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Abstract

Anticonvulsant drugs, when given during vulnerable periods of brain development, can have long-

lasting consequences on nervous system function. In rats, the second postnatal week 

approximately corresponds to the late third trimester of gestation/early infancy in humans. 

Exposure to phenobarbital during this period has been associated with deficits in learning and 

memory, anxiety-like behavior, and social behavior, among other domains. Phenobarbital is the 

most common anticonvulsant drug used in neonatology. Several other drugs, such as lamotrigine, 

phenytoin, and clonazepam have also been reported to trigger behavioral changes. A new 

generation anticonvulsant drug, retigabine, has not previously been evaluated for long-term effects 

on behavior. Retigabine acts as an activator of KCNQ channels, a mechanism that is unique among 

anticonvulsants. Here, we examined the effects retigabine exposure from postnatal day (P)7 to P14 

on behavior in adult rats. We compared these effects to those produced by phenobarbital (as a 

positive control) and saline (as a negative control). Motor behavior was assessed using the open 

field and rotarod, anxiety-like behavior by the open field, elevated plus maze, and light-dark 

transition task, and learning/memory by the passive avoidance task; social interactions were 

assessed in same-treatment pairs and nociceptive sensitivity was assessed via the tail-flick assay. 

Motor behavior was unaltered by exposure to either drug. We found that retigabine and 

phenobarbital exposure both induced increased anxiety-like behavior in adult animals. 

Phenobarbital, but not retigabine exposure impaired learning and memory. These drugs also 

differed in their effects on social behavior, with retigabine-exposed animals displaying greater 

social interaction than phenobarbital-exposed animals. These results indicate that neonatal 

retigabine induces a subset of behavioral alterations previously described for other anticonvulsant 
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drugs, and extend our knowledge of drug-induced behavioral teratogenesis to a new mechanism of 

anticonvulsant action.
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1. Introduction

Exposure to neuroactive drugs during critical periods of brain development may have long-

lasting consequences. This is of particular concern for drugs used to treat epilepsy [1], one 

of the most common neurological conditions of infancy [2]. Similarly, the treatment of 

pregnant women with epilepsy results in an appreciable population of infants who are 

exposed in utero to anticonvulsant drugs [3]. A now substantial body of clinical [4–11] and 

preclinical literature [12–21] shows that these exposures can have long-lasting effects on 

brain structure and function.

Acute exposure to phenobarbital, one of the most commonly utilized anticonvulsants world-

wide and the most common treatment for neonatal seizures, induces a profound increase in 

the number of apoptotic neurons in the developing (postnatal day [P]7) rat brain [12,15,21]. 

These effects are not limited to phenobarbital: phenytoin, the prototypical voltage-gated 

sodium channel blocker [12,15,20]; lamotrigine, a newer generation sodium channel blocker 

[21]; benzodiazepines [12], and anesthetic agents [22–24] have all been reported to trigger 

apoptosis under the right conditions/doses.

In addition to the excessive pruning of neurons, phenobarbital, phenytoin, and lamotrigine 

trigger a lasting derangement of synaptogenesis in the striatum, with a failure of both 

excitatory and inhibitory synaptic transmission to develop appropriately after even a single 

(acute) exposure [14]. Moreover, phenobarbital has been reported to cause long-term 

alterations in the cortical proteome [18]. Perhaps most importantly, many anticonvulsant 

drugs (phenobarbital, phenytoin, lamotrigine, clonazepam) have been shown to cause short 

and/or long-term alterations in a variety of behavioral domains with exposures as brief as 

one day [14,16,25–29].

Other anticonvulsant drugs, such as levetiracetam, topiramate, and carbamazepine, which 

have a benign profile with respect to neuronal apoptosis [15,20,30], remain to be evaluated 

for behavioral teratogenesis. Here, we turn our attention to retigabine. Retigabine is 

currently labeled as an adjunctive therapy in adults who have failed on several alternative 

treatments. This a first-in-class anticonvulsant acts as a positive allosteric modulator of 

KCNQ channels [31,32]. These channels mediate the M-type potassium current, resulting in 

neuronal hyperpolarization. Retigabine shifts the activation voltage of these channels 

towards more negative membrane potentials. Several KCNQ channel mutations have been 

associated with benign familial neonatal convulsions,[33] raising additional interest in 

retigabine during brain development.
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We have previously reported that retigabine is an effective anticonvulsant drug in neonatal 

rats, acting at doses ranging from 5 to 30 mg/kg [34]. Moreover, we have reported that 

retigabine, when administered repeatedly over the course of 24 h triggers apoptosis in a 

subset of vulnerable brain regions (Brown et al., In Press). This profile, while more benign 

than what was seen with phenobarbital or phenytoin, for example, raises an obvious 

question: will retigabine induce long-lasting changes in behavioral function?

To address this question, we exposed neonatal (P7 to P14) rats to retigabine, phenobarbital 

(as a positive control), or vehicle (as a negative control) and examined their behavior as 

adults. We examined behavioral domains that we and others have previously shown to be 

sensitive to anticonvulsant-induced behavioral teratogenesis [13,16,25,26], including 

anxiety-like behavior, learning and memory, motor function, and social behavior beginning 

at P45.

2. Materials and Methods

2.1 Animals

Male Sprague-Dawley rats were used for these studies. Treatments were counterbalanced 

within and across litters. Two separate cohorts of animals were treated, spaced by several 

months. Pups were born to timed-pregnant dams (Harlan, Indianapolis, IN, U.S.A.) with P0 

designated as the date of parturition. Animals were maintained in a temperature-controlled 

(21°C) room with a 12-h light cycle, with food and water available ad libitum. Pups were 

treated as described below, and weaned to same-treatment cages on P21. All experiments 

were approved by the Georgetown University Animal Care and Use Committee and 

conducted in accordance with the Guide for the Care and Use of Laboratory Animals [35].

2.2 Drug treatments

Drug treatments were administered intraperitoneally at a volume of 0.01 ml/g. Control rats 

received equivalent volumes of saline vehicle (0.01 ml/g body weight). Pups were treated on 

P7, 8, 9, 11, 12, and 13 as we have done previously [16]. For drug treatments, pups were 

briefly removed from their dam, weighed, labeled, injected and returned.

2.3 Drug solutions

Retigabine (ezogabine; ethyl N-[2-amino-4-[(4-

fluorophenyl)methylamino]phenyl]carbamate) was provided by GlaxoSmithKline (Research 

Triangle, NC) and dissolved in sterile water containing 0.1% tween-20. Retigabine was 

given at a dose of 30 mg/kg. Phenobarbital (Sigma-Aldrich) was dissolved in 0.9% saline 

and given at a dose of 75 mg/kg.

2.4 Selection of drug doses

The dose of retigabine (30 mg/kg) was selected because it falls at the upper end of the 

effective anticonvulsant range in neonatal rats [34]. We selected a high dose to best test the 

hypothesis would induce behavioral alterations. The dose of phenobarbital was selected on 

the basis of prior reports from our group [36,37] and others [38] showing the efficacy of 

phenobarbital in P7 rats. This dose provides almost complete suppression of 
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pentylenetetrazole-induced seizures in neonatal rats and falls above the range for complete 

blockade of forebrain seizures induced by methyl-6,7-dimethoxy-4-ethyl-β-carboline-3-

carboxylate in P7 rats [37,38].

2.5.1 Behavioral Testing

Prior to each test day, animals were transported from the vivarium to the testing room. 

Animals were allowed a minimum of 30 min to acclimate to the testing environment prior to 

initiating testing. Test apparatus were wiped with 70% ethanol solution between each 

animal. Testing was conducted in the order specified below.

2.5.2 Behavioral Testing - Open Field Test

Another test measuring anxiety, the open field test measures a rat’s natural drive to explore 

novel environments against their propensity to remain in the periphery of a brightly lit 

environment [39]. This test also serves as a measure of general locomotor activity. As we 

have previously described [16,40], each animal was placed in a 40cm by 40cm open field 

box (TruScan Arena) for thirty minutes. They were filmed and their movements recorded via 

ANY-maze, measuring the amount of time each animal spent within 5cm of the perimeter of 

the open field versus in the middle (as a measure of anxiety-like behavior) and the total 

distance traveled in the apparatus (as a measure of overall activity).

2.5.3 Behavioral Testing - Elevated Plus Maze

The elevated plus maze is a widely used test on rodents to measure anxiety-like behavior, 

pitting the natural inclination of rats to explore against their aversion to open, elevated 

spaces [41]. Testing was conducted as we have previously described [16,25,42] Rats were 

placed one at a time on a standard Stoelting Co. plus maze 40cm off the ground, with 50cm 

long arms. Testing took place in a dark room under red 20-lux light. Two arms of the maze 

(opposite from each other) had walls approximately one foot high, whereas the other two 

arms were not covered. Each rat was placed at the center of the maze, facing an open arm, 

and allowed to explore freely for five minutes. Animals were filmed, and the amount of time 

each animal spent in the open versus closed arms of the maze was recorded and analyzed 

using ANY-maze software.

2.5.4 Behavioral Testing - Light/Dark Transition Task

As with the elevated plus maze, this task pits rats innate aversion to bright areas against their 

natural drive to explore in response to mild stressors such as a novel environment [43]. 

Animals were placed into a testing apparatus (Coulbourn Instruments) that was half open 

and half covered by a black box with an opening for animals to enter. Ambient illumination 

of the room was 770 lux. Animals were initially placed in the light side of the apparatus 

facing the door to the “dark” chamber and filmed for five minutes. Latency for each animal 

to initially cross into the dark side of the testing apparatus, as well as total amount of time 

spent in the dark part of the box and total crossovers between the light and dark sides were 

scored. Video was recorded via ANY-maze and hand-scored by an observer blinded to 

treatment status of the animals.
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2.5.5 Behavioral Testing - Rotarod

This task measures the motor coordination and learning of rats by placing them on an 

accelerating rod and measuring the latency to fall from the rod. Testing was conducted as we 

have previously described using an accelerating rotarod (Accuscan Instruments) [16]. 

Animals were placed on the stationary rod facing the rear wall of the apparatus. When the 

device was turned on, the central rod began to move in the opposite direction than the 

animals were facing, accelerating from 0 to 45 rpm over the course of five minutes. Latency 

to fall was hand-recorded by observers. Each animal was tested on total of five consecutive 

trials with at least three minutes of rest time in between.

2.5.6 - One-trial step-through Passive Avoidance learning

This task examines hippocampal-dependent learning [44] in animals by delivering an 

aversive stimulus (foot shock) in one area of a chamber and measuring the latency of 

crossing from one area of the chamber to the other over multiple consecutive days. Passive 

avoidance conditioning and testing was performed as we have previously described [26] 

using a two-chamber passive avoidance apparatus (Coulbourn) consisting of a lit chamber 

and a dark chamber separated by a guillotine door. On the first day (habituation) animals 

were allowed to freely explore the lit chamber for 180 sec with the door to the dark side 

closed to prevent entry. One the second day (conditioning) animals were placed into the lit 

chamber and allowed to explore for 30 sec, after which the guillotine door was lifted 

allowing access to the dark chamber. When the animal crossed into the dark chamber, the 

door was lowered to prevent re-entry into the lit chamber, and a mild foot shock was 

delivered (0.4 mA, 2 sec duration). Animals were removed from the dark side within 30 sec 

of the conclusion of the conditioning trial. On the third day (Retention Probe) animals were 

placed in the light side of the apparatus, and after 30 sec the door was lifted allowing access 

to the dark side. Latency to enter the dark chamber was the dependent variable. If an animal 

did not enter the dark side within 300 sec of the door opening, the trial was terminated and a 

latency of 300 sec was assigned.

2.5.7 Behavioral Testing - Tail Flick

As a control for nociceptive sensitivity, we measured tail flick latency. This task places the 

tails of rats under a heat lamp and measuring the latency at which rats remove their tails 

from this uncomfortable stimulus. Animals were wrapped and immobilized in a cloth so that 

only their tails were unrestrained. Their tails were then placed under a heat lamp of a 

standard tail-flick apparatus and timed to how long it took for each animal to move its tail 

away from the heat.

2.5.8 Behavioral Testing - Social Behavior

Rats are highly social animals, and spend appreciable amounts of time grooming and 

interacting with one another when pair housed. Social interaction between novel 

conspecifics has also been used as a measure of anxiety-like behavior in rodents. Here, we 

monitored the interactions (grooming, climbing, sniffing or otherwise touching) of same-

treatment pairs of rats (housed in different cages, so they were unfamiliar). Animals were 
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observed in a familiar environment, a 40cm by 40cm open-field (TruScan Arena), over the 

twenty-minute test. Social behavior was hand-scored.

2.6 - Statistical Analysis

Graphs were generated and statistical analyses were performed via GraphPad Prism 

(GraphPad Software, Inc.). Outlier analysis (ROUT procedure) resulted in two animals being 

excluded from the vehicle and retigabine group and five animals being excluded from the 

phenobarbital group; outliers were excluded from all analyses. It is worth noting that two of 

the outliers in the phenobarbital treated group were the only animals in the study to lose 

weight during the initial treatment, providing an additional strong justification for excluding 

them. Data not meeting the assumptions of normality were analyzed using Kruskal-Wallis 

test with Dunn’s correction for multiple comparisons. Data meeting the assumptions of 

normality were analyzed by analysis of variance (ANOVA) with Holm-Sidak’s correction 

for multiple comparisons. P values less than 0.05 (two-tailed) were considered to be 

statistically significant.

3. Results

3.1 Neonatal anticonvulsant exposure results in reduced weight gain during the treatment 
period

As shown in Figure 1, both phenobarbital and retigabine treatment during the second 

postnatal week suppressed weight gain by pups. Figure 1A shows weights prior to each 

treatment, whereas Figure 1B shows the percent body weight gained from P7 to P13. 

Vehicle-treated pups gained an average of 15.2 g over the course of the second postnatal 

week, while retigabine and phenobarbital treated animals gained an average of 9.9 and 7.4 g, 

respectively over the same time period. ANOVA revealed a significant main effect of 

postnatal day (F5,290=753.2, P<0.0001), a significant main effect of treatment (F2,58=8.7, 

P=0.0005) and a significant day-by-treatment interaction (F10,290=31.1, P<0.0001). Holm-

Sidak post-hoc tests showed that group differences (control vs each treatment) reached the 

level of significance on P9 (P=0.016), P11 (Ps<0.0005) and P12-P13 (Ps<0.0001). Percent 

weight gain also differed significantly across groups (F2,58=58.87, P<0.0001), with both the 

phenobarbital and retigabine groups showing significantly (P<0.0001) less weight gain than 

vehicle-treated control animals.

3.2 Neonatal anticonvulsant exposure results in decreased center exploration, without 
altering total activity, in the open field task

As shown in Figure 2A, all groups displayed the typical pattern of habituation of activity 

within the open field over the course of the 30 min test session. Consistent with this, there 

was a main effect of time (F29,1740=29.71, P<0.001) on locomotor activity. However, there 

was neither a main effect of drug treatment (F2,60=0.56, P=0.57) nor a time-by-drug 

interaction (F58,1740=0.89, P=0.70). Thus, neonatal exposure to phenobarbital or retigabine 

were without effect on adult locomotor activity in the open field.

By contrast, when we examined the total time spent in the center of the arena, a commonly 

utilized indicator of anxiety-like behavior, we found that groups significantly differed 
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(Figure 2B). Control animals spent a mean 109 sec in the center of the arena, while 

retigabine and phenobarbital exposed groups spent 73 and 44 sec, respectively. ANOVA 

revealed a significant effect of drug treatment (F2,60=3.8, P=0.027), with planned 

comparisons demonstrating that this reached the level of significance for phenobarbital, as 

compared to control (P=0.019). The retigabine treated group only approached the level of 

significance (P=0.080).

3.3 Neonatal anticonvulsant drug exposure spares motor performance and motor learning 
in the rotarod task

Peak performance (defined as the best performance across the five trials) did not differ as a 

function of treatment (Mean+SEM for VEH: 141+10.7, PB: 139+15, RTG: 133+14). Data 

were first analyzed by two-way ANOVA which revealed no significant effects or interactions 

(Ps>0.3). Following this analysis we examined peak performance (as in a prior study [16]) 

and also failed to find an effect of treatment (F2,57=0.08, P=0.92).

3.4. Neonatal phenobarbital but not retigabine increases adult anxiety-like behavior in the 
elevated plus maze

To follow up on our finding of decreased center exploration in the open field, we examined 

performance in the elevated plus maze. We found that phenobarbital, but not retigabine 

exposed animals displayed behavior consistent with increased anxiety. As shown in Figure 

3A, phenobarbital-treated animals spent significantly less time in the open arms than the 

vehicle treated group (Kruskal Wallis: H=6.84, P=0.033; Dunn’s multiple comparison test 

P=0.018). While both the number of entries to the open arms, and the total arm entries were 

numerically lower in the phenobarbital treated groups (Figure 3B, 3C), this did not reach the 

level of statistical significance (Kruskal-Wallis: H=0.84, P=0.67 and H=3.8, P=0.14, 

respectively).

3.5 Neonatal anticonvulsant treatment increases anxiety-like behavior in adults tested in 
the light-dark transition task

While both phenobarbital- and retigabine-treated animals showed increased anxiety-like 

behavior in both the open field and elevated plus maze tasks, retigabine-exposed animals 

only displayed this profile in the open field task. To provide a third measure of anxiety-like 

behavior, we next evaluated animals on the light-dark transition task. As shown in Figure 4A 

and B, neither the latency to enter the dark chamber, nor the total number of transitions 

differed between groups (F2,58=1.06, P=0.35; H=4.8, P=0.09, respectively), although the 

latter measure approached the level of statistical significance. A measure that takes into 

account both latency and transitions is “dwell time”, or average duration of a visit to the dark 

chamber. As shown in Figure 4C, average visit duration to the dark chamber was increased 

in the phenobarbital and retigabine-exposed groups (F2,58=3.8, P=0.028; Holm-Sidak 

multiple comparison tests, Ps<0.05).

3.6. Neonatal phenobarbital, but not retigabine, exposure impairs adult learning/memory

To determine if neonatal exposure to phenobarbital or retigabine would alter adult learning 

and memory, we examined performance on the step-through passive avoidance task. As 
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shown in Figure 5, latency to enter the dark chamber did not differ between groups on the 

pre-conditioning test. On the post-conditioning test, all groups showed a significant 

(Ps<0.0001 for vehicle and retigabine, P=0.03 for phenobarbital) increase in latency to enter 

the dark (shock-paired) chamber. However, the magnitude of this increase was significantly 

lower for phenobarbital treated animals as compared to vehicle treated animals (P<0.0012). 

These effects were revealed by ANOVA which showed main effects of treatment (F2,58=4.9, 

P=0.01), stage (F1,58=80.80, P<0.0001), and a treatment-by-stage interaction (F2,58=4.1, 

P=0.02). The planned comparison results reported above (treatment across stage and 

treatment within stage) were corrected using the Holm-Sidak approach. To rule out 

differential nociceptive sensitivity as a contributor to this effect, we also examined tail flick 

latency and found no difference across groups (H=0.08, P=0.96).

3.7 Social Interaction

Finally, we examined social interactions in same-treatment pairs of rats. We found a high 

rate of social interaction in all dyads tested as shown in Figure 6. We found an effect of 

treatment (F2,32=4.03, P=0.027), however, the only group difference we detected was 

between retigabine and phenobarbital (P=0.02). Numerically, retigabine-exposed dyads 

spent more time interacting than vehicle, whereas phenobarbital exposed dyads spent less 

time interacting than vehicle. This test was less powered than the others in this manuscript as 

each dyad was treated as an experimental unit.

4. Discussion

Here we have found that neonatal exposure to the new-generation anticonvulsant drug, 

retigabine, induced a long-lasting alteration in anxiety-like behavior in rats. This effect 

mirrored that seen with phenobarbital. Retigabine, as compared to phenobarbital, spared 

other behavioral domains, showing no effect on learning/memory function. Neither drug 

produced alterations in overall activity or motor learning. Finally, these drugs produced 

opposite effects on social behavior, with retigabine-exposed animals displaying increased 

social interactions as compared to phenobarbital-exposed animals. These data fit in with a 

growing literature regarding long-term behavioral teratogenesis after early life 

anticonvulsant drug exposure [14,16,25,28,29].

Our results with phenobarbital with respect to anxiety-like behavior were somewhat 

surprising to us; we had previously reported increased exploration of the open arms of the 

elevated plus maze after one week of phenobarbital exposure [16], a phenotype consistent 

with decreased anxiety-like behavior. In another report [25], a single dose of phenobarbital 

was without effect on anxiety-like behavior. How can we reconcile these findings? One 

salient difference between the present experiment and our previous experiments was the fact 

that for the present study, pups arrived at our animal facility on P5-6, rather than being born 

in the facility. It is possible that the pups and/or dams were subject to additional stress from 

shipping and that this interacted with drug treatment. Indeed, early life stress and/or 

disruption in maternal care during critical periods have been associated with increased 

anxiety-like behavior in adulthood.[45,46] Our finding that retigabine increased anxiety-like 

behavior in two of the three tasks (open field and light-dark, but not the elevated plus maze) 
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suggests a subtler effect of early-life retigabine on conflict-exploratory behavior and/or 

anxiety state as compared to that of phenobarbital.

We found that phenobarbital, but not retigabine, induced deficits in learning/memory in the 

passive avoidance task. This effect of phenobarbital is consistent with another recent study 

from our group [26]. This task, which classically is thought to probe hippocampal-dependent 

memory processes also engages frontal cortex. Indeed, deficits in either frontal or 

hippocampal function can result in impaired performance on this task [44,47]. Because both 

KCNQ2 and KCNQ3 channels are expressed in the developing hippocampus [48,49] and 

transcript and protein are present in both frontal cortex and hippocampus of rodents and 

humans [50,51], we had hypothesized that retigabine exposure might impact behavior 

mediated by these circuits. However, despite the widespread expression of KCNQ2/3 in both 

frontal and temporal structures, neonatal retigabine exposure was without effect on passive 

avoidance behavior.

We have recently reported that retigabine exposure (15 mg/kg, 3 times over 24 h) induces 

neuronal apoptosis in P7 rat pups [52]. This profile was similar to that seen (and previously 

reported) for phenobarbital [12], but impacted only a subset of vulnerable regions, including 

dorsolateral thalamus, cingulate cortex, motor cortex, retrosplenial cortex, and 

somatosensory cortex. While the degree to which enhanced neuronal apoptosis caused by 

anticonvulsant compounds is predictive of later-in-life behavioral changes, it is worth noting 

that early life damage to the thalamus has been associated with increased anxiety-like 

behaviors in rats [53]. While induction of apoptosis in limbic targets has not been examined 

for retigabine, we have previously reported that phenobarbital induced profound neuronal 

apoptosis in the amygdala, another region closely associated with the regulation of anxiety-

like behavior in rodents [15]. Similarly, hippocampal apoptosis has been reported after 

phenobarbital exposure [12,21] (but is unexamined after retigabine exposure), which may 

contribute to the phenobarbital-induced deficits in passive avoidance we reported here. 

Additional alterations in hippocampus may also contribute to the behavioral deficits 

reported, indeed, rodents exposed neonatally to phenobarbital show persistent decreases in 

hippocampal volume [54], decreased cholinesterase activity [55], increased muscarinic 

receptor expression [56], decreased levels of norepinephrine [57], and decreased dendritic 

complexity [57,58].

One limitation to the direct comparison of phenobarbital and retigabine in the present study 

is their differing pharmacokinetic profiles. Phenobarbital has been reported to have a half-

life of ~16 h in neonatal mice [59], and a range of 9 to 20 h has been reported in adult rats 

[60]. By contrast, retigabine has a half-life in the range of 2 h; thus levels of phenobarbital in 

the present study likely remained elevated substantially longer than those of retigabine. It is 

interesting to note, that despite the rather large difference in half-life, both groups of treated 

animals displayed increased anxiety behavior in adulthood. Moreover, both groups also 

displayed reduced weight gain during the period of treatment. Thus, while the duration of 

exposure to phenobarbital may have been effectively longer than that of retigabine, our data 

indicate that even the once-daily dosing with retigabine was sufficient to impact nervous 

system development. The degree to which multiple-time per day dosing of retigabine 
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(designed to match the half life of phenobarbital) would result in more profound behavioral 

changes remains to be explored.

5. Conclusions

Both retigabine and phenobarbital produced long-lasting effects on behavior after a confined 

period of exposure during the second postnatal week. While the pattern of behavioral 

changes in some cases differed between these drugs, both induced an increased profile of 

anxiety-like behavior in adult rats after neonatal treatment. Neonatal phenobarbital, but not 

retigabine impaired adult learning and memory function. While recent concerns regarding 

abnormal pigmentation following retigabine use have limited its clinical use [61], these data 

show that in some respects (e.g., learning/memory function) it has a more benign profile 

than phenobarbital, whereas in other respects (e.g., anxiety-like behavior) it has a similar 

profile of behavioral teratogenesis. In addition, the present findings extend our knowledge of 

behavioral teratogenesis after anticonvulsant drugs to a new class, KCNQ activators, which 

may be relevant if and when additional drugs of this class reach the market.
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Highlights

- Neonatal phenobarbital exposure increased adult anxiety-like behavior in rats

- Neonatal retigabine exposure increased adult anxiety-like behavior in rats

- Neonatal phenobarbital, but not retigabine, exposure impaired adult learning/

memory

- Neonatal phenobarbital decreases and retigabine increases adult social 

behavior
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Figure 1. 
Anticonvulsant exposure results in reduced weight gain during the treatment period

(A) Mean + SEM body weight (in grams) for groups exposed to vehicle, phenobarbital 

(PHB) or retigabine (RTG) on P7, P8, P9, P11, P12, and P13. * indicates significantly 

(P<0.05) lower weight as compared to control on the same measurement day. Body weights 

were measured immediately prior to daily treatment. (B) Percent increase in body weight 

from P7 to P13. * indicates significantly (P<0.05) less weight gain as compared to vehicle 

treated controls.
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Figure 2. 
Neonatal anticonvulsant exposure results in decreased center exploration, without altering 

total activity, in the open field task.

(A) Distance traveled in the open field as a function of time. Error bars = +/− SEM (B) Time 

spent in the center of the open field as a function of treatment. Bars show mean + SEM. * 

indicates significantly different than control (P<0.05). Decreased time in the center of the 

open field is consistent with increased anxiety-like behavior.
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Figure 3. 
Neonatal phenobarbital, but not retigabine, increases adult anxiety-like behavior in the 

elevated plus maze.

(A) Mean + SEM time spent in the open arms of the elevated plus maze. (B) Mean + SEM 

number of entries to the open arms. (C) Mean + SEM total number of arm entries. * 

indicates significantly different than vehicle (P<0.05). Decreased time in the open arms is 

consistent with increased anxiety-like behavior.
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Figure 4. 
Neonatal anticonvulsant treatment increases anxiety-like behavior in adults tested in the 

light-dark transition task.

(A) Mean + SEM of latency to enter the dark chamber. (B) Mean + SEM of number of 

transitions between the light and dark chambers. (C) Mean + SEM of average duration of a 

visit to the dark zone. * indicates significantly different than vehicle treated controls 

(P<0.05). Increased duration of dark-zone visit is consistent with increased anxiety-like 

behavior.
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Figure 5. 
Neonatal phenobarbital, but not retigabine, exposure impairs adult learning/memory.

Latencies to enter the dark chamber during the pretest (left) and post conditioning session 

(right) as a function of treatment. Bars show mean + SEM. ^ indicates significantly 

increased latency as compared to the pretest session, * indicates significantly shorter latency 

than vehicle treated controls.
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Figure 6. 
Adult social interactions in dyads after early life anticonvulsant drug exposure.

Dyadic social interaction time (mean + SEM). * indicates significantly difference between 

retigabine (RTG) and phenobarbital (PHB). Despite differences between these drug-exposed 

groups, neither group differed significantly from the vehicle control group.
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