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Objective—Drug exposure during critical periods of brain development may adversely affect
nervous system function, posing a challenge for treating of infants. This is of particular concern
for treating neonatal seizures, as early-life exposure to drugs such as phenobarbital is associated
with adverse neurological outcomes in patients and induction of neuronal apoptosis in animal
models. The functional significance of the preclinical neurotoxicity has been questioned due to the
absence of evidence for functional impairment associated with drug-induced developmental
apoptosis.
Method—We used patch-clamp recordings to examine functional synaptic maturation in striatal
medium spiny neurons (MSNs) from neonatal rats exposed to antiepileptic drugs with
proapoptotic action (phenobarbital, phenytoin, lamotrigine) and without proapoptotic action
(levetiracetam). Phenobarbital-exposed rats were also assessed for reversal learning at weaning.
Result—Recordings from control animals revealed increased inhibitory and excitatory synaptic
connectivity between postnatal day (P)10 and 18. This maturation was absent in rats exposed at P7
to a single dose of phenobarbital, phenytoin, or lamotrigine. Additionally, phenobarbital exposure
impaired striatal-mediated behavior on P25. Neuroprotective pretreatment with melatonin, which
prevents drug-induced neurodevelopmental apoptosis, prevented the drug-induced disruption in
maturation. Levetiracetam was found not to disrupt synaptic development.
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Interpretation—Our results provide the first evidence that exposure to antiepileptic drugs during
a sensitive postnatal period impairs physiological maturation of synapses in neurons that survive
the initial drug insult. These findings suggest a mechanism by which early-life exposure to AEDs
can impact cognitive and behavioral outcomes, underscoring the need to identify therapies that
control seizures without compromising synaptic maturation.

Introduction
The treatment of neurological disorders in infants is complicated by the fact that therapeutic
interventions can derail the course of brain development. Because the developing brain is
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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.1 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
decreased regional brain volumes in humans.2–5 Exposure to this drug may also contribute
to the increased risk for neuropsychiatric disorders associated with early life seizures.6
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.

NIH-PA Author Manuscript

Despite the potential risks, phenobarbital remains the treatment of choice for seizures in
infancy.7,8 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.1,7,8 In
addition, phenobarbital is among the most commonly used medications for neonates with
hypoxic-ischemic encephalopathy.9 This drug has also been used in infancy for the
treatment of febrile seizures and opiate withdrawal.4,10,11 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.4,12
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.13–15
However, because of a lack of evidence for a functional developmental impact of these
molecular abnormalities, their clinical relevance has been disputed.16,17 Furthermore,
because apoptotic neuronal death (i.e., programmed cell death) is a normal component of
brain development during the first ten days of postnatal life in the rat13 the drug-induced
amplification of this phenomenon cannot be taken as conclusive documentation of damage
in the absence of evidence for functional impairment. Thus, the present study aimed to
determine whether exposure to phenobarbital during the neonatal period would be
detrimental to the normal pattern of maturation of synaptic function.
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To assess the impact of phenobarbital on functional synaptic maturation in infancy, we
employed the neonatal rat as a preclinical model. In pups between postnatal day (P)10 and
P18, the maturation of inhibitory and excitatory postsynaptic currents were examined in
striatum, a brain region that displays reduced volume in human imaging studies of adult
patients exposed to AEDs early in life.5 The neurons in striatum are especially vulnerable to
the pro-apoptotic action of AED exposure in rats during the first postnatal week.13,18,19 We
used two different acute doses of phenobarbital (37.5 and 75mg/kg, given on P7),
corresponding to the threshold and mid-range doses for inducing neuronal cell death;13 these
doses fall within the moderate to high regions of the clinically-relevant range.20
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 secondline treatment for neonatal seizures,7 while lamotrigine and levetiracetam are newergeneration AEDs which are believed to have an especially favorable safety profile for
clinical use in pregnancy and infancy.21–25 In addition, whereas doses of phenytoin within
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the therapeutic range increase neuronal apoptosis in neonatal rodents,26,27 lamotrigine has
this effect only at doses higher than therapeutic,19 and levetiracetam is devoid of this effect
even in doses well above the therapeutic range.18 To determine if a neuroprotective
intervention can ameliorate drug-induced deficits in the maturation of synaptic transmission,
we also evaluated the effect of phenobarbital in combination with melatonin, a
neuroprotective treatment previously shown to prevent drug-induced developmental
neuronal apoptosis.28
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 P7. P7 is a time point at which there is
maximal vulnerability to the pro-apoptotic action of AEDs;13 this age corresponds closely to
the perinatal/neonatal period of brain development in humans.29 During the second and third
postnatal weeks, dendritic spine number markedly increases on MSNs, indicating that this is
a key temporal window for striatal synaptic maturation.35
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As the principle neurons of the striatum, MSNs constitute approximately 95% of striatal
neurons and receive glutamatergic input from cortex34 and GABAergic input from
interneurons and other MSNs.30 MSNs integrate cortical and subcortical input to modulate
basal ganglia activity, guiding motor output and mediating procedural learning and
memory.30 Disrupting the function of these neurons impairs procedural learning and
memory,31,32 sensorimotor gating,33 and motor behavior.32

Materials and Methods
Animals
Timed-pregnant Sprague-Dawley rats were purchased from Harlan and housed on a standard
12h:12h Light:Dark 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.
Drugs
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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 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.
Relevance of doses used to human drug levels: The plasma levels of phenobarbital in human
infants associated with therapeutic doses are 20–40ug/ml,36 but can reach 65ug/ml after
acute loading doses.37 The doses of phenobarbital used (37.5 and 75mg/kg) were selected to
approximate this range in the rat (20–40ug/ml for 37.5mg/kg, and 35–70ug/ml for 75mg/
kg).13 The therapeutic range for phenytoin plasma levels in the human is 10–20ug/kg,38 the
dose of phenytoin selected (50mg/kg) results in plasma levels results in peak plasma levels
of 35ug/ml, with sustained plasma levels of 10ug/ml for at least 4h.13 In patients, plasma
levels of lamotrigine have between reported between 1.8 and 11.1 ug/ml,41 the dose of
lamotrigine (20mg/kg) was selected to result in plasma levels in the rat between 8–12ug/
ml.39,40 Moreover, CSF levels of lamotrigine in patients reach 3.4–3.6ug/ml,41 while 20mg/
kg of lamotrigine in rats results in CSF levels between 2.6 and 5ug/ml.40 The doses of
Ann Neurol. Author manuscript; available in PMC 2013 September 01.
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phenobarbital and phenytoin selected produce cell death in neonatal rats, while the dose of
lamotrigine selected is less than half the dose required to produce cell death.
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Treatments
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 phenobarbital or vehicle.
Slice preparation
Rats were killed by decapitation at P10–11, P13–14, or P17–18 in compliance with the
American Association for Accreditation of Laboratory Animal Care standards and the
Georgetown University Animal Care and Use Committee. Corticostriatal brain slices were
prepared as previously described.42 Additional details can be found in Supplemental
Methods.
Whole-cell recordings
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Electrophysiological recording procedures followed our previous protocols using KCl-based
internal recording solution (see Supplement for details).42 Striatal MSNs were identified by
size, shape, and firing pattern in response to hyperpolarizing and depolarizing current
injections (10mV), as previously described.43 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.
Cells were held at −60 mV. Stock solutions of bicuculline methylbromide (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.
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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. IPSC average values were based on >50
events in each cell studied, and IPSC decay kinetics were determined using double
exponential curve fittings.44 All detected events were used for event frequency analysis;
however, superimposing events were eliminated for the amplitude and decay analysis.
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
(<8 ms) and were excluded from the IPSC analysis, as we have previously described.45–47
mIPSCs were isolated by application of TTX (0.5 µM). mEPSCs were identified during
application of TTX and BMR (25 µM). sEPSCs were not pharmacologically isolated in
these experiments. It has been previously documented that the frequency of mEPSCs does
not differ from the frequency of sEPSCs in acute corticostriatal slices,48 because the
majority of corticostriatal projections to striatum have been disconnected from their cell
bodies in the slice. When we analyzed the frequency of mEPSCs and sEPSCs in 32 control
neurons the frequencies were equivalent (Supplemental Fig 2) confirming previous
observations.
Details of anatomical reconstruction can be found in Supplemental Methods.
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Data were analyzed using SPSS Statistics Software (Ver 19, IBM) and GraphPad 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.
For Methods related to Caspase-3 western blots and T-Maze reversal learning, see
supplemental methods.

Results
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We first characterized the time course of MSN synaptic development in drug-naïve animals,
because this had not yet been established. We then examined the effects of P7 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 P10–11, P13–14, or P17–
18. MSNs were identified based on size and their 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. Control
animals displayed a significant increase (P<0.05) in sIPSC frequency between P10 and P14.
This pattern of age-dependent increase in frequency also appeared when miniature (m)IPSCs
were analyzed (Fig 1c, d) in the presence of tetrodotoxin (TTX, 0.5 µM). 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
kinetics became faster between P10 and P14 (P<0.05, Supplemental Table 1 and 2). This is
the first report describing the pattern of IPSC development in the neonatal striatum,
demonstrating that IPSCs became more frequent with faster decay kinetics and decreased
amplitude. This developmental pattern is remarkably similar to that reported for other brain
regions, albeit with different timing 49–53.
The pattern of IPSC maturation was then examined in MSNs from animals exposed to
phenobarbital (75 or 37.5mg/kg), phenytoin (50 mg/kg) or lamotrigine (20mg/kg), once on
P7. Strikingly, all three AEDs caused later abnormalities in GABAergic synaptic
connectivity.
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At P10, all treatment 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): AED-exposed groups showed significantly lower IPSC
frequency compared to controls (see Fig 1 legend for details). AED-exposed groups were
not different from controls with respect to IPSC amplitude or decay between P10 and P14
(Supplemental Table 1 and 2).
We next extended our analysis of IPSC frequency to a later age, 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 GABAergic
synaptic connectivity. In contrast, the lamotrigine-exposed group showed recovery by P18,
with IPSC frequency reaching controls levels (Fig 1e).
In the same cells in which we analyzed IPSC frequency, we also evaluated excitatory
(glutamatergic) synaptic transmission, in the presence of TTX and the GABAA receptor
antagonist, bicuculline methylbromide (BMR). Control animals showed a significant (270%)
increase in frequency of miniature excitatory postsynaptic currents (mEPSCs) between P14
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and P18 (P<0.000005, Fig 2a), indicating that the maturation of glutamatergic synaptic
transmission occurs later than that of GABAergic transmission.
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The maturation of excitatory synaptic transmission after AED exposure exhibited deficits
similar to those observed with inhibitory transmission. 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 both 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 (Supplemental Tables 1, 2 and 3), it is likely that the number of postsynaptic
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.
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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, but 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
resembles the increase in filopodia seen in cortical neurons deprived of synaptic input by
treatment with tetrodotoxin.54
When we exposed P7 rat pups to phenobarbital (75mg/kg) and tested them on a reversal
learning task that has been previously validated as striatal-dependent in weanling rats,31 we
found that they were impaired as compared to vehicle controls (Supplemental Fig 1,
p<0.05). Both control and phenobarbital-exposed animals rapidly acquired the initial task
but phenobarbital-exposed animals were significantly impaired in the reversal phase
(Supplemental Fig 1, p<0.05).

NIH-PA Author Manuscript

The disruption in striatal MSN synaptic maturation we have described is not specific to a
particular mechanism of AED action, given the fact that the three AEDs tested have distinct
actions. Phenobarbital potentiates GABAergic transmission,55 phenytoin and lamotrigine
block voltage-gated sodium channels,56 and lamotrigine also activates HCN channels.57
However, one feature that these three drugs share is their ability to increase neuronal
apoptosis in striatum and cortex of P7 neonatal rats.18,58 This raises the prospect that the
effects we have observed may either be an intrinsic feature of AEDs or a reflection of the
proapoptotic actions of a subset of AEDs. To distinguish between these possibilities, we
next tested levetiracetam, an AED devoid of proapoptotic actions even at doses several-fold
above therapeutic levels.18,59
In contrast to the other AEDs, exposure to levetiracetam on P7 had no effect on MSN IPSC
frequency measured at P14 (Fig 3). Thus, maturational disruption is not intrinsic to
antiepileptic action; instead, proapoptotic actions may be required for this disruption.
Because proapoptotic drug effects are evident during a restricted postnatal period, which
closes around P10, we next tested the hypothesis that phenobarbital exposure at P10 would
not disrupt later synaptic maturation. In animals treated with phenobarbital at P10, we
observed IPSC frequency at P14 that was equivalent to that seen in drug naïve controls (Fig
3). This was in clear contrast to the robust disturbance in maturation, which had occurred
following P7 exposure to phenobarbital.
Ann Neurol. Author manuscript; available in PMC 2013 September 01.
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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.28,60–62 Melatonin is neuroprotective in a variety of neonatal injury models,
including hypoxia-ischemia,63 nerve transection,64 and drug-induced neuronal apoptosis.28
We verified the neuroprotective action of melatonin in our conditions by evaluating the
effect of melatonin on the induction of cleaved caspase-3 (a marker of apoptosis) following
phenobarbital (75mg/kg). Melatonin significantly (P<0.05) attenuated the induction of
cleaved caspase-3 (normalized to beta-actin), as detected by western blot (mean+SEM in
arbitrary units; phenobarbital: 1.54 ± 0.41 N=9 phenobarbital+melatonin: 0.58 ± 0.07 N=8).
Pups pretreated with melatonin prior to phenobarbital exposure at P7 did not exhibit a deficit
in IPSC frequency at P14 (Fig 3). Furthermore, IPSC frequency at P14 was significantly
greater in the phenobarbital group pretreated with melatonin, compared to the group that
received phenobarbital alone (P<0.05). These data provide compelling evidence that
proapoptotic neurotoxicity is necessary for the adverse effect of phenobarbital exposure on
synaptic maturation.

Discussion
NIH-PA Author Manuscript

The concern that AED therapy during infancy might 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 both excitatory and inhibitory
synapse function. Moreover, our study has revealed a functional neurotoxicity that is
measured in surviving neurons, therefore representing a sublethal injury that eludes
histopathological analysis. As the principle output neurons of the striatum, MSNs are
responsible for relaying cortical control to the brainstem,65 regulating sensorimotor
integration,33 and supporting implicit learning and memory.66 These behaviors may be
disrupted by the changes in maturation we have detected. Supporting a behavioral
consequence of neonatal AED exposure, we observed an impairment of striatal-dependent
reversal learning31 in weanling animals after exposure to phenobarbital at P7 (Supplemental
Fig 1). Furthermore, we have recently reported abnormalities in motor behavior, sensory
motor gating, and memory in adult rats treated with phenobarbital, phenytoin, or lamotrigine
as neonates.67–70 This extends a previous study with phenobarbital showing impaired water
maze performance.15 These abnormalities could result from the deficits we have described
in striatal synaptic transmission, along with similar deficits that may occur in other brain
regions vulnerable to AED developmental toxicity.71
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The neurons in which we observed delayed or stunted synaptic maturation survived the
insult of drug exposure in a presumably compromised state. This may be analogous to
hippocampal neurons that were rescued from the terminal stages of cell death, yet exhibited
impaired synaptic function.72 As such, the functional impairments we have described here
may be more pervasive than cell death, and may therefore serve as an especially sensitive
indicator of drug toxicity in the developing brain. Moreover, the fact that we observed a
delay in synaptic maturation following exposure to a dose of lamotrigine that is subthreshold
for the induction of neuronal apoptosis,19 suggests that the threshold for functional toxicity
is lower than that required for cell death. It is therefore likely that the activation of apoptotic
events upstream from irreversible execution stages is sufficient to disrupt synaptic
maturation 73. Accordingly, this disruptive action could be avoided by using drugs that lack
proapoptotic effects. Levetiracetam is one such drug; even doses well above therapeutic, it
does not cause neuronal apoptosis.18 The fact that levetiracetam did not impede normal
synaptic maturation supports the relationship between a proapoptotic mechanism and the
functional developmental neurotoxicity we have described.
Ann Neurol. Author manuscript; available in PMC 2013 September 01.
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Additional support for the concept that a proapoptotic mechanism accounts for the druginduced disruption in synaptic maturation comes from our results with melatonin. 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 hypoxiaischemia,63 nerve transection, 64 and drug-induced neuronal apoptosis.28 The early upstream
events in the apoptotic cascade are the likely targets of melatonin's neuroprotective
action.28,60,61
In the clinical context, with the exception of in utero exposure, AED exposure typically
occurs against the background of seizure episodes, whereas our studies examined the impact
of AED exposure in otherwise normal animals. Previous studies found that exposure to
repeated seizures did not change the severity of AED-induced neuronal apoptosis in P7
rats,59,74 although neuronal cell death induced by the N-methyl-D-aspartate (NMDA)receptor antagonist MK-801 was significantly attenuated by the same seizure regimen.59,74
This suggests that while MK-801 neurotoxicity is sensitive to a protective effect of seizureevoked stimulation, AED neurotoxicity is not. On the other hand, in neonatal rats, AEDs can
exacerbate the adverse long term impact of focal brain damage,67 raising the possibility that
infants with underlying neurological abnormalities may be more vulnerable to AED-induced
neurotoxicity. Thus, further studies are needed to characterize the functional impact of
AED-induced neurotoxicity in animal models of developmental disorders.
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Our data also raise an obvious question: Given that the proapoptotic actions of AEDs impact
multiple brain areas (including hippocampus, thalamus, cerebellum and cortex),58 will AED
exposure also cause alterations in synaptic maturation in other brain regions? As several
regions exhibit a pattern of synaptic maturation resembling the pattern we have described for
striatum,49–53 it is likely that our results may generalize to other brain regions.
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 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. In this regard, a recent clinical trial demonstrated efficacy of
levetiracetam for the treatment of neonatal seizures25 suggests that this drug may be a
promising alternative to phenobarbital and phenytoin.
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Our data provide the first evidence for a deleterious impact of neonatal AED exposure on
synaptic physiology in the developing brain. This functional disruption in brain maturation
is linked to the proapoptotic action of AEDs, and may provide a mechanistic explanation at
the level of synaptic physiology for behavioral deficits in children exposed to AEDs during
development.21,22,75 These findings underscore the need to identify AEDs that do not
disrupt synaptic maturation in the developing brain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

AED exposure disrupts IPSC development during the second postnatal week. (A)
Representative confocal image of a biocytin-filled striatal medium spiny neurons (MSNs)
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 spontaneous inhibitory postsynaptic current (sIPSC) frequency at P10 and
P14 showing the effect of P7 exposure to saline (control, n=28, n=32), phenobarbital (PB,
37.5 mg/kg, n=11, n=9), phenobarbital (PB, 75 mg/kg, n=9, n=23), phenytoin (PHT, 50 mg/
Ann Neurol. Author manuscript; available in PMC 2013 September 01.

Forcelli et al.

Page 14

NIH-PA Author Manuscript

kg, n=12, n=23), and lamotrigine (LTG, 20 mg/kg, n=11, n=11). (D) Quantification (mean
±S.E.M.) of miniature inhibitory postsynaptic current (mIPSC) frequency at P10 and P14
showing effects of P7 exposure to saline (n=21, n=30), phenobarbital (37.5 mg/kg, n=6,
n=6), phenobarbital (75 mg/kg, n=6, n=23), phenytoin (50 mg/kg, n=12, n=21), and
lamotrigine (20 mg/kg, n=9, n=8) (E) Quantification (mean±S.E.M.) of mIPSC frequency at
P18 showing effects of P7 exposure to saline (n=22), phenobarbital (37.5 mg/kg, n=6),
phenobarbital (75 mg/kg, n=9), phenytoin (50 mg/kg, n=8), and lamotrigine (20 mg/kg,
n=10). (F) Representative mIPSC traces from each group at P10, P14 and P18, following P7
treatment with saline, phenobarbital (75 mg/kg), phenobarbital (37.5 mg/kg), phenytoin (50
mg/kg), and lamotrigine (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 2.

AED exposure disrupts excitatory postsynaptic current development and alters spine
morphology. (A) Quantification of glutamatergic (miniature excitatory postsynaptic
currents, mEPSCs) 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), phenobarbital (PB,
37.5 mg/kg, n=6, n=6, n=7), phenobarbital (PB, 75 mg/kg, n=7, n=19, n=8), phenytoin
(PHT, 50 mg/kg, n=9, n=19, n=8), and lamotrigine (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 spine and
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(B2) filopodia number 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
phenobarbital-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 PB (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.

Treatments that avoid cellular toxicity do not disrupt development. Spontaneous inhibitory
postsynaptic current (sIPSC) frequency, measured at P14, in medium spiny neurons (MSNs)
from animals exposed on P7 to saline (n=24), phenobaribtal/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).
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