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Abstract

 Antiepileptic drugs (AEDs) are first-line seizure treatments. Despite use in 

pregnancy and early life, their impact on brain maturation is unclear. This  can only be 

assessed in preclinical models (e.g., rats), as seizures and AEDs are inextricably linked 

in patients. Previous studies  revealed enhanced neuronal apoptosis (ENA) in neonatal 

(postnatal day (P)7-14) rats  (corresponding to late third trimester/infancy in humans), 

following therapeutic doses of some AEDs. It is  not known if ENA is associated with, or 

predictive of, functional changes. To test the hypothesis that AED exposure per se 

would alter brain maturation/function, pups were exposed to AEDs that do 

[phenobarbital (PB), phenytoin (PHT)] or do not   [lamotrigine (LTG), carbamazepine 

(CBZ), levetiracetam (LEV)] induce ENA, and later-life histological, physiological, and 

behavioral outcomes were assessed. Limbic regions regulating emotion, memory, and 

relevant to psychiatric findings in patients with early-life AED-treated seizures, have not

been assessed for ENA. Therefore, P7 rats  exposed to PB, PHT, or CBZ, were 

evaluated on P8 for ENA. PB and PHT, but not CBZ induced ENA in limbic regions. The 

striatum, vital for motor and cognitive function, is  particularly vulnerable to ENA. To 

determine if AED exposure (on P7) altered synaptic maturation, patch-clamp recordings 

were made from striatal neurons (P10-P18). Inhibitory and excitatory postsynaptic 

current frequency significantly increased from P10 to P18 in controls; this maturation 

was disrupted by PB, PHT, or LTG but not by LEV. Behavioral outcomes after PB, PHT, 
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and LTG exposure (P7-14) were assessed in adulthood (P60+). Disruptions  in motor 

function (PHT,  LTG), emotional/social behavior (PB, LTG), learning/memory (PB, PHT,

LTG), sensorimotor gating (PB), and seizure threshold (PHT) were detected. Deficits  in 

reversal learning and enhanced amphetamine-induced locomotion were detected in P25 

rats exposed to PB on P7. These results  indicate that early (P7 to P14) exposure to 

certain AEDs impedes later synaptic maturation and behavioral functions. ENA induction 

does not correlate with adverse outcomes, suggesting AEDs disrupt brain maturation 

even without killing neurons. These findings  share features with human psychiatric 

disorders, suggesting that AEDs must be considered as a contributor to the long-term 

adverse clinical outcomes in infants experiencing early-life seizures.
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1: Introduction

 Seizures are the clinical manifestation of epilepsy, which is characterized by two 

or more unprovoked seizures. In 1870, the father of modern epileptology, Hughlings 

Jackson, described seizures as, “an occasional, excessive and disorderly discharge of 

nerve tissue” (Jackson, 1870). While seizure activity is far from disorderly (Gale, 1992), 

Jackson’s description paints an otherwise accurate picture - the excessive discharge of 

neural tissue leads to various manifestations of seizures. Furthermore, the basic 

understanding that excessive neural activity is  responsible for seizures has informed 

and guided the development of first line therapies  for seizures and epilepsy, antiepileptic 

drugs. 

 The purpose of my dissertation research has been to assess  the impact of 

antiepileptic drugs on the developing brain, through the use of a rodent model. The 

developing brain is exposed to antiepileptic drugs during pregnancy (children of women 

with epilepsy), and during the early postnatal period, which represents  a peak in lifetime 

seizure prevalence (Hauser, 1994). This drug exposure has measurable short and long 

term consequences: in animal models antiepileptic drugs (e.g, phenobarbital, phenytoin, 

carbamazepine, lamotrigine, valproate) induce profound neuronal apoptosis (Bittigau et 

al., 2002) and long-lasting behavioral teratogenicity (Stefovska et al., 2008), in humans 

they result in decreased volume in key brain areas (Ikonomidou et al., 2007), behavioral 

problems and reduced IQ (Meador et al., 2011). Using histological, electrophysiological, 

and behavioral measures I have assessed the degree to which the induction of neuronal 

apoptosis, antiepileptic mechanism of action, or both factors contribute to the acute and 

long-lasting consequences of neonatal antiepileptic drug exposure. I have also 
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attempted to provide a functional link between early life toxicity, and later life behavioral 

outcomes. Throughout the introduction my dissertation, I will review the epidemiology of 

seizures and epilepsy, discuss  the neuroactive mechanisms of the anticonvulsants I 

have examined in my work, and the consequences of exposure to anticonvulsants  in 

clinical populations and animal models, with an emphasis on behavioral outcomes and 

neuronal apoptosis.

Incidence of Seizures and Epilepsy

 Epilepsy is  one of the most common neurological disorder, with a lifetime 

prevalence of 2.7 to 6.8 in 1000 (Hauser et al., 1991). There is  a peak lifetime incidence 

in the early postnatal period, which is characterized by increased incidence of seizures 

(Hauser, 1994). In fact, approximately 5% of children will experience a seizure or 

epilepsy (Hauser, 1994). In the case of some childhood epilepsies and seizures, 

patients are noted to “grow out of” seizures, for example the incidence of febrile 

seizures peaks at 14 months and drops off after 42 months. More generally speaking, 

the incidence of epilepsy onset drops by puberty and slowly rises throughout the course 

of life, reaching a second peak in those greater than 60 years of age (Hauser et al., 

1993). Another population of particular interest are women of childbearing age; an 

estimated half a million women with epilepsy fall into this category, leading to 0.3-0.5% 

of births to women with epilepsy (Yerby, 2000; Yerby et al., 2004).

 Because of the medical and social consequences of epilepsy (e.g., falls, brain 

damage from prolonged seizures, loss of drivers license), and a long-standing 

assumption that “seizures beget seizures” (which lacks compelling evidence, see 

 2



discussion below), even infrequent seizures are often aggressively treated. Thus, it is a 

particular challenge to determine the best course of treatment for vulnerable populations 

(e.g., pregnant women and infants) because of a relative lack of information on the 

safety, efficacy and long-term consequences of such treatments.

Do Seizures Beget Seizures?

 The fundamental treatment impairative for early life seizures is derived from the 

notion that, “seizures beget seizures”. The implication is  that the prevention of seizures 

can stop the progression of epileptogenesis. This notion, which permeates much of 

clinical and basic epileptology, is however, not undisputed. One line of evidence that is 

percieved to provide support for the notion that “seizures beget seizures”, is derived 

from the kindling literature.  It is worthy of note that kindling was not developed as a 

model of epileptogenesis, rather it was rather first described by Goddard as learning-like 

phenomena (Goddard, 1967). In kindling, high-frequency subconvuslant stimulation of 

any of several limbic brain regions (e.g., hippocampus, amygdala, piriform cortex) yields 

afterdischarges (field level activation characterized by mutlipe spikes outlasting the 

initial stimulation). In rats, kindling can be accomplished using rapid paradigms in as 

little as 24h with more standard kindling paradigms yielding full seizures after about a 

week (Kelly, 1998). In contrast to the rat, kindling in the cat takes 12-14 days (Uemura 

et al., 1998), while kindling in macaques required an average of 196 days (Wada et al., 

1978). However, even with 400 days  of stimulation, the macaques did not reach stage 5 

seizures (maximal responses) characteristic of other species. The only primate that has 

been successfully kindled to maximal seizures is  the epileptic baboon (Papio papio) in 

an average of 72d (Wada and Osawa, 1976). Pharmacological kindling has also been 
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employed in rats (lidocaine, cocaine, pentylenetetrazol) with great sucess (Fabisiak and 

Schwark, 1982; Post et al., 1975; Post and Kopanda, 1976). Despite the ability of 

subconvulsant stimulation by various means to induce later seizures, there are several 

conceptual issues. 1) Kindling stimuli do not induce seizures, they induce after 

discharges until kindling is  complete. Thus, it is not correct to conclude that “seizures 

beget seizures” from the kindling literature. It would be more accurate to say that 

subconvulsant stimulation begets  seizures. 2) The timing of the stimulations necessary 

for kindling are very precise. If stimulations occur too close to one another kindling does 

not occur. It is unlikely that the precisely regular timing necessary for kindling would 

occur naturally in the brain. 3) The duration of regular stimulation (over a year in 

macaques) necessary for kindling to occur increases with brain development across 

species, suggesting that kindling may be difficult or impossible in humans. 

 Kindling is not the only line of evidence that has been used to support the notion 

that “seizures beget seizures”. Status epilepticus-inducing agents (e.g., kainic acid, 

lithium-pilocarpine, picrotoxin) have also been employed. For example, when animals 

are treated with kainic acid, a large percentage of the animals go on to develop 

spontanoeus seizures  after a latent period (on the order of 30-60d; see for example, 

Pisa et al, 1980; Calvaheiro et al., 1982). Furthermore, both the brain damage and 

electrographic activity induced by kainate status mirrors that seen in human patients 

with status epilepticus (Ben-Ari et al., 1981). Despite these similarities, there are several 

issues with the status epilepticus  model. 1) Status epilepticus is the first seizure in only 

12% of newly diagnosed epilepsies (Browne and Holmes, 2008), 2) patients are not 

routinely exposed to status-epilepticus inducing chemoconvulsants, thus suggesting 

 4



another underlying epileptogenic insult. 3) status epilepticus is a life-threatening 

condition that must be treated and causes profound brain damage. This type of seizure 

is  very different than the more typical shorter-lasting seizures  which do not induce brain 

damage and are not life-threatining. Thus, while chemoconvuslant induced status 

epilepticus may provide an excellent model of human status  epilepticus, extrapolating 

these results to support the notion that “seizures beget seizures” may be misleading. 

 Even with the caveat of these models, there are still reasons to believe that 

treatment of early life seizures may be of importance. The experimental evidence for 

this suggestion is presented in the section below.  

Impact of Seizures on the Developing Brain

! There have been both clinical and preclinical analysies  of the effects of seizures 

early in life. However, due to the nature of clinical practice, all of these examinations of 

early life seizures on brain development are confounded by co-administration of 

antiepileptic drugs. The information we do have regarding the effects of seizures alone 

in the developing brain is thus derived exclusively from animal models. 

 Data from these studies suggest that early life exposure to seizures can cause 

long-term abnormalities in spatial learning and memory (de Rogalski Landrot et al., 

2001;  Holmes et al., 1998; Karnam et al., 2009a; Karnam et al., 2009b). For example, a 

variety of seizure models, at a variety of ages, have shown that early life seizures result 

in deficits in adult morris water maze performance.  For example, flurothyl seizures from 

P-0-P5, P0-P10, P0-12, or P5-P25 all impair water maze performance as characterized 

by increased latency to escape, and/or decreased time in correct quadrant in probe 

trials (de Rogalski Landrot et al., 2001;  Holmes et al., 1998; Karnam et al., 2009a; Karnam 
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et al., 2009b). Furthermore, prolonged lithium-pilocarpine seizures (status  epilepticus) at 

P22, P25 or P30 also impaired water maze performance, while, interestingly, only a very 

mild deficit was noted at P50 (Rutten et al., 2002). Febrile seizures (Dube et al., 2009)  

and PTZ-induced status (from P10-14) also increased escape latency in water maze. 

Consistent with these findings, early life exposure to seizures impaires paired-pulse 

inhibition in the hippocampus and hippocampal place map (Karnam et al., 2009a; 

Karnam et al., 2009b). 

 A second behavior that has been commonly assessed following neonatal 

seizures is activity in the open field.  Flurothyl from P15-P25 decreased habituation 

across days in the open field, while at P0-5 it decreased overall open field activity 

(Holmes et al., 1998; Karnam et al., 2009). PTZ status from 10-14 showed no effect on 

open field (or rotarod) (Huang et al., 2002).  Bicuculline from P5-8 did not alter water 

aze behavior, but did make animals more sensitive to kainic acid-induced deficits in 

water maze, and did impair animals  on the rotorod (Lai et al., 2002). Lithium-

pilocarpine-induced seizures in neonates also increased anxiety like behavior (in the 

elevated plus maze) in adult animals (Lai et al., 2008). 

 Other interesting findings following early life seizures include hyperreactivity to 

methamphetamine following lithium-pilocarpine-evoked status epilepticus on P9 and 

P10 and altered metabolism of dopamine and glutamate in the frontal cortex and 

striatum (decreased DA, DOPAC, and HVA in the PFC, elevated DOPAC in the striatum; 

elevated glutamate in PFC, decreased glutamate in the striatum) (Lin et al., 2009). 

 While this  body of literature suggests that early life seizures may have long-

lasting consequences on brain function, there are several caveats that must be 
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considered. 1) All of these studies use chemoconvulsants, and none of these studies 

assessed the impact of subconvuslant drug exposure. This raises the possibility that  

exposure to chemoconvulsants, and not seizures per se are responsible for the 

behavioral outcomes seen. 2) Even if seizures are responsible for the long-term 

changes in brain function, it is  unclear how relevant these models are to the typical 

seizure presentation of neonates. The models employed may be accurate models  of 

catastrophic epilepsies of development (with multiple severe seizures), but may be less 

relevant to more mild seizure conditions. For this reason I have engaged in preliminary 

studies assessing the effect of mild, repeated electroshock seizures early in life on long 

term behavioral outcomes. While these studies are not presented in my dissertation, it is 

my hope to follow up on them in an effort to better characterize the effects of early life 

seizures. For the purposes of the interpretation of the data presented in my dissertation, 

it is  important to note that because of the relative poverty of data with respect to the 

effects of early life seizures it is  difficult to draw strong conclusions about the relative 

risks of treatment, as compared to withholding treatment. 

Antiepileptic Drugs

 Antiepileptic Drugs (AEDs) fall into several functional categories, based on 

therapeutic mechanism of action. However, all the drugs share the common trait of 

restraining excessive neuronal activation in the brain. In this  section, I will briefly outline 

the key AEDs that I have examined in my dissertation research, their mechanisms, 

indications, efficacies and utilization. This  section is by no means a comprehensive 

review of all currently utilized AEDs, nor all AEDs that will be mentioned throughout the 
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course of this document [for further information on these drugs please see: (Levy et al., 

2002; Engel and Pedley, 2007; White and Rho, 2010)], however, the most commonly 

utilized and clinically important AEDs will be described. A final note that is important for 

understanding the scope of AED exposure is  that many of the AEDs presented below 

are used for the treatment of neurological and neuropsychiatric disorders other than 

epilepsy (e.g. migrane, anxiety, neuropathic pain, bipolar disorder). This expands the 

population of women of childbearing age that may take AEDs, and increases the in 

utero and postnatal exposure rates to AEDs. 

GABAergic AEDs

Several anticonvulsant drugs  act on the GABA-A receptor, an ionotropic chloride 

channel, which when activated hyperpolarizes neurons. The two principle classes of 

GABAergic AEDs are barbiturates and benzodiazepines (White and Rho, 2010).

 Phenobarbital

 Phenobarbital is the prototypical GABAergic AED, the prototypical barbiturate 

anticonvulsant, and the oldest anticonvulsant still in use. Phenobarbital was first used 

for the treatment of epilepsy in 1912, only a year after it was first synthesized 

(Hauptmann, 1912). Phenobarbital is  a modulator of GABA-A receptor function, with low 

concentrations enhancing the average open time of the chloride channel, and high 

concentrations directly opening the channel and antagonizing AMPA receptors 

(Macdonald and Barker, 1978; MacDonald and Barker, 1979; Joo et al., 1999). 

Phenobarbital is one of the most widely used anticonvulsants world-wide, in large part 
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to its  affordability -- in the developing world the per diem cost of phenobarbital by far the 

lowest. As described by Kwon and Brodie, “...if the per-diem cost of PB is defined as 

one unit, the corresponding figure for phenytoin (PHT) is 1.6; carbamazepine (CBZ), 4.7 

and valproate (VPA), 5.3” (Kwan and Brodie, 2004). Furthermore, it is  the World Health 

Organization recommended first line therapy in the developing world (Scott et al., 2001). 

In the developed world, phenobarbital is  no longer a first-line drug for the management 

of seizures, but is still utilized as a second-line therapy in adults (Baldy-Moulinier et al., 

1998; Karceski et al., 2005) and children (Wheless et al., 2007). 

 Phenobarbital’s  efficacy in adults (43% of patients showing complete control of 

tonic-clinic seizures) is  comparable to other drugs (e.g., carbamazepine, phenytoin) 

(Mattson et al., 1985). However, phenobarbital is more likely to be discontinued than 

either phenytoin or carbamazepine (22% vs. 3% and 11% respectively), due to cognitive 

side effects (e.g., drowsiness, memory impairment). It is  indicated for the treatment of 

generalized epilepsies, partial epilepsies, convulsive status epilepticus (continuous 

seizure activity lasting for more than 30 minutes) and neonatal seizures (Baulac, 2002). 

 For the treatment of seizures  in infancy, phenobarbital is the recommended first 

line therapy (Wheless et al., 2007) and the most commonly used treatment in the US. In 

fact, phenobarbital is used as a first-line drug in 82% of neonatal seizures (Bartha et al., 

2007). This is despite its relatively poor efficacy in seizure control, when measured 

electrographically (only 43% of seizures were controlled electrographically, despite a 

higher percent showing decreased behavioral seizures) (Scher et al., 2003; Sankar and 

Painter, 2005).

 Phenobarbital is also used in the treatment of neonatal cerebral hemorrhage in 
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preterm newborns (Donn et al., 1981; Bedard et al., 1984), as a prophylactic treatment 

against sequelae of hypoxia-ischemia in neonates (Singh et al., 2005; Meyn et al., 

2010) and for treatment of hyperbilirubinemia (Dennery et al., 2001). In addition to 

phenobarbital, primidone, which acts  as a pro-drug, for phenobarbital is  also still in 

clinical use (Eadie, 1991). Phenobarbital, in combination with the NKCC1 (Sodium-

Potassium-Chloride) co-transporter inhibitor, bumetanide, has shown promise in 

increasing the efficacy of phenobarbital treatment (Dzhala et al., 2005; Staley, 2006; 

Kahle et al., 2009). Early in development, a high level of neuronal expression of NKCC1 

increases intracellular chloride concentration, resulting in excitatory actions of GABA 

(Dzhala et al., 2005). Thus, blocking the high intracellular chloride yields inhibitory 

GABAergic currents and increases the efficacy of phenobarbital in animal models 

(Dzhala et al., 2005, 2008, 2010; Glykys et al., 2009) and in the clinic (Kahle et al., 

2009). This increased efficacy can result in the utilization of lower doses of 

phenobarbital. 

 Benzodiazepines

 Benzodiazepines, such as  diazepam and clonazepam, like barbiturates act on 

the GABA-A receptor, however, they increase the frequency of channel openings, 

without impacting open time (Rogers et al., 1994). Unlike barbiturates, benzodiazepines 

do not activate the GABA receptor in the absence of GABA at any concentration, nor do 

they alter glutamatergic function. This results in greater safety relative to barbiturates, 

limiting the likelihood of overdose. 

 Two benzodiazepines, diazepam and lorazepam are the first line treatments  for 

 10



status epilepticus, with diazepam also used for prophylactic treatment of febrile seizures 

(Schmidt, D, 2002). Clonazepam is an adjunct therapy for partial and generalized 

seizures, Lennox-Gastaut syndrome (a severe childhood epilepsy with multiple, long-

lasting daily seizures), and a second line therapy for status epilepticus (Schmidt, D, 

2002). Diazepam is the single most widely used benzodiazepine in epilepsy treatment. 

It is 80% effective at stopping status epilepticus seizures within 10min of an i.v. bolus 

injection of 2mg/kg (Delgado-Escueta and Enrile-Bacsal, 1983). Lorazepam is  more 

potent than diazepam, but equally efficacious to both diazepam and clonazepam for 

stopping status epilepticus (Leppik et al., 1983). Benzodiazepines are almost 

exclusively used for status epilepticus, or for controlling a seizure immediately after 

onset. In 9% of neonates  presenting with seizures, lorazepam is the fist line drug of 

choice, with an additional 6% treated with a combination of lorazepam and 

phenobarbital (Bartha et al., 2007).

Voltage Gated Sodium Channel Blockers

 The voltage-gated sodium channel is a necessary contributor to action potential 

generation. As a consequence of neuronal depolarization to action potential threshold, 

voltage gated sodium channels are activated, allowing inward flux of sodium, further 

depolarizing the neuron, and propagating action potentials down the axon. Following 

activation of these channels, they move into an inactive channel state, which recovers 

with voltage returning to sub-threshold levels (White and Rho, 2010). Several 

antiepileptic drugs have voltage gated sodium channels as their principle (or one of their 

principle) targets.
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Phenytoin 

 Phenytoin has been in clinical use for the treatment of seizures and epilepsy 

since 1938 (Merritt and Putnam, 1984). It continues to be one of the most widely utilized 

anticonvulsant drugs, and unlike GABAergic AEDs does not produce sedation. 

However, unlike the barbiturates and benzodiazepines, parenteral administration is not 

favorable with phenytoin (it is insoluble unless at basic pH, or using a high concentration 

propylene glycol vehicle). Fosphenytoin, however, is a water-soluble pro-drug, allowing 

for efficient i.v. administration (White and Rho, 2010). 

 Phenytoin’s mechanism of therapeutic action has largely been attributed to use-

dependent inhibition of voltage-gated sodium channels, i.e., that it increases  the 

duration of time the channels spend in an inactive state, thereby only disrupting high 

frequency activity (Macdonald and McLean, 1982; McLean and Macdonald, 1983). 

Additional targets of phenytoin include L and T type calcium channels further reducing 

neuronal depolarization (Rivet et al., 1990; Todorovic et al., 2000). 

 Phenytoin is  the most commonly prescribed AED in the United States; together 

with fosphenytoin, these drugs account for 56%-71% of AED prescriptions (Huff et al., 

2001) (Huff et al., 2001). In adults, phenytoin is indicated for the treatment of partial and 

secondarily generalized seizures, and may be helpful in absence and tonic-clonic 

seizures as a second line therapy. It is  the second most common AED used for seizure 

control in some European countries (Baldy-Moulinier et al., 1998), and is a 

recommended second line therapy for most seizure types and as an adjunct therapy in 

the US (Karceski et al., 2005). It is also one of the most commonly used drugs for the 

treatment of epilepsy in pregnancy (Meador et al., 2009b). In children, phenytoin is an 
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International League Against Epilepsy recommended therapy for partial onset seizures 

(Glauser et al., 2006). In neonates, is the second most commonly prescribed drug for 

seizures (Bartha et al., 2007) with efficacy that is equivalent to phenobarbital (Painter et 

al., 1999).

Carbamazepine

 Carbamazepine, which is structurally similar to the tricyclic antidepressant 

imipramine, has been in use as an AED since the 1960s (Loiseau, P, 2002). 

Carbamazepine, and its  neuroactive metabolite carbamazepine epoxide, like phenytoin, 

reduces high frequency repetitive neuronal firing. Furthermore, like phenytoin, 

carbamazepine acts on voltage gated sodium channels, likely by increasing time spent 

in the inactive channel state (McLean and Macdonald, 1986). Like phenytoin, 

carbamazepine also inhibits binding of [3H] Batrachotoxinin A-20-alpha-benzoate to the 

voltage gated sodium channel, further supporting the importance of sodium channels in 

carbamazepine’s mechanism of therapeutic action (Willow and Catterall, 1982). 

Additional targets of carbamazepine may include increasing extracellular levels  of 

serotonin (Dailey et al., 1997) and reduction in NMDA receptor mediated currents 

(Lancaster and Davies, 1992). 

 Carbamazepine is the most widely used first-line treatment for partial seizures in 

many countries (Baldy-Moulinier et al., 1998), is the treatment of choice for simple 

partial seizures and complex partial seizures (Karceski et al., 2005). It is  equivalently 

efficacious to phenytoin with respect to seizure control (Ramsay et al., 1983). In 

children, carbamazepine is  a second line therapy for tonic-clonic seizures, and the 
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treatment of choice for complex partial seizures (Wheless Clarke Arzimanoglou 

Carpenter 2007). Carabamazepine is also one of the most commonly used drugs in 

during pregnancy for epilepsy management (Meador et al., 2009b).

Lamotrigine

 Lamotrigine was developed in the late 1980s, passed clinical trials in the early 

1990s, was approved as an adjunct therapy for seizures in 1994, and gained approval 

as a monotherapy agent in 1998. It has gained widespread use as a treatment of choice 

for idiopathic generalized epilepsies and is the second most common drug after 

valproate. Lamotrigine is  a first line therapy for complex partial seizures (second only to 

carbamazepine/oxcarbazepine), and a second line therapy for the treatment of absence 

seizures (Stephen, LJ and Brodie, MJ, 2002). It is  also a recommended adjunct therapy 

with virtually every other AED currently in use (Karceski et al., 2005). Lamotrigine is  also 

used in the treatment of neuropathic pain (Eisenberg et al., 1998; Devulder and De 

Laat, 2000) and bipolar disorder (Calabrese et al., 1999) further expanding its clinical 

use. It was the most commonly used drug in the Neurodevelopment Effects of 

Antiepileptic Drugs (NEAD) study between 1999 and 2004, with 36% of participants  on 

lamotrigine monotherapy (Meador et al., 2009b). In pediatric populations, lamotrigine is 

a first line drug for the treatment of juvenile myoclonic epilepsy, a second line treatment 

for generalized tonic-clonic seizures, Lennox-Gastuat syndrome, and is  a first line 

treatment for absence seizures in children and juveniles (Wheless et al., 2007). It is  also 

a recommended treatment for complex partial seizures in pediatric populations (Semah 

et al., 2004; Scottish Intercollegiate Guidelines Network, 2005). 
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 Lamotrigine’s mechanism of therapeutic action, like phenytoin, and 

carbamazepine, is in large part due to inhibition of voltage-gated sodium channels, in a 

use dependent manner, increasing time spent in the inactive state (Leach et al., 1986a). 

Lamotrigine is  also an activator of HCN channels, which may contribute to its 

anticonvulsant action (Poolos  et al., 2002). Other important targets of lamotrigine are 

the N and P-type, but not L or T-type calcium channels (Stefani et al., 1996; Wang et al., 

1996). The inhibition of presynaptic N and P type calcium channels likely accounts  for 

the reduction in in vitro neurotransmitter release seen following lamotrigine (Leach et 

al., 1991). 

 Lamotrigine is  equiefficacious at seizure control as compared to carbamazepine 

in patients with generalized tonic-clonic seizures, but is better tolerated (Brodie et al., 

1995; Reunanen et al., 1996). In comparison to phenytoin, the drugs  were equally 

effective in achieving seizure control (>80%), with no difference in adverse reactions 

(Steiner et al., 1999). In children, lamotrigine is more successful than vigabatrin in the 

control of generalized seizures (Bélanger et al., 1998), and is efficacious a monotherapy 

for absence epilepsy and as an adjunct therapy in infantile spasms (Stephen, LJ and 

Brodie, MJ, 2002). 

Drugs with other mechanisms of action

 While the most common therapeutic targets of first and second generation AEDs 

are GABA-A receptors and voltage gated sodium channels, there are many other 

targets  of AED actions. Two drugs of particular interest in my work, valproic acid, and 

levetiracetam both work through mechanisms other than those described above. 
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Valproic Acid (n-dipropylacetic acid)

 Valproic Acid was synthesized in 1882 (Burton, BS, 1882), but was  not used as 

an anticonvulsant until the mid-1960s (Meunier et al., 1963; Carraz et al., 1964). 

Valproate is one of the most widely used AEDs for first line treatment of partial seizures 

(Baldy-Moulinier et al., 1998) and is the first line therapy for myoclonic seizures 

(Covanis et al., 1982; Bourgeois et al., 1987), and is  one of the top 5 drugs for use in 

non-status epilepticus Emergency Department control of seizures (Huff et al., 2001). 

World-wide consensus panel recommendations for the treatment of seizures ranks 

valproate as the initial monotherapy treatment of choice for idiopathic generalized tonic-

clonic, absence, and myoclonic seizures and as a second line treatment for complex-

partial seizures. Valproate is also a recommend add-on therapy for incomplete control of 

seizures with most other AEDs (Karceski et al., 2005). 

 Valproate is a very dirty drug, with multiple neuroactive mechanisms of action. 

Valproate potentiates pst synaptic GABA responses in vivo (Löscher, 1999), which may 

be due to its effects  on presynaptic GABA metabolism. One of valproate’s most well 

established effects is an elevation of cerebral GABA levels (Iadarola and Gale, 1979; 

Iadarola et al., 1979; Gale and Iadarola, 1980a). The increase in GABA levels is likely 

due to the inhibition of GABA transaminase activity, the major catabolic pathway for 

GABA (Löscher, 1993). Furthermore, valproate increases the release of GABA (Gram et 

al., 1988), and activity of the GABA synthetic enzyme, GAD (Nau and Löscher, 1982; 

Wikinski et al., 1996). Valproate also has use-dependent action on voltage gated 

sodium channels, which (like phenytoin and carbamazepine) reduce sustained repetitive 
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firing by increasing time spent in the inactive state of the channel (Maggs et al., 2000). 

An additional, more recently discovered mechanism by which valproate may impact the 

brain is  through inhibition of histone deacetylase (HDAC) (Phiel et al., 2001; Göttlicher 

et al., 2001; Simonini et al., 2006); though not likely related to its  anticonvulsant efficacy, 

HDAC inhibition may contribute to valproate’s therapeutic benefit in bipolar disorder. 

 For generalized tonic-clonic, simple partial and complex partial seizures, 

valproate, carbamazepine, and phenytoin are equiefficacious (Turnbull et al., 1985; 

Callaghan et al., 1985; Mattson et al., 1992). Valproate also has demonstrated efficacy 

in the treatment of absence seizures, equivalent to ethosuximide (Callaghan et al., 

1982). 

Levetiracetam

 Levetiracetam was originally developed as  a derivative of the memory-enhancing 

drug piracetam. Unlike piracetam, levetiractam is a potent anticonvulsant drug, and was 

approved for use as an adjunct therapy for refractory partial seizures  in 1999. Despite 

its lack of FDA approval as a first-line monotherapy in the US, it is a recommended first 

line therapy for simple and complex partial seizures, as well as  secondarily generalized 

seizures (Leppik, IE, 2002). Additionally, it is  the first line recommended add-on therapy 

for all other AEDs in adults (Karceski et al., 2005). In pediatric populations, it is a 

second line choice for myoclonic and generalized tonic-clonic seizures (Wheless et al., 

2007) and has  better tolerability, with less sedation and cognitive side effects than most 

other AEDs. The superior tolerability of levetiracetam is supported by its preclinical 

therapeutic index, which is greater than any other known anticonvulsant (Klitgaard et al., 
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1998). It was the second most common drug used during pregnancy according to a 

recent prospective study [18%, (Meador et al., 2009b)]. 

  Levetiracetam’s mechanism of anticonvulsant action differs from all other AEDs. 

It does not alter voltage-gated sodium channel function (Zona et al., 2001), calcium 

currents, GABA currents  (Rigo et al., 2002), and has no affinity for adrenergic, 

cholinergic, dopaminergic, serotonergic, glutamatergic, or GABAergic receptors  (Noyer 

et al., 1995). 

 A high affinity levetiracetam binding site is present in brain, but not in peripheral 

tissues (Fuks et al., 2003). This binding site has been identified as the synaptic vesicle 

protein SV2A (Lynch et al., 2004), which is implicated in action-potential dependent 

vesicular release (Crowder et al., 1999). Levetiracetam may reduce the readily 

releasable pool of vesicles, thus decreasing synaptic currents in a frequency dependent 

manner (Meehan et al., 2011). A particularly intriguing aspect of levetiracetam’s 

anticonvulsant profile is that it lacks effects  in the normal brain. It is  only effective in 

seizure control in epileptic animals, and is ineffective against chemoconvulsant and 

electroshock seizures in otherwise normal animals (Leppik, IE, 2002). Lamotrigine’s 

unusual anticonvulsant profile, coupled with the lack of information regarding SV2A 

function in the brain leave us with a relatively incomplete knowledge of levetiracetam’s 

functions.

 Levetiracetam has approval as an adjunct therapy for partial seizures in adults 

and pediatric populations (Food and Drug Administration, 1999), and has been the 

subject of several recent clinical trials as monotherapy in both populations (Ben-

Menachem and Falter, 2000; Alsaadi et al., 2005; Brodie et al., 2007; Khurana et al., 
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2007), as well as a recent clinical trial for safety and efficacy in neonatal seizures 

(Ramantani et al., 2011a). Levetiracetam demonstrated efficacy and tolerability in all of 

these studies. In the single study (Brodie et al., 2007) were it has been directly 

compared to another AED (carbamazepine), it demonstrated equal efficacy and 

tolerability, which led to its approval as a first-line monotherapy in the European Union 

(Abou-Khalil, 2007). 

Caveats regarding mechanism of action

 While I have outlined above the major therapeutic targets of AEDs of interest, 

there are several caveats regarding mechanism of action that are particularly relevant to 

the effects of AEDs in the developing brain. For example, there are nine subtypes of 

voltage gated sodium channels, two of which are specific to muscle, three of which are 

specific to dorsal root ganglion neurons, and four of which are found in brain (Catterall 

et al, 2005). Even within the brain there is  non-homogenous expression, for example,  

NaV1.1 is expressed to a greater degree in interneurons than in principle cells  (Yu et al., 

2006; Catterall et al., 2010). Thus, voltage-gated sodium channel blockers (e.g. 

phenytoin, carbamazepine) may exhibit non-homogenous effects on brain tissue, with 

perhaps counterintuitive network effects. Dravet syndrome, a severe, treatment resistent 

childhood onset epilepsy, is  caused by the disruption of NaV1.1 (Caterall et al., 2010). 

One might expect that reduced sodium channel activtion would result in a less excitable 

brain, however, as I described above, because of the preferential expression of NaV1.1    

in interneurons, the decrease in excitability is preferential to interneurons, the end result 

of which is  a hyperexcitable network. Like the voltage gated sodium channels, there are 

multiple subtypes of GABA receptors; those receptors  that contain either alpha-4 or 
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alpha-6 subunits are insensitive to benzodiazepines, and thus would not be targets of 

action of diazepam or other benzodiazepines (Derry et al, 2004). This non-homogenous 

expression could also lead to preferential effects  on subpopulations of neurons. Aside 

from non-homogenous localization of drug targets throughout the CNS, the importance 

of “off-target” effects must be underscored. For example, while I have drawn parallels 

between phenytoin and carbamazepine based on their presumed mechanism of action 

at voltage-gated sodium channels, perhaps the teratogeneic/iatrogeneic effects may 

have little to do with sodium channels, and instead may be a result of “off-target” action 

on calcium channels or serotonin transporters. 

Antiepileptic Drugs and the Developing Brain

 Despite aggressive clinical treatment of seizures with antiepileptic drugs during 

development, relatively little is known about their long-term impact on brain functions. 

This  is especially true for postnatal exposure, with relatively more known about the 

consequences of gestational exposure. In the following sections, I will outline the state 

of knowledge, both clinical and preclinical for antiepileptic drugs  used during brain 

development.

Clinical Impact of AEDs during pregnancy

 As reviewed by Chen et al., (Chen et al., 2010) all commonly used AEDs cross 

the placental barrier (as measured as a ratio of umbilical cord concentration to maternal 

serum concentration). Phenytoin, phenobarbital, lamotrigine and levetiracetam all reach 

concentrations equal to maternal serum levels, while carbamazepine reaches 
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concentrations slightly lower (ratio: 0.68-0.77). Valproate and diazepam both may be 

sequestered in the fetal compartment, reaching concentrations 1.7 to 2.0 times maternal 

serum levels. 

 The risk of perinatal death of offspring of women with epilepsy is no greater than 

in control populations (Hiilesmaa et al., 1985; Richmond et al., 2004). There is, 

however, a higher rate of low Apgar scores in offspring of women with epilepsy taking 

AEDs, as well as an increased rate of treatment in neonatal intensive care units; a risk 

that was not increased in women with epilepsy not taking AEDs (Wilhelm et al., 1990; 

Laskowska et al., 2001; Viinikainen et al., 2006). Similarly low Apgar, low birth weight, 

and low head circumference were reported in offspring born to mothers with epilepsy 

who used AEDs during pregnancy, but not in those that were AED-free during 

pregnancy (Veiby et al., 2009). 

Teratogenicity

 In utero exposure to any of several antiepileptic drugs is well documented to 

induce congenital malformations. Several studies have demonstrated significantly 

increased risks of major congenital malformations in the offspring of women with 

epilepsy (Holmes, 2001; Morrow et al., 2006; Veiby et al., 2009). Phenobarbital, 

phenytoin, carbamazepine, and valproate all resulted in increased rates of congenital 

malformations in a meta-analysis  of 5 prospective studies  of women in German, 

Finland, and the Netherlands between 1979 and 1990 (Samrén et al., 1997). The most 

recent prospective study on antiepileptic drugs and pregnancy (Tomson et al., 2011), 

directly compared the risk of malformations in offspring of women with epilepsy exposed 
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In utero to carbamazepine, lamotrigine, valproic acid or phenobarbital. Lamotrigine 

produced the lowest levels of malformations. The risk of malformations was significantly 

higher following exposure to carbamazepine (at doses greater than 400mg/day), 

valproate, or phenobarbital as compared to lamotrigine. The most common 

malformations were cardiac in nature. The teratogenic effects were dose-dependent, 

with high doses of valproate (>1500mg/day) producing the most frequent malformations, 

including neural tube defects  in 2% of births. This finding is consistent with previous 

studies demonstrating increased risk of birth defects following exposure to valproate, 

(Artama et al., 2005; Morrow et al., 2006) including neural tube defects  (Samrén et al., 

1997) and spina bifida (Bertollini et al., 1985; Arpino et al., 2000; Jentink et al., 2010b). 

Meta-analysis has also revealed a small increase in the risk for spina bifida following 

exposure to carbamazepine (Jentink et al., 2010a). 

 The focus of these studies has primarily been on first-trimester exposure, and as 

such, the recommendation of the American Academy of Neurology and the American 

Epilepsy Society is to reduce exposure to valproate during the first trimester of 

pregnancy, to limit polytherapy during the first trimester, and to avoid, when possible 

phenobarbital, carbamazepine and phenytoin (Harden et al., 2009). While the early first 

trimester is  an incredibly important developmental stage and includes milestones such 

as neural tube closure, more subtle abnormalities may result from exposure during 

other periods of development, specifically long-lasting changes in nervous system 

function (Harden et al., 2009). 

Long-term behavioral outcomes
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 Before attributing any long-term behavioral changes (e.g., IQ) to gestational 

exposure to antiepileptic drugs, one may ask if there is any evidence suggesting that 

being born to a mother with epilepsy has any impact on cognition. Two studies asked 

this  question, and failed to demonstrate any link (Holmes et al., 2000; Gaily et al., 

2004). Similarly, one may ask if maternal seizures during gestation are correlated with 

offspring IQ. There are mixed findings  with regards to this question, with some reports 

(Titze et al., 2008; Thomas et al., 2008) showing no association, and other reports 

showing that number of seizures during pregnancy significantly predicts decreased IQ, 

even after correcting for confounds  (Gaily et al., 1990; Adab et al., 2004; Vinten et al., 

2005). 

 In a large population based cohort study from Norway, maternal epilepsy during 

pregnancy was associated with a reduced IQ score as  measured in offspring aged 18 to 

19 year old (Oyen et al., 2007), an important caveat is that this study did not control for 

antiepileptic drug exposure, limiting the interpretations. One study assessed cognitive 

outcomes in offspring of women with a history of seizures but who had no seizures 

during pregnancy, and who were not treated with AEDs during the pregnancy. This 

study ruled out a contribution of maternal seizure history to offspring IQ (Holmes, 2001). 

 Anticonvulsant drugs exposure in utero has  been assessed in at least 20 

prospective or retrospective clinical studies for effects on intelligence between 1994 and 

2011. The first of these studies, conducted by Gaily and colleagues in 1990 found no 

change in IQ following AED exposure (Gaily et al., 1990). Subsequent studies have 

painted a very different picture. In 1994 Scolnick et al evaluated IQ of offspring of 

women with epilepsy exposed in utero to phenytoin or carbamazepine. They reported a 
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significant decrease in IQ in phenytoin but not carbamazepine-exposed children 

(Scolnik et al., 1994). Similarly, phenobarbital exposure in utero was associated with 

decreased verbal intelligence scores (Reinisch et al., 1995a). When EEG was evaluated 

following in utero exposure to AEDs, there was a significant increase in abnormal EEG 

findings in patients exposed to monotherapy (75% abnormal EEG findings) and 

polytherapy (89% abnormal EEG findings) as  compared to those born to women with 

epilepsy that were untreated during pregnancy (50% abnormal EEG findings) and 

control populations (35% abnormal EEG findings). There was also a significant 

reduction in both verbal and performance IQ in those exposed to polytherapy as 

compared to monotherapy, no therapy and control patients (Koch et al., 1999). In a 

small sample (76 children exposed In utero), those exposed to phenytoin displayed 

reductions in locomotor development without changes in performance or practical 

reasoning, with no equivalent finding for those exposed to carbamazepine (Wide et al., 

2002). Another cohort demonstrated congenital malformations, developmental delays 

and/or behavioral disorders in children exposed in utero to carbamazepine, phenytoin, 

phenobarbital or valproate (Dean et al., 2002). 

 Valproate, but not carbamazepine-exposed children displayed decreased verbal 

IQ in two separate prospective studies (Gaily et al., 2004; Eriksson et al., 2005). Both 

motor ability and linguistic ability were reduced in an age, maternal education, and 

socioeconomic status-matched study of 71 children following AED therapy (Hirano et 

al., 2004). In the Liverpool and Manchester Neurodevelopment Study Group cohort, 

valproate, but not carbamazepine or phenytoin, significantly increased the odds ratio for 

verbal IQ of less  than 69 and memory impairments (Vinten et al., 2005). Valproate also 
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reduced both mental and motor development (Thomas et al., 2008), with polytherapy 

also significantly attenuating motor and mental development, including polytherapy with 

phenytoin and phenobarbital. First trimester folic acid supplementation during the first 

trimester, which is thought to reduce neural tube and brain defects, had no effect on 

outcomes. Valproate also reduced cognitive fluency and originality in children exposed 

In utero (McVearry et al., 2009) with carbamazepine and lamotrigine having no ill 

effects. In perhaps the best controlled study of In utero exposure, the NEAD study, 

valproate, but not phenytoin, carbamazepine or lamotrigine was associated with 

reduced IQ at three years of age (Meador et al., 2009a), with respect to verbal abilities, 

carbamazepine dose was significantly negatively correlated with outcome, as was 

valproate dose (Meador et al., 2011). Similar findings were reported in the Liverpool and 

Manchester Neurodevelopmental Group cohort (Bromley et al., 2010). When language 

development was assessed, valproate monotherapy or polytherapy was negatively 

correlated with language scores, with phenytoin and carbamazepine no impact 

(Nadebaum et al., 2011). 

 Neuropsychiatric outcomes have also been examined following AED exposure. In 

particular, In utero exposure to AEDs (in particular, valproate, and perhaps 

carbamazepine) has been associated with an increased risk for autism spectrum 

disorders (Rasalam et al., 2005), with characteristic impairments in non-verbal 

behaviors (e.g., eye contact), delays in language development, and restricted/

stereotyped behavioral repertoires. In a second study, autism spectrum behaviors were 

seven times higher in children exposed to valproate, with single cases also reported in 

the study for lamotrigine and phenytoin (Bromley et al., 2008). While no cases were 
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reported for carbamazepine in this study, the authors caution that as  the cohort is 

relatively young and it is impossible to exclude an effect of carbamazepine, or that 

additional cases will appear with age following lamotrigine or phenytoin. 

 Taken together, these studies indicate that valproate is  consistently the worst 

drug with respect to both congenital malformations and long-term behavioral outcomes. 

For this reason, valproate in pregnancy is likely to fall out of use. With respect to 

phenobarbital, phenytoin, and carbamazepine, reports have been much less consistent 

in demonstrating long-term deficits. The possibility that these drugs may have long-term 

impacts on cognition cannot therefore be excluded. Lamotrigine, however, has come up 

clean in every study in which it was included, raising the hope that it may be an effective 

and safe treatment for epilepsy during pregnancy. 

Clinical Impact of Early Postnatal AED exposure

 Far fewer studies have investigated the impact of AED therapy early in postnatal 

life. Several AEDs of interest are readily transferred through breast milk, with 

levetiracetam reaching (or exceeding by 3x) maternal serum levels. Phenobarbital, 

carbamazepine, and lamotrigine reach half of maternal serum levels, while valproate 

and phenytoin are transferred much less efficiently (0.01-0.19 fold) (Chen et al., 2010). 

Furthermore, the half-life of phenytoin, phenobarbital, and valproate are all increased in 

the neonate as compared to the adult, potentially leading to an accumulation of drug 

(Pennell, 2003). One study assessed the impact of breastfeeding, although the 

population of interest had already been exposed In utero. There was no additional 

deficit detectable in the cohort that was breastfed as compared to the non-breastfed, In 
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utero exposed cohort. As the authors acknowledge, “...adverse effects produced from In 

utero exposure may mask any further smaller effects obtained during breastfeeding.” 

Furthermore, they state that the “...study does not address any potential deleterious 

effects of AED exposure through breast milk in the newborn not previously exposed In 

utero” (Meador et al., 2010). 

 Only a handful of studies have examined direct postnatal administration of AEDs 

for long-term effects. In a small study of infants with intracranial hemorrhage, 

phenobarbital was administered immediately before delivery. In this case, phenobarbital 

did not worsen behavioral outcomes measured at three years (Shankaran et al., 1996). 

Phenobarbital is also used as a prophylactic treatment for premature infants, despite 

evidence suggesting that it does not decrease the risk of intracranial hemorrhage or 

early death (Shankaran et al., 1997). In infants exposed to phenobarbital prophylaxis, 

neurodevelopmental outcomes were not altered as compared to untreated populations 

(Shankaran et al., 2002). Nine trials were assed in a Cochrane Database analysis, 

revealing neither a beneficial nor an adverse impact of phenobarbital (Crowther et al., 

2010). In these studies, the lack of impact of phenobarbital on development may be due 

to the already low neurological scores of the control groups. 

 In a pivotal placebo controlled study, Farwell and colleagues demonstrated that 

phenobarbital resulted in long-term reduction in cognitive performance in toddlers 

without any benefit with respect to the control of febrile seizures (Farwell et al., 1990). 

This  cohort was reexamined at 6-8 years of age. The phenobarbital treated patients 

displayed a decrease in reading ability and trends towards  decreased spelling and IQ, 

3-5 years after the end of treatment (Sulzbacher et al., 1999). 
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 Several other studies have investigated the impact of childhood AED treatment; 

one important caveat of these studies is that drug was present during testing, so it is 

impossible to distinguish between acute and long-term impacts. One study compared 

outcomes in children taking phenobarbital and valproic acid in a crossover design 

(Vining et al., 1987). Even though seizure control was not significantly different between 

the two treatments, phenobarbital resulted in significantly lower performance IQ, full 

scale IQ, and impaired word knowledge. Arithmetic performance was also significantly 

worse with phenobarbital than valproate. Children exposed to phenobarbital were more 

likely to be rated as disobedient, excitable, unable to stop, and had less positive affect. 

On the continuous performance task, valproate resulted in significantly impaired 

reaction times, as compared to phenobarbital (Vining et al., 1987). When control, 

valproate-treated and phenobarbital-treated patients were assessed for changes in IQ, 

the control and valproate treated children displayed a significant increase in IQ scores 

between the fist and second tests (separated by 9-12 months). This  increase in IQ was 

absent in phenobarbital treated patients (Calandre et al., 1990). When carbamazepine, 

phenytoin and valproate were compared for effects on memory, only carbamazepine 

resulted in impairments (Forsythe et al., 1991). Carbamazepine monotherapy was also 

examined in another study, where testing was performed both at the peak and trough of 

daily carbamazepine levels, interestingly, they found that testing at peak concentration 

was associated with significant improvements in attention span and motor performance 

(Aman et al., 1990). When carbamazepine and valproate were compared in a 

population of children with epilepsy that exhibited slightly reduced IQ and verbal skills, 

those treated with carbamazepine performed significantly better than those treated with 
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valproate. These data may be confounded by degree of seizure control, as  deficits were 

worse in patients exhibiting abnormal EEG (Bailet and Turk, 2000). 

 When lamotrigine was assessed for impacts on behavior, no differences  were 

detected in the continuous performance task, binary choice reaction time, verbal and 

nonverbal recognition, or working memory in lamotrigine-exposed children as compared 

to controls (Pressler et al., 2006). Levetiracetam resulted in some minor behavioral 

adverse effects, including cognitive impairment. These adverse effects were sufficient to 

result in discontinuation of medication in 8% of the study participants; however, this 

study was not placebo controlled, and was retrospective, and therefore must be 

interpreted with caution (Mandelbaum et al., 2005). In support of this concern, a 

randomized, double-blind, placebo-controlled study of adjunct levetiracetam treatment, 

no adverse effects on cognition were detected (Levisohn et al., 2009). 

 One particularly concerning set of clinical findings concerns the development of 

neuropsychiatric disorders after early life exposure to AEDs. Vestergaard and 

colleagues, in a population study, demonstrated a 44% increased risk of developing 

schizophrenia following febrile seizures. While medication records were not available for 

this  cohort, the authors note that, “Our study participants were born between 1977 and 

1986, a time period where phenobarbital was widely used in the treatment of febrile 

seizures...we had no information on the use of drugs during childhood and cannot rule 

out that the association between febrile seizures  and schizophrenia is caused by 

exposure to antiepileptic drugs rather than the febrile seizures” (Vestergaard et al., 

2005).

 Together, these clinical findings suggest that antiepileptic drug exposure in 
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children and infants impacts cognition, however, the degree to which this is due to drug 

exposure per se is impossible to determine from these, or any other clinical study. Drug 

treatment is inextricably linked to an underlying disease state; while it is possible to 

determine relative adverse impacts between drug treatments, children and infants 

without neurological disorders are simply not given these drugs. Thus, we must turn to 

animal models to further assess the impact of anticonvulsant drug exposure in 

otherwise normal subjects. 

Key Features of Comparison

 There are two particularly important issues when examining animal models for 

relevance to human drug exposure: equivalence of developmental timing, and 

equivalence of drug doses. In the sections below I will outline the state of knowledge 

regarding these comparisons. As both the majority of published studies on AED 

exposure in experimental animals, and my dissertation research focus on rats, the 

comparison between rats and humans will be discussed in particular. 

Developmental Equivalence of Humans and Experimental Animals

 It is not entirely straightforward to compare developmental stages across 

mammalian species, for this reason, a variety of developmental milestones have been 

used to attempt to assess timing across species. Human gestation is 270 days, while rat 

gestation is only 21.5 days, monkey gestation is  165 days, and mouse gestation is 18.5 

days (Clancy et al., 2007). Generally speaking, monkeys are born more mature than 

humans, while rodents are born less mature. Perhaps most cited developmental 

 30



comparison was conducted by Dobbing and Sands in 1979 (Dobbing and Sands, 1979). 

This  analysis compared the rate of brain growth during gestation and in the postnatal 

period across seven mammalian species. Figure 1-1 shows the comparative brain 

growth curves for humans, monkeys  and rats. This analysis shows that the brain growth 

spurt (the period of intense synaptogenesis and grain growth) occurs perinatally in 

humans, spanning the late third trimester and extending into infancy. In monkeys, the 

curve is shifted prenatally, with the brain growth spurt occur In utero, and in the rat, the 

curve is shifted postnatally, with the brain growth spurt occurring postnatally. Thus, the 

prenatal period in the monkey is a relevant model of late human gestation and infancy, 

while the postnatal week centered around postnatal day (P7) is a relevant model of 
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Figure 1-1: Timing of the brain growth spurt in the human, monkey, and rat. Rat (red) and 
monkey (blue) timing in days, human (black) timing in weeks. Vertical lines divide human 
gestation into trimesters, indicate birth for all species and P7 in the rat. The maximal rate of 
rate gain is seen during the third trimester and in postnatal life in humans, is maximal 
before birth in monkeys and peaks at P7 (vertical line) in the rat. Modified from Dobbing 
and Sands (1979)

Figure 1-1: Timing of the brain growth spurt in the human, monkey, and rat. 



human gestation and infancy. Quantitative measures of synaptogenesis  in the human 

brain (Huttenlocher and Dabholkar, 1997) show a marked increase in synapse number 

in cortical regions during the third trimester extending into the first year of life for visual 

cortex, and peaking by age 5 in frontal and auditory cortices. In the rat neocortex, the 

number of synapses increases dramatically between P5 and reaches maximal levels  by 

P15 (Micheva and Beaulieu, 1996).

  Other methods have also been employed to compare timelines across species, 

notably the work of Finlay and Darlington (Finlay and Darlington, 1995), in which the 

timing of peak neurogenesis in various brain structures are used to translate ages 

across species (Clancy et al., 2001). This model to estimates the equivalence of the P7 

rodent to earlier time points  (i.e., second to third trimester) as compared to other 

analyses.

 Other approaches have focused on more functional patterns of development. In 

particuar, a series of two papers from Francis Jensen’s lab compared the expression 

levels  of AMPA receptor subunits across development in rat and human (Talos et al., 

2006a, 2006b). In humans, levels of GluR2, 3 and 4 in the developing cerebral grey 

matter are approximately half of adult expression levels  at full term, in the rat, the 

equivalent half-maximal expression of these subunits occurs between P7 and P12, with 

adult levels present by P21. GluR4 levels in the human peak around birth, and decrease 

thereafter, in the rat this peak occurs between P7 and P11. Dzhala and colleagues 

analyzed the expression pattern of two important regulators of neuronal chloride 

homeostasis, NKCC1 and KCC2 in the developing cortex of humans and rats. In 

humans levels of NKCC1 are maximal around birth, and decrease to adult levels by one 
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year of age. The opposite pattern is seen for levels of KCC2, which are low at birth, and 

drastically increase during the second year of life. In the rat, peak expression of NKCC1 

is  between postnatal days 7 and 9, diminishing significantly after postnatal day 14. 

KCC2 levels are very low until P11, when they begin to increase, with a dramatic rise 
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Drug Model Dose References

Phenobarbital Cortical Afterdischarge Inhibtition 10-40mg/kg Polásek et al., 1996

Kanic Acid seizures 20-80mg/kg Velísek et al., 1992

Pentylenetetrazol seizures 10-80 Kubova and Mares, 1991

Phenytoin Pentylenetetrazol seizures 30-60 Stanková et al., 1992

Cortical Afterdischarge Inhibtition 30-60 Krsek et al., 1998

Epileptic Foci 30-60 Bernásková and Mares, 
2010

Carbamazepine Kanic Acid seizures 25-50 Velísek et al., 1992

Pentylenetetrazol seizures 25-50 Kubová and Mares, 1993

Lamotrigine Pentylenetetrazol seizures 10-20 Stankova, 1992

Epileptic Foci 10-20 Bernásková and Mares, 
2010

Valproate Cortical Afterdischarge Inhibtition 200-400 Polásek et al., 1996

Kanic Acid seizures 200 Velísek et al., 1992

Pentylenetetrazol seizures 400 Mares et al., 1989

Levetiracetam no applicable studies n/a n/a

Table 1-1: Anticonvulsant Properties of AEDs of interest in the developing rat.



seen between P14 and P21 (Dzhala et al., 2005). Taken together, these data support 

the relevance of the P7 rat to exposure of the developing brain in gestational, 

premature, and full term humans extending into infancy. 

Antiepileptic drug dose equivalence between humans and rats

 The selection of dose-equivalents across species for the evaluation of drug 

effects may be done in several ways. One standard toxicological approach is  to employ 

a body weight scaling factor, based on the positive correlation between metabolic rate 

and body weight. A common scaling factor is the body weight ratio of the animal:human 

raised to the 0.75 power. A similar approach is to scale based on body surface area 

(which correlates well with body weight raised to the two-thirds power) (Rodricks et al., 

2008). These allometric approaches would suggest that an equivalent to the human 

infant loading dose (20mg/kg) of phenobarbital in a neonatal rat would range between 

560 and 857mg/kg; doses well beyond the lethal range in the neonatal rat. It is 

important to note that this  scaling factor has been most applied in young adult and fully 

mature rats, and that the route of administration may play a large role in the scaling. 

Therefore, a more conservative allometric approach, using a scaling factor based on a 

mean conversion factor (0.245) which takes into account the full range of both human 

and rat body weights would yield a loading dose equivalent of 68mg/kg (Center for Drug 

Evaluation and Research (CDER), 2005). 

 Another approach is to scale doses to match target concentrations in various 

tissues of interest. Taking phenobarbital as an example, the therapeutic target range in 
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the human infant is  20-40ug/ml (Painter et al., 1994), in the P7 rat, i.p. administration of 

phenobarbital in the range of 30-75mg/kg results in peak plasma concentrations 

meeting or exceeding the target, with doses from 40 to 75mg/kg giving sustained 

plasma levels in the target range for as  long as 2d (Bittigau et al., 2002). In the case of 

phenytoin, 20 or 50mg/kg result in peak plasma levels in the rat of 15 and 35ug/ml 

respectively, with both drugs maintaining plasma concentrations of 10ug/ml for at least 

4h. These plasma levels fall within the therapeutically relevant range in humans 

(Peterson et al., 1991).

 A final approach is to base dose selection on pharmacologically active doses. In 

the present case, this  could be based on the effective anticonvulsant dose range in 

neonatal rodents. Mares and colleagues have established the dose-response 

parameters for many antiepileptic drugs in several neonatal seizure models (Mares et 

al., 1989; Kubova and Mares, 1991; Stanková et al., 1992; Velísek et al., 1992; Kubová 

and Mares, 1993; Polásek et al., 1996; Krsek et al., 1998; Bernásková and Mares, 

2010). The findings are summarized in Table 1.

 For all the drugs I tested during my dissertation research, doses  fell within the 

described anticonvulsant range in neonatal rats. An exception to this is  levetiracetam, 

which has not been assessed in neonatal seizure models. The dose selected (400mg/

kg) is  above the therapeutic range, and is  expected to induce plasma levels well beyond 

the target range. 500mg/kg levetiracetam p.o. resulted in brain levels of 1,265 umol/L, 

while 1000mg/kg, i.p. resulted in levels of 4,517umol/L (Kim et al., 2007a); furthermore, 

Kim, Kondratyev, and Gale previously demonstrated no toxicity of levetiracetam, even at 

these high doses (Kim et al., 2007b), as  such I selected a high dose for my present 
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work to maximize the likelihood of detecting any abnormalities. 

Pharmacokinetics of AEDs in the developing rat

 Pharmacokinetic profiles of AEDs in developing rats have not been studied in 

detail. However, I will briefly outline what is known regarding the pharmacokinetics of 

phenobarbital, phenytoin and valproate (three drugs for which we do have some 

information in the neonatal rat). Phenobarbital displays an apparent T1/2 of 15 to 50 

hours (mean: 38.75h) in P7 rat pups  following a single dose (Bittigau et al., 2002). This 

means with repeated dosing there is the potential for substantial accumulation over the 

course of a week of administration. The major route of phenobarbital elimination is 

through hepatic metabolism (hydroxylation followed by glucuronidation). It is unknown 

the degree to which phenobarbital induces cytochrome P-450 (CYP) enzymes in the 

neonatal rat, however, it is well-established that it induces  CYPs (2A1, 2B1, 2B2) in the 

adult rat (Waxman and Azaroff, 1992) following 4 days of treatment. This suggests that 

enzyme induction in the neonate may also play an important role (thus shortening the 

effective T1/2). In the case of phenytoin, which displays zero-order elimination kinetics, 

the T1/2 is dose dependent. In P7 rat pups, a single administration of 50mg/kg (the dose 

I used in my studies) yielded a T1/2  of 3h (Bittigau et al., 2002). Phenytoin, like 

phenobarbital is hyroxylated and glucuronidated in the liver, and is  a potent CYP 

inducer (Kim et al., 1993). Thus with the treatment paradigm I employed for chronic 

phenytoin administration, drug accumulation is  likely not an issue (i.e., the dosing 

interval is  eight times the T1/2). Finally, valproate exhibits  a T1/2 of ~3h following single, 

low dose (50-150mg/kg) administation to P7 rats, with a longer T1/2  (~10h) following a 

higher-dose administration (400mg/kg). Valproate, like phenobarbital and phenytoin, 
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undergoes hepatic hydroxylation and glucuronidation, but unlike phenobarbital and 

phenytoin valproate potently inhibits hepatic metabolism (e.g., Wen et al,. 2001) 

including CYP2C9, which is  one route by which valproate is metabolized. Valproate is 

also metabolized through mitochondrial beta-oxidation, which may limit drug 

accumulation even in the presence of CYP inhibition (Silva et al., 2002). 

 Further study of antiepileptic drug pharmacokinetics in the developing brain 

would be of great use for future studies employing chronic drug administration. For 

several clinically interesting AEDs (levetiracetam, lamotrigine, carbamazepine) we have 

no relevant information, and for those drugs that we have some information, it is  far 

from complete. 

Impact of AEDs during pregnancy (Animal Models) 

 The impact of AEDs during pregnancy has been evaluated in a number of 

studies. Only a very small number of studies have directly compared multiple drugs in 

the same experiments, so I will outline what is known drug-by-drug.

Phenobarbital

 As in humans phenobarbital is  transferred transplacentally in high amounts  

(DeVane et al., 1991). When frank teratogenesis  was examined, rats exposed between 

gestational day 8 and 11 to 120mg/kg phenobarbital administered to the dam showed a 

significant increase in cardiac abnormalities, mirroring findings in human studies (Okuda 

and Nagao, 2006). In utero exposure to phenobarbital has also been evaluated for 

behavioral outcomes. When rats were exposed in utero (maternal administration, 10mg/

kg, ip) between days 13 and 21 of gestation and tested for anxiety like behavior as 

adults animals  showed significant increases in exploration in the open field, along with 
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an increase in anxiety-like behavior in the elevated plus and elevated zero mazes (i.e., 

reduced open zone time, open zone entries) (Singh et al., 1999). When these animals 

were examined for foot-shock induced aggression, there was a significant increase 

following gestational phenobarbital exposure (Singh et al., 1998). When primidone, 

which acts as a pro-drug for phenobarbital, was tested (maternal administration, 120mg/

kg, p.o.) profound embryolethality was found (43% in primidone exposed, 0% in 

controls). In surviving pups, there were no differences in exploratory activity in the open 

field, however, exposed male offspring were significantly impaired in the acquisition of a 

differential reinforcement of low response rate (DRL) task (Pizzi et al., 1998). EEG 

abnormalities (decrease in activity) were detected in a dose-dependent manner 

following exposure during all of gestation (Livezey et al., 1992). One report (McBride 

and Rosman, 1984) showed a delay in eye opening following gestational exposure 

(0.75mg/g of chow, maternal administration), but no significant neurological alterations. 

The lack of effects in this study may be due to evaluation of animals at younger ages 

than other studies, and/or a less precise method of drug administration, although serum 

levels  did reach target therapeutic levels (19-36ug/ml). Further examination of the 

impact of phenobarbital during gestation on operant conditioning showed that the 

conditioned avoidance response (lever press to avoid a foot shock) was impaired 

following phenobarbital, as was appetitive operant conditioning, with fewer reinforcers 

earned by phenobarbital-exposed animals (Martin et al., 1979). These findings are 

consistent with a report that both phenobarbital and pentobarbital decrease conditioned 

avoidance in offspring when given on days 9-21 of pregnancy, as well as result in 

hyperactivity in the open field (Martin et al., 1979, 1985). 
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Phenytoin

 As in humans, phenytoin readily crosses  the placenta in rats, leading to 

appreciable in utero exposure (Cleveland and Ueda, 1990; Staud et al., 1997). 

Furthermore, it causes profound teratogenesis  in development in rats  (Lorente et al., 

1981; Zengel et al., 1989), with similarities to fetal hydantoin syndrome. 

 Deficits in righting reflex, rotorod performance and parallel rod walking, and cliff 

avoidance were detected in 15 day old pups exposed to phenytoin in utero (100mg/kg, 

po maternal administration), without any changes in conditioned avoidance in juvenile 

animals (Elmazar and Sullivan, 1981), while lower doses (50mg/kg/day) did not result in 

any changes in reflex ontogeny (Laitinen et al., 1986). 

 A series  of studies from Charles Vorhees systematically evaluated the impact of 

gestational exposure to phenytoin on a variety of postnatal outcomes. When maze 

learning was assessed, phenytoin exposed animals displayed deficits in learning in a 

complex maze, but no deficits  in swimming in a straight channel (Vorhees, 1983, 1987a; 

Vorhees et al., 1995). Increased activity in the open field, delayed righting development, 

and impaired visual discrimination in the Y maze was reported following phenytoin 

(200mg/kg p.o., maternal administration) from day 7-18 of gestation (Vorhees, 1987b). 

Auditory and tactile startle were also impaired following phenytoin administration 

(Vorhees, 1987b). When assessed in the Morris  water maze, phenytoin exposed 

animals showed longer escape latencies (Vorhees and Minck, 1989), as  well as 

abnormal circling behavior. Deficits  were present in both the hidden and visible platform 

test (Weisenburger et al., 1990). The deficits in the water maze were unrelated to the 

abnormal circling behavior seen in some phenytoin treated animals, as even non-
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circling animals were impaired (Schilling et al., 1999). 

 Deficits in both the radial arm maze and the delayed non-match to sample test 

were also reported following phenytoin exposure in utero (Tsutsumi et al., 1998). When 

operant conditioning was assessed, phenytoin-exposed animals displayed no deficits in 

simple appetitive or aversive conditioning, however, when tested on an appetitive-to-

aversive transfer task significant impairment was detected, indicating decreased 

behavioral flexibility (Mowery et al., 2008). Vorhees also validated the mid-air righting 

reflex as a measure of developmental delay in offspring exposed in utero to phenytoin 

(Vorhees et al., 1994), showing a delay in reflex ontogeny after E7-18 exposure to 

phenytoin (200mg/kg). 

 Phenytoin toxicity in pregnancy has also been evaluated in rhesus macaques, 

with increased embryolethality following gestational phenytoin exposure (Hendrie et al., 

1990). Furthermore, infant motor development was significantly correlated with 

increased drug exposure during the third trimester of gestation, with deficits  in nursing, 

and grasping reflexes (Phillips and Lockard, 1985) and increased hyper-excitability 

(Phillips and Lockard, 1996a).

Valproate

 Valproate is a teratogen in embryonic mouse (Bruckner et al., 1983; Naruse et 

al., 1988) and rat (Hansen, 1993; Narotsky et al., 1994; Menegola et al., 1996), with 

neural tube deficits recapitulating the human clinical teratology data. Behavioral 

alterations following gestational valproate have been well-documented, and have been 

suggested as a model of autism spectrum disorders, consistent with clinical data 
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showing increases in ASD in humans exposed to valproate in utero. In particular rats 

exposed to valproate on E12.5 displayed reduced pain sensitivity, reduced prepulse 

inhibition, increased locomotor activity and stereotypies, and decreased social behavior 

(Schneider and Przewłocki, 2005). Interestingly, these valproate-induced deficits in the 

behaviors reported can be reversed by environmental enrichment (Schneider et al., 

2006). Furthermore, deficits  in motor development and reflex ontogeny were also noted. 

Exposure to valproate also results in increased anxiety-like behavior and stronger 

conditioned fear responses that were difficult to extinguish (Markram et al., 2008). No 

deficits were noted in the Morris water maze. In contrast, another study reported deficits 

in water maze performance in rats exposed to high, but not medium doses of valproate 

throughout all of gestation (Frisch et al., 2009). Vorhees examined the impact of 

valproate on post-weanling offspring, and reported decreased activity in the center of 

the open field, reduced hole-board exploration, increased errors in maze swimming, 

reduced spontaneous alternation frequency and reduced tactile and auditory startle, 

without any gross structural teratology (Vorhees, 1987c). 

 In mice, prenatal valproate (600mg/kg) delays reflex ontogeny (surface and mid-

air righting, hanging wire grip strength) as well as juvenile performance in the Morris 

water maze. Decreased habituation to open field locomotion was also detected (Wagner 

et al., 2006). In the mongolian gerbil, exposure to valproate throughout gestation and 

lactation resulted in delayed righting reflex, and increased non-social exploratory activity 

(Chapman and Cutler, 1989). In the money, valproate during development increased the 

rate of embryolethality and fetal mortality, as well as induced craniofacial deficits 

consistent with human valproate exposure (Mast et al., 1986). Unfortunately, behavioral 
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outcomes were not examined. 

Diazepam

 Gestational exposure to diazepam has been well studied. Gross physical 

teratology has not been detected following in utero diazepam (Lall and Sahoo, 1990). 

Exposure results in decreased sexual behavior in adult males (Cagiano et al., 1990). 

Decreased locomotor behavior in the open field in juveniles, but increased locomotor 

behavior in adults was detected (Lall and Sahoo, 1990; Gruen et al., 1990). No deficits 

in active avoidance were noted, nor were changes in seizure threshold in response to 

pentylenetetrazol (Lall and Sahoo, 1990). This contrasts with another report showing an 

increased susceptibility to minimal pentylenetetrazol seizures following gestational 

diazepam (Ryan and Pappas, 1986), where deficits in rotorod performance were also 

noted. Increased sensitivity to picrotoxin-induced seizures has also been reported 

(Cannizzaro et al., 2002). Deficits  in radial arm maze performance and increased 

anxiety-like behavior were noted after high-dose exposure (5-7.5mg/kg, sc, from E15 to 

20) (Livezey et al., 1986). Decreased habituation in the hole-board task was noted with 

5mg/kg/day exposure but not with 1mg/kg day exposure (Shore et al., 1983). Increases 

in foot-shock induced aggression were seen in pups prenatally exposed to diazepam 

(Singh et al., 1998). In the forced swim test, gestational diazepam exposure reduced 

immobility time, increased acoustic startle response, and reduced punished responding 

in the Vogel conflict test (Cannizzaro et al., 2002). Exposure during late, but not early 

gestation resulted in deficits in learning and memory (Frieder et al., 1984). Some reports 

have suggested that reflex ontogeny is not impaired by in utero diazepam exposure 
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(Laitinen et al., 1986; Ryan and Pappas, 1986), however another has shown that the 

characteristic development of locomotor hyperactivity during the third postnatal week 

and the onset of acoustic startle reflexes in the third postnatal week is  absent after 

gestational exposure to diazepam (Kellogg et al., 1980). 

Carbamazepine

 Carbamazepine in a rat model produces neural tube deficits  (Piersma et al., 

1998), with slight growth retardation also present (Fritz et al., 1976). These findings are 

consistent with sporadic reports of neural tube defects following carbamazepine in 

humans. Cleft pallet has  also been reported in mice exposed to carbamazepine in utero 

though the incidence was much lower than those exposed to phenytoin (Paulson et al., 

1979), these findings have been confirmed by several groups (Eluma et al., 1984). 

Longer-term outcomes have also been assessed following in utero carbamazepine in 

mice. Transient decreases in locomotion in the open field were detected, as well as 

decreased adult startle reactivity. No differences in anxiety-like behavior or learning and 

memory were seen in the elevated plus maze or Morris water maze, respectively 

(Rayburn et al., 2004), without any deficits  in reflex ontogeny or physical development 

milestones (Christensen et al., 2004). When macaques were assessed for behavioral 

hyper-reactivity following in utero carbamazepine exposure, none was noted, in stark 

contrast to findings with phenytoin (Phillips and Lockard, 1996b). 

Lamotrigine and Levetiracetam

 The impact of lamotrigine has only been examined in gestational in four studies, 
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none of which examined behavioral outcomes. Marchi et al (Marchi et al., 2001) 

demonstrated that reduced body weight, increased ventricle volume, and altered cortical 

structure were present in animals exposed to lamotrigine in utero, however the dose 

used in this study is  unclear making the results impossible to interpret. Similarly, 

lamotrigine (5-20 mg/kg/day ip) during resulted in dose-dependent cortical and 

hippocampal malformations, that were not present in animals exposed to phenobarbital 

or levetiracetam (Manent et al., 2008). Doud found decreased fertility of male and 

female offspring exposed in utero to a moderate dose of lamotrigine (30mg/kg) (Daoud 

et al., 2004). In mice, lamotrigine at high doses  produced facial and urogenital 

abnormalities (Padmanabhan et al., 2003). Levetiracetam was evaluated in one study 

(Ozyurek et al., 2010), in which postnatal behaviors were assessed after exposure 

during gestation (E1-18). No changes in physical landmark development (i.e., eye 

opening, pinnae detachment, incisor sprouting) was detected at any dose of lamotrigine. 

Surface righting reflex was significantly delayed in the highest dose group (100mg/kg), 

with delays in negative geotaxis, and reduced grip strength also noted (50 and 100mg/

kg). No significant deficits were detected in later-life behavioral assays, including 

locomotor assay, T and Y maze testing, passive avoidance and holeboard exploration 

(Ozyurek et al., 2010).

Summary

 Of the drugs of interest for my dissertation, all, with the exception of 

levetiracetam, have been reported to induce gross teratogenesis with fetal exposure in 

experimental animals. These findings are consistent with findings in humans. 
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Furthermore, all drugs have been reported (with the exception of lamotrigine, which has 

not been tested) to result in varying degrees of postnatal behavioral abnormalities in 

domains that span reflex ontogeny, motor activity, learning and memory and other 

cognitive functions, social behavior, startle reactivity, and anxiety-like behavior. Only a 

few of these studies systematically evaluated more than one drug, making it very 

difficult to draw conclusions across  drugs and across studies, dosing regimens (time 

and amount) also varied, as did model species. However, it is  clear that a general 

conclusion can be drawn from these experiments: anticonvulsant drug exposure in utero 

is  sufficient to produce abnormal behavioral outcomes later in life in experimental 

animals. This conclusion supports the clinical findings that many of these 

anticonvulsants lead to behavioral abnormalities in children exposed in utero.

Impact of AEDs during the early postnatal period (Animal Models)

 As with humans, a body of literature has assessed the impact of antiepileptic 

drugs on cognition in mature animals. Many antiepileptic drugs have negative cognitive 

impacts (e.g., (Krafft et al., 1982; Pereira et al., 1989; Renfrey et al., 1989; Rostock et 

al., 1989; File and Wilks, 1990; Kant et al., 1996; Shannon and Love, 2004) however, 

these findings  are not particularly informative with respect to developmental 

consequences, and thus  will not be discussed further. A series of studies has also 

examined the impact of concurrent seizures and antiepileptic drug treatment on long-

term behaviors; however, these studies are very difficult to interpret as they suffer from 

the same confound seen clinically -- seizures/seizure control is tied to the efficacy of 

antiepileptic drug treatment. These studies will be discussed briefly when relevant. 
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Phenobarbital and Diazepam

 Relatively few studies have examined the impact of postnatal exposure to 

GABAergic acting antiepileptic drugs. In terms of simple neurological function, 

barbiturates and diazepam administered via a lactating dam for the first three postnatal 

weeks all resulted in decreased seizure threshold in response to pentylenetetrazol in 

adults (Tagashira et al., 1982a). Barbital induced sleeping time was also significantly 

reduced in these pups exposed to phenobarbital. Phenobarbital (50mg/kg) results in 

deficits in memory when given to mice from P2 to P22 as measured by adult 

performance in spontaneous alternation in a T-maze (Pick and Yanai, 1983) and deficits 

in water maze performance (Rogel-Fuchs et al., 1992). A slightly longer period of 

exposure to phenobarbital (50mg/kg, P2-35) resulted in decreased exploratory behavior 

in the open field, decreased spontaneous alternation in a T-maze, but no deficits in 

radial arm maze performance (Yanai et al., 1989; Pereira de Vasconcelos et al., 1990). 

When phenobarbital was given to rat pups (60mg/kg) from P5 to P18, and pups were 

tested on P19, deficits in spontaneous locomotion were evident (Diaz and Schain, 

1978). Stefovska and colleagues conducted the study most directly relevant to my 

dissertation work; they found that a short period postnatal administration of 

phenobarbital (50mg/kg; on P4, P6, P8 and P10) was sufficient to cause acquisition 

deficits in the Morris water maze (Stefovska et al., 2008). 

 Diazepam treatment from P2 to 21 resulted in impaired spontaneous alternation 

in the T-maze, with an increase in activity in the radial arm maze with a slight delay in 

task aquisition. A subtle decrease in anxiety-like behavior was also noted (Schroeder et 
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al., 1997). Ontogeny of the righting reflex was not changed, but delays in inclined plane 

performance were noted at P9, which may be explained by the presence of diazepam 

during testing. Subtle motor deficits were noted at P20 (Schroeder et al., 1995). When 

animals were assed for long-term changes in exploratory behavior, decreased 

exploration was noted in 90d old, but not 60d old rats following exposure from E8 

through weaning (Gruen et al., 1990). When rats were exposed to diazepam from P1 to 

P21, and tested as adults, no changes in anxiety-like behavior or passive avoidance 

learning were found, there was, however, a reduction in the anxiogenic effects of 

yohimbine, and enhanced sedation in response to chlordiazepoxide. Aggression was 

increased in the resident intruder test in adults, however juveniles  displayed increased 

social interaction (File, 1986a). Interestingly susceptibility to myoclonic jerks in response 

to pentylenetetrazol was decreased while pentylenetetrazol seizure threshold was 

unchanged (File, 1986a, 1986b). These findings contrast with those of Tagashira, who 

found that diazepam from P3-21 resulted in a reduced threshold for pentylenetetrazol 

seizures (Tagashira et al., 1982b). File used a higher dose of diazepam than did 

Tagashira, however it is  difficult to reconcile a lower drug dose producing an effect that 

the higher dose does not. 

Phenytoin and Carbamazepine

 While most of the analysis of behavioral teratogenicity with phenytoin has been 

following gestational exposure, there are some studies of the effects of phenytoin in the 

early postnatal period. In rats, phenytoin exposure from P13-23 (60mg/kg/day) resulted 

in increased error rates during reinforced circling behavior (Wolansky and Azcurra, 
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2005). In postnatal mice, simple motor behaviors were assessed following P2-P4 

exposure to phenytoin (25 or 35mg/kg); animals displayed a retardation of simple 

behaviors (such as head elevation, pivoting and surface righting) early in life (Hatta et 

al., 1999), and decreased spontaneous locomotion and impaired rotorod performance 

later in life (Ohmori et al., 1999). Carbamazepine has only been examined for long term 

effects in postnatal animals  in one study, it was ineffective at blocking the development 

of absence seizures in a genetically absence prone rat model (WAG/Rij), however, there 

was a trend towards carbamazepine reducing depressive-like behavior in these animals 

in the forced swim test (Russo et al., 2011). 

Valproate

 A limited number of studies have investigated valproate exposure postnatally. 

Wagner examined the impact of a single postnatal (P14) exposure to valproate (200 or 

400mg/kg) in mice on a variety of behaviors. Valproate caused a regression in mid-air 

righting reflex and negative geotaxis that persisted for two days after treatment (Wagner 

et al., 2006). Animals  exposed to 400mg/kg, but not 200mg/kg displayed impaired 

escape performance in the visible platform water maze on P22, and deficits in hidden 

platform aquisition in the morris water maze from P23 to P26. Passive avoidance 

learning was impaired following 400mg/kg on P14, without any deficits in motor 

behavior in the open field (Wagner et al., 2006). Valproate exposed animals also 

displayed a decrease in social interactions as compared to control mice (Yochum et al., 

2008). In animals that were exposed to kainic acid induced status epilepticus  on P35 

and treated with valproate from day 36 to 75 displayed no deficits  in water maze 
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performance, while animals treated with phenobarbital, or animals subject to status 

epilepticus without treatment displayed significantly increased escape latencies. 

Valproate completely abolished spontaneous seizures as compared to both 

phenobarbital and status alone animals (Bolanos et al., 1998). However, it would be 

premature to conclude that valproate per se is not injurious as the animals also 

underwent a severe, protracted seizure. Chapman and Cutler treated mice with sodium 

valproate in their drinking water from birth onwards. They found no changes in reflex 

ontogeny or body weight, however, significant increases in social exploration in juvenile 

mice were detected, while in adult animals aggression was significantly increased 

(Chapman and Cutler, 1984). 

Lamotrigine and Levetiracetam

 Long-term behavioral effects of lamotrigine have only been studied in a two prior 

studies. Mikulecka, Kubova and Mares found that lamotrigine (10 or 20mg/kg) from P12 

to P25 significantly impaired rotorod performance (Mikulecká et al., 2004), without 

altering adult cortical interhemispheric responses and epileptic afterdischarges (Tsenov 

et al., 2009). Levetiracetam has  not been examined for long-term behavioral effects 

following postnatal administration. 

Summary

 As with prenatal exposure, the limited data on postnatal exposure to 

anticonvulsants in animal models suggests that long term behavioral outcomes must be 

considered. Deficits have been reported in maze learning and motor coordination, as 

 49



well as overall neurological function (e.g., seizure threshold). The paucity of data and 

the lack of direct comparisons between tasks  and drugs, however, underscore the 

importance of further examinations of long-term behavioral outcomes following 

postnatal exposure to anticonvulsants. 

Antiepileptic Drug Induced Histological and Biochemical Changes

 Antiepileptic drug exposure during a critical period of postnatal development 

induces profound neuronal apoptosis (Bittigau et al., 2002). This effect is now well 

established, with ten publications assessing the impact of eleven drugs, with 

mechanisms ranging from GABA modulation to sodium channel blockade to inhibition of 

carbonic anhydrase. Despite the varied mechanisms of action, all of these drugs share 

a common feature, namely, supression of network activity in the brain. Of these drugs, 

only one, levetiracetam, has shown no neurotoxicity (Manthey et al., 2005; Kim et al., 

2007a). In the sections below, I will discuss what is known about the doses, timing and 

mechanisms of antiepileptic drug induced cell death. 

 In addition to the frank apoptotic cell death induced by these drugs, there are 

also reports of changes in cortical proteome, neurotransmitter receptor expression, and 

neurogenesis that will be discussed. Finally, parallels between antiepileptic drugs and 

other classes of drugs (e.g., anesthetics, ethanol, NMDA receptor antagonists) will be 

drawn with respect to the induction of apoptosis, and their behavioral impacts. 

Neuronal apoptosis in the normal developing brain

 The brain is born with more neurons than destined to survive. It is thought that 
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throughout early postnatal life, neurons that have failed to form useful conncetions are 

selectively pruned through programmed cell death. Neuronal apoptosis is a complicated 

process during which initiating events (e.g., mitochondrial destablization) lead to 

activation of the caspase family of cystine-aspartyl proteases. These proteases, chief 

among them caspase-3, through activation of various death molecules (e.g., nucleases) 

lead to degradation of DNA, disruption of organelle function and eventual orderly death 

of the cell (Alberts  et al., 2002). Caspase-3 is inactive until it is  proteolytically cleaved 

upon the initiation of apoptosis. The levels of procaspase-3 (the end-stage executioner 

of apoptosis) have been assessed across development. In the developing cortex, 

caspase levels are low until P3, when they reach a peak. Expression decreases 

dramatically after P12. In the developing thalamus levels peak around P0, and drop by 

P12, while the pattern in the medulla and pons resembles that of the cortex. The 

cerebellum exhibits stable expression throughout the first two postnatal weeks before 

decreasing around P21 (Mooney and Miller, 2000). In the hippocampus, procaspase-3 

immunoreactivity is  high at P0, peaks at P2, and reaches a low level plateau by P14 

(Liu et al., 2008). These developmental changes in caspase expression are likely 

regulated via hypermethylation of the caspase-3 promoter, subsequent deacetylation of 

histones associated with the caspase gene, and decreased transcription initiation in old 

(P60 rats) as compared to young (P2 rats) (Yakovlev et al., 2010). 

 As described by Bittigau et al., (Bittigau et al., 2002), on P0 the maximal amount 

of basal cell death is  detected in the ventromedial hypothalamus and thalamus, with 

cortical regions exhibiting no apoptosis. By P3, apoptosis is evident in the developing 

cortex with a maximal amount detected in layer II of cingulate cortex. Interestingly, 
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dorsomedial thalamus, which exhibited a high degree of apoptosis on P0 exhibits  a very 

low level on P3. On P7 up to 1.5% of the neurons in a given brain region is undergoing 

apoptosis. The precise value varies from brain region to brain region, with Layer II of 

frontal cortex exhibiting the highest basal rate of neuronal apoptosis and layer IV of 

cingulate cortex (0.13%) displaying the lowest.

 A large body of work now recognizes that the brain growth spurt period, which is  

characterized by synaptogenesis and normal neuronal pruning by apoptosis is a period 

of vulnerability, during which drugs that disrupt the delicate balance between survival 

and elimination of neurons  can cause enhance the rate of neuronal apoptosis. Ethanol, 

anesthetic agents, NMDA receptor antagonists, and antiepileptic drugs all fall into this 

category (Ikonomidou et al., 1999, 2000; Bittigau et al., 2002; Jevtovic-Todorovic et al., 

2003b). 

Antiepileptic Drug induced apoptosis

 Antiepileptic drug induced cell death was first clearly described by Bittigau and 

colleagues in the laboratory of Crysanthy Ikonomidou (Bittigau et al., 2002). The 

apoptotic nature of the cell death was  confirmed with electron microscopy, and 

subsequent analysis  was performed using the TUNEL method to label presumptive 

apoptotic neurons or via degenerative silver staining. They demonstrated profound 

neuronal apoptosis  following a single exposure of P7 rats to phenytoin (50mg/kg), 

phenobarbital (75mg/kg) or valproate (400mg/kg); these results have been confirmed 

(Kim et al., 2007a, 2007b; Katz et al., 2007; Forcelli et al., 2011a). 

 A region-by-region analysis demonstrated significant increases in cell death 

throughout the hippocampus (CA1, dentate gyrus, subiculum), striatum (caudate), 
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thalamus (dorsolateral, dorsomedial, and ventral), ventromedial hypothalamus and 

frontal, parietal, cingulate and retrosplenial cortices. A perhaps unexpected finding was 

that the pattern of neuronal apoptosis differed both from the pattern of cell death in the 

normal brain (i.e., it is not simply an amplification of normal patterns of cell death) and 

between drugs. For example, the greatest impact of phenytoin was detected in Layer II 

of parietal cortex, the greatest effect of phenobarbital and valproate were in dorsolateral 

thalamus -- neither of which exhibited the greatest cell death in the normal brain. 

 The pro-apoptotic impact (which hereafter may be referred to as enhanced 

neuronal apoptosis  or ENA) of these drugs was dose dependent. Phenytoin did not 

increase neuronal apoptosis following 10mg/kg, but did following 20mg/kg. Furthermore, 

the amount of apoptosis induced by 20mg/kg was significantly less than that induced by 

40 or 50mg/kg. This same pattern was evident for phenobarbital, with 40mg/kg being 

the threshold for detecting cell death, yet producing less than a quarter of the response 

of 100mg/kg. For valproate, even the lowest dose tested (50mg/kg) significantly 

increased ENA. 

 The clinical relevance of this  study is underscored by the fact that ENA-inducing 

treatments for phenobarbital, phenytoin and valproate all produced serum levels within 

the therapeutic target range. However, the peak serum concentrations were not 

adequate predictors of pro-apoptotic action - for phenobarbital, only when serum 

concentrations were maintained above 25ug/ml over a 12 hour period was cell death 

present. 30mg/kg produced a peak of ~30ug/ml, however, this level was only 

maintained for 5h. 

 When phenobarbital and valproate were assed for pro-apoptotic actions on P0 
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and P3 they were also found to induce neuronal apoptosis, however, the peak pro-

apoptotic action was clearly seen on P7; interestingly, at P0, when cortical regions 

exhibit no baseline levels  of cell death neither phenobarbital nor valproate induced any 

detectable cell death in those regions. This  data indicates that the ENA induced by 

AEDs likely relies  on the endogenous apoptotic machinery, which may not be active in 

cortical neurons on P0. Similarly, the vulnerable period for the forebrain begins at P0, 

peaks at P7 and comes to a close by P14. After P14, neurons lose vulnerability to cell 

death induced by AEDs (Bittigau et al., 2003). 

 Phenytoin and valproate have also been examined for induction of neuronal 

apoptosis in the developing cerebellum. Phenytoin on postnatal day 2, 3, and 4 (Ohmori 

et al., 1999) induced neuronal apoptosis in the external granular cell layer, while 

valproate on P14 resulted in a 30-fold increase in apoptotic neurons in the external 

granular cell layer (Yochum et al., 2008).

 In addition to phenobarbital, phenytoin, and valproate, Bittigau et al also 

evaluated diazepam (threshold for induction of ENA = 10mg/kg), clonazepam (threshold 

for induction of ENA = 0.5mg/kg), and vigabatrin (threshold for induction of ENA = 

100mg/kg, 2x daily on P5, P6 and P7). The different dosing regimen selected for 

vigabatrin reflects its profile of anticonvulsant action (i.e., vigabatrin has delayed 

anticonvulsant activity after inhibition of GABA transaminase (Gale and Iadarola, 

1980b).

 Other anticonvulsants have also been explored for ENA induction. Sulthiame, a 

carbonic anhydrase inhibitor, produces pronounced cell death within the therapeutic 

range (Manthey et al., 2005). In contrast, topiramate only induces significant (but low 
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amounts of) cell death at doses greater than therapeutic as reported by Glier (Glier et 

al., 2004) with no significant cell death (but a trend present) reported by Kim (Kim et al., 

2007c). A similar pattern (i.e., cell death reported only at supratherapeutic doses) was 

seen for lamotrigine (Katz et al., 2007) and carbamazepine (Kim et al., 2007c). The 

finding that neither lamotrigine nor carbamazepine induced ENA at therapeutic doses  is 

particularly interesting as they share a mechanism of action (i.e., sodium channel 

blockade) with phenytoin, which potently induces ENA and suggests that the 

neurotherapeutic mechanism of action of a drug is not sufficient to predict or explain its 

ENA-inducing toxicity or lack thereof. It is, however, worthy to note that pretreatment of 

pups with the benzodiazepine receptor antagonist, flumazenil, abolished the pro-

apoptotic response to clonazepam. 

 The clinical reality is that AEDs are often given as  part of polytherapy, with an 

appreciable population realizing poor seizure control on one drug only. For this reason 

several investigations have explored the impact of polytherapy on ENA induction. When 

a subthreshold dose of diazepam (5mg/kg) was combined with either a subthreshold 

dose of phenobarbital (20mg/kg) or a subthreshold dose of phenytoin (20mg/kg), 

significant neuronal apoptosis was produced (Bittigau et al., 2002). Doses of lamotrigine 

and either phenobarbital, phenytoin, or the NMDA receptor antagonist MK-801, that 

were sub-lethal on their own, produced robust cell death in polytherapy (Katz et al., 

2007). Similarly carbamazepine and topiramate produce significant cell death in 

combination with phenytoin (Kim et al., 2007c). 

 Of the eleven AEDs tested to date, the only drug to show no toxicity at any dose 

tested is levetiracetam (Manthey et al., 2005; Kim et al., 2007b, 2007c). Even at doses 
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of 1,000mg/kg, reaching brain concentrations well beyond therapeutically relevant (Kim 

et al., 2007b), no ENA induction was found. Levetiracetam further stands out as an 

exception, as it also lacks the ability to potentiate the impact of sub-ENA inducing doses 

of other drugs (Kim et al., 2007c). The safety of levetiracetam is  consistent with its  very 

high preclinical therapeutic index, and raises hope that other “safe” drugs may be found.

Other biochemical changes following AED exposure

 Induction of ENA is not the only reported change following early postnatal 

exposure to AEDs. Early exposure (P6) to phenobarbital causes a long lasting changes 

in the cortical proteome, with long-lasting up-regulation of proteins involved in oxidative 

stress, apoptosis and astroglial response (e.g., peroxiredoxin 1, 14-3-3- protein, and 

GFAP) with down-regulation of proteins involved in growth and energy metabolism (e.g., 

pyruvate dehydrogenase, CDC10), and neuronal function (e.g., parvalbumin). These 

changes provide at least one mechanism by which early injury can have long-lasting 

impacts on nervous system function (Kaindl et al., 2008). Exposure to either 

phenobarbital or phenytoin causes a down-regulation in BDNF, NT-3, and decreased 

activation the AKT and ERK survival pathways (Bittigau et al., 2002). Other findings 

have included reduction in volume and number of neurons in the accessory olfactory 

bulb and locus  coeruleus (in a sexually dimorphic manner) after 16 days of postnatal 

diazepam exposure (Segovia et al., 1991), decreased GABA-A receptors (reduced 

[3H]muscimol and [3H]flunitrazepam binding) following 50 days of postnatal phenytoin 

treatment, with no change in beta-adrenoreceptor expression ([125I]cyanopindolol 

binding was unaltered) (Ruiz et al., 1989). Muscarinic receptors and GABA receptors 
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are also altered by neonatal exposure to PB for three weeks (P2-21), muscarinic 

receptor levels in hippocampus are increased, and both GABA uptake and GABA-A 

receptors ([3H]muscimol binding) are decreased (Rogel-Fuchs et al., 1992, 1994; Pick 

et al., 1993). 

 There are long-lasting increases in density of neurons in the external granular 

layer of the cerebellum following phenytoin exposure, despite the induction of profound 

neuronal apoptosis  in that region, which has  been suggested to be due to impaired 

migration (Ohmori et al., 1999; Hatta et al., 1999). Cerebral glucose utilization is 

reduced following 32 days of postnatal exposure to phenobarbital (Pereira de 

Vasconcelos et al., 1990) or 19 days of exposure to diazepam (Schroeder et al., 1997), 

with concurrent increases in ketone body metabolism (Pereira de Vasconcelos et al., 

1987) following phenobarbital treatment but not diazepam treatment. This  finding is 

particularly interesting as ketosis is thought to impact the glutamate-glutamine-GABA 

cycle, resulting in a net shift towards more inhibition (Bough and Rho, 2007; Yudkoff et 

al., 2008). Anesthetic exposure (propofol) has also been recently reported to decrease 

spine density in medial prefrontal cortex (Briner et al., 2011), to reduce hippocampal 

LTP (midazolam, isoflurane, and nitrous oxide) (Jevtovic-Todorovic et al., 2003b), and 

impair actin-based motility in dendritic spines (Kaech et al., 1999). Finally, two papers 

have demonstrated that early life exposure to antiepileptic drugs causes  persistent 

deficits in neurogenesis in the adult rat hippocampus, with decreased survival of newly 

born neurons also noted (Stefovska et al., 2008; Chen et al., 2009). This effect was 

seen with phenobarbital and clonazepam, but not with valproate, carbamazepine or 

topiramate. Both groups have suggested that this may contribute to the later-life 
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adverse outcomes of early-life antiepileptic drug exposure. This  is certainly compelling, 

as deficits in hippocampal neurogenesis have been linked to behavioral impairements in 

memory tasks (Shors et al., 2002; Saxe et al., 2006).

 Together with the ENA-inducing effects of these drugs, and the growing literature 

supporting behavioral abnormalities after early-life drug exposure, these findings  not 

only suggest long-term consequences of drug exposure, but also may help to provide a 

mechanistic link between early-life exposure and later-life functional changes. 

 Parallels between AEDs and other ENA-inducing drugs

 As mentioned above, AEDs are not the only drugs to induce neuronal apoptosis  

the developing brain. Ethanol (Ikonomidou et al., 2000; Olney et al., 2000, 2002a, 

2002b; Young et al., 2003, 2003, 2008; Tenkova et al., 2003; Wozniak et al., 2004; 

Dikranian et al., 2005; Ieraci and Herrera, 2006) NMDA receptor antagonists 

(Ikonomidou et al., 1999; Wang et al., 2003a; Lema Tomé et al., 2006, 2007, 2008; Kim 

et al., 2007b; Katz et al., 2007; Soriano et al., 2010) and several types of anesthetics 

(Jevtovic-Todorovic et al., 2003a, 2003b; Scallet et al., 2004; Yon et al., 2005; Young et 

al., 2005; Yon et al., 2006; Nikizad et al., 2007; Straiko et al., 2009) all produce profound 

neuronal apoptosis, presumptively identical in mechanism and nature to that produced 

by AEDs. 

 Like AEDs, ethanol, NMDA-receptor antagonists (e.g., ketamine, MK-801, PCP), 

and anesthetic agents  (e.g., ketamine, isoflurane, midazolam) all induce behavioral 

abnormalities following early postnatal exposure. These studies have served to inform 

my behavioral studies following early-life exposure to AEDs, in part by aiding in task 
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selection. In brief, ethanol exposure on P7 in mice results in hyperactivity in the open 

field, decreased anxiety-like behavior in the elevated plus maze, and deficits  in 

contextual, but not cued fear conditioning (Ieraci and Herrera, 2006). P7 exposure of 

mice to ethanol also results  in impaired learning and memory/spatial navigation in the 

Morris water maze, overall increased activity in the open field, with less anxiety-like 

behavior (increased time in the center of the maze), and impaired learning in a win-shift 

radial arm maze test (Wozniak et al., 2004). 

 NMDA receptor antagonists (PCP on P2 and P7, in mice) resulted in deficits in 

the Morris water maze, and both contextual and cued fear conditioning, without deficits 

in either acoustic startle or prepulse inhibition (Yuede et al., 2010). Rats exposed to 

MK-801 on P6, 8 and 10 displayed alterations in prepulse inhibition (delayed startle 

response) (Lyall et al., 2009). In a direct comparison of ketamine (P7, 9, and 11) and 

PCP (6 injections on P7), motor coordination was disrupted (Boctor et al., 2008) with 

both drugs, and adult locomotion was disrupted after PCP but not ketamine (Boctor and 

Ferguson, 2009). Ketamine was  without an impact on PPI (Boctor and Ferguson, 2009). 

Other reports have shown that PCP does disrupt prepulse inhibition, as  well as 

locomotor activity, and delayed spatial alternation (Wang et al., 2001, 2003b). Mice 

exposed to MK-801, ketamine, or ethanol on P10 or 11 all displayed reduced 

habituation in the open field (Fredriksson and Archer, 2003). PCP administration from 

P5 to P15 also disrupts Morris water maze learning and performance (Sircar, 2003). 

Finally, an anesthetic cocktail of midazolam nitrous oxide and isoflurane resulted in 

deficits in water maze and radial arm maze learning/memory (Jevtovic-Todorovic et al., 

2003b). 

 59



Summary and correlates in humans and non-human primates

 An issue of some concern with respect to the neuronal apoptosis  seen following 

anesthetic or anticonvulsant drug exposure is the degree to which it is applicable to 

humans (For a discussion please see: (Jevtovic-Todorovic and Olney, 2008)). In an 

effort to bridge the gap, John Olney and colleagues have shown that both neonatal 

exposure ethanol (gestational exposure, (Farber et al., 2010)) and isoflurane anesthesia 

(postnatal day 6 exposure, (Brambrink et al., 2010)) induce cell death in the macaque 

brain that is comparable to that described in the mouse and rat. 

 A further piece of compelling evidence comes from assessment of brain volume 

in otherwise normal young adults who were exposed In utero to AEDs; decreased brain 

volume was found in the basal ganglia and hypothalamus -- two brain regions that 

exhibit profound cell death in the mouse, rat, and monkey following ENA-inducing drug 

exposure (Ikonomidou et al., 2007). 

 There are, however, those who still have doubts regarding the translational 

applicability of findings in any species other than human (For a discussion please see: 

(Loepke et al., 2008)). A further weakness with respect to the relevance of ENA in 

animals is the relative lack of mechanistic linkage between early-life drug exposure and 

any long-term function. One of the driving forces behind my dissertation work has been 

to assess this link with respect to antiepileptic drugs. 

 

Strategies for reducing neuronal apoptosis

 Several therapeutic interventions have been suggested to ameliorate neuronal 

apoptosis following ENA-inducing drug exposure. One non-pharmacological approach 
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has been tested - repeated, brief, non-injurious  electroshock seizures. Electroshock 

seizures are neuroprotective against a variety of injury models (Masco et al., 1999; 

Kondratyev et al., 2001; Kim et al., 2007b; Anastasia et al., 2007) and induce robust up-

regulation of neurotrophic factors (Follesa et al., 1994; Gwinn et al., 2002; Kondratyev 

et al., 2002; Conti et al., 2009; Kim et al., 2010). However, electroshock seizures have 

not been tested for long-term impacts  on behavior in their own right, and perhaps more 

importantly displayed only limited neuroprotective ability, blocking the cell death induced 

by MK-801, but not by valproate (Kim et al., 2007b). Bittigau et al. (2002), employed 

estradiol administration, which attenuated the cell death induced by phenobarbital and 

phenytoin, through activation of the MAP-kinase pathway. However, estradiol is  not a 

plausible therapeutic intervention, as  it may itself impact development (Patisaul and 

Bateman, 2008). Olney has shown that lithium blocks the induction of ENA by both 

alcohol (Young et al., 2008) and anesthetics (Straiko et al., 2009), however, lithium has 

a very narrow therapeutic index and cause serious renal toxicity (Brunton et al., 2005). 

Ieraci and Herrera have demonstrated that nicotinamide not only blocks ethanol induced 

ENA, but normalized adverse behavioral outcomes following ethanol exposure (Ieraci 

and Herrera, 2006), however, nicotinamide is also toxic to humans in high doses (>3g/

day, (Knip et al., 2000), and the dose employed for neuroprotection in mice was  1mg/g. 

Vitamin E has been used as an intervention against valproate-induced neurotoxicity, 

and normalized behavior in VPA exposed animals  (George Wagner, Personal 

Communication) and Wang et al demonstrated neuroprotection against PCP induced 

cortical apoptosis and long-term deficits in prepulse inhibition by M40403, a superoxide 

dismutase mimetic (Wang et al., 2003b), both of which appear to be a promising 
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approaches. The most promising approach however, is  that of Yon and colleagues (Yon 

et al., 2006), who showed that melatonin provided robust neuroprotection against 

anesthetic induced neuronal apoptosis. This  is especially promising as melatonin has 

been used clinically as neuroprotective in supraphysiological doses to attenuate 

oxidative stress in neonates (Gitto et al., 2004; Yon et al., 2006; Reiter et al., 2007; 

Radogna et al., 2008). Furthermore, melatonin is neuroprotective in a variety of 

neonatal injury models, including hypoxia-ischemia (Carloni et al., 2008) and nerve 

transection (Rogério et al., 2002) suggesting that it may have a general neuroprotective 

effect beyond anesthesia induced neuronal apoptosis.

Emerging hypotheses 

 The overarching hypothesis that I tested during my dissertation research was 

that the induction of acute neurotoxicity by antiepileptic drugs would have long-lasting 

functional (physiological and behavioral) consequences. 

 Two corollaries of this hypothesis are that AEDs that are devoid of ENA-induction 

(levetiracetam), or when given at therapeutic doses that do not induce ENA 

(lamotrigine), will not result in long-term adverse outcomes and that neuroprotective 

treatment will block or attenuate the long-term adverse outcomes of ENA inducing drugs 

(e.g., phenobarbital paired with melatonin).

 Additionally, I have tested the degree to which neuroactive mechanism of action 

predicts long-term consequences  (via comparison across phenytoin, lamotrigine, and/or 

carbamazepine).

 A final component of my analysis has been the degree to which acute toxicity 
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(i.e., ENA induction) in particular brain regions of interest is related to longer-term 

functions that are supported by those regions. This approach aided in the selection of 

behaviors to assess. 
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2: Antiepileptic drug induced cell death in limbic regions of the neonatal rat brain1

Abstract 

Phenobarbital and phenytoin, two drugs commonly used for the treatment of neonatal 

seizures, have been well documented to induce neuronal apoptosis throughout many 

regions of the developing rat brain. However, several limbic regions have not been 

included in previous analyses. Because drug-induced damage to limbic brain regions in 

infancy could contribute to emotional and psychiatric sequelae, it is critical to determine 

the extent to which these regions are vulnerable to developmental neurotoxicity. To 

evaluate the impact of AED exposure on limbic nuclei, we treated postnatal day 7 rat 

pups with phenobarbital, phenytoin, carbamazepine, or vehicle, and examined nucleus 

accumbens, septum, amygdala, piriform cortex and frontal cortex for cell death. 

Histological sections were processed using the TUNEL assay to label apoptotic cells. 

Nucleus accumbens displayed the highest level of baseline cell death (vehicle group), 

as well as the greatest net increase in cell death following phenobarbital or phenytoin. 

Phenobarbital exposure resulted in a significant increase in cell death in all brain 

regions, while phenytoin exposure increased cell death only in the nucleus accumbens. 

Carbamazepine was  without effect on cell death in any brain region analyzed, 

suggesting that the neurotoxicity observed is not an inherent feature of AED action. Our 

findings demonstrate pronounced cell death in several important regions of the rat 

limbic system following neonatal administration of phenobarbital, the first-line treatment 

for neonatal seizures in humans. These findings raise the possibility that AED exposure 
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in infancy may contribute to adverse neuropsychiatric outcomes later in life.

Introduction

 Early postnatal brain development is  marked by a combination of neuronal 

pruning via programmed cell death, and extensive synaptogenesis. This balance 

between neuronal elimination and survival is altered by exposure to anesthetic agents 

and antiepileptic drugs (AEDs) (Ikonomidou et al., 1999; Bittigau et al., 2002; Jevtovic-

Todorovic et al., 2003b; Kim et al., 2007b, 2007c; Katz et al., 2007). Certain AEDs, 

including phenobarbital, phenytoin, and valproic acid induce neuronal apoptosis  in the 

neonatal rodent brain when given during the first postnatal week (Bittigau et al., 2002; 

Katz et al., 2007; Kim et al., 2007c). This effect occurs at doses in the therapeutic range 

and is observed in a variety of brain regions including cortex, thalamic nuclei, 

hippocampus, and striatum (Bittigau et al., 2002).

 Certain limbic system regions have not been characterized with respect to 

vulnerability to AED-induced cell death. These regions, which mediate reward and 

mood, are of particular interest for understanding psychiatric sequelae of early-life 

seizures (Daley et al., 2008). Because early-life seizures are typically treated with 

AEDs, it is important to establish the extent to which AED exposure damages these 

regions (Bartha et al., 2007). 

 In the present study, we examined neuronal apoptosis in the nucleus 

accumbens, amygdala, septum, piriform cortex, and frontal cortex of the rat following 

neonatal exposure to phenobarbital or phenytoin. We also examined the effect of 

carbamazepine, an AED that was previously reported to be without a detectable 

proapoptotic effect in the neonatal rat brain (Kim et al., 2007c).
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Methods 

Animals

 Male and female postnatal day (P)7 Sprague-Dawley rat pups (Harlan, 

Indianapolis, IN) were used. Pups were born to timed-pregnant dams; P0 = date of 

parturition. Animals were maintained in a temperature-controlled (21°C) room with a 12-

h light cycle (Lights on 0600). All experiments were approved by the Georgetown 

University Animal Care and Use Committee. All experimental manipulations occured 

during the light phase of the light:dark cycle. 

Drug Treatments

 All drug doses used fell within the anticonvulsant range in neonatal rats (Kubova 

and Mares, 1991; Stankova et al., 1992; Kubová and Mares, 1993). For phenobarbital, 

the dose selected was in the middle of the effective dose range previously reported for 

induction of neuronal apoptosis (Bittigau et al., 2002). For phenytoin, the dose selected 

was at the upper end of the dose range previously reported to induce neuronal 

apoptosis (Bittigau et al., 2002). The dose of carbamazepine used was above the 

therapeutic range and equivalent to the dose previously shown to be without detectable 

apoptotic action in most brain areas (Kim et al., 2007). Pups were injected (i.p.) with 

sodium phenobarbital in saline (75mg/kg, n=8), phenytoin (sodium diphenylhydantoin, 

Sigma) in alkalinized saline (pH 10, 50mg/kg, n=10) or carbamazepine (Sigma) in 

suspension in saline containing 1.0% Tween 80 (Sigma, 100mg/kg, n=6). Control 
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groups received equivalent volumes of vehicle (0.01ml/g body weight, n=11). Pups  were 

treated by Dr. Jinsook Kim and myself. Treatments occurred on P7, 24h before sacrifice 

as in prior reports (Bittigau et al., 2002; Katz et al., 2007; Kim et al., 2007). Treatments 

were counterbalanced both within and between litters with experiments drawing pups 

from a minimum of three litters. 

Tissue Preparation, Hisotology and Quantification of Cell Death

 24h after drug treatment, brains were removed, quickly frozen in isopentane, and 

stored at –80°C until cryosectioning (20µm coronal sections).Tissues were stained for 

TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling) using 

the Apoptag peroxidase in situ apoptosis detection kit (Chemicon International, 

Temecula, CA) as described previously (Katz et al., 2007; Kim et al., 2007). TUNEL 

staining was performed by Jinsook Kim and myself. Photomicrographs (4x) of three 

sequential sections at 200-µm intervals were taken from several brain areas. TUNEL-

positive cells  were counted and summed for each brain area across three sections. I 

performed quantification while blind to the treatment conditions. 

Statistics

 Statistical comparisons were performed by ANOVA followed by Bonferroni-Holm’s 

post-hoc test with p < 0.05 indicating significant difference. 

Results

 Representative photomicrographs from each brain area and drug treatment are 
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shown in Figure 1. Nucleus accumbens exhibited the greatest number of TUNEL-

positive cells  in control conditions (Figure 1a and Figure 2a), significantly higher than 

frontal cortex, piriform cortex and amygdala (Repeated measures ANOVA, F4,28=7.640, 

p<0.05, post-hoc P<0.05).

   

 Following exposure to phenobarbital (Figure 1b) or phenytoin (Figure 1c), the 

number of TUNEL-positive cells in nucleus accumbens was significantly increased 

(Figure 2). Phenobarbital, but not phenytoin, significantly increased the number of 

TUNEL-positive cells in septum (Figure 1e, Figure 2), amygdala (Figure 1j, Figure 2), 

piriform cortex (Figure 1p, Figure 2) and frontal cortex (Figure 1r, Figure 2). 

Carbamazepine was without effect in all regions.

 In nucleus accumbens, phenobarbital and phenytoin significantly increased the 

number of TUNEL-positive cells  (one-way ANOVA, F3,25=7.503, P<0.001, post-hoc 

P<0.05). Phenobarbital, but not phenytoin or carbamazepine increased cell death 

significantly over baseline levels  in the septum (F3,30=8.316, P<0.0004, post-hoc, 

P<0.001), amygdala (F3,29=15.576, P<0.00001, post-hoc, P<0.001), piriform cortex 

(F3,30=7.288, P<0.001, post-hoc, P<0.005), and frontal cortex (F3,27=6.124, P<0.005, 

post-hoc, P<0.005).

Discussion 

 Here we have shown that exposure of neonatal rat pups to phenobarbital 

resulted in an increase in cell death in all limbic brain regions analyzed. In contrast, 

phenytoin-induced cell death was limited to the nucleus accumbens. As previously 
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observed for other brain regions, carbamazepine exposure was not associated with cell 

death in any region (Kim et al., 2007). These findings demonstrate that limbic regions 

are vulnerable to cell death induction by certain AEDs. The timing of drug exposure in 

our studies was limited to a single administration on P7. This  age in the rat fits  within a 

period corresponding to the late third trimester of gestation through early infancy in 

humans (Dobbing and Sands, 1979). While the detection of drug-induced apoptosis 

requires analysis within 24h of acute administration (Ishimaru et al., 1999), the 

possibility that repeated drug exposure may have a more pronounced impact cannot be 

excluded. 

 Increased cell death following phenobarbital was observed throughout the 

mediolateral and dorsoventral extent of the nucleus  accumbens, throughout the 

subnuclei of the amygdala (basolateral, central, and medial) and in the lateral aspect of 

the septum to a greater extent than the medial. Increased cell death was also observed 

in layers II and III of piriform cortex, with little seen in layer I, while in frontal cortex it 

was present throughout layers I-IV (layer VI was not examined).

 As compared to the other brain regions examined, especially high cell death was 

observed in nucleus accumbens, under both control conditions and in response to either 

phenobarbital or phenytoin. This effect was at least as  pronounced as that previously 

observed in the dorsomedial striatum (Katz et al., 2007). The dorsal striatum (caudate-

putamen) is composed of cell types comparable to those found in the nucleus 

accumbens (ventral striatum) (Voorn et al., 2004). Moreover, humans exposed In utero 

to AEDs showed a decrease in striatal volume in adulthood (Ikonomidou et al., 2007). 

These findings suggest that either the cell types or connections within the striatum 
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(dorsal and ventral) make these regions vulnerable to drug-induced neuronal apoptosis. 

Our data suggest that neurotoxicity associated with exposure to phenobarbital and 

phenytoin during pregnancy or infancy can affect regions of the brain that contribute to 

emotional and psychiatric conditions. The findings presented in this  chapter helped to 

focus my later behavioral analysis on behaviors  that are subserved by limbic brain 

regions impacted by AED exposure. In animal models, chronic early life exposure to 

phenobarbital has been shown to result in abnormalities in adult behaviors that are 

limbic system dependent. In particular, decreased anxiety-like behavior in the elevated 

plus maze, impaired prepulse inhibition, and deficient fear conditioning are long-term 

adverse sequelae of phenobarbital exposure during the period of P7 to P14 (Forcelli et 

al., 2010). It is conceivable that the cell death we describe here may contribute to these 

outcomes. If cell death is a necessary factor for the behavioral toxicity, we would expect 

that carbamazepine should be free of long-term behavioral changes. 

 The contrast between phenytoin and carbamazepine with respect to 

developmental neurotoxicity suggests that this toxicity is not related to their common 

mechanism of therapeutic action (i.e., blockade of voltage-gated sodium channels) 

(White and Rho, 2010). A dissociation between these drugs has also been reported with 

respect to neurobehavioral outcomes following In utero exposure, with children exposed 

to phenytoin, but not carbamazepine, exhibiting a reduced IQ as  compared to controls 

(Scolnik et al., 1994).

 Clinically, early life seizures have been identified as risk factors for 

neuropsychiatric disorders (Vestergaard et al., 2005). While this has been interpreted as 

evidence for early life seizures contributing to psychiatric disease pathogenesis (Jones 
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et al., 2007; Austin and Caplan, 2007; Plioplys  et al., 2007), it is  also possible that 

neurotoxicity associated with commonly used AEDs (phenobarbital, phenytoin) may 

contribute to neuropsychiatric disorders by disrupting limbic system maturation. While it 

is  necessary to consider the relative risk of morbidity of untreated seizures relative to 

iatrogenic drug effects, an analysis of psychiatric outcomes as a function of exposure to 

drugs that cause cell death in the limbic system, versus those that do not, would be an 

important first step to address this question.
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Figure 2-2. Quantification of cell death. 

Figure 2-2. Quantification of cell death. (a) Baseline levels of cell death following vehicle 
(control). (b) Net increase (over baseline cell death, as presented in Figure 2a) for each brain 
area and drug treatment. * = significantly different than baseline levels of  cell death, P<0.05. 
Schematics are modified from the atlas of Sherwood and Timiras (1970).



3: Neonatal exposure to anticonvulsant drugs disrupts striatal synaptic 

development.

Abstract 

 Even transient exposure to drug therapy during critical periods of brain 

development may have long-lasting adverse consequences. This is of particular 

concern for the treatment of neonatal seizures. Clinical use of antiepileptic drugs such 

as phenobarbital during brain development has been associated with changes in brain 

volume, reduced IQ, and other adverse cognitive and neuropsychiatric sequelae. 

However, in clinical studies, drug effects are confounded by the underlying disorder 

giving rise to the seizures. To date, there has been no preclinical evidence for AED 

exposure altering neuronal physiology during postnatal developmental. The present 

studies aimed to determine whether exposure to phenobarbital, and three other AEDs 

(phenytoin, lamotrigine, and levetiracetam) alter the normal pattern of synaptic 

maturation in neurons in the striatum, a brain region known to be sensitive to AED-

induced cellular injury.

 Here we show, through patch-clamp recordings of striatal medium spiny neurons, 

that phenobarbital, phenytoin, or lamotrigine, but not levetiracetam, disrupt the 

maturation of GABAergic and glutamatergic synaptic physiology in the rat striatum 

during the second postnatal week. This  effect was observed after a single exposure at 

postnatal day 7, and prevented by pretreatment with a neuroprotective agent. Our 

results indicate that even a brief exposure to AEDs during a sensitive postnatal period 

delays the maturation of a critical brain network, and that preventing cellular toxicity may 

ameliorate this effect.
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Introduction

 The treatment of neurological disorders  in infants is  complicated by the risk that 

therapeutic interventions can derail the course of brain development. Because the 

developing brain is highly vulnerable to modifications of the molecular environment of 

neurons, even transient interventions  during sensitive developmental periods can have 

long-lasting functional consequences. 

 This  is especially true for interventions  to control seizures, one of the most 

common neurological disorders  of infancy (Hauser, 1994). While treatment with 

antiepileptic drugs (AEDs) is usually necessary to avoid adverse outcomes associated 

with uncontrolled seizures, exposure to AEDs themselves has also been linked to 

adverse outcomes. In particular, phenobarbital exposure during gestation or early 

infancy has been associated with reduced IQ and changes in brain volume in humans 

(Farwell et al., 1990; Reinisch et al., 1995b; Parisi et al., 2003; Ikonomidou et al., 2007). 

Exposure to this drug may also contribute to the increased risk for neuropsychiatric 

disorders associated with early life seizures (Vestergaard et al., 2005). However, 

conclusions from clinical studies are limited by the inability to fully dissociate the long 

term effects of drug treatment from the effects  associated with the underlying clinical 

disorders that give rise to seizures.

 Despite the potential risks, phenobarbital remains the treatment of choice for 

seizures in infancy (Bartha et al., 2007; Blume et al., 2009). Over 80% of neonatal 

seizures are treated with phenobarbital, resulting in 15,000-20,000 pre-term and full-

term newborns exposed to phenobarbital each year (Hauser, 1994; Bartha et al., 2007; 

Blume et al., 2009). Phenobarbital is among the most commonly used medications  for 
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neonates with hypoxic-ischemic encephalopathy (Glass  and Ferriero, 2007). This drug 

has also been used in infancy for the treatment of febrile seizures and opiate withdrawal 

(Farwell et al., 1990; Sarkar and Donn, 2006; Osborn et al., 2010). Nevertheless, 

questions about the clinical efficacy and safety of phenobarbital have prompted some to 

call for a reexamination of the use of this  drug in infancy, and a consideration of 

potential therapeutic alternatives (Farwell et al., 1990; Scher et al., 2003). 

 Recent preclinical findings provide a further basis to question the wisdom of 

exposing the neonatal brain to phenobarbital. Excessive neuronal apoptosis, impaired 

neurogenesis, and dysregulation of the cortical proteome all result from phenobarbital 

exposure during a postnatal age in rodents corresponding to the perinatal/neonatal 

period in humans (Bittigau et al., 2002; Kaindl et al., 2008; Stefovska et al., 2008). 

However, in the absence of evidence for a functional developmental impact of the 

molecular abnormalities, the clinical relevance of these observations has been disputed 

(Loepke et al., 2008; McCann and Soriano, 2009). Thus, the present studies aimed to 

determine whether exposure to phenobarbital during the neonatal period would alter the 

normal pattern of maturation of synaptic function.

 To assess the impact of phenobarbital on functional synaptic maturation in 

infancy, we employed the neonatal rat as a preclinical model. We assessed the impact 

of a single drug exposure on the later maturation of inhibitory and excitatory 

postsynaptic currents in the striatum, a brain region that displays reduced volume in 

human imaging studies of adult patients exposed to AEDs early in life (Ikonomidou et 

al., 2007). The neurons in striatum are also especially vulnerable to the pro-apoptotic 

action of AED exposure in rats  during the first postnatal week (Bittigau et al., 2002; Kim 
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et al., 2007a; Katz et al., 2007). 

 We compared the effects of exposure to phenobarbital to the effects of exposure 

to three other AEDs: phenytoin, lamotrigine, and levetiracetam. Phenytoin is currently 

the second-line treatment for neonatal seizures (Bartha et al., 2007), while lamotrigine 

and levetiracetam are newer-generation AEDs, which are believed to have an especially 

favorable safety profile for clinical use in pregnancy and infancy (McVearry et al., 2009; 

Meador et al., 2009a, 2011; Ramantani et al., 2011b; Mølgaard-Nielsen and Hviid, 

2011). In addition, whereas doses of phenytoin within the therapeutic range increase 

neuronal apoptosis in neonatal rodents, lamotrigine has this effect only at doses higher 

than therapeutic (Katz et al., 2007), and levetiracetam is devoid of this effect even in 

doses well above therapeutic (Kim et al., 2007c). We also evaluated the effect of 

phenobarbital in combination with melatonin, a treatment previously shown to prevent 

drug-induced developmental neuronal apoptosis (Yon et al., 2006). 

 By using patch-clamp recordings and morphometric analysis  of striatal medium 

spiny neurons (MSNs), we examined the maturation of GABAergic and glutamatergic 

synaptic connectivity during the second to third postnatal weeks  in normal rat pups and 

in rat pups that had been exposed to one of the four AEDs at postnatal day (P)7. P7 is a 

time point at which there is maximal vulnerability to the pro-apoptotic action of the AEDs 

(Bittigau et al., 2002), and it corresponds closely to the perinatal/neonatal period of 

brain development in humans (Dobbing and Sands, 1979). 

 We selected MSNs because they constitute 95% of striatal neurons, and receive 

glutamatergic input from cortex, (Sharpe and Tepper, 1998a) and GABAergic input from 

interneurons and other MSNs (Tepper et al., 2007). A marked increase in the number of 

 77



dendritic spines on these neurons  occurs in the second and third postnatal weeks, a key 

temporal window for striatal maturation (Sharpe and Tepper, 1998b). 

Methods

 Animals

 Timed-pregnant Sprague-Dawley dams were purchased from Harlan and housed 

on a standard 12h:12h Light:Dark (Lights on 0600) cycle until parturition. Date of 

parturition was designated P0 for all pups. A minimum of 3 pups per treatment, derived 

from at least 2 litters was  used for all groups. Both male and female pups were used 

with sex counterbalanced across  treatments. All experimental manipulations were 

performed during the light phase of the light:dark cycle.

Drugs

 Sodium phenobarbital (75 or 37.5mg/kg, 5-ethyl-5-phenyl-1,3-diazinane-2,4,6-

trione; Sigma), lamotrigine (20mg/kg, 3,5-diamino-6-(2,3-dichlorophenyl)-as-triazine; 

GlaxoSmithKline, Research Triangle Park, NC), Levetiracetam (400mg/kg; Keppra oral 

solution, UCB Pharma, Smyrna, GA) were dissolved in normal saline, while phenytoin 

(50mg/kg, sodium 5,5-diphenylhydantoin, 5,5-diphenylimidazolidine-2,4-dione; Sigma) 

was dissolved in alkalinized saline, pH 10. All AEDs were injected at a volume of 

0.01ml/g, ip. Melatonin (20mg/kg, s.c., N-Acetyl-5-methoxytryptamine, Sigma) was 

dissolved in 1% ethanol solution immediately before administration. 

Treatments 
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 Pups were treated either, once on P7 with phenobarbital, phenytoin, lamotrigine, 

levetiracetam, or vehicle, or once on P10 with phenobarbital via i.p. injection. A separate 

group of animals was treated with melatonin or vehicle 15 minutes prior to and 2 hours 

after treatment with 75mg/kg PB or vehicle.

Slice preparation

 Rats  were killed by decapitation at P10, P14, or P18 in compliance with the 

American Association for Accreditation of Laboratory Animal Care standards and the 

Georgetown University Animal Care and Use Committee. Brain slices were prepared as 

previously described for mice (Janssen et al., 2009). Slices  were visualized under an 

upright microscope (E600FN; Nikon) equipped with Nomarski optics and an electrically 

insulated 60x water-immersion objective with a long working distance (2 mm) and high 

numerical aperture (1.0). Recording electrodes were pulled on a vertical pipette puller 

from borosilicate glass capillaries (Wiretrol II; Drummond) and filled with KCl-based 

internal recording solution (KCl internal) containing (in mM) 145 KCl, 10 HEPES, 5 

ATP.Mg, 0.2 GTP.NA, and 10 EGTA, adjusted to pH 7.2 with KOH. Slices were prepared 

by Dr. Megan Janssen, Dr. Stefano Vicini or myself. 

Whole-cell recordings

 Recording procedures followed our previous protocols  (Janssen et al., 2009). 

Striatal MSNs were identified by size, shape, and firing pattern in response to 

hyperpolarizing and depolarizing current injections, as previously described (Kawaguchi 

et al., 1989). 
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 Voltage-clamp recordings were performed using the whole-cell configuration of 

the patch-clamp technique at a holding voltage of -60 mV using the Axopatch 200B and 

1D amplifiers (Molecular Devices). Access resistance was monitored during the 

recordings and experiments with >15% change were discarded. The baseline 

membrane potential for current-clamp recordings was set at -60 mV before each series 

of current step injection protocols. Stock solutions of bicuculline methbromide (BMR) 

and tetrodotoxin (TTX) (both from Sigma) were prepared in water. Stock solutions were 

diluted in aCSF and applied locally through a Y tube, modified for optimal solution 

exchange in brain slices. 

 Currents were filtered at 2 kHz with a low-pass Bessel filter and digitized at 5-10 

kHz using a personal computer with Digidata 1322A data acquisition board and 

pCLAMP9 software (both from Molecular Devices). Off-line data analysis, curve fitting, 

and figure preparation were performed with Clampfit 9 software (Molecular Devices). 

Spontaneous and miniature IPSCs (sIPSCs and mIPSCs) and mEPSCs were identified 

using a semiautomated threshold based minidetection software (Mini Analysis; 

Synaptosoft) and were visually confirmed. Event detection threshold was set at 5 times 

the RMS level of baseline noise. PSC average values were based on >50 events in 

each cell studied, and GABAergic decay kinetics were determined using double 

exponential curve fittings (Vicini et al., 2001). NBQX was not included in sIPSC 

measurements to not perturb the network activity. AMPA-mediated spontaneous EPSCs 

could easily be identified by the rapid decay kinetics (<2 ms) and were excluded from 

the analysis (Ortinski et al., 2004). mIPSCs were isolated by application of TTX (0.5 

µM). mEPSCs were identified during application of TTX and BMR (25 µM). All detected 
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events were used for event frequency analysis; however, superimposing events were 

eliminated for the amplitude, rise time, and decay kinetic analysis. Recordings were 

made by Dr. Megan Janssen, Dr. Stefano Vicini or myself. Analysis of raw traces was 

performed by Dr. Megan Janssen and myself.

Anatomical Reconstruction

 Biocytin was added to the intracellular solution at a final concentration of 1%. On 

achieving whole cell recordings, biocytin was allowed to diffuse through the cell for 3 

min. After whole cell recording, the pipette was gently removed to form an outside-out 

patch, and the slices were fixed in 4% paraformaldehyde for 30 min. After fixation, slices 

were washed in PBS and stained with Texas red–conjugated avidin-D dye (Invitrogen, 

Carlsbad, CA) at 2.5 µl/ml for 2 h. Slices were mounted on microscope slides and 

processed for confocal imaging as described below.

Imaging and Spine Morphometrics 

 For confocal imaging, an Olympus Fluoview-FV300 laser scanning confocal 

microscope was used for excitation of the Alexa-555 fluorophores. Images  (1 µm thick) 

were processed with Metamorph software (Molecular Devices). Images presented in 

Figures 1 and 2, represent a z-stack image of 14–16 planes. Spines and filopodia 

number as well as  spine length and spine head width were measured using ImageJ 

software. 

Statistical Analysis

 Data were analyzed using SPSS Statistics Software (Ver 19, IBM) and GraphPad 
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Prism (Ver 5, Graphpad). Analysis of variance (ANOVA) with Fisher’s  Least Significant 

Difference post-hoc test, t-tests, and least squares regression were used as appropriate 

to analyze the data. Criterion for significance in all tests was set at P<0.05. I performed 

all statistical analysies. 

Results

 We first characterized the time course of MSN synaptic development in drug-

naïve animals, because this has not yet been established. We then examined the 

effects of postnatal day (P)7 exposure to AEDs. Whole-cell patch clamp recordings 

were made from striatal MSNs (representative, biocytin filled MSN, Fig 1a) in acute 

slices prepared from rats at P10, P14 or P18. MSNs were identified based on size and 

characteristic delayed, non-adapting firing pattern (Fig 1b). We first investigated 

spontaneous inhibitory post-synaptic currents (sIPSCs, Fig 1c), as a measure of 

GABAergic synaptic connectivity in MSNs. GABAergic input to MSNs is derived from 

MSN-MSN inhibitory synapses, as well as from several populations of striatal 

interneurons. Control animals displayed increase (P<0.05) in sIPSC frequency from P10 

to P14. This  pattern of age-dependent increase in frequency also appeared when 

miniature (m)IPSCs were analyzed (Fig 1c, d). In control animals the frequency of 

mIPSCs doubled between P10 and P14, and tripled by P18. IPSC amplitude decreased 

from P10 to P14 (P<0.005), with further decreases by P18; while IPSC decay became 

faster between P10 and P14 (P<0.05, Table 1 and 2). This  is the first report describing 

the pattern IPSC developmental in the neonatal striatum, demonstrating that IPSCs 

became more frequent, with smaller amplitudes, and faster decays. This developmental 
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pattern is remarkably similar to that reported for other brain regions, albeit with different 

timing (31-35).

 The pattern of IPSC maturation was then examined in animals exposed to 

phenobarbital (75 or 37.5mg/kg), phenytoin (50 mg/kg) or lamotrigine (20mg/kg), once 

on P7. Strikingly, all three AEDs led to later abnormalities. 

 At P10, all groups displayed equivalent IPSC frequency, amplitude, and decay. 

By P14, IPSC frequency differed across groups (P<0.005, Fig 1b, and c). In sharp 

contrast to drug-naïve controls, the AED-exposed groups lacked the age-dependent 

increases in IPSC frequency (Fig 1c, d, and f), with AED-exposed groups showing 

significantly lower IPSC frequency compared to controls (see Fig 1 legend for details). 

AED-exposed groups showed no changes in IPSC amplitude or decay, as compared to 

controls (Table 1 and 2). 

 We next extended our analysis  of IPSC frequency to P18. At this time point, 

phenobarbital- and phenytoin-exposed groups continued to show a significantly lower 

frequency of IPSCs compared to controls, indicating a lack of recovery. In contrast, the 

lamotrigine-exposed group showed recovery by P18, with IPSC frequency reaching 

controls levels (Fig 1e). 

 The maturation of excitatory synaptic transmission after AED exposure exhibited 

deficits similar to those observed with inhibitory transmission. Control animals showed a 

significant (270%) increase in frequency of minature excitatory postsynaptic currents 

(mEPSCs) between P14 and P18 (P<0.000005, Fig 2a), indicating that the maturation 

of glutamatergic synaptic transmission occurs later than that of GABAergic 

transmission. The glutamatergic input to striatal MSNs is primarily derived from cortical 
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and thalamic projections.  Each of the AED-exposed groups showed a lower frequency 

of mEPSCs at P18 as  compared to controls (P<0.05). Moreover, when the AED-

exposed groups were analyzed for age-dependent increases in mEPSC frequency, this 

maturation was absent. 

 The disruption of developmental increases in IPSC and EPSC frequency, which 

manifest at least a week after a single drug exposure, reflects a profound impact of 

AEDs on synaptic maturation. Because both IPSC and EPSC amplitudes are 

unchanged across treatments (Tables 1, 2 and 3), it is  likely that the number of 

receptors per synapse is not altered by drug exposure. Because the frequency of 

events is a reflection of the number of presynaptic sites and/or release probability, our 

data suggest a presynaptic site of action accounts for the disruption in maturation.

 We next hypothesized that MSNs deprived of normal synaptic activity would 

exhibit alterations in dendritic morphology. We measured the number and size of 

dendritic spines and filopodia on P18 MSNs after P7 exposure to phenobarbital (Fig 2b, 

c). Phenobarbital exposure did not alter either spine density or length; it decreased 

spine width (P<0.01) and increased filopodia density (P<0.0001) as compared to 

controls. The persistence of filopodia, the most immature form of spine, may indicate 

continued “searching” for synaptic partners by neurons receiving a lower frequency of 

excitatory synaptic events. This would resemble the increase in filopodia seen in cortical 

neurons deprived of synaptic input by treatment with tetrodotoxin (Portera-Cailliau et al., 

2003).

 The disruption in striatal synaptic maturation we have described is not specific to 

a particular mechanism of AED action, given the fact that the three AEDs tested have 
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distinct actions. Phenobarbital potentiates GABAergic transmission, (MacDonald and 

Barker, 1979) phenytoin and lamotrigine block voltage-gated sodium channels, (Leach 

et al., 1986b) and lamotrigine also activates HCN channels (Poolos  et al., 2002). 

However, one feature these three drugs share is their ability to increase neuronal 

apoptosis in striatum and cortex of P7 neonatal rats (Hauser, 1994; Kim et al., 2007a). 

This  raises the prospect that the effect we have observed may either be an intrinsic 

feature of AEDs or a reflection of the proapoptotic actions of specific AEDs. To 

distinguish between these possibilities, we next tested levetiracetam, an AED without 

proapoptotic actions  even at doses several-fold above therapeutic levels (Kim et al., 

2007a, 2007b).

 In contrast to the other AEDs, exposure to levetiracetam on P7 was without effect 

on IPSC frequency measured at P14 (Fig 3). Thus, maturational disruption is  not 

intrinsic to antiepileptic action; instead, proapoptotic actions may be necessary for the 

disruption. These actions are evident during a restricted postnatal period, which closes 

around P10. We therefore tested phenobarbital exposure at this time for effects on IPSC 

frequency at P14, a time at which we had previously detected a robust disturbance in 

maturation. Unlike P7 exposure to phenobarbital, P10 exposure did not alter IPSC 

frequency (Fig 3). 

 To further address the relationship between proapoptotic mechanisms and the 

disruption in synaptic maturation, we next employed melatonin, a neuroprotective 

treatment, that has been used clinically in supraphysiological doses  to attenuate 

oxidative stress in neonates (Gitto et al., 2004; Yon et al., 2006; Reiter et al., 2007; 

Radogna et al., 2008). Melatonin is  neuroprotective in a variety of neonatal injury 
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models, including hypoxia-ischemia (Carloni et al., 2008), nerve transection, (Rogério et 

al., 2002) and drug-induced neuronal apoptosis (Yon et al., 2006). Pups pretreated with 

melatonin prior to phenobarbital exposure did not exhibit a deficit in IPSC frequency at 

P14 (Fig 3). Furthermore, IPSC frequency at P14 was greater in the phenobarbital 

group pretreated with melatonin, compared to the group that received phenobarbital 

alone (P<0.05). This provides compelling evidence that proapoptotic neurotoxicity is 

necessary for the adverse effect of phenobarbital exposure on synaptic maturation.
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Treatment Age Table 3-1: sIPSC ParametersTable 3-1: sIPSC ParametersTable 3-1: sIPSC ParametersTreatment Age Frequency (Hz) Amplitude (pA) Decay (ms)

Control
10 1.2±0.26(28) 31.61±2.7 (28) 33.84±2.3 (18)

Control 14 1.9±0.22(32) 26.44±1.62 (32) 32.21±2.3 (22)Control
18 1.6±0.15(26) 23.20±1.73 (26) 25.10± 1.7 (11)

Phenobarbital (75mg/kg)
10 0.9±0.21(9) 32.25±4.86 (9) 38.55±3.6 (9)

Phenobarbital (75mg/kg) 14 1.1±0.10(23) 26.37±3.8 (22) 32.40±4.6 (13)Phenobarbital (75mg/kg)
18 1.2±0.13(9) 27.74±2.79 (9) 34.89±3.4 (3)

Phenobarbital (37.5mg/kg)
10 0.8±0.20(11) 32.91±2.07 (11) 32.79±2.3 (11)

Phenobarbital (37.5mg/kg) 14 0.9±0.15(9) 30.46±4.32 (9) 32.68±1.8 (9)Phenobarbital (37.5mg/kg)
18 1.2±0.22(10) 27.81±5.43 (10) 29.17±3.9 (7)

Phenytoin (50mg/kg)
10 0.9±0.11(12) 30.82±4.68 (12) 32.47±3.0 (3)

Phenytoin (50mg/kg) 14 1.0±0.17(23) 22.47±2.75 (23) 32.16±3.0 (23)Phenytoin (50mg/kg)
18 1.5±0.40(11) 28.26±2.72 (11) 26.40±1.1 (10)

Lamotrigine (20mg/kg)
10 0.6±0.11(11) 24.35±3.6 (11) 31.13±4.9 (11)

Lamotrigine (20mg/kg) 14 0.9±0.23(11) 25.02±2.23 (11) 33.50±4.1 (6)Lamotrigine (20mg/kg)
18 1.6±0.18(13) 20.79±1.65 (13) 25.4±3.0 (8)

All values are mean ± SEM followed by (number of cells).All values are mean ± SEM followed by (number of cells).All values are mean ± SEM followed by (number of cells).All values are mean ± SEM followed by (number of cells).All values are mean ± SEM followed by (number of cells).
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Treatment Age Table 3-2: mIPSC ParametersTable 3-2: mIPSC ParametersTable 3-2: mIPSC ParametersTreatment Age Frequency (Hz) Amplitude (pA) Decay (ms)

Control
10 0.43±0.05(23) 31.68±2.9 (23) 37.14±2.7 (9)

Control 14 0.96±0.12(31) 22.62±1.1 (31) 27.58±2.6 (9)Control
18 1.23±0.16(22) 18.68±1.6 (22) 28.75±3.9 (7)

Phenobarbital (75mg/kg)
10 0.42±0.11(6) 29.16±3.6 (6) 32.01±3.9 (6)

Phenobarbital (75mg/kg) 14 0.68±0.07(23) 22.24±2.0 (22) 32.35±3.7 (13)Phenobarbital (75mg/kg)
18 0.66±0.09(9) 23.63±3.6 (9) 28.23±1.3 (9)

Phenobarbital (37.5mg/kg)
10 0.20±0.07(6) 26.30±2.2 (6) 29.27±4.4 (6)

Phenobarbital (37.5mg/kg) 14 0.48±0.09(6) 24.33±5.3 (6) 32.68±1.8 (9)Phenobarbital (37.5mg/kg)
18 0.64±0.14(6) 21.20±2.0 (6) 27.86±2.6 (6)

Phenytoin (50mg/kg)
10 0.30±0.06(12) 24.26±2.3 (12) 36.50±5.0 (11)

Phenytoin (50mg/kg) 14 0.60±0.09(21) 22.52±1.9 (21) 30.57±2.4 (21)Phenytoin (50mg/kg)
18 0.78±0.11(8) 23.47±4.2 (8) 27.34±3.8 (8)

Lamotrigine (20mg/kg)
10 0.25±0.04(10) 26.32±2.6 (10) 34.04±4.4 (11)

Lamotrigine (20mg/kg) 14 0.33±0.07(10) 24.40±2.6 (10) 30.72±4.0 (6)Lamotrigine (20mg/kg)
18 1.1±0.25(12) 22.36±2.1 (12) 28.95±1.8 (7)

All values are mean ± SEM followed by (number of cells).All values are mean ± SEM followed by (number of cells).All values are mean ± SEM followed by (number of cells).All values are mean ± SEM followed by (number of cells).All values are mean ± SEM followed by (number of cells).
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Treatment Age
Table 3-3: mEPSC ParametersTable 3-3: mEPSC Parameters

Treatment Age Frequency (Hz) Amplitude (pA)

Control
10 0.22±0.03(19) 17.14±1.9 (17)

Control 14 0.21±0.02(29) 19.43±3.5 (7)Control
18 0.58±0.11(21) 14.05±0.9 (21)

Phenobarbital (75mg/kg)
10 0.24±0.07(7) 18.13±2.5 (7)

Phenobarbital (75mg/kg) 14 0.25±0.04(19) 16.04±1.1 (19)Phenobarbital (75mg/kg)
18 0.22±0.59(8) 15.78±1.1 (8)

Phenobarbital (37.5mg/kg)
10 0.18±0.08(6) 12.06±4.0 (6)

Phenobarbital (37.5mg/kg) 14 0.14±0.03(6) 16.57±1.8 (6)Phenobarbital (37.5mg/kg)
18 0.34±0.02(7) 15.00±1.5 (7)

Phenytoin (50mg/kg)
10 0.19±0.04(9) 18.47±1.5 (9)

Phenytoin (50mg/kg) 14 0.26±0.07(19) 14.94±1.5 (19)Phenytoin (50mg/kg)
18 0.22±0.03(8) 14.21±1.4 (8)

Lamotrigine (20mg/kg)
10 0.25±0.13(6) 24.0±3.5 (6)

Lamotrigine (20mg/kg) 14 0.16±0.04(9) 14.51±1.4 (9)Lamotrigine (20mg/kg)
18 0.33±0.07(11) 14.03±1.1 (11)

All values are mean ± SEM followed by (number of cells).All values are mean ± SEM followed by (number of cells).All values are mean ± SEM followed by (number of cells).All values are mean ± SEM followed by (number of cells).
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Figure 3-1: sIPSC and mIPSC frequency development and impact of AEDs
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Figure 3-1. AED exposure disrupts IPSC development during the second postnatal week. (A) 
Representative confocal image of a biocytin-filled striatal MSN with local dendritic arborization 
and spiny dendrites. Calibration bar, 30µm (B) Representative current clamp recording from a 
MSN, showing the characteristic repetitive, non-adapting firing pattern in response to a series 
of 1s hyperpolarizing and depolarizing current injections (10 pA steps) from a holding potential 
of -60 mV. (C) Quantification (mean±S.E.M.) of sIPSC frequency at P10 and P14 showing the 
effect of P7 exposure to saline (control, n=28, n=32), PB (37.5 mg/kg, n=11, n=9), PB (75 mg/
kg, n=9, n=23), PHT (50 mg/kg, n=12, n=23), and LTG (20 mg/kg, n=11, n=11). (D) 
Quantification (mean±S.E.M.) of in mIPSC frequency at P10 and P14 showing effects of P7 
exposure to saline (n=21, n=30), PB (37.5 mg/kg, n=6, n=6), PB (75 mg/kg, n=6, n=23), PHT 
(50 mg/kg, n=12, n=21), and LTG (20 mg/kg, n=9, n=8) (E) Quantification (mean±S.E.M.) of  in 
mIPSC frequency at P18 showing effects of  P10 exposure to saline (n=22), PB (37.5 mg/kg, 
n=6), PB (75 mg/kg, n=9), PHT (50 mg/kg, n=8), and LTG (20 mg/kg, n=10). (F) 
Representative mIPSC traces from each group at P10, P14 and P18, following P7 treatment 
with saline, PB (75 mg/kg), PB (37.5 mg/kg), PHT (50 mg/kg), and LTG (20 mg/kg). Data were 
analyzed by ANOVA with Fisher’s Least Significant Difference test for multiple comparisons. * 
indicates significantly different than P10 value within treatment. † Indicates significantly 
different than control at same age. See Supplemental Statistics Discussion for a complete 
discussion of ANOVA results. 
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Figure 3-2: mEPSC frequency developmet and spine morphology - impact of AEDs
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Figure 3-2. AED exposure disrupts EPSC development and alters spine morphology (a) 
shows quantification of  glutamatergic (mEPSC) development in striatal MSNs from P10 to 
P18, as a function of drug treatment, showing effects of P7 exposure to saline (n=19, n=29, 
n=21), PB (37.5 mg/kg, n=6, n=6, n=7), PB (75 mg/kg, n=7, n=19, n=8), PHT (50 mg/kg, 
n=9, n=19, n=8), and LTG (20 mg/kg, n=6, n=9, n=19). Data were analyzed by ANOVA with 
Fisher's Least Significant Difference post-hoc test * indicates significantly different than 
P10 value within treatment (P<0.05), † indicates significantly different than control at same 
age (P<0.05). (b1) Quantification of number of  spines and (b2) filopodia on P18 MSNs from 
animals exposed to saline (control, n=8 neurons) or phenobarbital (75mg/kg, n=5 neurons) 
on P7; while the number of  spines did not differ between treatments (t-test, P=0.9246), the 
number of filopodia where significantly greater in PB-exposed animals (n=6 neurons per 
treatment, t-test, * = P<0.0001). (b3) Quantification (performed using ImageJ) of spine 
length (left y-axis) and (b4) spine width (right y-axis) in P18 MSNs from animals exposed to 
control (n=6 neurons) or phenobarbital (75mg/kg, n=6 neurons) on P7. (c) Representative 
confocal images of  dendritic branch used for quantification of  spines and filopodia. Only 
mature (mushroom shaped) spines were counted (black arrow). Filopodia were classified 
as long thin processes (grey arrow) and were not included in spine width or length 
measurements.
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Figure 3-3: Impact of treatments that avoid neurotoxicity on sIPSC frequency

Figure 3-3. Treatments that avoid cellular toxicity do not disrupt development. sIPSC 
frequency, measured at P14, in MSNs from animals exposed on P7 to saline (n=24), 
phenobarbital/vehicle (n=10), saline/melatonin (n=13), phenobarbital/melatonin (n=14), 
levetiracetam (n=9) or exposed on P10 to phenobarbital (n=16). (* = p<0.05, t-test with 
Bonferroni’s correction for multiple comparisons).



Discussion

 The concern that the use of AEDs during infancy could give rise to long-term 

abnormalities by altering neural development was an important motivation for our study. 

Our examination of the maturation of striatal neuronal physiology provides the first 

evidence that neonatal exposure to AEDs delays or stunts the development of excitatory 

and inhibitory synapse function. As MSNs are the output neurons of the striatum, they 

are responsible for relaying cortical control to the brainstem (Gale et al., 2007), 

regulating sensorimotor integration (Kodsi and Swerdlow, 1995), and supporting implicit 

learning and memory (Belin et al., 2009), all processes that could be impacted by the 

changes in maturation we have detected. These studies have revealed a functional 

neurotoxicity that cannot be detected by histopathological analysis alone, since this 

toxicity is measured in surviving neurons. 

 The neurons in which we observed delayed or stunted synaptic maturation 

presumably survived the insult of drug exposure in a compromised state. This may be 

analogous to findings in hippocampal neurons that were rescued from the terminal 

stages of cell death, yet exhibited impaired synaptic function (Dumas et al., 2000). As 

such, the functional impairments we have described may be more pervasive than cell 

death, and may offer a more sensitive indicator of toxicity of drugs in the developing 

brain. 

 Our data also raise an obvious question: Given that the proapoptotic actions of 

AEDs impact multiple brain areas (including hippocampus, thalamus, cerebellum and 

cortex) (Hauser, 1994), will AED exposure also cause alterations in the maturation of 

synaptic physiology in other brain regions? As several regions exhibit a pattern of 
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synaptic maturation resembling the pattern we have described for striatum, (Tia et al., 

1996; Hollrigel and Soltesz, 1997; Huntsman and Huguenard, 2000; Banks et al., 2002; 

Chudomel et al., 2009) it is likely that our results  may be generalize to other brain 

regions. 

 From a translational perspective, our data may provide a mechanistic explanation 

at the level of synaptic physiology for behavioral deficits in children exposed to AEDs 

during development, (Bromley et al., 2009; Meador et al., 2009a, 2011) underscoring 

the need to identify AEDs that do not disrupt synaptic maturation in the developing 

brain. 

 The protective effect that we observed with melatonin is consistent with the well-

established neuroprotective action of this  drug in a variety of neonatal injury models, 

including hypoxia-ischemia (Carloni et al., 2008), nerve transection, (Rogério et al., 

2002) and drug-induced neuronal apoptosis (Yon et al., 2006). At first glance, our 

findings with melatonin seem inconsistent with the fact that lamotrigine (20mg/kg) and 

phenobarbital (37.5mg/kg) exposure disrupted synaptic maturation at doses 

subthreshold for the induction of neuronal apoptosis. However, these results may be 

reconciled by considering the possibility that activation of apoptotic events upstream 

from irreversible execution stages may be sufficient to disrupt synaptic maturation 

(D’Amelio et al., 2011). These upstream events are the likely targets of melatonin's 

neuroprotective action (Yon et al., 2006; Reiter et al., 2007; Radogna et al., 2008).

 Our data with levetiracetam indicate that developmental neurotoxicity is not 

inherent to AED action, offering a prospect for selecting AEDs that do not disrupt 

functional maturation for use in infancy. Moreover, our findings with melatonin suggest 
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that adjunct neuroprotective therapies that attenuate oxidative stress and proapoptotic 

processes may minimize developmental neurotoxicity, thereby allowing a broader 

choice of AEDs for use in neonates and infants. 

Supplemental Statistical Discussion

sIPSC Frequency (Figure 1c; Table 1)

 sIPSC frequency data were analyzed using a two-way ANOVA (treatment-by-

age), which showed a main effect of treatment (F4,223=4.206, P<0.005), a main effect 

of age (F2,223=5.061, P<0.01), but no treatment-by-age interaction (F8,223=1.082, 

p=0.337). 

 Analysis  of the simple effect of age within each treatment showed a significant 

effect for control (F2,223=3.471 P<0.05) and lamotrigine (F2,223 =3.951, P<0.05) 

treated animals, but not for phenobarbital (75 or 37.5) or phenytoin treated. 

 Planned comparisons (Fisher’s  least significant difference test with a Bonferonni 

step down correction) showed that control and lamotrigine treated animals  had a higher 

frequency of sIPSCs on P14 (P< 0.01) and P18 (P<0.01) as compared to P10, 

respectively; while no other group showed significant increases in frequency from P10. 

Analysis  of the simple effect of treatment within age showed an effect of treatment at 

P14 (F4,223=5.004, P<0.001) but not P10 or P18. Post-hoc (Fisher’s  least significant 

difference test with a Bonferonni step down correction) tests  showed all drug treated 

groups had lower sIPSC frequency than controls on P14 (P<0.005). 
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sIPSC amplitude (Table 1)

 sIPSC amplitude was analyzed by ANOVA, which reveled no main effect of 

treatment (F4,222=1.488, p=0.207), and no age-by-treatment interaction 

(F8,222=0.578, p=0.795). There was a trend towards an effect of age (F2,222=2.868, 

p=0.059). There was a significant effect of age within the control group (F2,222=3.249, 

p=0.041), with P18 currents significantly (p>0.01) smaller in amplitude than those at 

P10. 

sIPSC decay (Table 1)

 sIPSC decay was analyzed by ANOVA. There were no main effects of age 

(F2,149=2.509 p=0.085) or treatment (F4,149=0.949, p=0.442) and no treatment by age 

interaction (F8,149=0.228, p=0.985). 

mIPSC Frequency (Figure 1d, e, Table 2)

 Quantification of mIPSC frequency from P10 to P18, as a function of drug 

treatment (Figure 1d, e, Supplemental Table 1). ANOVA (treatment-by-age) revealed a 

main effect of treatment (F4,190=5.464, P<0.001) and age (F2,190=15.521, 

P<0.00001), but no treatment-by-age interaction (F8,190=1.448, p=0.179). There was 

no effect of treatment at P10 (F4,190=0.506, p=.731), however, at P14 (F4,190=4.258, 

P<0.005) and P18 (F4,190=3.732, P<0.01), there were significant differences. 

 At P14, PB75 and 37.5 had significantly lower mIPSC frequencies  than controls  

(P<0.05, Fisher’s Least Significant Difference test with a Bonferonni Stepdown 

correction), as did phenytoin and lamotrigine (P<0.01). 
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 At P18, PB75 and PB37.5 had significantly lower mIPSC frequencies than control 

(P<0.01), as did phenytoin (P<0.05). 

 Lamotrigine was not significantly different than control. Analysis  of the effect of 

age within each group showed significant effects for saline (F2,190=15.965, 

P<0.000001) and lamotrigine (F2,190=10.671, P<0.0001), with no effect for PB75 

(F2,190=0.723, p=0.468), PB37.5 (F2,190=1.252, p=0.288) and a non-significant trend 

for phenytoin (F2,190=2.623, p=0.075). 

 Planned comparisons comparing P14 or P18 to P10 within the saline group 

showed significantly higher mIPSC frequencies at P14 (P<0.001) and P18 

(P<0.000001) as compared to P10. 

 Lamotrigine did not show significant differences between P10 and P14, but did 

show a significant increase from P10 to P18 (P<0.00005). Phenytoin showed a 

significant increase from P10 to P18 (P>0.05). 

 Least-squares regression showed a significant positive relationship between age 

and frequency (R=0.46, F1,74=19.35, p>0.0001).

mIPSC amplitude (Table 2)

 ANOVA revealed a main effect of Age (F2,189=4.905, p<0.01), no main effect of 

treatment, no treatment by age interaction. Planned contrasts show no effect of 

treatment at any level of age (P10: F4,189=1.592, p=0.178; P14: F4,189=0.149, 

p=0.963; P18: F4,189=0.755, p=0.556). Post-hoc analysis  (Fisher’s least significant 

difference test with a Bonferonni step down correction) of the control group show a 

significant effect of age (F2,189=12.296, p<0.00001), with currentsat P10 significantly 
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larger than at P14 (p<0.001) and P18 (p<0.00001

mIPSC Decay (Table 2)

 ANOVA revealed no main effect of treatment (F4,123=0.079, p=0.989) or age by 

treatment interaction (F8,123=0.5183, p=0.841). There was a trend towards an effect of 

age (F2,123=2.873, p=0.0604). There was a significant effect of age within the control 

group (F2,24=4.3322, p>0.05), with P14 currents with significantly faster decays than 

P10. 

mEPSC frequency (Figure 2, Table 3)

 ANOVA (treatment-by-age) showed a main effect of age (F2,169=4.685, P<0.01), 

a treatment-by-age interaction (F8,169=2.279, P<0.05), but no main effect of treatment 

(F4,169=1.929, p=0.108). 

 Analysis  of the simple effects of age within each treatment group showed 

significant effect of age for only the control group (F2,169=16.565, P<0.000001). Post-

hoc (Fisher’s Least Significant Difference) test showed no change in EPSC frequency in 

controls between P10 and P14, but a significant increase between P10 and P18 

(P<0.000005) and P14 and P18 (P<0.0000005). 

 Analysis  of group within age showed a significant effect of group at P18 

(F4,169=5.367, P<0.0005), but not P10 (F4,169=0.087, p=0.986), or P14 

(F4,169=0.557, p=0.694). Post-hoc tests showed that PB75 (P<0.0005), PB37.5 

(P<0.05), phenytoin (P<0.001) and lamotrigine (P<0.01) all had significantly lower 

frequency of mEPSCs on P18 as compared to control. 
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mEPSC Amplitude (Table 3) 

 There was a significant main effect of age (F2,149=3.294, p=0.040), but no main 

effect of treatment (F4,149=0.782, p=0.538) and no age-by-treatment interaction 

(F8,149=1.793, p=0.083). 
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4: Early postnatal exposure of rats to lamotrigine, but not to phenytoin, reduces 

pentylenetetrazol (PTZ) seizure threshold in adulthood.2

Abstract

In view of previous reports  of changes in seizure susceptibility in adult rats exposed to 

phenobarbital or diazepam as pups, we examined the effects of early-life exposure to 

lamotrigine and phenytoin, two commonly used antiepileptic drugs (AEDs), for their 

effect on seizure threshold in adult rats. We found that pups exposed to lamotrigine for 

six days during the second postnatal week had a significantly lower threshold for 

pentylenetetrazol-evoked threshold seizures when tested as adults. In contrast, 

phenytoin exposure during the second postnatal week was without a significant effect 

on seizure threshold in adults. Seizure scores at threshold were comparable across all 

groups tested. The dose of lamotrigine used in our study (20 mg/kg) was below that 

required to cause developmental neuronal apoptosis, while the dose of phenytoin used 

(50 mg/kg) was above that required for developmental neurotoxicity. Thus, our findings 

suggest that neurodevelopmental alterations in seizure susceptibility may occur via 

mechanisms that are independent of those responsible for neural injury or 

teratogenesis. Our findings support the possibility that therapy with certain AEDs during 

pregnancy or infancy may alter seizure susceptibility later in life, a possibility that should 

be taken into account when examining early-life factors that contribute to seizure 

susceptibility in adulthood.
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Introduction 

 Antiepileptic drugs (AEDs), when administered to pregnant women or infants, can 

influence brain development during sensitive periods. The brain is especially sensitive 

to developmental alterations during the “brain growth spurt” period, when massive 

synaptogenesis and pruning take place. This period corresponds to the third trimester of 

gestation through early infancy in humans, and to the first two postnatal weeks in rats 

(Dobbing & Sands, 1979). Previous reports show that exposure of rats to phenobarbital, 

barbital, diazepam, or ethanol during this  period results  in a decreased threshold in 

response to seizures evoked by pentylenetetrazol (PTZ) later in life (Tagashira et al., 

1982a; Bonthius et al., 2001). Previously, it has been suggested that “seizures beget 

seizures”, meaning early-life seizures themselves may result in increased seizures later 

in life. Here we tested an alternative hypothesis, that anticonvulsant drug exposure early 

in life may alter seizure susceptibility later in life. 

 This  raises serious  concerns regarding the choice of AED therapy during 

pregnancy and for neonatal seizures. Lamotrigine and phenytoin are AEDs that have 

been used to treat pregnant women (Ornoy, 2006), and phenytoin is used as an adjunct 

or alternative to phenobarbital for neonatal seizures (Bartha et al., 2007). Therefore, in 

the present study, we examined the effects  of exposure of rats to lamotrigine or 

phenytoin during the second postnatal week on PTZ seizure threshold measured in 

adulthood.
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Methods 

Animals 

 Timed-pregnant female (GD16-18) Sprague-Dawley rats (Harlan) were housed in 

a temperature-controlled (21°C) room with a 12-h light cycle (0600-1800 Lights on). All 

manipulations occurred during the light phase. Date of parturition was designated as 

P0. Beginning on P7, male pups were weighed, labeled, and given one of three 

treatments via intraperitoneal (i.p.) injection: lamotrigine isethionate (20mg/kg; 2mg/ml), 

phenytoin (5,5-diphenylhydantoin, 50mg/kg; 5mg/ml in alkalinized saline), or vehicle 

(saline, 10ml/kg). Drugs (and saline for control pups) were injected at a volume of 

0.01ml/g body weight. Drug doses are the same as those we and others have used 

previously for assessment of acute cellular toxicity (Bittigau et al., 2002, Katz et al., 

2007), and fall within the anticonvulsant range in rat pups (Stankova et al., 1992). Pups 

were treated once per day on P7,8,9,11,12,13. Treatments were balanced within and 

across litters. Pups were weaned on P21 into cages of 2-3 littermates. Seizure 

threshold testing started on P90.

Choice of Seizure Model 

Seizure threshold testing: To establish the median convulsant dose (CD50) for a 

threshold seizure response to i.p. pentylenetetrazol (PTZ), a staircase procedure of 

escalating doses  (20mg/kg to 50mg/kg, in 2.5mg/kg increments) was employed until a 

threshold seizure was observed. A threshold seizure was defined as multiple myoclonic 
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jerks with or without facial and forelimb clonus (a partial seizure). Seizures were rated 

according to a modified Racine scoring procedure for limbic motor seizures (Racine, 

1972): 1 = single myoclonic jerk [subthreshold response]; 2 = multiple myoclonic jerks 

[threshold seizure]; 3 = facial and forelimb clonus (FFC); 3.5 = FFC with a body twist; 

3.75 = FFC with a full body roll; 4 = FFC with rearing; 4.5 = FFC with rearing and a body 

twist; 5 = FFC with rearing and loss of balance; 6 = running bouncing seizure with tonic 

forelimb extension. Scores for all seizures were recorded in order to permit a 

comparison of seizure scores at threshold. Repeated testing with the same dose within 

subjects produced no evidence of either tolerance or sensitization. All experiments were 

performed in compliance with the American Association for Accreditation of Laboratory 

Animal Care standards, and were approved by the Georgetown University Animal Care 

and Use Committee.

Results 

 Figure 1a shows cumulative percent of animals exhibiting a threshold seizure as 

a function of PTZ dose for each treatment group. For animals that had been exposed to 

lamotrigine, the PTZ dose-response function is  left-shifted as compared to control and 

phenytoin-exposed animals. The average seizure-threshold dose for each treatment 

group is shown in Figure 1b. 

 There was a significant reduction in seizure threshold for animals exposed as 

pups to lamotrigine as compared to all other groups. One-way analysis of variance 

revealed a main effect of drug exposure (F2,63=6.188, p<0.005). Dunnet’s multiple 

comparison test revealed a significant difference between the lamotrigine and vehicle 

(p<0.01), and between the lamotrigine and phenytoin groups (p<0.01), but no difference 
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between vehicle and phenytoin groups. 

 The mean seizure score at threshold did not significantly differ across treatment 

groups (mean±standard deviation; control 3.7±1.4; phenytoin 3.6±0.89; lamotrigine 

2.6±1.1; Kruskal-Wallis test; H=5.163, p>0.08). The proportion of animals  exhibiting a 

seizure response to 25mg/kg PTZ (CD50 for control animals) is show in Table 1. 

Consistent with the data in Figure 1, the lamotrigine-exposed group showed a 

significantly higher incidence of seizures than controls (p<0.05, Fisher’s Exact Test).

 106



 107

Figure 4-1: Effects of neonatal AED exposure on adult seizure threshold. 

A) Cumulative percent of the group seizing as a function of dose of PTZ. Insert: a probit model 

of the seizure threshold data, with the curves for vehicle (○) and phenytoin (PHT; ▽)-

exposed groups overlapping, and the lamotrigine (LTG; △) curve showing a reduction in 

seizure threshold. 

B) Average threshold dose needed to induce a seizure. 

Figure 4-1: Effects of neonatal AED exposure on adult seizure threshold. 
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Table 4-1: Proportion of Animals Seizing at 25mg/kg PTZ (CD50 for controls)Table 4-1: Proportion of Animals Seizing at 25mg/kg PTZ (CD50 for controls)Table 4-1: Proportion of Animals Seizing at 25mg/kg PTZ (CD50 for controls)

Postnatal Treatment Proportion Seizing % Seizing 
Vehicle (n= 27/50 54
Lamotrigine (n= 13/15* 87
Phenytoin (n= 3/11 27

* Significantly (p<0.05) different than control, Fisher’s Exact Test* Significantly (p<0.05) different than control, Fisher’s Exact Test* Significantly (p<0.05) different than control, Fisher’s Exact Test



Discussion 

 We found that exposure of neonatal rat pups to lamotrigine, but not to phenytoin, 

resulted in a decrease in seizure threshold in response to PTZ when the animals were 

tested as adults. The distinct effects of lamotrigine and phenytoin suggest that their 

shared mechanism of action [i.e., sodium channel blockade, (Leach et al., 1986)] is not 

likely to account for the change in seizure threshold after neonatal lamotrigine exposure. 

In addition, the effect of lamotrigine, but not phenytoin, on seizure threshold is  in sharp 

contrast to the relative lack of toxicity of lamotrigine in developmental models and the 

notable developmental toxicity of phenytoin. In particular, phenytoin exhibits profound 

neuronal toxicity with acute neonatal administration in rats (Bittigau et al., 2002, Katz et 

al., 2007) and is associated with significant somatic and behavioral teratogenic effects 

in humans (Ornoy, 2006). 

 In contrast, lamotrigine does not cause neurotoxicity in neonatal rats  (Katz et al., 

2007) and appears devoid of significant teratogenic effects in humans (Meador et al., 

2009, Ornoy, 2006). Taken together, these findings indicate that alterations in seizure 

susceptibility may occur via mechanisms that are independent of those responsible for 

neural injury or teratogenesis. It should be noted that the effect of early life exposure to 

lamotrigine may differ depending upon the method of seizure initiation in adults, as the 

threshold for clonic seizures evoked by focal electrical stimulation of sensorimotor 

cortex was not significantly changed in adult rats exposed to lamotrigine as pups 

(Tsenov et al., 2009). 

 In the clinical setting, increased seizure susceptibility in adulthood has been 

associated with a history of early life seizures. This  has been interpreted as evidence for 
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early life seizures either as a cause of later life seizure susceptibility, or as a marker for 

an underlying predisposition to seizures (Ben-Ari and Holmes, 2006). However, since 

early life seizures are typically treated with AEDs, our results suggest that AED 

exposure should be considered as a confounding variable for evaluating the impact of 

early life seizures on later seizure susceptibility. Our results  with lamotrigine exposure 

taken together with previous reports on phenobarbital and diazepam exposure during 

infancy, raise the possibility that exposure to AEDs during early life may alter 

subsequent seizure susceptibility (Tagashira et al., 1982). These results suggest it is 

possible that medication used to treat seizures in infancy may be an important 

determinant of seizure susceptibility later in life.
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5: Long-term behavioral sequelae of neonatal antiepileptic drug exposure

Abstract

 Exposure to antiepileptic drugs (AEDs) in infancy carries  the potential risk of 

disrupting neurodevelopmental processes important for normal motor, cognitive, social 

and emotional functions in adulthood. However, relatively little is known about the long-

term consequences  of early-life exposure to these drugs, since their clinical use is 

confined to cases for which the long-term consequences of the underlying neurological 

or psychiatric disorders cannot readily be separated from those resulting from drug 

treatment. 

 Relatively few preclinical studies have examined behavioral outcomes in adult 

animals following early postnatal exposure to AEDs, and no studies have compared 

multiple outcomes across  different drugs. Because AEDs differ with respect to 

mechanisms of action and profiles of developmental cellular toxicity, it is likely that long-

term consequences of early-life exposure will vary as a function of one or more of these 

differences. 

 Therefore, in the present study I examined three distinct AEDs, phenobarbital (75 

mg/kg), phenytoin (50 mg/kg), and lamotrigine (20 mg/kg), for effects on several adult 

behaviors following administration to neonatal rats throughout the second postnatal 

week. Phenobarbital and phenytoin are of special interest because of their clinical use 

for the treatment of neonatal seizures, and because they both cause pronounced 

neuronal apoptosis in the neonatal rodent brain. On the other hand, lamotrigine, an AED 

often used during pregnancy, does not cause neuronal apoptosis in rats  when given in 

doses within the therapeutic range. 
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 AED treatments between postnatal day (P) 7-13 did not result in a change in 

locomotor activity in an open field, but did result in deficits  in spatial learning in the 

Morris Water Maze for all drugs tested. Phenobarbital exposure also led to deficits  in 

cued fear conditioning, social exploration, risk assessment in the elevated plus  maze, 

and sensorimotor gating as measured by prepulse inhibition, but did not affect motor 

coordination on the rotorod task. In contrast, phenytoin and lamotrigine exposure led to 

impaired rotorod performance, but I did not detect deficits  in sensorimotor gating. 

Phenytoin, but not lamotrigine, was associated with deficits  in fear conditioning, while 

lamotrigine, but not phenytoin, was associated with deficits in social exploration.

 These results  indicate that AED exposure during a limited sensitive postnatal 

period is sufficient to cause a range of behavioral deficits later in life, and that the 

specific profile of behavioral deficits varies across drugs. The differences  we observed 

in the long-term outcomes associated with the three AEDs examined are not predicted 

by either the mechanism of AED action nor the proapoptotic effect of the drugs. 

Our data suggest that exposure to certain AEDs during infancy may adversely impact 

cognition, motor function, and/or socioemotional behavior later in life. Furthermore, our 

findings suggest that AED exposure must be considered as  a variable in assessing 

cognitive and psychiatric outcomes in patients exposed during neural development to 

AEDs.
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Introduction

 While many antiepileptic drugs (AEDs) have well-established safety profiles in 

adults, much less is known about the safety of these drugs in infancy. In particular, there 

is  a concern that AED exposure during infancy may have a long-lasting impact on 

nervous system function. Mounting preclinical and clinical evidence suggesting that 

AED exposure early in life is  sufficient to cause behavioral impairments  in adulthood 

supports this  concern. The most frequent use of AEDs in infancy is  for the treatment of 

neonatal seizures for which phenobarbital is the first line therapy, with phenytoin as  a 

second-line alternative (Bartha et al., 2007). Both of these drugs have been shown to 

cause developmental neurotoxicity in rodents during the first two postnatal weeks, a 

period that corresponds to late gestation through early infancy in humans. 

 While data accumulated to date are sufficient to suggest that phenobarbital or 

phenytoin exposure in pre-weanling rodents has long-lasting consequences for CNS 

function, a relatively narrow range has been examined, and the behaviors evaluated for 

the two drugs do not overlap. Phenobarbital exposure resulted in 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), while phenytoin exposure 

resulted in deficits  in spontaneous locomotion and rotorod performance in adult mice 

(Ohmori et al., 1999). Phenobarbital exposure has not been examined for effects on 

rotorod performance, and phenytoin exposure has not been examined for water maze 

learning. Neither drug has been examined for social, emotional, or somatosensory 

function.

 In addition, there is reason to hypothesize that neurotoxicity during a narrow 
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developmental window (P7-P13) may be sufficient to account for adverse behavioral 

consequences following AED exposure. In rodents, both phenobarbital and phenytoin 

cause profound neuronal apoptosis when given in therapeutically relevant doses during 

this  postnatal period. This toxicity, which is shared with other AEDs (e.g., valproic acid), 

anesthetic agents, ethanol, and NMDA receptor antagonists, is evident throughout the 

cortex, striatum, thalamus and limbic system. Later behavioral abnormalities also have 

been reported following treatment with these agents during the second postnatal week. 

Thus, exposure to phenobarbital or phenytoin during the second postnatal week would 

be expected to result in behavioral abnormalities  in adulthood. Of the published studies 

demonstrating behavioral abnormalities  in adult rats after neonatal exposure to 

phenobarbital or phenytoin, none have restricted the drug exposure to the second 

postnatal week. 

 In the present study, we systematically evaluated and compared the long-term 

behavioral consequences of exposure to phenobarbital or phenytoin during the second 

postnatal week. We also included lamotrigine in our study because, in contrast to 

phenobarbital and phenytoin, this AED does not induce neuronal apoptosis at 

therapeutically relevant doses. For behavioral assessment, we selected tasks sensitive 

to changes in motor, and emotional function. In particular, we assessed locomotor and 

exploratory functions using the accelerating rotorod and open field, and cognitive 

function using the Morris water maze and fear conditioning paradigms. In addition we 

assessed emotionality using the elevated plus maze and social behavior, and 

sensorimotor gating using prepulse inhibition of the acoustic startle response. The latter 

three assessments have been used to detect abnormalities that reflect aspects of 
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human neuropsychiatric disorders (Lipska et al., 1995; Sams-Dodd et al., 1997; Knip et 

al., 2000; Cassidy et al., 2006; 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). 

 Thus, we set out to test the hypothesis that exposure of rat pups  to phenobarbital 

or phenytoin, but not to lamotrigine, during the second postnatal week would be 

sufficient to generate adverse behavioral outcomes in adulthood. 

Methods

Animals 

 46 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 temperature-controlled (21°C) room with a 12h:12h light-dark cycle 

(lights on: 0600h). All experimental manipulations  took place during the light phase of 

the light:dark cycle. Upon parturition, pups were left undisturbed with their dam until 

postnatal day (P)7, 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 2-3 animals for the remained of the experiments.
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Drugs and Treatments

 Sodium phenobarbital (75mg/kg, 5-ethyl-5-phenyl-1,3-diazinane-2,4,6-trione; 

Sigma-Aldrich, St. Louis, MO) and Lamotrigine isethionate (20mg/kg, 6-(2,3-

dichlorophenyl)-1,2,4-triazine-3,5-diamine isethionate, GlaxoSmithKline, Research 

Triangle Park, NC) were dissolved in saline. Phenytoin (50 mg/kg, sodium 

diphenylhydantoin, 5,5-diphenylimidazolidine-2,4-dione; Sigma-Aldrich, St. Louis, MO) 

was dissolved in alkalinized 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 i.p. in a volume of 0.01ml/g. Control animals  received 

equivalent volume of vehicle. Each vehicle was administered to subsets of control 

animals, and because no differences were detected based on vehicle, vehicle groups 

were collapsed. Drug doses were selected are all anticonvulsant in neonatal rats 

(Kubova and Mares, 1991; Stankova et al., 1992; Kubová and Mares, 1993). 

Furthermore, the doses of phenobarbital and phenytoin selected produce robust cell 

death in the developing rat brain (Bittigau et al., 2002, Kim et al., 2007a, 2007b, Katz et 

al., 2007, Forcelli et al., 2010). As a contrast, the dose of lamotrigine selected, while 

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 minutes prior to the onset of behavioral 

testing. All behavioral testing was conducted and scored while blind to treatment 
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conditions.

Accelerating Rotorod

 The accelerating rotorod is a measure of motor coordination and motor learning 

(Monville et al., 2006). Animals were placed on the stationary rotorod (Accuscan 

Instruments, Columbus, OH and IITC Life Science, Woodland Hills, CA) with a 1 ¼ inch 

diameter drum, which accelerated from 0 to 45 RPM over the course of a 3 minute test. 

Latency to fall was automatically recorded. Animals were tested for a total of 10 trials, 

with a 2-minute rest period between tests. Rotorod testing was performed with the 

assistance of Ryan Kozlowski, a Georgetown Undergraduate who completed his senior 

thesis with me.

Open Field 

 Open field allows for an overall measure of spontaneous  motor activity, as well as 

a measure of exploratory drive (animals with a greater exploratory drive my explore the 

center of the maze to a greater degree) (Crawley, 1985). Animals were placed in a 

plexiglass enclosure (16”x16”x16”, TruScan Arena, Coulbourn Instruments, Whitehall, 

PA) with 770 lux illumination over the center of the arena. Animals were allowed to 

explore for 20min, during which total distance traveled, number of entries into the center 

zone, and time spent in the center zone were recorded using AnyMaze software 

(Stoelting Co., Wood Dale, IL). 

Elevated Plus Maze
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 The elevated plus maze is a standard test for anxiety-like behavior in rodents 

(Pellow et al., 1985). It pits  the natural exploratory 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 (Carobrez and Bertoglio, 2005). 

Plus maze testing was performed and scored as  previously described, in a standard 

grey rat elevated plus maze (50cm arms, elevated 40cm off the ground [Stoelting Co., 

Wood Dale, IL]). Testing was conducted under 20 lux red light. Number of arm entries 

and time spent in open and closed arms were recorded using AnyMaze (Stoelting Co, 

Wood Dale, IL).

Social Behavior

 Rats  are social animals, as such, measure of social interaction have established 

face, construct and predictive validity (File, 1984; Sams-Dodd, 1999; File et al., 2004). 

Animals  were tested in a three-chamber social behavior paradigm as previously 

described (Billingslea, 2007). The center (“start”) chamber (6” x 4”, Habitest Runway, 

Coulbourn Instruments, Whitehall, PA) was separated from the other chambers via drop 

doors. The left and right chambers (14.5” x 4”, Habitest Runway, Coulbourn 

Instruments, Whitehall, PA) contained a novel conspecific adult male and a novel object, 

respectively. Access to the novel rat or object was limited to nose-pokes through a grid 

with 2cm holes, which divided the left and right chambers evenly. This paradigm, similar 

to that described for mice by Nadler et al (Nadler et al., 2004), as it limits the initiation of 

social behavior to the test subject, reducing confounds. At the start of the test animals 
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were placed in the center chamber, and acclimated for 5min, at which point the drop 

doors lifted and the animal was allowed to freely explore for 20min. Time spent in each 

chamber was recorded using AnyMaze software (Stoelting Co, Wood Dale, IL).

Prepulse Inhibition (PPI)

 PPI refers to the normal reduction in startle response produced by the 

presentation of a weak startling stimulus prior to 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 

previously described (Kamath et al., 2008) using SR-Lab (San Diego Instruments, San 

Diego, CA). Background noise (70dB) and ventilation were provided by an electric fan. 

Broadband noise pulses were presented by a speaker positioned above the animal 

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 100ms, 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 

presentation of a 30 ms prepulse. ASR to the pulse was measured following trials with 

prepulse intensities of 3, 6, 9, 12, 15, and 18dB 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. 
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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. Prepulse 

inhibition was calculated according the formula: %PPI = 100 - (startle response for 

prepulse+pulse trials/startle response for pulse alone trials) x 100%. 

Fear Conditioning

 Cued and contextual fear conditioning paradigms are standard tests  of emotional 

memory (Gerlai, 2001). These behaviors rely on the integrity of amygdala, 

hippocampus, thalamus, and other structures [for a review of circuitry see: (Kim and 

Jung, 2006)]. Adult male rats were conditioned as previously described (Muller et al., 

1997). Animals  were exposed to 4 pairings of a 1Khz tone which coterminated with a 1s 

1mA footshock in operant chambers (Habitest, Coulbourn Instruments, Whitehall, PA). 

These pairings began 120s after animals  were placed into the test chamber with 60s 

intertrial intervals. All animals  were monitored for response to footshock (all animals 

responded with withdrawl and vocalization). Animals were tested for freezing in 

response to a cue (tone) 24h later in a novel environment (altered bedding and odor), 

and for freezing in response to the original conditioning environment 48h later. Stimulus 

presentation was controlled though an AnyMaze interface (Stoelting Co., Wood Dale, IL) 

and freezing was measured by AnyMaze (Stoelting Co., Wood Dale, IL), 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 prior to cue onset), Context Difference Score = (% time freezing during 

context trial - % time freezing during habituation period prior to conditioning on day 1). 
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Fear conditioning was performed with Charles Snyder, a Georgetown undergraduate 

who completed his senior thesis with me.

Morris Water Maze

 Morris Water Maze testing performed as previously described (Vorhees and 

Williams, 2006) in a 5-foot diameter white water maze. Water was maintained at room 

temperature with a depth of 12.5”. A submerged platform (4.5” diameter, 12” tall) was 

placed in a constant location in the center of the NE quadrant of the maze. Water was 

made opaque by the addition of tempera paint. MWM performance can be used to 

assess spatial learning and memory, and critically relies on the integrity of the 

hippocampus. Animals  received 5 days  of training with the hidden platform, each day 

included 4 training sessions with a 60s intersession interval. The start location was 

varied on each training trial. Latency to escape, heading error, path efficiency, 

thigmotactic behavior and swim speed were all recorded using AnyMaze Software. On 

the 6th day, animals were given a 60s  probe trial, in which the platform was removed 

and the animals  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 using SPSS (IBM, Somers, NY) and GraphPad Prism 

(GraphPad Software, La Jolla, CA). Normally distributed data were analyzed via 

analysis of variance (with repeated measures as appropriate). Social behavior data and 

probe trials  in the Morris  Water Maze were evaluated using a one-sample t-test. Non-

parametric data were analyzed using the Kruskal-Wallis test. Post-hoc tests were 
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performed as appropriate (Bonferroni-Holm’s corrected). 

 All protocols were in compliance with the American Association for Accreditation 

of Laboratory Animal Care standards  and were 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 5-1, prior to treatment on P7, all groups had equivalent body 

weights  (F3,192=2.464, p=0.06). However, at the completion of treatment (on P13), both 

the phenobarbital and phenytoin treated groups had significantly lower body weight than 

controls (F3,153=15.60, p<0.0001). Consistent with this finding, phenobarbital and 

phenytoin treated animals also displayed a reduced weight gain as compared to 

controls (F3,151=32.20, p<0.0001). In spite of the differences in weight and weight gain, 

the overall weight distributions were highly overlapping as reflected in the standard 

deviations. Lamotrigine-treated animals did not differ from controls on either P13 body 

weight or weight gain from P7 to P13.

Accelerating Rotorod

 The accelerating rotorod is a standard test of motor coordination and motor 

learning. All treatment groups displayed significant learning over the course of the 10 

rotorod trials, and did not differ significantly on performance during the first or last trial. 

However, when best performance (maximum latency for each animal across the 10 
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trials) was analyzed (Figure 5-1), we found significant reductions in latency (i.e., poorer 

performance) in animals treated with either PHT or LTG. While the overall ANOVA was 

not significant (F3,66=2.442, p=0.07) the post-hoc tests (Bonferroni-Holm’s) for PHT and 

LTG showed significant reductions compared to control performance (p<0.05). 

Open Field Locomotion

  As shown in Table 5-2, groups did not differ in total distance traveled 

(F3,46=2.082, p=0.12), or in latency to enter the center compartment (F3,34=1.072, 

p=0.37). Animals exposed to PHT, did however, spend a greater percentage of time in 

the center of the open field (p<0.05, Dunnett’s multiple comparison test) as compared to 

controls. Center time (R=0.221, p=0.31) was  not correlated with weight in the second 

postnatal week, however total distance traveled (which did not differ across treatments) 

was correlated with weight in the second postnatal week (R=0.609, p<0.01). 

Prepulse Inhibition

 Control animals (vehicle treated) animals displayed a mean of 61.6% prepulse 

inhibition, when collapsed across prepulse intensities. Data were collapsed across 

prepulse intensities as there was no significant interaction between treatment and 

prepulse intensity in a two-way ANOVA (Main effect of treatment: F3,87=3.748, p<0.05; 

prepulse intensity: F5,435=67.918, p<0.0001; treatment by prepulse intensity interaction 

F15,435=1.377, p=0.154). Mean PPI was significantly reduced following neonatal 

exposure to PB (p<0.05, Dunnett’s multiple comparison test) but not altered following 

PHT or LTG treatment (Figure 5-2a, F3,89=3.878). Amplitude of the acoustic startle 
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response did not differ amongst treatment groups (Figure 5-2b, F3,89=1.661, p=0.12). 

When prepulse inhibition was analyzed as  a function of prepulse intensity for 

phenobarbital and control groups, phenobarbital significantly attenuated prepulse 

inhibition at prepulses 6, 9, 12, 15, and 18dB above background (p<0.05, Bonferroni-

Holm’s). Prepulse inhibition in adults  was correlated with P13 body weight (R=0.285, 

p<0.05) and weight gain in the second postnatal week (R=0.321, p<0.01); however, 

these correlations were not significant when analyzed by treatment groups.

Elevated Plus Maze:

 Control animals spent a mean of 39.2s in the open arms of the elevated plus 

maze. Time spent in the open arms was significantly increased in animals exposed as 

neonates to PB (F3,147=1.636, p=0.18, Bonferroni’s multiple comparison test, p<0.05), 

but was not altered in animals exposed to PHT or LTG (Figure 5-3a). Neither the 

percent entries into the open arms (Figure 3b, F3,135=0.26, p=0.85), nor the total arm 

entries differed amongst groups (Figure 3c, F3,148=2.66, p=0.051).  Time spent in the 

open arms of the elevated plus maze was not correlated with weight gain in the second 

postnatal week (R=0.179, p=0.08).

Social Behavior: 

 For social behavior, control animals exhibited a mean social index of 0.33 

(reflected in the horizontal line in Figure 5-4). Animals exposed to either PB or LTG, but 

not PHT displayed significantly lower social index than did control animals (1-sample t-

test, Bonferroni corrected, Figure 5-4). Novel object exploration did not vary between 
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groups (F3,41=0.783, p=0.51). Social behavior was not correlated with either weight gain 

during the second postnatal week (R=0.130, p=0.42) nor with body weight on P13 

(R=0.098, p=0.56).

Cued and Contextual Fear Conditioning:

 As shown in Figure 5-5a, control animals (those given vehicle as pups) displayed 

significant cued fear conditioning) (as reflected by a difference score significantly 

greater than zero, p<0.05, 1-sample t-test). In contrast to controls, phenobarbital or 

phenytoin exposed animals did not display significant conditioning, and had significantly 

lower difference scores than controls (F3,79=3.031, p<0.05, Bonferroni post hoc, 

p<0.05). Lamotrigine exposed animals displayed conditioning equivalent to controls. As 

shown in Figure 5-5b, all groups displayed significant conditioning to context (as 

reflected by difference scores significantly greater than zero, 1-sample t-test, p<0.05). 

Groups did not differ significantly (F3,79=0.555, p=0.6). Fear conditioning did not 

correlate with body weight in the second postnatal week (Cue: R=0.057, p=0.6; Context: 

R=0.071, p=0.5).

Morris Water Maze: 

 As shown in Figure 5-6a-c, control animals learned the location of the hidden 

platform in the Morris  water maze, as evidenced by the decreasing escape latency over 

training trials. Animals exposed to PB also displayed decreasing latency over training 

days, but were significantly impaired relative to controls  (Figure 5-6a, p<0.05). Neither 

phenytoin (Figure 5-6b) nor lamotrigine (Figure 5-6c) exposed animals displayed deficits 
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during the training trials. There was a significant main effect of training day 

(F4,188=111.673, p<0.001), no significant main effect of treatment (F3,46=1.949, p=0.14), 

and no signifiacnt treatment by training day interaction (F12,188=0.689, p=0.72); 

however, post-hoc analysis revealed significant deficits  in phenobarbital exposed 

animals on the fifth training day, as  well as an main effect of treatment when 

phenobarbital and controls  were compared directly (F1,30=6.28, p<0.05).  On the Probe 

trial, control animals displayed a significant preference for the goal quadrant (P<0.01), 

as did phenytoin treated animals (P<0.05). Neither PB, nor LTG exposed animals 

displayed a significant preference for the goal quadrant (Figure 5-6d, chance 

performance = 25%, 1-sample t-test). When path efficiency (Figure 5-6e) was analyzed, 

all AED exposed groups displayed significantly impaired efficiency relative to controls, 

indicating that, even though latency to escape decreased over time, the efficiency of the 

escape route was compromised in drug-exposed animals (F3,47=4.067, p<0.05). When 

swimming behavior was analyzed as  a function of time spent along the edges of the 

pool (thigmotactic behavior), control animals spent 21.2% of swim time engaged in 

thigmotactic behavior (H=8.133, 3 d.f., p<0.05). This  was significantly increased in 

animals exposed to phenytoin, and there was a non-significant trend towards an 

increase in thigmotaxis  in animals exposed to either PB or LTG. When average heading 

error toward the platform was analyzed, only the PB exposed group displayed a 

significant increase in heading error relative to controls (p<0.05, F3,47=2.3, p<0.1). 

Average swim speed did not differ between groups (F3,47=0.74, p=0.5). Corrected for 

multiple comparisons, body weight in the second postnal week did not correlate with 

any Morris water maze performance measure [Percent time in correct quadrant during 
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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); Performance 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 efficiceny (R=0.075, p=0.64); Swim Speed (R=0.168, p=0.29); Thigmotaxis 

(R=0.007, p=0.96); Heading Error (R=0.186, p=0.24)]
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Figure 5-1: Accelerating Rotorod Performance

Figure 5-1: “Best” latency to fall from the accelerating rotorod during the ten-trial test. 
Latency to fall is measured in sec. * = p<0.05
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Figure 5-2: Effect of neonatal antiepileptic drug exposure on adult sensorimotor gating

Figure 5-2: Prepulse inhibition is impaired in animals exposed to phenobarbital.
A) prepulse inhibition collapsed across prepulse intensities 
B) startle amplitude (arbitrary units) from the “pulse alone” trials  (excludes 

habituation trials).
C) prepulse inhibition for phenobarbital-exposed and control rats as a function of 

prepulse intensity.
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Figure 5-3: Effects  of neonatal antiepileptic drug exposure on adult anxiety-like 
behavior

Figure 5-4: Behavior in the elevated plus maze in animals exposed to antiepileptic 
drugs during development and tested as adults A) Time spent in the open arms B) % 
of total entries into the open arms C) total number of arm entries. * = p<0.05
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Figure 5-4: Social exploration ratio (time spent in social vs. home chamber) for 
animals exposed postnatally to antiepileptic drugs  and tested as adults. * = 
significantly different from control ratio (indicated by the dashed line) p<0.05

Figure 5-4: Effects of neonatal antiepileptic drug exposure on adult social exploration
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Figure 5-5: Fear conditioning difference scores (time spent freezing during testing 
minus time spent freezing pretest). A difference score of zero indicates no 
conditioning. A) Cued fear conditioning (in response to a tone) B) contextual fear 
conditioing (in response to the conditioning chamber).  * = p<0.05 relative to controls.

Figure 5-5: Effects of neonatal antiepileptic drug exposure on adult fear conditioning
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Figure 5-6: Spatial navigation in the morris water maze. 

A) Escape latency as a function of training trials for phenobarbital-exposed and 
control animals

B) Escape latency as a function of training trials  for phenytoin-exposed and 
control animals

C) Escape latency as a function of training trials for lamotrigine-exposed and 
control animals

D) Percent time spent in the target quadrant during the probe session when the 
platform was removed and the animals were released from a novel start 
location

E) Path efficiency (a measure of how directly the animal swam from the release 
position to the platform) collapsed across all training trials

F) Percent of time spent engaged in thigmotactic behavior (swimming alone the 
edge of the pool) collapsed across all trials.

G) Average heading error between direction of swimming and the escape 
platform collapsed across all training trials

H) Average swim speed, collapsed across all trials

Table shows p values for the various comparisons. Bold values are significant 
(p<0.05), italicized values are trends (p<0.10).
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Table 5-2: Open Field Behavior (Mean ± S.D.)Table 5-2: Open Field Behavior (Mean ± S.D.)Table 5-2: Open Field Behavior (Mean ± S.D.)Table 5-2: Open Field Behavior (Mean ± S.D.)

Treatment
Total Distance 

(m)

% Time in 

Center

Latency to 

Enter Center 

(sec)
Control 18.7 ± 5.5 12.0 ± 7.7 41.7 ± 44.6

PB 16.9 ± 4.3 15.3 ± 9.3 20.9 ± 13.3

PHT 21.8 ± 2.3 20.9 ± 10.8* 19.7 ± 21.8

LTG 21.8 ± 5.8 15.3 ± 16.4 35.7 ± 20.2

* significantly different than controls, p<0.05 * significantly different than controls, p<0.05 * significantly different than controls, p<0.05 * significantly different than controls, p<0.05 

Table 5-1: Body Weight and Weight Gain (grams ± SEM (SD))Table 5-1: Body Weight and Weight Gain (grams ± SEM (SD))Table 5-1: Body Weight and Weight Gain (grams ± SEM (SD))Table 5-1: Body Weight and Weight Gain (grams ± SEM (SD))

Treatment P7 Weight P13 Weight
Weight gain 

from P7-P13

Control 14.2 ± 0.36 (2.7) 25.7 ± 0.48 (3.6) 11.7 ± 0.49 (3.7) 

PB 14.2 ± 0.28 (2.2) 20.1 ± 0.69 (3.9)* 4.8 ± 0.52 (2.9)*

PHT 15.0 ± 0.40 (2.5) 23.4 ± 0.64 (3.6)* 8.5 ± 0.70 (3.8)*

LTG 13.5 ± 0.40 (2.5) 25.1 ± 0.70 (4.4) 11.5 ± 0.50 (3.1)

* significantly different than controls, p<0.05 * significantly different than controls, p<0.05 * significantly different than controls, p<0.05 * significantly different than controls, p<0.05 
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Discussion

 In the present study we have identified a series of behavioral sequelae in adult 

rats following neonatal exposure to three commonly prescribed AEDs, phenobarbital, 

phenytoin and lamotrigine. Our behavioral findings are summarized in Table 3. These 

findings indicate that early life exposure to AEDs during a critical window of brain 

development (P7-P13) is sufficient to cause long-term functional changes in brain 

function. Specifically, we detected disruptions in motor, emotional, and social behaviors, 

as well as in learning and memory. The pattern of deficits we have described differs 

amongst the AEDs investigated, indicating that the developmental impact of the drugs 

cannot simply be explained by their common therapeutic action (i.e., anticonvulsant 

efficacy). Furthermore, because we have identified behavioral abnormalities following 

LTG exposure, our data suggest that induction of neuronal apoptosis following acute 

administration is an insufficient screen for long-term toxicity, and cannot account for the 

all of the behavioral deficits we report. In the case of PHT and LTG, we found that 

despite their common mechanism of anticonvulsant action (i.e., blockade of voltage-

gated sodium channels), the toxicity we have described differs  between the drugs. 

 Our findings with the rotorod (which showed a mild decrease in maximal 

performance in animals exposed to PHT or LTG) and open field (which revealed no 

difference in total distance traveled) provide a level of specificity in interpreting other 

behavioral deficits. Because all of the other behavioral measures we investigated are 

sensitive to gross motor incapacitation, the lack of motor deficits is an important control, 

allowing us  to confidently attribute deficits in other tasks  to task performance rather than 

motor abnormalities.
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 Our finding that phenobarbital impaired prepulse inhibition is consistent with our 

previous work (Bhardwaj et al., In Preperation), showing that acute, P7 exposure to 

phenobarbital per se was sufficient to disrupt PPI in a manner equivalent to the neonatal 

ventral hippocampal lesion model of schizophrenia. The deficits we report in 

sensorimotor gating following chronic phenobarbital in the present study may be 

explained, in part, by histological changes in several key structures in the network that 

supports PPI, including, amygdala, hippocampus, thalamus, striatum and nucleus 

accumbens (Bittigau et al., 2002; Forcelli et al., 2011a). Furthermore, we have 

previously reported significant alterations in functional maturation of striatal physiology 

following acute exposure to PB, suggesting that this may also contribute to the 

impairments in sensorimotor gating. Similar findings have been found following neonatal 

exposure to NMDA receptor antagonists, which are also potent inducers  of ENA in the 

developing rat brain. One possible explanation for the impact of PB, with the lack of 

effect of PHT and LTG, is that PB induces a greater extent of cell death in limbic brain 

regions than phenytoin. 

 We also assessed the impact of AEDs on emotional and social behaviors. 

Patients with juvenile epilepsy have a high incidence of neuropsychiatric comorbidities 

(Jones et al., 2007; Austin and Caplan, 2007; Plioplys et al., 2007; Daley et al., 2008). 

These have been traditionally explained as  either a result of seizures, or as a shared 

phenotype of underlying brain abnormalities. Our hypothesis predicted that a third 

explanation, early life exposure to AEDs would contribute to adverse neuropsychiatric 

outcomes. In support of this  hypothesis, we found that animals exposed to 

phenobarbital exhibited decreased anxiety-like behavior in the elevated plus maze, that 
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animals exposed to phenobarbital or lamotrigine exhibited decreased social 

interactions, and animals exposed to phenytoin displayed increased exploratory drive in 

the open field. Furthermore, I found decreased fear conditioning in phenobarbital and 

phenytoin-exposed animals. While I have interpreted the deficits in fear conditoining as 

“memory” deficits, it is also possible that animals experienced less fear or anxiety in 

response to the cue, and thus froze less. This hypothesis is made somewhat less likely 

by the lack of group differences in contextual fear conditioning. Finally, these results are 

also consistent with the histological changes in limbic substrates for these behaviors 

(e.g., amygdala) we have previously reported (Forcelli et al., 2011a). 

 One possible confound with respect to impact of early life drug exposure is  the 

relative decrease in weight gain seen following PB or PHT. This  is  not likely to be a 

confound in the present study for several reasons. 1) LTG, which resulted in no change 

in body weight or weight gain still resulted in adverse behavioral outcomes. 2) Neither 

body weight at P13, nor weight gain during the second postnatal week correlated with 

any behavioral measure. Taken together, these findings suggest that failure to thrive or 

lack of weight gain do not likely account for the behavioral abnormalities we have 

described, and therefore lend additional support to the specificity of the deficits  we have 

reported. An additional confound that must be considered is that mother-pup 

interactions may be altered following drug exposure (e.g., pups may not vocalize 

normally, pups  may be colder or less responsive to maternal stimulation). The effects of  

maternal care on several parameters of interest (e.g, anxiety-like behavior) are well 

established. Poor maternal care (as measured by decreased arch-backed nursing, 

licking and grooming) result in offpsring that have increased stress responsivity and 
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increased anxiety-like behavior (Francis et al, 1999; Liu et al, 1997). I did not measure 

maternal behavior in the present study, so I cannot rule out changes  in maternal care in 

response to alterations in pup behavior as a potential contributor to the phenotypes 

described. A final concern that must be noted is  the potential for a relative increase in 

maternal care in control animals; increased sedation of littermates may have provided a 

relative advantage to control animals, potentially resulting in an enriched early-life 

experience (e.g. increased maternal attention, decreased competition) which may also 

impact later behaviors. Thus, it is  possible that an elevated baseline in control animals 

could account for a portion of the “deficits” I have described.

 Previous studies have evaluated the long-term consequences of exposure to 

AEDs and similar drugs  during early life. Our present study differs from these in several 

important ways. 1) we tested the same groups of animals in a large battery of tests, 

which probe multiple facets of nervous system function, whereas  prior studies have 

focused on one or two behavioral assays. 2) our present study limited drug exposure to 

a narrow postnatal window; in contrast, prior studies exposed animals  for several 

weeks. For example, phenobarbital (50mg/kg), when given to mice from P2 to P22 

resulted in impairments in spontaneous alternation in a T maze, in adult animals (Pick 

and Yanai, 1983), as well deficits  in water maze performance (Rogel-Fuchs et al., 

1992). Similarly, phenobarbital (50mg/kg), when given to neonatal rats from P2 to P35 

resulted in a decrease in exploratory behavior in the open field, a decrease in 

spontaneous alternation, without any deficits in radial arm maze performance (Pereira 

de Vasconcelos et al., 1990). In the one study with a window of exposure limited to the 

first and second postnatal week, phenobarbital resulted in acquisition deficits in the 
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Morris water maze (Stefovska et al., 2008). Our present findings in the water maze are 

consistent with these prior findings. The differences between our present findings in the 

open field and prior reports showing decreased exploration may be due to the longer 

period of administration used in prior studies. 

 Phenytoin has also been examined for behavioral teratogenicity, however, the 

majority of these experiments were conducted with gestational exposure (For review 

see: (Adams et al., 1990)). In postnatal mice, simple motor behaviors  were assessed 

following P2-P4 exposure to phenytoin (25 or 35mg/kg). Animals  exposed to PHT 

displayed a retardation of simple behaviors  (such as head elevation, pivoting and 

surface righting) early in life (Hatta et al., 1999), and decreased spontaneous 

locomotion and impaired rotorod performance later in life (Ohmori et al., 1999). Our 

present findings are consistent with previous reports of rotorod impairment, but 

inconsistent with previous reports  regarding decreased spontaneous locomotor 

behavior. This may reflect a species difference between the present report (rats) and 

previous reports (mice), a difference in the timing of exposure, or both. 

 Long-term behavioral effects of lamotrigine have only been studied in a handful 

of studies. Mikulecka, Kubova and Mares found that lamotrigine (10 or 20mg/kg) from 

P12 to P25 significantly impaired rotorod performance (Mikulecká et al., 2004). 

Additionally, we have previously reported that lamotrigine (20mg/kg from P7 to P13) 

reduces pentylenetetrazole seizure threshold in adult animals (Forcelli et al., 2011b). 

Our findings with respect to rotorod impairment are consistent with prior work. 

 Our study is the first analysis  to compare three commonly prescribed antiepileptic 

drugs head-to-head, the first to evaluate a broad range of behaviors  relevant to human 
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disease, and the first to restrict drug treatment to a narrow postnatal window of high 

vulnerability to neurotoxicity. Our findings extend our knowledge of the domains  of 

behavior that can be adversely impacted by neonatal exposure to anticonvulsant drugs 

from motor and memory tasks to a range of behaviors that may reflect neuropsychiatric 

dysfunction. 

 In patient populations, the treatment of early life seizures can pose a significant 

challenge - while treating seizures (either in pregnancy or in infancy) is necessary, both 

clinical outcomes and preclinical findings like the long-term changes in behavior we 

report here suggest that drug treatment may also have long-term iatrogenic impacts  on 

the developing nervous system. 

 The majority of clinical analyses antiepileptic drugs in development have focused 

on prenatal exposure; for example, individuals that were exposed to AEDs in utero 

exhibit reductions in volume in putamen (Ikonomidou et al., 2007), and reduced IQ 

(Meador et al., 2009a, 2011). However, prenatal exposure represents only a fraction of 

the total number of cases of exposure to antiepileptic drugs during brain development. 

The population of individuals with neonatal seizures that are treated with antiepileptic 

drugs is both large, and relatively understudied. 

 One of the few studie to directly examine early life exposure to phenobarbital (as 

a treatment for febrile seizures) is  associated with reduced IQ (Farwell et al., 1990; 

Sulzbacher et al., 1999). A second study showed an that febrile seizures are associated 

with an increased risk of schizophrenia, however, the patient population from which 

these conclusions were drawn were almost universally treated with phenobarbital, 

meaning a contribution of phenobarbital exposure as a risk factor schizophrenia cannot 
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be ruled out (Vestergaard et al., 2005).  This  is especially relevant in light of both the 

present findings and other data from our lab (Bhardwaj et al., In Preperation), which 

show that early life exposure to phenobarbital produces abnormalities in rats consistent 

with endophenotypes of schizophrenia and autism.  

 Our behavioral findings suggest that anticonvulsant drug exposure must be 

considered when interpreting clinical data from patients with early life seizures. In the 

clinic, it is impossible to distinguish between the effects of seizures per se and the 

effects of AED treatment, as  they do not occur in isolation from one another. Thus 

preclinical data, like what we have presented here represents the only way of assessing 

contributions of neonatal drug exposure to long-term outcomes.

 The present work underscores the need for further comprehensive behavioral 

analysis of the long-term consequences of AED exposure. While we have analyzed 

several of the most common AEDs, many others are used in the treatment of early-life 

seizures (e.g., levetiracetam, vigabtrin, valproate). Further direct comparisons of 

outcomes across drugs and behaviors within the same experimental cohort is  a 

necessity. While, in the present study, I only evaluated behavioral outcomes in male 

rats, a further analysis  of females would be very important to determine if sex 

differences in behavioral outcomes/effects of AEDs exist. 

  Our data suggest that exposure to AEDs alone, is  sufficient to lead to 

neurobehavioral abnormalities  in adulthood, and underscore the importance of 

considering drug exposure per se as  a causal factor when interpreting clinical findings 

of patients with early-life seizures and AED exposure. 
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6: Early-life behavioral effects of AED exposure: reflex ontogeny and striatal-

mediated behaviors

Abstract

 Anticonvulsant drugs are used in the treatment of seizures and mood disorders, 

including during pregnancy and infancy. When given to developing rats, these drugs 

induce profound neuronal apoptosis at therapeutically relevant doses  and may lead to 

behavioral abnormalities  later in life. To determine the degree to which exposure to 

these drugs  would disrupt behavioral development in the rat, we exposed animals to 

either PB or VPA, once on P7 or P14 and tested animals  daily from P14-18 on mid-air 

righting and the inclined plane. We found that exposure to VPA or PB dose-dependently 

disrupted ontogeny of the mid-air righting reflex when administered at P14 but not P7. 

 Furthermore, because we have shown phenobarbital to disrupt the functional 

electrophysiological development of the striatum, a subset of animals  (phenobarbital 

treated on P7) were also tested on two measures of striatal mediated behavioral 

function, T-Maze reversal learning and amphetamine-induced locomotor activity from 

P21 to P25. Males, but not females displayed impairment in reversal learning, while 

females, but not males displayed enhanced hyperactivity in response to amphetamine. 

 These findings demonstrated early behavioral consequences of exposure to 

antiepileptic drugs related to cerebellar function (midair righting) and striatal function 

(reversal learning, locomotor activity).
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Introduction

 The impact of antiepileptic drugs on the developing brain likely depends on the 

precise timing at which drug administration occurs. Forebrain structures (e.g., striatum) 

exhibit peak vulnerability to AED-induced cell death at P7 (Bittigua et al, 2002), while 

the cerebellum continues  to show vulnerability at P14 (Yochum et al., 2008). If 

antiepileptic drug induced cell death results in behavioral disruptions, one would expect 

that striatal-mediated behaviors would be adversely impacted by P7, but not P14 

exposure to drug, while cerebellar-mediated behaviors would be adversely impacted by 

P14, but not P7 exposure to drug. 

 The mid-air righting reflex develops around P14, and is dependent on cerebellar 

function (Fox, 1965). Because the cerebellum is vulnerable to antiepileptic drug induced 

cell death at P14, we expect that P14 administration of antiepileptic drugs should disrupt 

the development of mid-air righting. One antiepilepetic drug, sodium valproate, has 

been shown to induce regressions in mid-air righting performance when administered to 

P14 mice, but has not been evaluated for reflex disruption in the rat (Wagner et al., 

2006). The other drug used in the present study, phenobarbital, is  the most commonly 

prescribed antiepileptic drug for neonatal seizures (Bartha et al., 2007) and has not 

been evaluated for induction of reflex regression in any species.

 If disruptions in mid-air righting reflex development are in fact due to neuronal 

cell death, we would expect that treatment with a neuroprotective compound that 

attenuates cell death should reduce any reflex deficits. To test this hypothesis, an 

neuroprotective pretreatment previously established to attenuate drug induced neuronal 

apoptosis in the developing brain, melatonin (Yon et al., 2006), was evaluated for 
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protection against behavioral disruptions.

 While the cerebellum is vulnerable to cell death at P14, the striatum is vulnerable 

at P7. We therefore expect that P7 AED administration should result in deficits in striatal 

mediated behaviors. The striatum is a critical region for the control of normal motor 

behavior (Alexander and Crutcher, 1990) and the enhancement in locomotor activity in 

response to psychostimulants (Iversen et al., 1975; Kelly et al., 1975). Striatum is  also 

critical for specific forms of learning and memory, including reversal learning (Watson 

and Stanton, 2009; Castañé et al., 2010). Therefore, following P7 exposure to 

phenobarbital, we examined striatal-based learning and memory in a reversal learning 

task at P21, and locomotor activity in response to amphetamine at P25. 

 

 Methods

Animals 

 Timed pregnant (gestational day 12-21) female Sprague Dawley rats (Harlan) 

were delivered to the Georgetown University Department of Comparative Medicine. 

Animals  were maintained on 12:12 hour light/dark cycle (0600 - Lights on) in a 

temperature and humidity controlled environment. The birth date for each of the 35 

litters  was recorded as  P0. Male and female pups were weighed at the time of drug 

treatment and daily from P14 to P20. 

Drugs

 Sodium phenobarbital (IUPAC: 5-ethyl-5-phenylpyrimidine-2,3,6-trione, brand 

name: Luminal) (Sigma, St. Louis, MO) and valproic acid (IUPAC: 2-propylpentanoic 

acid, brand name: Depakote) (Sigma, St. Louis, MO) solutions were made in 0.9% NaCl 
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saline at 7.5mg/ml and 40mg/ml respectively. Melatonin (IUPAC: N-[2-(5-methoxy-1H-

indol-3-yl)ethyl] ethanamide) (Sigma, St. Louis, MO) was dissolved in a solution of 1% 

ethanol dissolved in 0.9% NaCl saline at 1mg/ml. The vehicle that was used as the 

control for melatonin was 1% ethanol dissolved in 0.9% NaCl saline. 

Treatments

  On P7, rat pups were either treated with 0.01ml/g phenobarbital (75 mg/kg, i.p.) 

or an equivalent volume of saline. On P14, rat pups were treated with either sodium 

valproate (200 mg/kg or 400mg/kg., i.p.), phenobarbital (37.5 mg/kg or 75mg/kg, i.p.) or 

an equivalent volume of saline following that day’s testing. Injection volumes  were 

0.005ml/g for the lower dose of valproate and phenobarbital, and 0.01ml/g for the higher 

doses.

 For experiments with melatonin, pups were treated with melatonin (20mg/kg), 

0.02ml/g, s.c.) fifteen minutes prior to and two hours following injection of valproate or 

phenobarbital. 

 For amphetamine induced locomotor activity, weanlings were injected with 

amphetamine (1mg/kg, s.c.) 30 minutes after being placed into the locomotor chambers. 

Behavioral Testing

Mid-Air righting reflex

 Mid-Air righting reflex was performed and measured as previously described 

(Vorhees et al., 1994). Each pup was held with its ventral surface facing up while its 

limbs were up against a smooth surface 30 cm above foam padding. The pup was 

released and fell to the padding. The pups’ ability to land on all four limbs was scored on 
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a scale from zero to two (0: no righting, 1: partial righting, some, but not all limbs were 

not perpendicular to the foam padding at the time of landing, 2: complete righting, all 

limbs were perpendicular to the foam padding at the time of landing). Three trials were 

performed for each pup from P14 until P18. The scores  from each of the three daily 

trials were summed to yield a final righting score. Midair righting experiments were 

conducted with Cameron Sweeney, a Georgetown University undergraduate who 

completed his senior thesis with me. 

Inclined Plane

 Each pup was tested daily from P14 to P18 on the inclined plane. Pups were 

oriented on a hinged rubber surface oriented away from the hinge (so that the pup 

would be facing uphill upon application of an incline). The plane was  then slowly 

inclined. The angle at which pup slid down the surface was measured to the whole 

degree using a protractor. One trial was performed for each pup from P13 to P20 and 

the data graphed and analyzed. Inclined plane experiments were conducted with 

Cameron Sweeney, a Georgetown University undergraduate who completed his senior 

thesis with me.

T-maze

 Following P7 treatment with phenobarbital (75m/kg) or vehicle pups were 

maintained with their dam aside from daily reflex testing. Testing was performed as 

previously described (Watson and Stanton, 2009). On the evening of P20, pups were 

separated into cages of 4-5 same sex litter mates. Each pup was fed 1ml of heavy 

cream and 10mL of cream was given to each cage for overnight consumption. On P21, 
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pups were acclimated to the T-maze. Pups were placed into either the left or right arm 

of the T-maze, to encourage exploration of the dipper. When a pup entered the dipper, 

0.04ml of cream was delivered. After five successful dipper entries pups were then run 

through forced entry trials  for each arm beginning from the start box of the maze. Upon 

approach to the dipper, guillotine doors were dropped closing the exit of the arm. After 

successful completion of the forced entry trials, pups began the initial acquisition phase.

 During the acquisition phase, either the left or right maze arm was reinforced 

(reinforced arm was counterbalanced across animals) with 0.04ml of heavy cream. 

Pups were placed into the start chamber with the door closed, at the start of the trial, all 

maze doors opened, allowing the pup free access to either the left or right maze arm. If 

the pup entered the reinforced arm and approached the dipper, all maze doors closed 

and reinforcer was delivered, after reinforcer consumption, the trial ended. If the pup 

entered the non-reinforced arm and approached the dipper, all maze doors closed, no 

reinforcer was delivered, and the trial ended. Pups were tested on four blocks of 12 

discrete trials each. Pups were tested in squads of five animals, such that the inter-trial 

interval was approximately 2 minutes, and the inter-block interval was approximately 

one hour. 

 On P22, pups were tested on a final block of trials  to assess retention. Following 

retention trials, pups began reversal trials. Only animals that performed at 80% or 

greater on the retention block were used for reversal training. During the reversal 

phase, the reinforcement contingencies were switched, such that the previously 

reinforced arm was now no longer reinforced, and the arm previously unreinforced was 

now reinforced. Pups were tested for four blocks of twelve trials each. The percent 
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entries into the reinforced arm was calculated for each block of trials. Midair righting 

experiments were conducted with Cameron Sweeney, a Georgetown University 

undergraduate who completed his senior thesis with me.

Locomotor Activity

 Animals  were tested for locomotor activity in a plexiglass open field (16”x16”x16”, 

TruScan Arena, Coulbourn Instruments, Whitehall, PA). Activity was measured following 

initial placement in the chamber for 30min. At 30min, animals  were injected with 1mg/kg 

d-Amphetamine, s.c., and activity was measured for an additional 30 minutes. Total 

activity in each of four 15-minute bins was calculated. 

Statistical Analysis

 Data were analyzed using SPSS (IBM, Somers, NY) and GraphPad Prism 

(GraphPad Software, La Jolla, CA). Repeated-measures ANOVA was used for all 

analyses. Post-hoc tests were performed as appropriate (Bonferroni-Holm’s corrected).

Results

Mid-Air Righting Reflex

 In control animals, the mid-air righting reflex was no present on P13, was partially 

developed by P14 and near completely developed on P15 and 16 (Figure 6-1). As 

demonstrated by ANOVA, in animals exposed to phenobarbital (75mg/kg) on P14 

(Figure 6-1a), onset of the righting reflex was delay, with performance significantly 

(p<0.05) less than controls on P15 and 16 (Bonferroni post hoc). In animals exposed to 
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phenobarbital (37.5mg/kg) on P14, midair righting reflex was significantly reduced 

(p<0.05) compared to controls on P15, and reduced, but not significantly so on P16. 

There was  a significant effect of age (F5,54=106.0, p<0.0001), a significant effect of 

treatment (F2,54=6.0167, p<0.005) and a significant age by treatment interaction (F10, 

270=6.095, p<0.0001). 

 In animals exposed to valproate on P14, significant deficits were only detected 

on P15 following 400mg/kg, but not 200mg/kg (Figure 6-1b). When animals were 

exposed on P7 to phenobarbital, there was no impact on mid-air righting later in life 

(Figure 6-3) (F1,55=1.424, p=0.2). There was a significant effect of age (F5,54=102.4, 

p<0.0001), a significant effect of treatment (F2,54=3.263, p<0.05) but no significant age 

by treatment interaction (F10,270=1.163, p=0.3).

 Preliminary Studies with melatonin as a neuroprotective agent

 When melatonin was employed as a neuroprotective treatment (Figure 6-4), no 

difference was detected between melatonin vehicle and saline alone conditions, so they 

were collapsed for further analysis. Similarly, no dose-dependence was seen with 

phenobarbital, so data were collapsed across dose for further analysis. Because P15 

was the point at which the most severe deficits  in midair righting were detected, analysis 

focused on P15. The overall analysis of variance was not significant (F4,126=2.337, 

p=0.06). Post-hoc tests  revealed that both PB-exposed and VPA-exposed animals had 

trends towards decreases in midair righting as compared to controls (p<0.06), and that 

melatonin-pretreated pups performed significantly better than those exposed to  

phenobarbital (p<0.05) but not valproate (p=0.9). When mid-air righting (Figure 6-4) was 

analyzed, there was a significant main effect of age (F1,122=16.18, p<0.005) and 
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treatment (F6,122=3.719, p<0.005), but no interaction (F6,122=1.202, p=0.3), posthoc 

analysis reveled that animals treated with a combination of phenobarbital (75mg/kg) and 

melatonin performed significantly worse than controls on the inclined plane at P15, but 

not P16. No other group differences were detected.

T-Maze Reversal Learning

 As shown in Figure 6-5, control animals  displayed a typical pattern of increasing 

performance over the four acquisition blocks, with performance continuing at high levels 

during the probe session on the second day of testing. On the reversal trials, control 

animals performed below chance on the first block, improved during the second block, 

and were at >80% accuracy by the third and fourth blocks. This pattern was  seen in 

both males (Figure 6-5a) and females (Figure 6-5b). Males exposed to phenobarbital on 

P7 displayed normal acquisition and retention, however, they showed a significant 

impairment in reversal learning (P<0.05); this deficit was not seen in females. Analysis 

of variance revealed a significant main effect of trial block (F8,18=33.9, p<0.0001), a 

significant trial block by treatment interaction (F8,144=2.146, p<0.05). Post-hoc 

(Bonferroni) analysis revealed a significant impairment in phenobarbital-exposed males 

on the third reversal block. For females, ANOVA revealed only a significant effect of trial 

block (F8,13=33.7, p<0.0001). 

 Amphetamine-induced locomotor activity

 Control male animals displayed a peak of activity after introduction into the open 

field, which habituated by the second 15 minutes of the test (Figure 6-6a), following 

amphetamine, activity of males was significantly increased in the last fifteen minutes of 
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the test as compared to all other time points (F3,13=6.555, p<0.001), Bonferonni post-

hoc). Males exposed to phenobarbital on P7 displayed an identical pattern to control 

males (F3,10=8,124, p<0.0001). Activity levels did not differ between neonatal treatment 

groups in any of the four bins. (Figure 6-6b) 

 Control females displayed a similar pattern to that seen by control males (Figure 

6-7a, F3,12=3.235, p<0.005, Bonferonni post-hoc). Phenobarbital exposed females 

displayed a similar pattern as well (F3,10=2.781, p<0.0001), however, the magnitude of 

response to amphetamine during the last fifteen minutes of the test was significantly 

increased (p<0.001) as compared to control females (Figure 6-7b). 
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Figure 6-1: Mid-air righting reflex development is impared by P14 exposure to 
phenboarbital or phenytoin

A

B

Figure 6-1: Mid-air righting scores as a function of postnatal age and drug treatment. 
A) phenobarbital (75mg/kg, solid circles; 37.5mg/kg, half-filled circles) and control 

(open circles). 
B) valproate (400mg/kg, solid circles; 200mg/kg, half-filled circles) and control 

(open circles). 
Date of treatment is indicated by the arrow marked injection. * = p<0.05 relative to 
controls
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Figure 6-2: P7 exposure to phenobarbital does not alter 
mid-air righting later in life. 

Figure 6-2: Mid-air righting scores as a function of postnatal age and  P7 drug 
treatment.  Phenobarbital (75mg/kg, solid circles; 37.5mg/kg, half-filled 
circles) and control (open circles). Date of treatment is  indicated by the arrow 
marked injection. * = p<0.05 relative to controls
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Figure 6-3: Effect of melatonin pretreatment on mid-air righting deficits 
induced by phenobarbital and valproate

Figure 6-3: Midair righting score on P15 following P14 treatment with 
phenobarbital (75 ad 37.5mg/kg collapsed) or valproate (400mg/kg) with 

or without pretreatment with melatonin (20mg/kg)



 157

Figure 6-4: Inclined Plane Performance

Figure 6-4: Inclined Plane Performance showing the mean angle at which animals 
could no longer grip the inclined plane on P15 and P15. Animals were exposed to 

phenobarbital (37.5 mg/kg), phenobarbital (75mg/kg) or valproate (400mg/kg) with or 
without melatonin pretreatent. * = p<0.05 relative to controls.  Vehicle control groups 

(saline+vehicle and saline+melatonin) did not differ and were collapsed into one vehicle 
gorup for analysis.
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Figure 6-5: T-Maze reversal learning in periweanling animals after P7 exposure to 
phenobarbital 

A

B

Figure  6-5: T-Maze reversal learning as a function of trial. A1-A4 = aquisition blocks one 
through four, P1 = 24h probe session for retention. R1-4 = reversal blocks one through four.

A) Performance in males exposed to phenobarbital on P7 and tested on P25
B) Performance in females exposed to phenobarbital on P7 and tested on P25

The dotted line at 50% reflects chance levels of performance. * = p<0.05

*
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Figure 6-6: P25 Amphetamine-induced locomotion in male rats exposed to 
phenobarital on P7

Figure 6-6: P25 locmototion under control and amphetamine (1mg/kg) conditions in 
male rats exposed to phenobarital on P7

A) Total distance traveled as a function of time
B) Total distance traveled in 15 minute bins prior to and after amphetamine injection

A

B
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Figure 6-7: P25 Amphetamine-induced locomotion in female rats exposed to 
phenobarital on P7

Figure 6-7: P25 locmototion under control and amphetamine (1mg/kg) conditions in 
female rats exposed to phenobarital on P7

A) Total distance traveled as a function of time
B) Total distance traveled in 15 minute bins prior to and after amphetamine injection

* = p<0.05 relative to control in the same 15min bin

A

B



Discussion

 Here we have shown that exposure to phenobarbital or valproic acid on P14, but 

not phenobarbital on P7 is  sufficient to disrupt the development of the mid-air righting 

reflex during the third postnatal week. The disruption in reflex development induced by 

phenobarbital, but not valproate was not present following pretreatment with a 

neuroprotective compound, melatonin (Yon et al., 2006). The timing of this effect is 

consistent with P14 vulnerability of the cerebellum to antiepileptic drug induced cell 

death (Yochum et al., 2008). We have also shown that exposure to phenobarbital on P7 

is  sufficient to cause alterations in striatal-dependent memory and motor processes in 

the peri-weanling rat. This is  consistent with the established P7 vulnerability of striatum 

to antiepileptic drug induced cell death (Bittigua et al., 2002). 

 These results support our hypothesis  that the timing of antiepileptic drug 

exposure determines  the behavioral outcomes impacted by exposure. Our results are 

also support the approach of analyzing behavioral outcomes as a function of structures 

impacted by drug treatment. 

 In comparison to a previous report on valproate-induced impairments in mid-air 

righting in the postnatal mouse, the effects  of valproate in our study were less severe. 

This  may be due to the increased sensitivity of our measurement approach. Rather than 

using a binary classification of present or absent, we also scored partial righting. 

Alternatively, it may be due to differences in timing in the mouse and rat. Whereas in the 

rat mid-air righting is fully developed by P15, in the mouse it is almost completely 

developed by P14. Thus, in the mouse, valproate treatment was capable of inducing a 

regression of behavior, while in our studies, we were only able to assess a delay in 
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onset. 

 The use of melatonin as an intervention in the present study produced only 

borderline effects. This  may be due to a relatively lower power of the experiments  using 

melatonin. When mid-air righting was assessed on P15 deficits were detected in 

animals exposed to phenobarbital, but not in those exposed to a combination of 

phenobarbital and melatonin; this  contrasts  to inclined plane performance, where pups 

treated with a combination of phenobarbital and melatonin displayed worse 

performance than all other groups. This  suggests that the deficits in midair righting are 

not likely to be accounted for by general sedation or motor incapacitation. Of further 

interest is the finding that melatonin did not ameliorate the deficits  induced by valproic 

acid. This lack of neuroprotection following valproate pretreatment is  similar to the lack 

of protection against acute cell death induced by valproate following repeated 

electroshock seizures (Kim et al., 2007b) and may indicate that valproate toxicity is 

downstream of both electroshock and melatonin. A particularly interesting observation 

from the present study (which requires further analysis) is that animals pretreated with 

melatonin tended to be more sedated, and have lower body weight than those exposed 

to just phenobarbital. This suggests  that sedation and/or body weight do not likely 

account for the defecits, as one would then expect the melatonin-pretreted group to 

have disruptions equivelant to or worse than phenobarbital alone. Rather, the data 

indicate that melatonin pretreatment improved behaviorial outcomes. 

 The present findings also indicate sex differences  in behavioral outcomes with 

respect to striatal function. Males, but not females were impaired in T-Maze reversal 

learning, while females and not males exhibited an exaggerated locomotor response to 
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amphetamine. While both of these behaviors rely on the striatum (Kelly et al., 1975; 

Watson and Stanton, 2009), it is  worthy of note that other neural substrates that interact 

with striatum are also important for these behaviors (e.g., medial prefrontal cortex, 

mediodorsal thalamus) (Divac, 1971; Kolb, 1977; Packard and Knowlton, 2002). The 

pattern of deficits we detected in the T-Maze is very similar to the effect of transient 

blockade of NMDA receptors in the P25 rat striatum; Watson et al found that initial 

acquisition of the task was unimpaired by striatal inactivation, while reversal learning 

was delayed (Watson and Stanton, 2009). The reason for the differential vulnerability of 

males and females  remains  to be determined, however, it is not unprecedented to 

detect sex differences in striatal function in weanling rats. Specifically, sex differences 

have previously been reported in responses to psychostimulants (McKinzie et al., 2002; 

Mathews and McCormick, 2007), with juvenile females exhibiting a less  robust response 

than males. One explanation that has been offered is that maturation of dopamine 

receptors in the juvenile striatum is regulated in a sex dependent manner, with males 

overproducing receptors during periadolescence, which are later pruned (Andersen and 

Teicher, 2000). Our findings with amphetamine are consistent with these previous 

reports. Control females exhibited a less robust locomotor activation as compared to 

males. Phenobarbital exposed females exhibited a greater activation than vehicle 

exposed females. This may be a genuine sex difference, or it may reflect a lack of assay 

sensitivity for the males; it is possible that 1mg/kg was sufficient to maximally activate 

locomotion in the males, such that no potentiation by neonatal phenobarbital treatment 

could be detected. As females were activated to a lesser degree under control 

conditions, it is possible that they did not reach a celling of activation following 1mg/kg 
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of amphetamine, and thus we were able to detect potentiation. 

 Together these findings indicate that assessment of behavior within days to 

weeks of exposure to antiepileptic drugs given in early postnatal development may 

provide an early screening tool for long-term toxicity. The present results also confirm 

the importance of selecting behaviors  appropriate to the timing of the insult to insure 

sensitivity. Unfortunately, these results provide only a weak confirmation of melatonin’s 

ability to protect against functional toxicity following antiepileptic drug treatment. 

However, a more detailed analysis of melatonin’s protective effects is  certainly 

warranted. The degree to which the changes in behaviors mediated by striatum would 

persist is  another question worth of further study. Finally, these data add to a growing 

literature indicating adverse functional outcomes following even brief exposure to 

antiepileptic drugs in development. 
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8: Discussion

Summary of Findings and Relevence to Initial Hypotheses

 The driving hypothesis  of my thesis  work was that the induction of acute 

neurotoxicity by antiepileptic drugs would have long-lasting functional (physiological and 

behavioral) consequences. Two secondary hypothesis were that: 1) AEDs that are 

devoid of ENA-induction (levetiracetam), or when given at therapeutic doses that do not 

induce ENA (lamotrigine), will not result in long-term adverse outcomes and 2) that 

neuroprotective treatment will block or attenuate the long-term adverse outcomes of 

ENA inducing drugs (e.g., phenobarbital paired with melatonin).

 My findings support the initial hypothesis, and partially support the secondary 

hypotheses. I found that acute antiepileptic drug exposure on P7 results in a profound 

disruption of the functional maturation of GABA and glutamatergic neurotransmission in 

the striatum. This effect was present after exposure to phenobarbital and phenytoin, two 

drugs that produce neuronal apoptosis when given at therapeutically relevant doses. A 

less severe phenotype was present following lamotrigine treatment, even at a dose that 

does not induce neuronal apoptosis. Levetiracetam, which does not induce neuronal 

apoptosis at any dose, was without any detectable effect on striatal maturation. Finally, 

pretreatment with melatonin, which is neuroprotective against neuronal apoptosis 

induced by drugs in the developing brain completely protected against disruptions in 

maturation. 

 The results of my electrophysiological experiments provide several pieces of 

information. 1) functional impairments cannot be tied to a single neuroactive mechanism 

of action – both GABA modulators  (i.e., phenobarbital) and sodium channel blockers 

 165



(i.e., phenytoin and lamotrigine) produced equivalent functional impairments. 2) frank 

cell death is not necessary for functional impairments – if it were necessary, no deficits 

would have been expected following lamotrigine treatment. This  finding led to the 

proposal that sub-lethal toxicity to surviving neurons likely causes the later functional 

toxicity, and the suggestion that drugs such as lamotrigine, which induce neuronal 

apoptosis only at supratherapeutic doses in fact cause non-lethal damage to neurons at 

therapeutically relevant doses. 

 My behavioral findings provide additional support for the initial hypothesis, while 

reinforcing the conclusions of my electrophysiological findings  regarding the lack of 

“safety” of drugs at sub-ENA inducing doses. I demonstrated that chronic exposure to 

phenobarbital, phenytoin, and lamotrigine during the period of peak vulnerability to AED-

induced neuronal apoptosis lead to long-lasting alterations in behavior; motor behavior, 

learning and memory, sensorimotor gating, emotionality, and seizure threshold were all 

altered by one or more of these drugs. 

 Especially surprising was my finding despite lamotrigine and phenytoin sharing a 

common mechanism of action, and despite phenytoin being the “more toxic” of the two 

with respect to induction of neuronal apoptosis, lamotrigine and not phenytoin resulted 

in a decrease in adult seizure threshold. This finding also indicates that despite having 

greater sensitivity with respect to the detection of toxicity induced by antiepileptic drugs 

in development, the delayed striatal maturation I have described is  not a predictor of 

later-life behavioral outcomes. Similarly, I found that phenobarbital, phenytoin, and 

lamotrigine impaired Morris water maze performance, despite lamotrigine being 

administered in doses that are below the threshold for induction of neuronal apoptosis. 
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 With respect to the relevance or utility of anticonvulsant mechanism of action as 

a predictor of any neurotoxic outcomes, my results clearly indicate that no relationship 

exists. As discussed in the introduction to this dissertation, antiepileptic drugs can be 

grouped according to major mechanisms of action. However, as was also discussed 

these drugs are far from selective in terms of neural targets. For example, phenytoin 

and lamotrigine are both blockers of voltage gated sodium channels, but have differing 

actions on calcium channels. It is entirely possible that effects on targets other than the 

primary anticonvulsant target are responsible for the altered functions I have described.

 A final hypothesis  was that behaviors mediated by the regions  most impacted by 

antiepileptic drug induced neuronal apoptosis  would be disrupted. My studies have 

provided support for this hypothesis, however, they have also demonstrated that like the 

other predictors, it is imperfect. For example, I demonstrated that phenobarbital, but not 

phenytoin induces robust cell death in the amygdala. Phenobarbital also decreases 

anxiety-like behavior in the elevated plus maze, and disrupts social behavior and fear 

conditioning, consistent with the hypothesis. However, phenytoin also disrupts  fear 

conditioning, and lamotrigine also disrupts  social behavior. This may be due in part to 

the chronic administration of drug during the second postnatal week, which might allow 

for greater cellular toxicity. Alternatively, these drugs may have other effects on the 

developing brain (e.g., changes in receptor expression) that may underlie the particular 

behavioral abnormalities described. An additional caveat to “assigning” behavioral 

outcomes to particular neural substrates is that functions are not so neatly localized in 

the brain, rather circuit based understandings of behavior may provide a more accurate 

view. For example, it is  entirely possible that brain areas aside from amygdala were 
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impacted by phenytoin or lamotrigine treatment, and that changes in those structures 

that interact with the amygdala are responsible for the behavioral phenotype. These 

differences detected between the behavioral outcomes following phenytoin and 

lamotrigine provide further evidence that neuroactive mechanism of action is a poor 

predictor of long-term functional consequences of drug exposure. 

 My studies fit into a larger body of work indicating that early life exposure to 

antiepileptic drugs has long-lasting consequences on nervous system function. They 

are the first to document functional changes in maturation of neural circuitry following 

acute administration, and provide the most comprehensive analysis  conducted to date 

with respect to longer-term behavioral outcomes. Previous work also helps to inform my 

present findings. While most of my work was conducted through the lens of acute 

cellular toxicity as a root mechanism for changes in nervous system function, as 

described in the introduction to my dissertation, exposure to antiepileptic drugs during 

development can impact neurogenesis (Stefovska et al., 2008; Chen et al., 2009), 

neurotransmitter receptor expression (Ruiz et al., 1989; Pick et al., 1993), and even 

cerebral metabolism (Pereira de Vasconcelos et al., 1987, 1990).  It is  entirely possible, 

and in fact, very plausible that these mechanisms may contribute in whole or part to the 

longer-term changes I have reported. 

 Directions for Future Study

 There are some obvious directions for future research; while I have assessed the 

functional outcomes following several common anticonvulsants, I by no means have 

exhausted the list of drugs  that are used in pregnacy and early life. Ethosuximide and 

vigabatrin are two drugs that are commonly used for early life seizures that would be 
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especially important to investigate. Further assessment of the dose-dependency of the 

effects I described would also be worth conducting.  This is especially relevant to the 

behavioral findings following chronic drug administration. With repeated administration 

of phenobarbital in particular, there is likely drug accumulation that may result in levels 

exceeding those used therapeutically by the end of the week of adminstration. A lower 

dose (e.g., 37.5mg/kg/day), or a 75mg/kg loading dose followed by lower doses on 

subsequent treatment days may more accurately reflect the levels seen in the clinic.

 The timing of drug administration in the present studies spanned only the second 

postnatal week (i.e., P7, P14, or P7 to P14). During my dissertation research, I also 

conducted preliminary assessments  of antiepileptic drug exposure during other 

postnatal periods (i.e., P14-P21, P21-P28). However, these experiments were 

underpowered and prohibit any conclusions from being drawn regarding their outcomes.  

Exploring the third and fourth postnatal week for long-term effects of drug exposure 

would provide additional evidence regarding the degree to which neuronal cell death 

induced by AEDs has any bearing on long-term nervous system function. If acute 

neurotoxicity does contribute to the behavioral outcomes I have described, I would not 

expect treatment at later developmental stages to cause equivelent deficits. Shifting the 

window of drug exposure would also provide further insight with respect to my findings 

on disruptions to striatal maturation. I have shown that exposure at P10 does not 

recapitulate the disruption seen at P7, but it may also be worth exploring earlier 

treatments. Additionally, other brain regions would be important to explore. Cortex, in 

particular, is an attractive next step. The neocortex is the primary source of 

glutamatergic input to the striatum, so the degree to which cellular physiology in the 
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cortex is  changed following drug treatment may help to explain the deficts  observed in 

striatal function. The cortex also offers  a unique opportunity to explore drug 

administration at a time when antiepileptic drugs do not cause cell death (P0) in the 

cortex, but do so in other brain regions (including striatum). 

  My dissertation work, coupled with other work from our lab (Bhardwaj et al., In 

Preparation) indicate that early life exposure to phenobarbital results  in some 

schizophrenia-like behavioral phenotypes in adult animals. The behaviors assessed 

have been limited to relatively simple outcomes - the more interesting cognitive 

phenotypes of schizophrenia remain to be explored in this potential model. While the 

majority of my work has  focused on basal ganglia and limbic system outcomes following 

drug exposure, especially with respect to schizophrenia-like outcomes a further analysis 

of cortical function would be of great importance. For this purpose, I am currently 

assessing changes in spine morphology in cortex and hippocampus following exposure 

to phenobarbital.  

 Despite our best efforts  to translate timing, doses, and cognitive tasks from the 

mouse or rat to human, there are unavoidable differences. The rodent cortex is 

substantially less elaborate than the human, as  is their behavioral repertoire. For 

analysis of high-level cognitive processes it would be ideal to transition to a non-human 

primate model. This transition is  supported by recent work demonstrating ethanol and 

anesthetic induced cell death in the nonhuman primate (Farber et al., 2010; Brambrink 

et al., 2010), however, behavioral outcomes have not yet been assessed. 

Theoretical Implication and Conclusion

 Aside from the very practical implications of my work (i.e., assessment of drug 

 170



safety for use in early life and pregnancy), there is a more broad theoretical implication. 

The striatolimbic histological, functional, and behavior abnormalities  I have reported 

suggest that antiepileptic drug exposure per se is  sufficient to induce neuropsychiatric 

abnormalities in adult animals. This supports  an alternative interpretation of clinical 

findings in patients with juvenile epilepsy. To date, it has been suggested (and assumed) 

that the neuropsychiatric comorbidities associated with early-life seizures were either a 

direct result of repeated seizures on brain development, or a shared phenotype of an 

underlying neural pathology. My findings raise a third possibility that must be assessed: 

that antiepileptic drugs exposure contributes to the adverse neuropsychiatric outcomes 

in humans. It is possible that drug exposure directly leads to these changes, but it is 

also possible (and more plausible) that drug exposure is one of several contributing 

factors that may include underlying neuropathology (e.g., from hypoxia-ischemia) and 

repeated severe seizures. The degree to which these factors interact with each other is 

a pressing future direction for both basic and clinical scientists, and the urgency of this 

analysis is supported by the work I have presented here. 
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