1521-0103/12/3403-558-566$25.00
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS

Copyright © 2012 by The American Society for Pharmacology and Experimental Therapeutics

JPET 340:558-566, 2012

Vol. 340, No. 3
188862/3748140

Effects of Neonatal Antiepileptic Drug Exposure on Cognitive,
Emotional, and Motor Function in Adult Rats

Patrick A. Forcelli, Ryan Kozlowski, Charles Snyder, Alexei Kondratyev, and Karen Gale

Interdisciplinary Program in Neuroscience (P.A.F., A.K., K.G.), and Departments of Pharmacology and Physiology (P.A.F., R.K.,
C.S., AK., K.G.) and Pediatrics (A.K.), Georgetown University Medical Center, Washington, District of Columbia

Received October 27, 2011; accepted November 29, 2011

ABSTRACT

Despite the potent proapoptotic effect of several antiepileptic
drugs (AEDs) in developmental rodent models, little is known
about the long-term impact of exposure during brain develop-
ment. Clinically, this is of growing concern. To determine the
behavioral consequences of such exposure, we examined phe-
nobarbital, phenytoin, and lamotrigine for their effects on adult
behaviors after administration to neonatal rats throughout the
second postnatal week. AED treatment from postnatal days 7 to
13 resulted in adult deficits in spatial learning in the Morris water
maze and decreased social exploration for all drugs tested. Phe-
nobarbital exposure led to deficits in cued fear conditioning, risk
assessment in the elevated plus maze, and sensorimotor gating
as measured by prepulse inhibition, but it did not affect motor
coordination on the rotorod task. In contrast, phenytoin and lam-

otrigine exposure led to impaired rotorod performance, but no
deficits in sensorimotor gating. Phenytoin, but not lamotrigine or
phenobarbital, increased exploration in the open field. Phenytoin
and phenobarbital, but not lamotrigine, disrupted cued fear con-
ditioning. These results indicate that AED administration during a
limited sensitive postnatal period is sufficient to cause a range of
behavioral deficits later in life, and the specific profile of behavioral
deficits varies across drugs. The differences in the long-term
outcomes associated with the three AEDs examined are not pre-
dicted by either the mechanism of AED action or the proapoptotic
effect of the drugs. Our findings suggest that a history of AED
therapy during development must be considered as a variable
when assessing later-life cognitive and psychiatric outcomes.

Introduction

Antiepileptic drugs (AEDs) have well established safety
profiles in adults, but much less is known about their safety
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during gestation or infancy. Because the developing brain is
highly vulnerable to even transient changes in the molecular
environment, AED exposure during sensitive developmental
periods may alter brain maturation and adversely affect ner-
vous system function in adulthood. This concern is under-
scored by accumulating preclinical and clinical evidence that
the administration of AEDs during gestation or infancy can
lead to later behavioral impairments.

Clinical studies have identified several striking changes
after in utero exposure to AEDs, including decreased volume
in key brain areas (Ikonomidou et al., 2007), as well as
behavioral problems and reduced intelligence quotient (Me-
ador et al., 2011). During the early postnatal period, pheno-
barbital is the first-line therapy for seizures, with phenytoin
serving as a second-line alternative (Bartha et al., 2007).
Because the neonatal period has the highest incidence of
newly diagnosed seizures compared with any period across
the lifespan, drug therapy for these seizures affects an espe-
cially large population. One of the few studies to directly
examine later effects of early life exposure to phenobarbital
(as a treatment for febrile seizures) found a significant asso-
ciation with reduced intelligence quotient (Farwell et al.,
1990; Sulzbacher et al., 1999).

Behavioral outcomes caused by AED therapy cannot be
revealed by clinical data alone because of confounds resulting
from underlying neurological disorders. Furthermore, it is
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difficult to compare across drugs because clinical therapy
often involves drug combinations (Kim et al., 2007a).

Rodent models are therefore ideal for evaluating the effects
of exposure to different AEDs in normal subjects during
defined developmental periods. AED-associated neurotoxic-
ity during a narrow developmental window (the second post-
natal week in the rat) may be sufficient to cause adverse
behavioral consequences in adulthood (Forcelli et al., 2010,
2011a). In rodents, both phenobarbital and phenytoin cause
neuronal apoptosis when given in therapeutically relevant
doses during this specific postnatal period (Bittigau et al.,
2002; Katz et al., 2007; Kim et al., 2007a,b; Forcelli et al.,
2011b). This toxicity, which is shared with other AEDs (e.g.,
valproic acid), anesthetic agents (Jevtovic-Todorovic et al.,
2003), ethanol (Ikonomidou et al., 2000), and NMDA receptor
antagonists (Ikonomidou et al., 1999), is evident throughout
the cortex, striatum, thalamus, and limbic system. In addi-
tion, striatal synaptic maturation is disrupted after exposure
to phenobarbital, phenytoin, or lamotrigine (Forcelli 2011).
Behavioral abnormalities have been reported after neonatal
treatment with ethanol, anesthetics, and NMDA receptor
antagonists.

The long-term effects of exposure to phenobarbital or phe-
nytoin restricted to the second postnatal week have not been
examined. Phenobarbital exposure from postnatal day 2 (P2)
to P35 caused deficits in Morris water maze learning and
open-field exploration in adult rats (Pereira de Vasconcelos
et al., 1990; Rogel-Fuchs et al., 1992; Stefovska et al., 2008),
whereas phenytoin given from P2 to P4 caused deficits in
spontaneous locomotion and rotorod performance in adult
mice (Ohmori et al., 1999). Phenobarbital exposure has not
been examined for its effects on rotorod performance, and
phenytoin exposure has not been examined for water maze
learning. Neither drug has been examined for social, emo-
tional, or somatosensory function. Thus, although data accu-
mulated to date are sufficient to suggest that phenobarbital
or phenytoin exposure in preweanling rodents has long-last-
ing adverse consequences for certain behaviors, a more com-
prehensive analysis of functional deficits after neonatal ex-
posure to these drugs is needed.

Thus, for the present study, we selected a battery of tasks
sensitive to changes in motor, cognitive, and emotional func-
tion in adult animals. Locomotor and exploratory functions
were assessed by using accelerating rotorod and open-field
tasks; cognitive functions were assessed by using the Morris
water maze and fear-conditioning paradigms; emotionality
was assessed by using the elevated plus maze and social
behavior tasks; and sensorimotor gating was assessed by
prepulse inhibition (PPI) of the acoustic startle response. The
latter three assessments have been used to detect abnormal-
ities that reflect aspects of human neuropsychiatric disorders
(Sams-Dodd, 1999; Kamath et al., 2008). This is of particular
interest because patients with a history of early life seizures
exhibit a high incidence of neuropsychiatric symptoms, but it
is unclear whether such symptoms are triggered by seizures,
AED therapy, and/or an underlying pathology (Vestergaard
et al., 2005).

We systematically evaluated and compared adult perfor-
mance on the above behavioral tasks in rats that had been
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exposed to phenobarbital or phenytoin during the second
postnatal week. For comparison, we included lamotrigine-
exposed rats in our study, because unlike phenobarbital or
phenytoin, lamotrigine does not induce neuronal apoptosis at
therapeutically relevant doses in neonatal rats (Katz et al.,
2007).

Materials and Methods

Animals. Forty six timed pregnant Sprague-Dawley rats were
obtained from Harlan (Indianapolis, IN; gestational day 14—19 upon
arrival at Georgetown University). Rats were housed in a tempera-
ture-controlled (21°C) room with a 12-h light/dark cycle (lights on
6:00 AM). A total of 161 pups were used in the present studies. Upon
parturition, pups were left undisturbed with their dam until P7,
when female pups were culled, and male pups were weighed and
numbered. Pups were treated with AEDs during the second week as
described below and maintained with their dam until weaning at
P21. Treatments were balanced within and across litters to avoid
any litter effects, and litters were obtained across all four seasons,
avoiding any seasonal variability in shipping stress. Pups were
weaned into mixed-treatment cages of two to three animals for the
remainder of the experiments.

Drugs and Treatments. Sodium phenobarbital (75 mg/kg; Lu-
minal, 5-ethyl-5-phenyl-1,3-diazinane-2,4,6-trione; Sigma-Aldrich,
St. Louis, MO) and lamotrigine isethionate [20 mg/kg; Lamictal,
6-(2,3-dichlorophenyl)-1,2,4-triazine-3,5-diamine isethionate, Glaxo-
SmithKline, Research Triangle Park, NC] were dissolved in saline.
Phenytoin (50 mg/kg; sodium diphenylhydantoin; dilantin, 5,5-di-
phenylimidazolidine-2,4-dione; Sigma-Aldrich) was dissolved in al-
kalinized saline, pH 9 to 11.

Pups were treated once daily on P7, P8, P9, P11, P12, and P13 for
a total of six doses. All drugs were given intraperitoneally in a
volume of 0.01 ml/g. Control animals received an equivalent volume
of vehicle. Each vehicle was administered to subsets of control ani-
mals, and because no differences were detected based on vehicle,
vehicle groups were collapsed. Drug doses all fell within the anticon-
vulsant range in neonatal rats (Kubova and Mares, 1991; Stankova
et al., 1992). Furthermore, the doses of phenobarbital and phenytoin
selected produce robust cell death in the developing rat brain (Bit-
tigau et al., 2002; Katz et al., 2007; Kim et al., 2007a,b; Forcelli et al.,
2011b). As a contrast, the dose of lamotrigine selected, although
within the therapeutic range, does not produce cell death in the
developing rat brain (Katz et al., 2007).

Behavioral Assays. Animals were transported from the animal
facility to testing rooms, where they were allowed to acclimate for a
minimum of 30 min before the onset of behavioral testing. All be-
havioral testing was conducted and scored while blind to treatment
conditions.

Accelerating Rotorod. The accelerating rotorod is a measure of
motor coordination and motor learning (Monville et al., 2006). Ani-
mals were placed on the stationary rotorod (Accuscan Instruments,
Columbus, OH and IITC Life Science, Woodland Hills, CA) with a
3.2-cm-diameter drum, which accelerated from 0 to 45 rpm over the
course of a 5-min test. Latency to fall was automatically recorded.
Animals were tested for a total of 10 trials, with a 2-min rest period
between tests.

Open Field. Open field allows for an overall measure of sponta-
neous motor activity, as well as a measure of exploratory drive
(animals with a greater exploratory drive may explore the center of
the arena to a greater degree). Animals were placed in a Plexiglas
enclosure (40 X 40 X 40 cm; TruScan Arena; Coulbourn Instru-
ments, Allentown, PA) with 770-lux illumination over the center of
the arena. Animals were allowed to explore for 20 min, during which

ABBREVIATIONS: AED, antiepileptic drug; Pn, postnatal day; PB, phenobarbital; PHT, phenytoin; LTG, lamotrigine; PPI, prepulse inhibition; C,

control; NMDA, N-methyl-p-aspartate.
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total distance traveled, number of entries into the center zone, and
time spent in the center zone were recorded by using AnyMaze
software (Stoelting Co., Wood Dale, IL).

Elevated Plus Maze. The elevated plus maze is a standard test
for anxiety-like behavior in rodents. It examines the natural explor-
atory drive of rodents, the relative safety of the closed arms of the
maze (dim and with walls), and the fear of open, unenclosed, elevated
spaces. The elevated plus maze is a validated assay for anxiety-like
behavior and is a commonly used screen for anxiolytic drugs. Plus
maze testing was performed and scored as described previously
(Forcelli and Heinrichs, 2008) in a standard gray rat elevated plus
maze (50-cm arms, elevated 40 cm off the ground; Stoelting Co.).
Testing was conducted under 20-lux red light. The number of arm
entries and time spent in open and closed arms were recorded by
using AnyMaze (Stoelting Co.).

Social Behavior. Rats are social animals, and, as such, measures
of social interaction have established face, construct, and predictive
validity (Sams-Dodd, 1999; File et al., 2004). Animals were tested in
a three-chamber social behavior paradigm as described previously
(Billingslea, 2007). The center (“start”) chamber (15 X 10 cm; Habit-
est Runway; Coulbourn Instruments) was separated from the other
chambers via drop doors. The left and right chambers (37 X 10 cm;
Habitest Runway; Coulbourn Instruments) contained a novel con-
specific adult male and a novel object, respectively. Access to the
novel rat or object was limited to nose pokes through a grid with 2-cm
holes, which divided the left and right chambers evenly. This para-
digm, similar to that described for mice by Nadler et al. (2004), limits
the initiation of social behavior to the test subject, reducing con-
founds. At the start of the test animals were placed in the center
chamber and acclimated for 5 min, at which point the drop doors
lifted and the animal was allowed to freely explore for 20 min. Time
spent in each chamber was recorded by using AnyMaze software
(Stoelting Co.). Social index was calculated by using the formula:
(time spent in the social chamber/(time spent in social chamber +
time spent in the novel object chamber)) X 100. Thus, a score of 50
would indicate no significant social preference, a score higher than
50 would indicate a social preference, and a score less than 50 would
indicate a social aversion.

Prepulse Inhibition. PPI refers to the normal reduction in star-
tle response produced by the presentation of a weak startling stim-
ulus before presenting the test stimulus. The reduction is considered
to reflect sensorimotor gating, a function shown to be abnormal in a
number of psychiatric disorders (Swerdlow et al., 2000). Testing was
conducted as described previously (Kamath et al., 2008) by using
SR-Lab (San Diego Instruments, San Diego, CA). Background noise
(70 dB) and ventilation were provided by an electric fan. Broadband
noise pulses were presented by a speaker positioned above the ani-
mal enclosure. A piezoelectric accelerometer affixed to the animal
enclosure frame was used to detect and transduce motion resulting
from the animals’ response. Animals were placed in the Plexiglas
enclosure and allowed to acclimatize to the environment for 5 min
before being tested during 45 discrete trials. On the first five trials,
the startle response to a 100-ms, 120-dB white noise pulse was
measured to habituate the animals to the testing procedure and thus
were omitted from the data analysis. On the subsequent trials, the
startle pulse was either presented alone or 100 ms after the presen-
tation of a 30-ms prepulse. The acoustic startle response to the pulse
was measured after trials with prepulse intensities of 3, 6, 9, 12, 15,
and 18 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 magnitude was calculated as the average of the startle
responses to the pulse-alone trials. PPI was calculated according to
the formula: %PPI = (1 — (startle response for prepulse + pulse
trials/startle response for pulse alone trials)) X 100.

Fear Conditioning. Cued and contextual fear conditioning par-
adigms are standard tests of emotional memory. These behaviors

rely on the integrity of amygdala, hippocampus, thalamus, and other
structures. Adult male rats were conditioned as described previously
(Muller et al., 1997). Animals were exposed to four pairings of a
1-kHz tone that coterminated with a 1-s, 1-mA foot shock in operant
chambers (Habitest; Coulbourn Instruments). These pairings began
120 s after animals were placed into the test chamber with 60-s
intertrial intervals. All animals were monitored for response to foot
shock (all animals responded). Animals were tested for freezing in
response to a cue (tone) 24 h later in a novel environment (altered
bedding and odor) and for freezing in response to the original condi-
tioning environment 48 h later. Stimulus presentation was con-
trolled though an AnyMaze interface (Stoelting Co.), and freezing
was measured by AnyMaze (Stoelting Co.) and verified by a well
trained observer. Difference scores (to measure conditioning) were
calculated as follows: cue difference score = (% time freezing in
response to cue — % time freezing during test trial before cue onset),
context difference score = (% time freezing during context trial — %
time freezing during habituation period before conditioning on day 1).

Morris Water Maze. Morris water maze testing was performed
in a 1.5-m-diameter white water maze, as described previously
(Vorhees and Williams, 2006). Water was maintained at room tem-
perature with a depth of 32 cm. A submerged platform (11.5 cm
diameter, 30.5 cm tall) was placed in a constant location in the center
of the northeast quadrant of the maze. Water was made opaque by
the addition of tempera paint. Morris water maze performance can
be used to assess spatial learning and memory, and it critically relies
on the integrity of the hippocampus. Animals received 5 days of
training with the hidden platform, each day included four training
sessions with a 60-s intersession interval. The start location was
varied on each training trial. Latency to escape, heading error, path
efficiency, thigmotactic behavior, and swim speed all were recorded
by using AnyMaze Software. On the sixth day, animals were given a
60-s probe trial, in which the platform was removed and the animals
were released from a novel (previously unused) start location, to
ensure any navigation was based on a spatial map. Time spent in the
goal quadrant was recorded.

Statistical Analysis. Data were analyzed by using SPSS (IBM,
White Plains, NY) and Prism (GraphPad Software Inc., San Diego,
CA). Normally distributed data were analyzed via analysis of vari-
ance (with repeated measures as appropriate). Social behavior data
and probe trials in the Morris water maze were evaluated by using a
one-sample ¢ test. Nonparametric data were analyzed by using the
Kruskal-Wallis test. Post hoc tests were performed as appropriate
(Bonferroni-Holm’s corrected).

Testing Order. Every animal was tested on the elevated plus
maze. Subsets of animals, drawn from multiple litters were tested on
the additional tasks, in order of increasing stress. Tests were per-
formed in the following order: elevated plus maze, open field, social
behavior, rotorod, fear conditioning, prepulse inhibition, and Morris
water maze.

All procedures were in compliance with the American Association
for Accreditation of Laboratory Animal Care standards and approved
by the Georgetown University Animal Care and Use Committee.
Efforts were made to minimize the number of animals used and any
discomfort.

Results

Body Weight and Weight Gain. As shown in Table 1,
before treatment on P7 all groups had equivalent body
weights (Fy 19, = 2.464; p = 0.06). However, at the comple-
tion of treatment (on P13), the mean body weights of the
phenobarbital- and phenytoin-treated groups were signifi-
cantly lower than controls (F; ;55 = 15.60; p < 0.0001), with
the drug-treated groups exhibiting a reduced rate of weight
gain (F3 15, = 32.20; p < 0.0001). In spite of these differences,
the overall weight distributions were highly overlapping as



TABLE 1

Body weight and weight gain
Data are = S.E.M. Results in parentheses show S.D.
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TABLE 2

Open-field behavior
Data shown are mean += S.E.M.

Weight Gain from

Treatment P7 to P13

P7 Weight P13 Weight

g

25.7 = 0.48 (3.6)
20.1 = 0.69 (3.9)*

Control 14.2 + 0.36 (2.7)
PB 14.2 + 0.28 (2.2)
PHT 15.0 £ 0.40 (2.5) 23.4 = 0.64 (3.6)*
LTG 13.5 = 0.40 (2.5) 25.1 =0.70 (4.4)

* Significantly different than controls, P < 0.05.

11.7 = 0.49 (3.7)
4.8 = 0.52 (2.9)*
8.5+ 0.70 (3.8)*

11.5 + 0.50 (3.1)

reflected in the standard deviations. Lamotrigine-treated an-
imals did not differ from controls with respect to either body
weight or weight gain.

Accelerating Rotorod. The accelerating rotorod is a
standard test of motor coordination, in which the latency to
fall from the rotating rod is used as a measure of perfor-
mance. With repeated trials, this task can also be used to
assess motor learning as evident by increased latencies to fall
(Buitrago et al., 2004). There were no differences in perfor-
mance across treatments on the first trial, and all treatment
groups displayed significant learning over the course of 10
repeated trials. Animals exposed to phenytoin or lamotrigine
displayed significantly lower peak performance latencies
(i.e., the longest latency reached by each animal) compared
with controls (Fig. 1; p < 0.05; Fisher’s least significant
differences post hoc test).

Open Field Locomotion. As shown in Table 2, the ex-
perimental groups did not significantly differ in total dis-
tance traveled (F5 5o = 1.419; p = 0.25) or latency to enter the
center compartment (Fy 59 = 1.072; p = 0.37). Compared with
controls, animals exposed to phenytoin spent more time in
the central portion of the open field that was not adjacent to
the walls (p < 0.05; Dunnett’s multiple comparison test).
When collapsing across treatment groups, center time (r =
0.221; p = 0.31) was not correlated with weight gain in the
second postnatal week.

Prepulse Inhibition. For the analysis of treatment ef-
fects on PPI (Fig. 2) data were collapsed across prepulse
intensities because we found no significant interaction be-
tween treatment and prepulse intensity in a two-way analy-
sis of variance (main effect of treatment: Fz g, = 3.748, p <

250
)
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C PB PHT LTG
Fig. 1. Effect of neonatal AED exposure on adult peak performance
latencies (i.e., the longest latency reached by each animal) on the accel-
erating rotorod. Longer latencies (higher values) indicate better perfor-
mance. *, significantly reduced performance compared with controls, p <
0.05 (Fisher’s least significant differences post hoc test). C, control; PB,
phenobarbital; PHT, phenytoin; LTG, lamotrigine.

Treatment Total Distance Time in Center Latency to Enter Center
m % s

Control 16.4 = 0.6 1195 1.2 25.1 £5.8

PB 14.87 = 0.7 153 £35 20.90 = 5.0

PHT 18.54 = 0.9 20.92 * 3.6* 153 6.9

LTG 17.07 = 1.3 153 55 27.76 £ 7.8

* Significantly different than controls, P < 0.05.

0.05; prepulse intensity: F; 435 = 67.918, p < 0.0001; treat-
ment by prepulse intensity interaction: F'y5 435 = 1.377, p =
0.154). Control (vehicle-treated) animals exhibited a mean of
61.6% inhibition.

Mean PPI was significantly reduced in rats exposed to
phenobarbital (p < 0.05; Dunnett’s multiple comparison test)
but not in those exposed to phenytoin or lamotrigine (Fig. 2A;
F3 g9 = 3.878). Amplitude of the acoustic startle response did
not differ among treatment groups (Fig. 2B; Fj 5o = 1.661;
p = 0.12).

Figure 2C shows the effects of phenobarbital on PPI as a
function of prepulse intensity: phenobarbital significantly
attenuated PPI at prepulses 6, 9, 12, 15, and 18 dB above
background (p < 0.05; Bonferroni-Holm’s). When collapsed
across treatment groups, PPI was correlated with neonatal
weight gain (r = 0.321; p < 0.01), an effect that was exclu-
sively driven by a correlation in the control group (r = 0.351;
p < 0.05).

B .
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El [] Control = I
[l Phenobarbital
*
S 70 R 1 *
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3O_|_L,.- |li 1 | 1 | 1 | | |
3 6 9 12 15 18

Fig. 2. Effect of neonatal AED exposure on adult PPI. A, PPI in control
and AED-exposed animals, collapsed across prepulse intensity. B, base-
line acoustic startle response. C, PPI as a function of prepulse intensity in
control and phenobarbital-exposed animals. *, p < 0.05 (Bonferroni post
hoc).
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Elevated Plus Maze. Control animals spent a mean of
39.2 s (of a total 300 s) in the open arms of the elevated plus
maze. Time spent in the open arms was significantly greater
in animals exposed to phenobarbital (F;,,; = 1.636, p =
0.18; Bonferroni’s multiple comparison test, p < 0.05), but
was not altered in animals exposed to phenytoin or lam-
otrigine (Fig. 3A). No differences between groups were found
for the percentage of entries into the open arms (Fig. 3B;
F3 .35 = 0.26; p = 0.85) or the total arm entries (Fig. 3C;
F3 .45 = 2.66; p = 0.051). When collapsed across treatment
groups, there was no significant correlation between time
spent in the open arms and neonatal weight gain (r = 0.179;
p = 0.08).

Social Behavior. Control animals exhibited a significant
preference for exploration of a novel rat compared with a
novel object (Fig. 4; p < 0.001). This preference was not
significant in animals exposed to phenobarbital, phenytoin,
or lamotrigine. Furthermore, relative time spent exploring
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£
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oll— . . .
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Fig. 3. Effect of neonatal AED exposure on adult elevated plus maze.
A, time spent in the open arms of the plus maze. *, p < 0.05 (Bonferroni
post hoc). B, percentage of total entries that were made into the open
arms. C, total number of arm entries.

80
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2 601 L~
s | 1 LL*
(]
f w T
X
1
©
8 201
%)

n=22 n=5 n=7 n=13

C PB PHT LTG
Fig. 4. Effects of neonatal AED exposure on adult social exploration.
Social exploration ratio was calculated as: ((time spent in the social
chamber/(time spent in the social chamber + time spent in the novel
object chamber)) X 100. The dotted line indicates equal preference for
social and novel object chambers. *, p < 0.05 (Bonferroni post hoc). ", no
significant social preference (one-sample ¢ test, p < 0.05).

for a novel rat was significantly lower in animals exposed to
lamotrigine compared with controls (F; 4, = 4.544; p < 0.01,
post hoc; Dunnett’s multiple comparison test, p < 0.05).
When collapsed across treatment groups, there was no sig-
nificant correlation between social behavior and neonatal
weight gain (r = 0.034; p = 0.83).

Cued and Contextual Fear Conditioning. As shown in
Fig. 5A, cued fear conditioning in control animals was re-
flected by a difference score (time spent freezing during the
cue minus time spent freezing during precue baseline) sig-
nificantly higher than zero (p < 0.05; one-sample ¢ test).
Difference scores for phenobarbital- and phenytoin-exposed
animals were significantly lower than control difference
scores (F' ;o = 3.031, p < 0.05; Bonferroni post hoc, p < 0.05)
and did not significantly differ from zero, indicating no con-
ditioning (one-sample ¢ test). Lamotrigine-exposed animals
were not significantly different from controls and showed
difference scores significantly higher than zero (one-sample ¢
test; p < 0.05).

As shown in Fig. 5B, contextual fear conditioning was seen
in all groups, reflected by difference scores significantly
higher than zero (one-sample ¢ test; p < 0.05). There were no
significant differences between groups (F3,, = 0.555; p =
0.6). When collapsed across treatment groups, fear condition-
ing did not correlate with neonatal body weight gain (cue: r =
0.057, p = 0.6; context: r = 0.071, p = 0.5).

Morris Water Maze. As shown in Fig. 6 A to C, control
animals learned the location of the hidden platform in the
Morris water maze, as evidenced by a decrease in escape
latency during training. Animals exposed to phenobarbital
showed a similar learning curve, but had significantly longer
escape latencies compared with controls (Fig. 6A; p < 0.05).
Phenytoin-exposed (Fig. 6B) and lamotrigine-exposed (Fig.
6C) animals were not significantly different from controls
during training. There was a significant main effect of train-
ing day (Fy .5 = 111.673; p < 0.001), no significant main
effect of treatment (F; 44 = 1.949; p = 0.14), and no signifi-
cant treatment by training day interaction (F, ;55 = 0.689;
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Fig. 5. Effect of neonatal AED exposure on adult fear conditioning.
A, cued fear conditioning. *, p < 0.05 (Bonferroni post hoc). ", significant
conditioning (i.e., difference score >0; one-sample ¢ test; p < 0.05). B,
contextual fear conditioning.

563

Behavioral Sequelae of Neonatal AED Exposure in Rats

p = 0.72). Post hoc analysis revealed significant deficits in
phenobarbital-exposed animals on the fifth training day, as
well as a main effect of treatment when phenobarbital and
controls were compared directly (F, 5, = 6.28; p < 0.05).

On the probe trial, control and phenytoin-exposed animals
displayed a significant preference for the goal quadrant (p <
0.01 and < 0.05, respectively), indicating spatial recall. Nei-
ther phenobarbital- nor lamotrigine-exposed animals dis-
played a significant preference for the goal quadrant (Fig.
6D; one-sample ¢ test), indicating impaired spatial recall.

When escape route path efficiencies (Fig. 6E) were ana-
lyzed, they were found to be significantly less efficient in all
AED-exposed groups compared with controls (F; 4, = 4.067;
p < 0.05).

Control animals spent a mean of 21.2% of swim time along
the edges of the pool (i.e., thigmotactic behavior). This mea-
surement (Fig. 6F) was significantly greater in animals ex-
posed to phenytoin (H = 8.133; 3 df; p < 0.05) but not in those
exposed to phenobarbital or lamotrigine.

Average swim speed (Fig. 6G) over all trials did not differ
between groups (F5 4, = 0.74; p = 0.5). When collapsed across
groups, none of the performance measures in the Morris
water maze correlated with neonatal body weight gain [per-
centage of time in correct quadrant during the probe trial
(r = 0.218; p = 0.17); performance on day 1 (r = 0.179; p =
0.26); performance on day 2 (r = 0.077; p = 0.63); perfor-
mance on day 3 (r = 0.205; p = 0.20); performance on day 4
(r = 0.02; p = 0.89); performance on day 5 (r = 0.234; p =
0.14); path efficiency (r = 0.075; p = 0.64); swim speed (r =
0.168; p = 0.29); and thigmotaxis (r = 0.007; p = 0.96)].

Discussion

Our findings support the hypothesis that AED-associated
neurotoxicity during a narrow developmental window (the
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second postnatal week in the rat) is sufficient to cause ad-
verse behavioral consequences in adulthood. The pattern of
behavioral consequences in adulthood differed between the
three AEDs we tested, as summarized in Table 3, suggesting
that the drugs do not have identical mechanisms of neurode-
velopmental toxicity.

Our study is the first to compare the long-term effects of
neonatal exposure to three commonly prescribed AEDs on a
broad range of behavioral tasks relevant to human disease.
Prior studies in rodents focused only on a single drug, exam-
ining only one or two behavioral assays. For example, phe-
nobarbital exposure impaired spontaneous alternation in a T
maze (Pick and Yanai, 1983; Pereira de Vasconcelos et al.,
1990), water maze performance (Rogel-Fuchs et al., 1992;
Stefovska et al., 2008), and rat exploratory behavior in the
open field (Pereira de Vasconcelos et al., 1990). Only mouse
motor function has been assessed after early life exposure to
phenytoin. Simple motor behaviors (such as head elevation,
pivoting, and surface righting) were impaired in pups (Hatta
et al., 1999), and spontaneous locomotion and rotorod perfor-
mance were impaired later in life (Ohmori et al., 1999).
Long-term behavioral effects of lamotrigine have been exam-
ined in only two studies. Mikulecka et al. (2004) found that
lamotrigine significantly impaired rotorod performance, and
we have reported previously that lamotrigine (20 mg/kg from
P7 to P13) reduced pentylenetetrazole seizure threshold in
adult animals (Forcelli et al., 2011a). Here, we have shown
that neonatal exposure to the AEDs results in abnormalities
in motor, emotional, and social behaviors, as well as in learn-
ing and memory. Exposure to any of the three drugs ad-
versely affected both spatial learning in the water maze and
social preference. Because the dose of lamotrigine used was
below the threshold for a proapoptotic action (Katz et al.,
2007), these data suggest that the induction of neuronal
apoptosis is not a necessary condition for adverse outcomes.
Thus, long-term behavioral measures may be more sensitive
indicators of neurotoxicity compared with acute histopatho-
logical analysis.

Phenobarbital and phenytoin both cause neuronal apoptosis
in the neonatal rat brain. However, with the exception of a
common impairment in cued fear conditioning, the deficits
observed in rats exposed to each of these drugs were distinct:
phenobarbital exposure was associated with abnormalities in
elevated plus maze exploration and PPI, whereas phenytoin
exposure was associated with abnormalities in rotorod and
open-field performance. Thus, induction of neuronal apopto-
sis after acute treatment does not seem to be a good predictor
of the full range of later behavioral outcomes after chronic
treatment. It is possible that chronic treatment may, in the

case of lamotrigine, lead to drug accumulation to levels that
are sufficient to trigger apoptosis. The effect of repeated AED
exposure on the induction of apoptosis is an open question at
this point. It is unknown whether multiple exposures eliminate
more neurons than an acute exposure or how/if the pattern of
apoptosis might be altered with chronic administration.

Phenytoin and lamotrigine share a common mechanism of
antiepileptic action, the blockade of voltage-gated sodium
channels. This could account for the common mild impair-
ment observed on rotorod performance in animals exposed to
either of these drugs. However, for open-field exploration and
cued fear conditioning, the effects of the two drugs were
dissociated from one another. This suggests that the mecha-
nisms underlying the toxicity may be independent of those
responsible for the therapeutic action. Because these drugs
belong to distinct structural classes (i.e., phenytoin is a hy-
dantoin, lamotrigine is a phenyltriazine), generate different
metabolites, and exhibit nonoverlapping sets of side effects, it
is difficult to pinpoint which of the numerous differences
between the drugs may account for the divergent behavioral
outcomes after neonatal exposure. The fact that phenytoin
has clear teratogenic actions at therapeutic doses, whereas
lamotrigine does not (Ornoy, 2006), is strong evidence that
the nature and severity of impairment of developmental pro-
grams is not necessarily predicted by the antiepileptic mech-
anism of action.

Our behavioral findings after postnatal exposure to phe-
nytoin share some features described previously in adult
mice after prenatal exposure to this drug under conditions
that avoided causing physical malformations. In particular,
Vorhees and colleagues observed increased open-field activ-
ity as well as deficits in maze learning (in the Morris water
maze, among other tasks) in adult mice exposed to phenytoin
in utero (Adams et al., 1990; Vorhees, 1994). However, the
latter investigation showed increases in auditory startle, an
abnormality not observed in our animals, suggesting that
certain outcomes are specific to the developmental stage of
exposure. Increased responsivity to sound, as well as in-
creased activity in the open field, have also been observed in
mice after in utero exposure to phenobarbital during the last
week of gestation (Middaugh et al., 1981a,b). Neither of these
consequences were detected in our animals after postnatal
phenobarbital exposure, raising the possibility that the brain
may be more vulnerable to the actions of certain drugs during
the prenatal period.

Studies in nonhuman primates are an important step to-
ward extrapolation of the rodent data to humans. Although
drug-induced developmental neuronal apoptosis has been
documented in monkeys after in utero or neonatal exposure

TABLE 3
Summary of behavioral findings in adult animals exposed as neonates to antiepileptic drugs
Contextual .
Treatment Elevﬁ/};ed Plus CCu(ei(_it_Fegr Fear IPI}?%I.IJ-SE‘ Social Behavior Rotorod Morﬁs Water Open Field
aze ondaitioning Conditioning nnipition aze
Phenobarbital Decreased Decreased No change Decreased Decreased social No change Impaired No change
anxiety-like learning/memory sensorimotor exploration learning
behavior gating
Phenytoin No change Decreased No change No change Decreased social Decreased peak Impaired Decreased
learning/memory exploration performance learning exploration
of center
Lamotrigine No change No change No change No change Decreased social Decreased peak Impaired No change
exploration performance learning




to anesthetics or ethanol (Brambrink et al., 2010; Farber et
al., 2010), AEDs have yet to be examined in this context. The
fact that monkeys exposed to phenytoin in utero exhibited
motor deficits and hyperexcitability as infants (Phillips and
Lockard, 1996) suggests that nonhuman primate models are
likely to detect some of the same adverse behavioral out-
comes as have been observed in rodents. Studies of socio-
emotional, cognitive, and motor outcomes in adult monkeys
after neonatal exposure to a variety of AEDs would be of
great value in extending our findings in rats to the primate
brain.

The behavioral deficits we observed were unrelated to non-
specific debilitation during development or adulthood. Al-
though there was an effect of phenobarbital and phenytoin
exposure on weight gain in the neonates, this was not the
case with lamotrigine exposure, which nevertheless led to
impairment on tests of social, cognitive, and motor function
in adulthood. Further evidence for a dissociation between
neonatal weight gain and behavioral outcomes comes from
the lack of correlation between weight gain during the period
of drug exposure and behavioral performance on each of the
individual tasks. In adulthood, there were no significant
differences between body weights across treatment groups,
and locomotor behavior in the open field and swim speed in
the water maze were unaffected by drug exposure. This in-
dicates that drug exposure did not induce gross motor inca-
pacitation and motor impairment does not account for any of
the observed deficits.

Our finding that phenobarbital exposure impaired PPI is
consistent with a previous report that a single administra-
tion of phenobarbital on P7 disrupted PPI in adults to an
extent equivalent to that seen in the neonatal ventral hip-
pocampal lesion model of schizophrenia (Palchik et al., 2009).
Damage to hippocampus as well as several other key struc-
tures in the network that supports PPI, including amygdala,
thalamus, striatum, and nucleus accumbens (Bittigau et al.,
2002; Forcelli et al., 2011b) may explain the PPI deficits after
neonatal phenobarbital exposure. The fact that phenobarbi-
tal causes greater cell death in accumbens and amygdala
than does phenytoin (Forcelli et al., 2011b) may account for
the dissociation between these drugs for impairing PPI. A
similar impairment in PPI has been found after neonatal
exposure to NMDA receptor antagonists (Wang et al., 2001),
which are also potent inducers of apoptotic cell death in the
developing rat brain (Ikonomidou et al., 1999).

The abnormalities we observed in emotional and social
behavior may have relevance for pediatric epilepsy, for which
neuropsychiatric comorbidities are especially high (Plioplys
et al., 2007). It has previously been suggested that seizures
and psychiatric disorders may share an underlying brain
abnormality or may be causally related. Our data suggest a
third possibility: the comorbid psychiatric disorders may be
iatrogenic. In support of this hypothesis, we found decreased
anxiety-like behavior in the elevated plus maze in animals
that had been exposed to phenobarbital and decreased social
interactions in animals that had been exposed to either phe-
nobarbital, phenytoin, or lamotrigine. These results may re-
flect the histological changes in limbic substrates for these
behaviors (e.g., amygdala) we have reported previously
(Forcelli et al., 2011b).

The time of drug exposure in the present study was limited
to a restricted postnatal period (P7-P13), which corresponds
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to the late third trimester of gestation through infancy in
humans (Dobbing and Sands, 1979). This period, character-
ized by a high rate of synaptogenesis and neuronal pruning,
is referred to as the “brain growth spurt” (Dobbing and
Sands, 1979). Our results are consistent with the one previ-
ous study that examined a behavioral outcome after drug
exposure limited to this time period (Stefovska et al., 2008);
Wistar rats exposed to phenobarbital (50 mg/kg) on P4, P6,
P8, and P10 were impaired on water maze performance as
adults.

Induction of enhanced neuronal apoptosis is one of several
neurochemical changes seen in animals exposed to AEDs
early in life. Early exposure (P6) to phenobarbital resulted in
long-lasting changes in the cortical proteome, with long-last-
ing changes in the expression of proteins involved in oxida-
tive stress, apoptosis, astroglial response, energy metabo-
lism, and neuronal function. These changes provide at least
one mechanism by which early injury can have long-lasting
impacts on cortical function (Kaindl et al., 2008). Longer
duration of treatment with phenobarbital resulted in reduced
GABA receptor expression (Ruiz et al., 1989), increased mus-
carinic receptor expression in hippocampus (Rogel-Fuchs et
al., 1992; Pick et al., 1993), and decreased cerebral glucose
utilization (Pereira de Vasconcelos et al., 1990). In addition
to these changes, hippocampal neurogenesis is impaired af-
ter early life exposure to phenobarbital (Stefovska et al.,
2008). It would be particularly interesting to determine
whether these changes would occur under the shorter dura-
tion of treatment we used in the present study; if the shorter
duration of treatment were to be sufficient to induce these
alterations, it would suggest that they may contribute to the
adverse behavioral findings we detected. This is certainly
compelling, because deficits in hippocampal neurogenesis
have been linked to behavioral impairments in memory tasks
(Saxe et al., 2006).

Our present findings demonstrate that exposure to pheno-
barbital, phenytoin, or lamotrigine during a narrow postna-
tal window, and at therapeutically relevant doses, results in
long-lasting changes in emotional, social, and cognitive func-
tion. These domains of function are relevant to psychiatric
conditions that are highly comorbid with epilepsy. This be-
havioral toxicity cannot be explained by either drug mecha-
nism of action or the proapoptotic response to acute drug
administration alone. These data suggest that analysis of the
impact of multiple drugs across a battery of tests sensitive to
differing domains of central nervous system function is a
necessity for determining the long-term safety of AEDs for
use in early life.
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