhibited behaviors consistent with
those in previous reports (for review see Marcotte et al. 2001; Tseng et al. 2009). In
particular, these animals exhibited impairments in NORT (Bhardwaj et al. 2005), decreased
anxiety like behavior (Wood et al. 2003), deficits in sensorimotor gating function (Le Pen et
al. 2003; Le Pen and Moreau 2002; Risterucci et al. 2005), and hyperactivity to acute
amphetamine administration (Flores et al. 1996b; Lipska et al. 1993). It is noteworthy that
this model is generated by making lesions at an age (P7) of peak vulnerability to ENA
induced by AEDs (Bittigau et al. 2002; Lipska et al. 1995). Thus, overlapping mechanisms

Bhardwaj et al. Page 8

Neuropharmacology. Author manuscript; available in PMC 2013 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may be responsible for the later behavioral abnormalities triggered by neonatal AED
exposure and hippocampal lesions.

Our data indicate that both nVH lesions and phenobarbital treatment (in sham-lesioned
animals) lead to comparable impairments in PPI in adulthood. The neural circuits regulating
PPI include the hippocampus, nucleus accumbens, frontal cortex, and amygdala (Braff 2010;
Swerdlow et al. 2001). Given the fact that these areas exhibit ENA following a single dose
of phenobarbital on P7 (Forcelli et al., 2011a), and that nVH lesions also cause long term
changes in several of these areas (Negrete-Díaz et al. 2010; Kamath et al. 2008; Powell et al.
2006), it is not surprising that both treatments lead to disruptions in PPI. The fact that we did
not see a worsening of the lesion effect in phenobarbital-exposed animals may be due to the
severity of the lesion effect by itself. Despite the parametric nature of PPI, given the
profound impairment in PPI caused by the nVH lesions alone, it is difficult to detect
additional impairment in this task.

PPI deficits in adult animals also can be induced by neonatal exposure to NMDA receptor
antagonists [PCP (Wang et al. 2003) or MK-801 (Harris et al. 2003)]. Although
phenobarbital and NMDA receptor antagonists have distinct mechanisms of action, they
both induce ENA in the developing brain. This provides further evidence that drugs that
induce ENA can disrupt the corticolimbic circuits necessary for normal sensorimotor gating.

Corticolimbic dysfunction has also been suggested to underlie the enhanced locomotor
hyperactivity in response to amphetamine seen in nVH-lesioned animals, likely due to an
increase in mesolimbic dopamine activity (Le Moal and Simon 1991; Lodge and Grace
2007; Marcotte et al. 2001; Tseng et al. 2009). Our data with amphetamine responses in
nVH-lesioned rats confirm previous observations in these animals. However, our data show
a significant enhancement of amphetamine-induced locomotion following phenobarbital
exposure in the absence of the nVH lesions. Furthermore, the combination of phenobarbital
exposure and the nVH lesions results in an even greater enhancement of the amphetamine-
induced locomotion than either treatment alone. The increase in amphetamine-induced
locomotion by neonatal phenobarbital and its exacerbation of nVH lesion-induced behavior
suggest that phenobarbital may disrupt circuits that are either the same or parallel to those
disrupted following nVH lesions.

We found that phenobarbital neither induced nor exacerbated nVH lesion-evoked deficits in
memory as measured in the NORT, or anxiety-like behavior as measured in the elevated
plus maze. These tasks are thus dissociated from PPI and amphetamine-induced locomotion,
suggesting that the latter may be more dependent upon neural substrates which are disrupted
by phenobarbital-induced ENA. However, it would be premature to conclude that circuitry
for memory and anxiety are not disrupted by neonatal phenobarbital exposure, since we
have only examined the effects of a single acute phenobarbital treatment. In fact, other
studies have reported spatial memory impairment in adult animals following chronic
exposure to phenobarbital during the neonatal period (McBride et al. 1985; Pick and Yanai
1984, 1985; Rogel-Fuchs et al. 1992; Stefovska et al. 2008). However, the type of memory
assessed in the current study (non-spatial, long term memory) differs from spatial memory
previously assessed. Assessment of spatial memory in the nVH lesioned, phenobarbital
exposed animals might reveal memory deficits not seen in the present paradigm.
Furthermore, analysis of short-term memory, rather than the longer-term memory in the
present study may also be useful. With respect to anxiety-like behavior, we have observed
decreased anxiety-like behavior in adult rats in the elevated plus maze following
phenobarbital exposure from P7 to P14 (Forcelli et al. 2010); these changes are comparable
to those obtained in nVH-lesioned animals. This suggests that the effects seen with a single
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drug exposure may represent only the “tip of the iceberg” with additional deficits appearing
with chronic treatment.

Our findings with neonatal exposure to phenobarbital support the hypothesis that AED drug
exposure in infancy can predispose to some behavioral abnormalities resembling those that
are seen in patients with schizophrenia. While we initially expected that early postnatal
exposure to phenobarbital might exacerbate behavioral outcomes associated with the nVH
lesion model in the rat, our data indicate that neonatal phenobarbital exposure itself can lead
to abnormal behavioral outcomes in the absence of lesions or other insults. The fact that
these results were obtained with just a single acute drug exposure suggests that our findings
are relevant to acute clinical interventions in addition to chronic therapies. The possibility
that chronic drug exposure might lead to more extensive deficits is suggested by recent
behavioral data (Forcelli et al., 2011c) that also suggest that newer AEDs may cause less
toxicity than phenobarbital (Forcelli et al., 2011c, Katz et al., 2007; Kim et al., 2007).
Furthermore, because ketamine and other anesthetic agents also induce ENA (Jevtovic-
Todorovic et al., 2003; Ikonomidou et al., 1999), early-life exposure to these medications
should be examined as a potential risk factor for neuropsychiatric sequelae.

It is important to note that we did not detect impairment in memory, nor did we assess other
cognitive measures that are characteristic of schizophrenia. Such measures would be
worthwhile examining in future studies, as the cognitive abnormalities present in patients
with schizophrenia are some of the most debilitating. At the same time the behavioral
deficits that we have observed are not specific to schizophrenia, but are associated with
other neuropsychiatric disorders (for a review Braff et al., 2001), suggesting that the
relevance of our findings may extend beyond schizophrenia.

Our findings emphasize the importance of examining drug treatment during development as
a potential risk factor for neuropsychiatric abnormalities in adolescence and adulthood. For
example, the influence of drug exposure during brain development has yet to be examined as
a factor contributing to the schizophrenia-like psychosis and thought disorders that have
been observed in children and adolescents with epilepsy (Caplan et al. 1991, 1997, 1998).
Finally, our findings support the concern raised by Vestergaard et al. (2005) that AED
treatment (especially phenobarbital) may have contributed to the association they reported
between febrile seizures and schizophrenia.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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PB phenobarbital

P postnatal day

NORT novel object recognition task

EPM elevated plus-maze

ASR acoustic startle response

ENA enhanced neuronal apoptosis

NMDA N-Methyl-D-aspartate

i.p. intraperitoneal
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Adult behavior in rats was studied after acute neonatal phenobarbital (PB) exposure

Effects of PB were compared to those of neonatal ventral hippocampal lesions (nVH)

Neonatal PB and nVH lesions impaired adult prepulse inhibition equivalently

Both neonatal PB and nVH lesions exacerbated adult response to amphetamine

Neonatal PB recapitulated some features of the nVH model of schizophrenia
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Figure 1.
Both neonatal ventral hippocampal (nVH) lesions and neonatal phenobarbital (PB) treatment
disrupt PPI. (A) Prepulse inhibition, as a function of prepulse intensity. PP3, 6, 9, 12 and 15
indicate prepulse intensity in dB above background (B) baseline ASR. * - significantly
different than control (sham-lesioned, saline-treated), p<0.05
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Figure 2.
Both neonatal ventral hippocampal (nVH) lesions and neonatal phenobarbital (PB) exposure
increase locomotor response to amphetamine (AMPH). (A) time course of locomotor
activity; arrows indicate the time of injection of saline and amphetamine; (B) total distance
traveled during the baseline (0-60 min) period; (C) total distance traveled during the saline
(60-120 min) period; (D) total distance traveled following amphetamine (120-300 min); (E)
60 min bins following amphetamine. * - significantly different than control (sham-lesioned,
saline treated), p<0.05. # - significantly different than saline-exposed, nVH-lesioned group,
p<0.05.
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Figure 3.
Neonatal ventral hippocampal (nVH) lesions, but not neonatal phenobarbital (PB) treatment
disrupts novel object recognition in rats. (A) exploration ratio (time exploring novel object/
total time exploring either object; a higher ratio indicates a preference for the novel object);
(B) total time spent exploring both objects during the test session. * - significantly different
than control (sham-lesioned, saline-treated), p<0.05. # - performance significantly above
chance (indicated by the horizontal dotted line), p<0.05.
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Figure 4.
Neonatal ventral hippocampal (nVH) lesions, but not neonatal phenobarbital (PB) exposure
decrease anxiety-like behavior in the elevated plus maze. (A) percent open arm entries (B)
time in open arms (C) total arm entries.* - significantly different than control (sham-
lesioned, saline-treated), p<0.05.
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