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SOBRIAN, S. K. AND A. K. N. NANDEDKAR. Prenatal antiepih'ptic drug exposure alters seizure susceptibility in rats. 
PHARMACOL BIOCHEM BEHAV 24(5) 1383-1391, 1986.--An animal model is used to address the issue ol; prenatal 
exposure to certain antiepileptic drugs and seizure susceptibility in the offspring. Administration of doses established as 
median therapeutic doses in humans of phenobarbital, valproate and clonazepam to pregnant rats during the last third of 
gestation produced sexually dimorphic alterations in pentylenetetrazol (frFZ)-induced seizures as well as in non-convulsive 
(spontaneous alternation and cliff avoidance) behaviors in the offspring. Altered seizure susceptibility occurred in the 
absence of overtly recognizable morphological abnormalities and did not appear to reflect differences in the status of 
circulating drug-binding plasma proteins. Possible neural and/or metabolic mechanisms responsible for these behavioral 
changes are discussed. 
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CLINICAL and experimental evidence indicates that some 
antiepileptic drugs (AEDs) are teratogenic. Exposure during 
pregnancy to phenytoin [2, 17, 18, 20, 27] or trimethadione 
[ 12,65] has resulted in growth retardation, dysmorphology of 
the facies and CNS dysfunction in the fetus. A similar fetal 
anticonvulsant syndrome has also been reported for 
phenobarbital, but without dysfunction of the CNS [49,54]. 
Valproate which is clearly teratogenic in mice, rats and rab- 
bits [3, 4, 63], has recently been found to produce facial, 
digital and skeletal abnormalities as well as developmental 
delays in the human fetus [1, 14, 46]. 

A growing body of evidence indicates that in utero expo- 
sure to a variety of other centrally acting drugs caJ~ produce 
adverse behavioral effects in the offspring [23, 41,51,52,  53, 
61, 67], many of which persist into adulthood [21, 32, 54]. 
Despite this fact and the link between developmental ab- 
normalities and AEDs during pregnancy, the question of 
long-term behavioral sequelae or subsequent seizure sus- 
ceptibility following prenatal exposure to AEDs has, until 
recently, received little attention. 

The results of animal experiments indicate that prenatal 
exposure to anticonvulsant medication can alter the behavior 
of both developing and mature offspring. Delays in the de- 
velopment of several motor behaviors and the acoustic star- 
tle response have been reported following prenatal exposure 
to phenytoin [ 11,60], phenobarbital [60,66] and 
trimethadione [60]. Prenatal diazepam administration elimi- 
nates the potentiation of rat locomotion and the acoustic 
startle reflex that normally appear in the third postnatal week 
[25]. As adults, the offspring of mice treated with phenobar- 
bital daily during the last third of gestation do not perform in 
an operant situation to obtain a food reward and are unre- 
sponsive to appetitive stimuli [23]. Other studies [13,34] 

indicate that phenobarbital exposed offspring are also less 
responsive to aversive stimuli. Similar results have been re- 
ported for phenytoin; administration of this drug during the 
last third of gestation disrupts the acquisition of a con- 
ditioned avoidance response [13]. Changes in adult activity 
have also been reported following prenatal phenobarbital 
[35,36], phenytoin [37] and valproate [5]. 

Data concerning seizure activity in offspring prenatally 
exposed to AEDs are limited and contradictory. An early 
report [38] indicated that offspring exposed to phenobarbital 
on gestational days (GD) 5-8 displayed a significantly higher 
threshold for and shorter duration of electroshock-induced 
seizures. In contrast, administration of phenobarbital late in 
pregnancy (i.e., GD 17-20) failed to alter seizure thresholds 
in the offspring [38]. Treatment with phenytoin on GD 14-20 
produced a decrease in seizure thresholds in the offspring 
that was evident during the first 3 postnatal weeks: after this 
time, thresholds returned to control levels [57,58]. 

We conducted a study to determine if prenatal exposure 
to phenobarbital, valproate or clonazepam, in doses estab- 
lished as median therapeutic doses in humans, would protect 
or sensitize the offspring to the convulsant action of pen- 
tylenetetrazol (PTZ), Our working hypothesis was that ex- 
posure of the developing brain to AEDs in non-teratogenic 
doses could induce long-term changes in the central nervous 
system (CNS) which may contribute to alterations in seizure 
susceptibility. During neuronal differentiation, brain tissue 
may be particularly sensitive to drugs that act on the CNS to 
produce alterations that are later expressed as changes in 
behavior. The question of whether the consequences of pre- 
natal AED exposure elaborates identical responses in both 
sexes was also investigated, since gestational manipulation 
can differentially affect the behavior of male and female off- 
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spring [5,36] and seizures can be triggered or exacerbated by 
puberty [22, 41, 50, 56]. 

METHOD 

Animals  and Drugs 

Thirty-six timed-pregnant Sprague-Dawley rats (Charles 
River Laboratories, Somerville, MA) were delivered to our 
laboratory on gestation day 7 (GD 7); the morning that a 
vaginal plug was found was designated GD 1. Females were 
housed individually in polyethylene maternity cages under 
environmentally controlled conditions (0800 hr light, 2000 hr 
dark; ad lib access to Purina Rat Chow and water; ambient 
temperature 23-25°C). Nine females were randomly assigned 
to each of 3 drug groups and 9 females served as vehicle 
controls. 

On GD 15-20, females were treated daily with either 
phenobarbital (Phenobarbital, 15 mg tablet, Rexall), 
clonazepam (Clonapin, 0.5 mg tablet, Hoffman-La Roche), 
or valproate (Depakene, 250 mg capsule, Abbott). These 
drugs were chosen because they are (1) chemically and 
pharmacologically unrelated, (2) effective against PTZ- 
induced seizures, and (3) effective individually as therapeu- 
tic agents in human epilepsy. 

The developmental window was selected because we 
have found that administration of drugs on the expected day 
of delivery (GD 21) is disruptive to maternal behavior. GD 
15-21 is the period of the fetus in the laboratory rat, a time 
during development when the embryo becomes increasingly 
refractory to gross structural malformations. Agents ad- 
ministered after GD 15, as organogenesis becomes complete, 
are unlikely to produce gross defects. They can, however, 
produce subtle damage in the central nervous system by in- 
terfering with histogenesis in the cortex, forebrain, cerebel- 
lum and hippocampus where cells are actively proliferating 
at this time. Exposure to xenobiotic agents can either kill the 
dividing cells outright or slow the rate of proliferation, 
thereby disrupting subsequent differentiation and migration. 
Those areas of the brain sustaining cell loss fail to function 
normally with resulting behavioral alterations. 

Daily drug doses used were those established as median 
therapeutic doses in humans: phenobarbital, 2.0 mg/kg; 
clonazepam, 0.15 mg/kg; and valproate, 20 mg/kg. Human 
therapeutic doses have been used previously to evaluate 
prenatal AED effects [40,42] and were chosen in an effort to 
minimize or eliminate the production of gross teratogenicity 
and side effects such as sedation which might interfere with 
food and water intake or parturition. Use of these doses, 
however, does not imply that either the median therapeutic 
anticonvulsant doses in humans and rats are equivalent, or 
that the same dose levels will produce equivalent plasma 
levels of the drug in the two species. The 6--10 fold difference 
in metabolic rates between rodents and man necessitates a 17 
fold increase in the milligram/kilogram dose of phenytoin 
needed to achieve plasma levels in the rat comparable to 
those in the human therapeutic range [28]; a similar increase 
in the dose of valproate (i.e., 18 fold) is needed in mouse 
[40]. However, administration of these elvated drug doses on 
a once daily injection schedule substantially increases the 
risk of teratogenicity [40]. 

Drugs were suspended in propylene glycol and injected 
subcutaneously at the back of the neck once daily between 
1000 and 1200 hours; injection volumes ranged from 0.25- 
1.00 ml. Controls were injected with propylene glycol, 0.1 
ml/100 g body weight. Following AED injections, females 

RATING DESCRIPTION 

Normal behavior: Locomotion, rearing, groom- 
ing. 

Excessive grooming, sniffing, licking, chewing, 
salivating. 

Running, hopping movements, digging, kicking 
with hind limbs. 

Minimal Threshold Seizures." Facial clonus, 
rhythmic movements of vibrissae, jaws 
and ears lasting for five seconds. 

Submaximal Seizure." Mild clonic movements 
of head and forelimbs. 

Tonic extention of forelimbs and/or hind limbs. 
Ma ~imal Seizure: Generalized asynchronized, 

clonic movements, superseded by a tonic 
convulsion. 

were monitored for maternal toxicity. Animals were re- 
turned to their cages and the appearance of sedation and 
ingestive behaviors were recorded (present or absent) using 
a time sampling method (i.e., once every 10 minutes for one 
hour and successively once per hour for four hours). 
Females were allowed to deliver naturally. Litters, raised by 
their biological mothers, were culled to 10 pups at birth to 
insure adequate nutritional status. Body weights of the off- 
spring were recorded at birth and every 7 days until weaning 
at postnatal day 28 (PND 28). Offspring were housed in like- 
sex groups of 3-5 animals in wire mesh cages. 

Behavioral  Testing 

Convulsive behavior. At 34-38 days of age offspring from 
each of the four prenatal treatment groups were tested for 
their response to one of three doses of IP pentylenetetrazol 
(PTZ: Sigma Chemical Company); 20 mg/kg, subthreshold 
convulsive dose; 35 mg/kg, minimal threshold convulsions; 
50 mg/kg, maximal convulsions. 

PTZ was dissolved in 0.9% NaCI and the injection volume 
was 0.5 ml/100 g body weight. The control group consisted of 
offspring from each of the 4 prenatal groups who were in- 
jected IP with 0.9% NaC1 (0.0 mg/kg). Animals were moni- 
tored continuously for 30 minutes and convulsive behavior 
was rated using the 7 point scale listed below. Two obser- 
vers, one blinded with respect to prenatal treatment and the 
other blinded with respect to dose of the seizure inducing 
agent, independently recorded convulsive behavior. The 
highest rating recorded for an animal during this test period 
was designated its convulsive behavior score (CBS). Each 
pup was tested only once. 

Nonconvuls ive  behavior. Spontaneous motor activity 
(SMA) was monitored in the offspring from the four prenatal 
groups injected with 0.9% NaCI. Following injection, 
animals were placed individually in a polyethylene container 
(44x25x30 cm) which contained 800 ml of pine shavings. 
The container was placed on top of an automated activity 
meter (Automex II, Columbus Instrument International 
Corporation, Columbus, OH), which was adjusted to record 
only lateral excursions. SMA was monitored for 30 minutes. 
Activity was not measured in animals treated with PTZ be- 
cause the appearance of convulsive behavior would preclude 
locomotion. At 43-45 days of age, naive sets of offspring 
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were tested for the appearance of two nonconvulsive behav- 
iors: spontaneous alternation and cliff avoidance. 

Spontaneous alternation (SA). This is an unlearned task 
which reflects the development of inhibitory circuitry in the 
CNS, primarily in the hippocampus [8]. It requires that a rat, 
on two successive unrewarded trials in a T-maze, choose 
alternate arms of the maze. 

Testing was conducted in a black Plexiglas T-maze. A 
sectioned hinged clear Plexiglas lid permitted separate ac- 
cess to the start box, the main alley and the 2 goal arms. The 
main alley measured 11.5x35.0x 11.5 cm. A 15 cm section of 
this alley served as a start box and was separated by a black 
guillotine door. The goal arms measured l l .5x25.0x 11.5 
cm; black plastic guillotine doors separated the goal alley 
from the main alley. The maze was housed in a small win- 
dowless room; a shaded 25 watt red light bulb suspended 25 
cm above the choice point of the maze, provided the only 
illumination. Each alternation test consisted of two trials. A 
trial consisted of placing the animal in the start box for 10 
seconds. The guillotine door was then raised and the rat was 
given 3 minutes in which to enter one of the goal arms with 
all 4 paws. The rat was then left in the chosen arm for 50 
seconds after which it was removed to a holding cage for 60 
seconds. During this intertrial interval, the maze was wiped 
with a mild solution of Micro brand laboratory cleaner (In- 
ternational Products Corporation) to eliminate odor trails. 
Alternation behavior was scored once for each animal. 
Animals were not given pretest training and a reward was not 
used during testing. 

SA exhibits a developmental pattern; preweanling rats 
will choose the same goal arm on both occasions (persevera- 
tive behavior). Change levels are seen at approximately 3-4 
weeks of age. Reliable alternation behavior has been re- 
ported in animals between 35-40 days of age [8, 9, 10]. 

Cl((favoidance (CA~. Depth perception, a sensory func- 
tion, was assessed with a visual cliff apparatus (Lafayette 
Instrument Company, Lafayette, IN). The apparatus is a box 
(75 cm square x 60 cm high). A sheet of glass, suspended 20 
cm from the top, covers the adjustable floor, which is di- 
vided in half; one side of the floor extends 40 cm below the 
glass and the other 5 cm below the glass. The sides and floor 
of the apparatus are covered with a gray and red checker- 
board pattern. In the middle of the apparatus there is a run- 
way 10 cm wide and extending the length of the box; the top 
of the runway is 5 cm from the glass covering. At the begin- 
ning of the trial, a rat is placed in a rectangular box 
(10x25x I0 cm) on the runway. After 15 seconds the box is 
removed and the latency to choose and side chosen are re- 
corded. An animal demonstrates depth perception by choos- 
ing the shallow side of the test apparatus. 

Biochemical Determination 

Serum protein determinations were made in separate 
groups of offspring. The possibility exists that alteration in 
drug binding might be responsible for change in seizure sus- 
ceptibility in the offspring. Proteins were analyzed to pro- 
vide an indirect index of binding capacity. Trunk blood was 
used on postnatal days 0-1 and 7; 1.0 ml of blood obtained 
from the tail vein ofunanesthesized animals was used for day 
30 assays. Total proteins were assayed by the colorimetric 
method of Lowry, et al. [29]. Serum protein fractions were 
quantitated by separation and staining on Universal agarose 
film at pH 8.6. A Corning power supply with constant volt- 
age (15 V/cm) in a cassette system was used to separate 

serum proteins. One microliter of serum was applied at the 
cathodic end and electrophoresis run was for 35 min. One 
percent Amido Black 10 B in 5 percent acetic acid was used 
for detection and staining of the separated protein fractions. 
The background stain was cleared by sufficient 5 percent 
acetic acid and the film was uniformly dried in an incubator- 
oven (Corning ACI) at 60°C. Albumin/globulin ratio was cal- 
culated by electrophoretic scans. Similarly, individual 
protein fraction, i.e., alpha1, alpha2, and beta-globulins, were 
calculated by integration of peak area under each stained 
band with an Ortec densitometor (Model 4301). Control 
serum was run with each film to calibrate the staining inten- 
sities. Two parameters were calculated: (1) the albu- 
min/globulin (A/G) ratio, to determine the status of circulat- 
ing plasma proteins; and (2) albumin, as a percent of total 
proteins, which reflects the level of primary binding protein. 

Statistical Methods 

Completely randomized one-way analyses of variance 
(ANOVA) were used to analyze pregnancy weight gain, 
period of gestation, litter size, and birth length. Offsprings' 
body weight data were analyzed by a split-plot factorial 
ANOVA. The unit of analysis was the individual offspring 
[55]. A completely randomized factorial ANOVA was used 
to analyze convulsive behavioral scores and spontaneous 
motor activity. The Newman-Keuls statistic was used for 
significant main effect comparisons; simple main effects 
were used to dissect significant interactions [26]. For con- 
vulsive behavior and locomotor activity, the unit of analysis 
was individual offspring. One male and one female offspring 
from 5 litters were used. At data points with 6 animals, no 
more than 2 males or 2 females per litter were used. 

Spontaneous alternation data were first analyzed for 
position preference in order to determine the a priori 
probability of alternation for each treatment group [7]. The 
probability of alternation is equal to 1 (percent of responses 
to preferred side ~ + percent of responses to non-preferred 
side"). This value was then used in the Chi Square statistic to 
determine whether alternation behavior was statistically dif- 
ferent from chance in each group. Latencies for cliff 
avoidance behavior were analyzed by a completely ran- 
domized 2-way ANOVA. The percentage of offspring in 
each group exhibiting CA were analyzed by Chi Square. Per- 
centage data for both SA and CA were analyzed using both 
the individual and litter as the unit of analysis; these latter 
data are presented for comparison. 

RESULTS 

Maternal Toxicity and Birth Statistics 

Maternal toxicity was not observed in either control or 
drug-treated females. Time-sampling observations did not 
reveal any drug-related sedation, and food and water intake 
appeared comparable in all groups. However, an irritation 
developed at the injection site in 1 phenobarbital-treated 
female after 3 days of treatment and in 1 valproate-treated 
female after 4 days. Weight gain during the last third of ges- 
tation and length of gestation (Table 1) were not significantly 
different, F(3/28)=2.07, p>0.05;  F(3/28)=0.04, p>0.05, re- 
spectively. 

Post partum litter data also appear in Table 1. Litter size, 
length at birth and the male/female offspring ratio were unaf- 
fected by exposure to AED on GD 15-20. Physical abnor- 
malities, determined by gross inspection of limbs and snout, 
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T A B L E  1 

GESTATIONAL AND BIRTH STATISTICS (MEAN _+ S.E.M.) OF FEMALES TREATED WITH 
ANTIEPILEPTIC DRUGS ON GESTATION DAYS 15-20 

GD15-20 Weight Periods of Gestation 
Females N Gain (Grams) (Days) Litter Size 

Control 8 55.88 ± 3.17 22.13 ± 0.13 11.62 ± 1.05 
Clonazepam 8 47.60 ± 3.38 22.13 + 0.13 9.62 ± 0.38 
Phenobarbital 8 64.56 ± 3.67 22.38 _+ 0.18 11.12 ± 0.77 
Valproate 8 52.4 ± 7.98 22.13 ± 0.13 11.12 + 0.52 

Male/ Birth Weight (g) 
Female Birth 

Litters N Ratios Males Females Length (cm) 

Control 8 1:1.11 5.64 ± 0.21t 5.24 ± 0.22 4.96 ± 0.08 
Clonazepam 8 1:1.17 6.37 ± 0.19*t 5.91 _+ 0.24* 4.81 ± 0.11 
Phenobarbital 8 1:0.93 5.80 ± 0.23t 5.05 ± 0.14 4.90 _+ 0.27 
Valproate 8 1:0.96 5.90 ± 0.25t 5.54 _+ 0.11 4.95 ± 0.09 

*Significantly different from controls, p<0.01. 
tMales significantly different from females, p<0.01. 
SThe male/female ratio was calculated from total number of offspring in each treatment group. 
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FIG. 1. Postnatal preweanling body weights of offspring of females 
treated on GD 15-20 with either phenobarbital, clonazepam or val- 
proate. Values shown are mean±S.E.M. 

were  not  o b s e r v e d  in the offspr ing at b i r th  and  did not  de-  
velop.  One c l o n a z e p a m  pup was s t i l lborn;  no fu r the r  dea ths  
occur red .  

Postnatal body weights. At bi r th ,  male  offspr ing in all 4 
g roups  were  heav ie r  than  females  (Table  1), F(1/32)=5.07,  
p < 0 . 0 1 ;  no d i f fe rences  were  o b s e r v e d  at P N D  7 (Fig. 1). At 
P N D  14, 21, and  28 male  and  female  offspr ing of  phenoba rb i -  
tal and  va lp roa te  mo the r s  were  s ignif icant ly  smal ler  than  
con t ro l s ,  F(3/407)=4.48,  p < 0 . 0 1 ;  F(3/407)=10.01,  p < 0 . 0 1 .  
A l though  female  c l o n a z e p a m  offspr ing were  s ignif icant ly 
smal ler  than  cont ro l  females ,  the  body  weights  of  thei r  male 
c o u n t e r p a r t s  did not  differ  f rom those  of  con t ro l  males .  The  
sexual  d i m o r p h i s m  in body  weight  (males  are heav ie r  than  
females)  which  appea r s  dur ing  the  3-4 pos tna ta l  week  was 
ev iden t  in all offspr ing,  excep t  t hose  f rom va lproa te  dams ,  at 
P N D  28. 

Seizure susceptibility. The  effects  of  p rena ta l  exposu re  to 
phenoba rb i t a l ,  c l o n a z e p a m  or  va lp roa te  on PTZ- induced  
convu l s i ons  are r epo r t ed  in Table  2. Ne i t he r  sal ine (0.0 
mg/kg) no r  the sub th r e sho ld  dose  of  PTZ  (20 mg/kg) 
p roduced  convu l s i ons  in any  of  the offspring.  Most  an imals  
exh ib i t ed  e i the r  normal  b e h a v i o r  ( C B S = 0 )  or showed  ex- 
cess ive  g rooming  ( C B S =  1); severa l  offspr ing in all g roups  
did show isolated h ind l imb kicking ( C B S = 2 )  fol lowing 20 
mg/kg of  PTZ.  

The  offspr ing of  cont ro l  mo the r s  exhib i ted  minimal  
th resho ld  se izures  ( C B S = 3 )  at 35 mg/kg of  PTZ.  In con t ras t ,  
none  of  the offspr ing of  c l onazepam,  phenoba rb i t a l  and  val- 
p roa te  t r ea ted  m o t h e r s  exh ib i t ed  minimal  th resho ld  se izures  
at  this  dose ;  C B S s  were  s ignif icant ly lower  in these  3 g roups  
than  in cont ro l s ,  F(3/35)=4.10,  p < 0 . 0 5 .  

The  mos t  s t r iking d i f ference  a m o n g  the  groups  occu r r ed  
in the i r  r e s p o n s e s  to the  50 mg/kg dose  of  PTZ,  and  ref lec ted  
an in te rac t ion  b e t w e e n  p rena ta l  A E D  exposu re  and  the  sex 
of  the offspring,  F(3/35)=4.95,  p <0.01.  A s imple main effect  
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T A B L E  2 

CONVULSIVE BEHAVIOR SCORE (CBS) TO PTZ FOLLOWING PRENATAL EXPOSURE TO AEDs 
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Dose of PTZ 
% 

Animals¶ 
With 

Prenatal Latency:~ Duration:~ CBS 
Treatment 0.0 mg/kg 20 mg/kg 35 mg/kg 50 mg/kg (sec) (sec) 5 

Control M (5-6)+ 1.00 _+ 0.00 2.00 _+ 1.00 3.00 _+ 0.00 6.00 +_ 0.00 160.00 + 20.00 59.00 _+ 39.60 100 
F (5-6) 1.00 _+ 0.00 1.67 + 0.33 3.00 _+ 0.00 6.00 + 0.00 222.50 _+ 102.50 75.25 _+ 2.25 100 

Clona- M (5) 0.67 _+ 0.33 1.20 + 0.20 1.00 _+ 0.71" 3.25 + 1.25" 147.5 _+ 32.50 403.00 _+ 64.00* 20 
zepam F (5-6) 0.67 + 0.33 1.00 _+ 0.00 1.25 _+ 0.63* 4.00 _+ 1.08" 189.67 _+ 25.89 15.33 _+ 6.01" 33.3 

Phenobar- M (6) 1.00 _+ 0.00 1.67 _+ 0.33 1.67 _+ 0.67* 2.33 _+ 0.33* 0.0 
bital F (5-6) 1.67 _+ 0.67 1.00 _+ 0.00 1.00 _+ 0.58* 3.33 _+ 0.88* 100.00§ 12.00§ 16.6 

Valproate M (5) 1.00 _+ 0.00 1.00 _+ 0.00 1.50 _+ 0.50* 6.00 + 0.00 110.00 + 35.50 727.00 _+ 96.10" 100 
F (4--5) 0.33 _+ 0.33 1.33 _+ 0.33 1.67 _+ 0.67* 1.67 +_ 1.20" 0.0 

Offspring were injected IP with either saline (0.0 mg/kg) or one of 3 doses of PTZ. Convulsive behavior was monitored for 30 minutes. An 
animal's CBS reflected the highest rating it received during the testing period. Data presented are means _+ standard error of the mean. CBS: 
0 -normal  behavior: 1 =excessive grooming, sniffing, licking, chewing, salivating; 2=running, hopping movements, kicking with hind limbs, 
digging; 3=Minimal Threshold Seizure: facial clonus, rhythmic movements of vibrissae, jaws and ears lasting 5 seconds; 4=Submaximal 
Seizure: mild clonic movements of head and fore limbs; 5- ton ic  extention of hind limbs: 6=Maximal Seizure: generalized asynchronized, 
clonic movements preceded by a tonic convulsion. Each offspring was tested only once. 

*Significantly different from similar sex controls, p<0.05. 
tNumber  of animals used at each dose is indicated in parentheses. At each dose of PTZ for each of the prenatal treatments, animals from 5 

randomly chosen litters were evaluated. One male and one female from each litter were used; at data points with 6 animals, no more than 2 
males or 2 females were used from a single litter. 

SLatency and duration (mean _+ S.E.M.) for CBS of 5 or 6 induced by 50 mg/kg of PTZ. 
§Data from one animal. 
*n50 mg/kg dose of PTZ. 

ana lys i s  revea led  tha t  p rena ta l  exposu re  to p h e n o b a r b i t a l  
p ro t ec t ed  bo th  male ,  F(3 /17)=4.06 ,  p < 0 . 0 5 ,  and  female ,  
F(3/18)=4.36,  p < 0 . 0 5 ,  of fspr ing f rom PT Z - i nduced  convul -  
s ions.  The  50 mg/kg dose ,  wh ich  induced  max ima l  se izures  
( C B S = 6 )  in the  con t ro l s ,  p roduced  only  minimal  t h re sho ld  
se izures  ( C B S = 3 )  in all males  and  in five of  six females  (one  
female  exh ib i t ed  s u b m a x i m a l  se izures)  ( C B S = 4 ) .  

The  offspr ing of  va lp roa t e - t r ea t ed  m o t h e r s  exh ib i t ed  a 
sexual ly  d imorph ic  r e sponse  to this  convu l s ive  dose  of  PTZ.  
Prena ta l  e x p o s u r e  to this  an t iep i lep t ic  drug p ro tec ted  female  
offspr ing f rom maximal  se izures .  In con t ras t ,  male offspr ing 
were  not  p ro t ec t ed :  they  a p p e a r e d  to be sens i t ized  to maxi-  
mal convu l s ions ,  as the  dura t ion  of  the r e sponse  was signifi- 
cant ly  longer  than  in con t ro l s  ( t (9)=6.42 ,  p < 0 . 0 1 ) .  

The  r e sponse  of  pups  p rena ta l ly  exposed  to c l o n a z e p a m  
was also sexual ly  d imorph ic .  A l though  the CB S  was signifi- 
cant ly  lower  in bo th  males  and  females  than  in con t ro l s  of  the 
same  sex, c l o n a z e p a m  offspr ing of  bo th  sex exh ib i t ed  con-  
vu ls ive  b e h a v i o r  fol lowing 50 mg/kg of  PT Z  tha t  was ra ted 4 
or  g rea te r .  In males ,  the  dura t ion  of  the  c o n v u l s i o n s  was 
s ignif icant ly  longer  than  in male  con t ro l s  ( t (9)=6.83 ,  
p < 0 . 0 1 ) ;  in females  the  dura t ion  of  the  r e s p o n s e  was  signifi- 
can t ly  sho r t e r  than  that  of  female  con t ro l s  ( t (9)=9 .34 ,  
p < 0 . 0 1 ) .  

Non-convulsive behavior. Severa l  n o n - c o n v u l s i v e  behav-  
iors were  a s se s sed  (Table  3) to d e t e r m i n e  w h e t h e r  the  effects  
of  the p rena ta l  t r e a t m e n t s  were  l imited to changes  in se izure  
suscept ib i l i ty .  If  in utero A E D  exposu re  p r o d u c e d  a genera l -  
ized a l te ra t ion  in CNS  d e v e l o p m e n t ,  d i s rup t ions  in s enso ry  
as well as o the r  m o t o r  b e h a v i o r s  could be an t ic ipa ted .  

Spontaneous motor activity. Changes  in S M A  again re- 

f lected an in te rac t ion  b e t w e e n  prena ta l  drug t r e a t m e n t  and 
the sex o f  the  offspr ing,  F(3/30)=3.37,  p < 0 . 0 5 .  Male  off- 
spr ing p rena ta l ly  exposed  to c l o n a z e p a m  were  s ignif icant ly  
less ac t ive  than  the i r  cont ro l  c o u n t e r p a r t s ;  p rena ta l  exposu re  
to p h e n o b a r b i t a l  or  va lp roa te  did not  change  S M A  in males .  
In sha rp  con t ras t ,  female  offspr ing of  m o t h e r s  admin i s t e r ed  
p h e n o b a r b i t a l  and  va lp roa te  were  s ignif icant ly  more  ac t ive  
than  female  cont ro l  offspring.  

Spontaneous alternation. Al te rna t ion  ra tes  for  males  and 
females  in each  of  the four  g roups  are p r e s e n t e d  in Table  3. 
No s ignif icant  trial 1 d i rec t ion  p re fe rences  were  found.  
Us ing  trial 1 data ,  expec t ed  ra tes  of  a l t e rna t ion  were  calcu-  
la ted for  each  group using the  fo rmula  of  D e m b e r  and  Fowle r  
[7]. The  d i f ference  b e t w e e n  these  and o b s e r v e d  ra tes  were  
ca lcu la ted  us ing Chi Square .  The  resul t s  are indica ted  in 
Table  3. 

Rel iable  a l t e rna t ion  b e h a v i o r  was  not  o b s e r v e d  in any  of  
the groups .  This  may  reflect  the fact  tha t  a l t e rna t ion  behav-  
ior was  scored  only once  for  each  rat  [7]. H o w e v e r ,  Chi 
Square  analys is  of  the pe rcen tage  of  offspr ing exhib i t ing  SA 
ind ica ted  tha t  there  was a s ignif icant  d i f fe rence  a m o n g  the  4 
g roups  for  bo th  males  (Xe(3)=11.93, p < 0 . 0 1 )  and  females  
(X2(3) = 12.58, p < 0 . 0 1 ) .  Similar  resul t s  were  ob ta ined  w h e n  
l i t ter  was  used as the  unit  of  analys is :  Males:  X2(3)= 18.18, 
p <0.01 ; Females :  Xe(3) = 11.92, p <0.01.  In the  con t ro l  group,  
males  p e r s e v e r a t e d  (mos t  immatu re  response)  while  females  
a l t e rna ted  at  c h a n c e  levels .  P rena ta l  A E D  t r e a t m e n t  a l te red  
this  pa t t e rn ;  A E D  males  a l t e rna ted  at c h a n c e  levels  while  
females  exh ib i t ed  p e r s e v e r a t i v e  behav io r .  

Cliff avoidance. Two d e p e n d e n t  var iab les  were  meas-  
ured:  (1) the l a tency  to make  a r e s p o n s e  and  (2) the side tha t  
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T A B L E  3 

ALTERATIONS IN SPONTANEOUS MOTOR ACTIVITY, SPONTANEOUS ALTERNATION, AND CLIFF AVOIDANCE FOLLOWING 
PRENATAL AED EXPOSURE 

Cliff Avoidance 
Spontaneous  

Motor 
Activity? Spontaneous  Alterna- % of  Animals  

Prenatal  (mean ± SEM tion+ (% of  Animals  Exhibiting 
Trea tment  Counts/30 min) Alternating) Avoidance Latency  (see) 

Control 1224.6 - 41.8 M (14:4)§ 28.5 (P) [22.8 ÷ 7.81 42.9 [37.2 _+ 14.3] 17.96 ± 6.69 
524.5 ± 364.5 F (9:3) 44.4 (C) [47.6 ± 2.4] 77.8 [79.1 _+ 10.6] 7.66 ± 1.23 

Clona- 578.6 ± 112.8" M (5:3) 60.0 (C) [55.3 + 5.31 80.0 [72.0 ± 14.7] 11.40 ÷ 3.40 
zepam 383.6 ± 162.3 F (9:3) 30.0 (P) ]19.3 ± 9.9] 44.4 [44.4 ± 5.7] 9.22 + 2.60 

Phenobar-  1259.0 ± 99.4 M (11:4) 54.5 (C) [60.9 + 5.5] 63.6 [44.4 + 16.9] 14.81 _+ 4.14 
bital 1144.0 ± 318.6" F (16:4) 18.7 (P) [33.3 ± 16.7] 83.3 [83.3 + 16.7] 8.75 ± 2.27 

Valproate 960.3 ± 155.4 M (17:4) 47.0 (C) 149.6 -+ 9.11 58.8 [58.8 ± 5.9] 11.88 +_ 4.48 
1226.0 ± 160.6" F (12:4) 33.0(P)  [34.3 ± 8.7] 75.0 [78.3 _+ 11.7] 6.37 + 1.32 

*Significantly different f rom similar sex controls ,  p < 0 . 0 5  or p<0 .01 .  
?Locomoto r  activity was assessed  only in animals  injected with 0 . ~  NaC1; 5-6 offspring were used for each determinat ion of 

SMA. 
~Spontaneous  alternation data  were first analyzed for position preference in order to determine the a priori probability of  

al ternation for each t rea tment  group. This value was then used in the Chi Square statistic to determine whether  alternation 
behavior  was significantly different from chance.  Let ters  indicate Preserverat ive Behavior  (P), Chance  Levels  (C), or Reliable 
Leve ls  o f  Alternat ion (A). (Litter mean  ± S .E.M.  are listed in brackets.)  

§Number  o f  animals  and litters in each determinat ion is indicated in pa ren theses  (animals:litters).  Animals  were tested for both 
al ternation and cliff avoidance;  order  of  test ing was counterbalanced.  (Litter mean  ± S.E.M. are listed in brackets.)  

T A B L E  4 

SERUM PROTEIN IN OFFSPRING PRENATALLY EXPOSED TO AEDs 

Control Phenobarbital Valproate Clonazepam 
Postnatal 
Age Albumins A/G Ratio§ Albumin A/G Ratio Albumin A/G Ratio Albumin A/G Ratio 

Male (12)¶ 25.38-+ 1.17 0.570-+0.036 21.24-+0.26, 0.438-+0.037 , 19.64-+0.48 , 0.398-+0.009 , 21.65_+0.26, 0.427-+0.002 , 
Day 0-1 Female (12) 20.48- + 1.68 0.428_+0.040+ 19.00-+0.22 0.362_+0.005 "I" 19.42-+0.25 0.372-+0.005+ 20.30-+0.18 0.392-+0.006+ 

Male ( 1 2 )  21.61-+0.32 0.358-+0.007 19.46-+0.14 0.350-+0.006 25.32+_0.46 , 0.428-+0.009 , 24.20-+0.17 , 0.417-+0.002 , 
Day 7 Female (12) 22.21-+0.68 0.401-+0.124 20.90-+0.23 0.376_+0.012 21.72_+0.51 0.368-+0.008 22.92_+0.35 0.430-+0.004 

Male (12) 20.02_+0.91 0.326_+0.027 24.45_+1.28 0.411_+0.036 22.88-+1.20 0.382-+0.030 23.70_+1.08 0.428-+0.033 
Day 30 Female ( 1 2 )  22.54_+0.77 0.384+0.018 24.40_+0.81 0.421_+0.021 23.54_+1.45 0.411-+0.034 24.57-+1.39 0.426_+0.037 

All data are expressed as mean-  + standard error of the mean. 
*Significantly different from controls, p <0.05 or p <0.01. 
?Females significantly different from males, p <0.05 or p <0.01. 
~:Expressed as a percent of total protein (Mean-+ S.E.M.). 
§Albumin/Globulin (A/G) ratio was calculated by computing albumin and globulin fractions 
¶Number in parentheses represents number of animals in each prenatal treatment group. 

from the total protein electrophoresis scan. 

t h e  a n i m a l  c h o s e .  T h e  r e s u l t s  o f  t h i s  t e s t  a r e  s h o w n  in T a b l e  
3. D i f f e r e n c e s  a m o n g  l a t e n c y  v a l u e s  fo r  p u p s  in e a c h  p r e -  
n a t a l  t r e a t m e n t  g r o u p  w e r e  n o t  s i g n i f i c a n t .  H o w e v e r ,  l a t en -  
c i e s  f o r  all f e m a l e  o f f s p r i n g  w e r e  s i g n i f i c a n t l y  s h o r t e r  t h a n  
t h o s e  fo r  m a l e s ,  F ( 1 / 7 5 ) = 3 . 9 8 ,  p < 0 . 0 5 .  T h e  p e r c e n t  o f  off-  
s p r i n g  in e a c h  g r o u p  e x h i b i t i n g  C A  w a s  a n a l y z e d  b y  C h i  
S q u a r e .  A s i g n i f i c a n t  d i f f e r e n c e  a m o n g  t h e  g r o u p s  w a s  f o u n d  
fo r  b o t h  m a l e s  (XZ(3) = 1 1 . 4 1 ,  p < 0 . 0 1 )  a n d  f e m a l e s  
(X2(3)=13.09 ,  p < 0 . 0 1 ) .  A d d i t i o n a l  a n a l y s e s  o f  t h e s e  d a t a  
u s i n g  t h e  l i t te r ,  r a t h e r  t h a n  t h e  i n d i v i d u a l  o f f s p r i n g ,  a s  t h e  
un i t  o f  a n a l y s i s  y i e l d e d  s i m i l a r  r e s u l t s  ( M a l e s :  X2(3) = 13.54, 
p < 0 . 0 1  ; F e m a l e s :  X'-'(3) = 13.93,  p < 0 . 0 1 ) .  

Serum protein in offspring. A n a l y s i s  o f  s e r u m  p r o t e i n  

l e v e l s  a t  P N D  0-1  i n d i c a t e d  t h a t  t h e  A / G  ra t io  w a s  s ignif i -  
c a n t l y  r e d u c e d  in t he  o f f s p r i n g  b y  p r e n a t a l  A E D  e x p o s u r e ,  
F ( 3 / 3 2 ) = 1 1 . 2 8 ,  p < 0 . 0 1 .  T h i s  r e d u c t i o n  r e p r e s e n t e d  a d e -  
c r e a s e  in t h e  p e r c e n t  o f  a l b u m i n ,  F ( 3 / 3 2 ) = 5 . 8 3 ,  p < 0 . 0 1 ,  a n d  
an  i n c r e a s e  in t h e  p e r c e n t  o f  g l o b u l i n s ,  F ( 3 / 3 2 ) = 5 . 0 3 ,  
p < 0 . 0 1 .  In  c o n t r o l  a n d  p h e n o b a r b i t a l  o f f s p r i n g ,  t h e  A / G  ra t io  
in f e m a l e s  w a s  s i g n i f i c a n t l y  l o w e r  t h a n  in m a l e s ;  t h i s  d i f fe r -  
e n c e  w a s  n o t  s e e n  in o f f s p r i n g  e x p o s e d  to v a l p r o a t e  o r  
c l o n a z e p a m ,  F ( 3 / 3 2 ) = 3 . 0 2 ,  p < 0 . 0 5 .  

A t  P N D  7, t he  r e v e r s e  o c c u r r e d .  T h e  d e c r e a s e  in A / G  
ra t io  in p h e n o b a r b i t a l  o f f s p r i n g  s e e n  o n e  w e e k  ea r l i e r  w a s  n o  
l o n g e r  a p p a r e n t ;  d i f f e r e n c e s  w e r e  n o w  o b s e r v e d  b e t w e e n  
c o n t r o l s ,  v a i p r o a t e  a n d  c l o n a z e p a m  a n i m a l s ,  F ( 3 / 3 2 ) =  12.74,  
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p<0.01. The increase in the A/G ratio primarily reflected 
increases in percent albumin. At 30 days of age neither the 
serum A/G ratio nor its component protein fractions differed 
significantly as a result of prenatal AED exposure (Table 4). 

DISCUSSION 

The present results demonstrate that in most cases the 
offspring of females treated with AEDS during the last 
third of pregnancy were protected from PTZ-induced min- 
imal and/or maximal seizures. This protection occurred 
in the absence of overly recognizable morphological abnor- 
malities, and at drug doses which approximate those in 
routine clinical use. This behavioral change, however, was 
not a general drug effect but reflected an interaction between 
a specific AED and the sex of the offspring. Prenatal 
phenobarbital protected both male and female offspring from 
minimal seizures following 35 mg/kg of PTZ and maximal 
seizures following 50 mg/kg of PTZ. Prenatal valproate also 
afforded the offspring protection from minimal seizures. 
However, only female offspring were protected from maxi- 
mal seizures; in males, the convulsive response to 50 mg/kg 
of PTZ was enhanced. Prenatal clonazepam exposure also 
protected both sexes from minimal PTZ seizures, and re- 
duced the severity of maximal convulsions. 

A decrease in PTZ-induced seizure mortality has been 
observed in 30-day old offspring following maternal expo- 
sure to the CNS depressant drug ethanol on GD 1-20 [6]. 
These authors speculate that this protective effect may be 
due to the increase in fetal brain levels of the inhibitory 
neurotransmitter gamma-aminobutyric acid (GABA) which 
has been reported following ethanol ingestion by pregnant 
rats [44]. This hypothesis is particularly appealing since PTZ 
is a GABA-specific antagonist in the CNS and part of its 
convulsant action is based on selective blockade of GABA- 
mediated inhibition [30]. Its possible relevance to the present 
data is suggested by the fact that the anticonvulsant action of 
valproate, the benzodiazepines and, to some extent, 
phenobarbital may be mediated in part via GABA-ergic 
mechanisms [24, 43, 48]. Additionally, the uptake of GABA 
is enhanced in the brain of young mice prenatally exposed to 
phenobarbital [36]. 

The behavioral alterations and learning deficits reported 
in previous studies have been consistent with the idea that 
prenatal AED exposure produces a generalized depression 
of CNS function. However, the effects on the non- 

convulsive behaviors sampled in the present study are not 
consistent with the hypothesis. The fact that changes in 
spontaneous motor activity and spontaneous alternation do 
not parallel alterations in convulsive behavior and sensory 
function was unaffected together with the sex-specific nature 
of the changes suggest that any effect on brain function might 
be limited to specific brain areas [16, 45, 47, 59, 62]. 

Alterations in seizure susceptibility could alternatively 
reflect changes in drug metabolism. Phenobarbital is the 
classic inducer of microsomal enzymes in liver and a recent 
report indicates in tttero exposure to valproate increases 
neonatal hepatic enzyme activity [39]. Therefore, the seizure 
protection afforded animals prenatally exposed to these 
AEDs might result from increased degradation of PTZ rather 
than changes in CNS sensitivity. It is less feasible that 
metabolic changes account for the decrease in seizure sus- 
ceptibility following prenatal exposure to clonazepam, since 
enzyme induction has not been reported for the ben- 
zodiazepines. 

A third explanation is that prenatal AED exposure altered 
drug binding capacity and this accounted for the changes in 
seizure susceptibility. Although there were alterations ob- 
served during the first postnatal week, the lack of differences 
in any of the proteins evaluated at 30 days of age suggest that 
these changes were transient and that altered protein binding 
of PTZ is probably not responsible for changes in seizure 
susceptibility observed at 35-38 days of age. 

Prenatal exposure to valproate and to clonazepam in- 
duced a sexually dimorphic response to PTZ convulsions 
which was unexpected in prepubertal animals. The enhanced 
responsiveness of the male offspring in these drug groups to 
PTZ when compared with their female siblings might reflect 
developmental alteration in hormone-responsive CNS sub- 
strates or perinatal hormone status. During gestation, the 
male fetus is more susceptible to insult than the female, be- 
cause differentiation of the male brain requires the action of 
androgens at the appropriate developmental periods [19,64]. 
In addition, recent evidence indicates that prenatal exposure 
to centrally acting drugs can alter both reproductive and 
non-reproductive behavioral sex differences in the rat 
[15,31]. 

Our results demonstrate that doses of AEDs in the human 
therapeutic range which did not induce identifiable biochem- 
ical or anatomical changes in the brain can produce devel- 
opmental deficits which alter the overall excitability of the 
CNS as evidenced by seizure susceptibility. 
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